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The first fishes are thought to have emerged on Earth over 500 million years 
ago during the Cambrian Period of the Paleozoic Era and they occupy a key 
phylogenetic position in vertebrate evolution. Extant species range from jawless 
fish to elasmobranchs to the abundant and diverse group of ray-finned fishes 
(Actinopterygii). Fishes are the most diverse and abundant taxonomic group 
within vertebrates, accounting for more than half the total of all other vertebrate 
species combined, with more than 33,000 species of fishes found in freshwater 
and marine environments throughout the world. This remarkable biodiversity 
is accompanied by fascinating adaptations that make fish extremely attractive 
subjects in developmental biology, physiology, and evolution.

The continuously increasing interest in research involving fishes is also due 
to their ecological and economic relevance in fisheries and aquaculture, and as 
models in human medicine. The approaches used to study fish biology have also 
advanced substantially in the last two decades, particularly with the advent of 
genomics. This book comprises 12 exciting chapters in which experts review 
the state of the art of some of the most relevant fields in fish biology (e.g., re-
production, nutrition, immunity, endocrinology, welfare, genetics, epigenetics, 
and genome evolution) and present the methodologies currently used to help us 
perceive and understand the wonderful world of fishes.

Chapter 1 by Cabrita et al. examines the factors that should be considered 
when developing protocols for cryopreservation of different biological materi-
als, namely sperm, germline stem cells, and even embryos. These genome re-
source banks can be applied in the conservation of endangered species such as 
the European eel (Anguilla anguilla), which has been intensively fished to near 
extinction. Cryopreservation techniques are also increasingly used for model 
species and in selective breeding programs for improved production of salmo-
nids and other farmed fishes. All these new and exciting possibilities must en-
sure the faithful preservation of maternal and paternal genomes, as discussed 
by Riesco et al. in Chapter 2. After reviewing traditional methods to evaluate 
how cryopreservation affects DNA integrity, the authors put forward a novel 
approach to detect DNA lesions by quantitative PCR and illustrate it with a 
specific protocol to determine DNA damage in primordial germ cells of zebraf-
ish (Danio rerio) after cryopreservation. Importantly, this technique can dis-
cover genome changes that are undetectable using conventional techniques to 
analyze DNA fragmentation. In Chapter 3, Herráez et al. show that the  reliable 

Preface
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 transmission of the genome goes beyond its structural integrity. Epigenetic 
changes in DNA methylation and histone modifications induced by environ-
mental factors and domestication can have a profound impact on the phenotype. 
Several molecular techniques can be used to profile histone epigenetic marks, 
global and promoter DNA methylation, in order to assess the status of sperm 
chromatin and its implication in the development of the progeny in several 
farmed fish species. Moreover, environmental toxicants can alter the epigenetic 
information contained in zebrafish spermatozoa, thus jeopardizing future gen-
erations. Toledo-Solís et al. (Chapter 4) explore another important mechanism 
of epigenetic and posttranscriptional regulation of gene expression: the non-
coding RNAs. They focus on miRNAs, an important class of small RNAs that 
play a major role in numerous biological processes. Current methodological 
approaches are presented, along with several examples of their application to 
study the role of miRNAs in development, reproduction and sex differentiation, 
adaptation and response to environmental cues, metabolism, and immunocom-
petence and disease resistance in fish. The recent identification of circulating 
miRNAs in biological fluids suggests they may be used as ethical biomarkers, 
paving the way for groundbreaking discoveries and biotechnological applica-
tions in the near future. Chapter 5 by Skjærven et al. presents several examples 
of how nutrients and metabolites influence the epigenetic regulators, including 
DNA methylation. A practical case of a bioinformatics workflow to identify 
differentially methylated sites from reduced representation bisulfite sequencing 
data is provided. Nutritionally induced changes in phenotype can be transmitted 
from broodstock to offspring, but the persistence of epigenetic effects across 
generations is still a matter of debate. Intra- and intergenerational approaches to 
nutritional epigenetics are of great relevance for aquaculture, especially when 
linked to the concept of nutritional programming, as they can be applied to pro-
duce more robust fish. This can be used in synergy with the more established 
strategies to identify the causative variants in the genome sequence that are 
directly responsible for a difference in a trait of interest, as reviewed by Fraslin 
et al. (Chapter 6). Several methods for mapping causative variants are discussed 
in detail, from more conventional linkage analysis to genome-wide association 
studies to recent multimarker models. A typical step-by-step example pipeline 
for genome-wide association analysis is also described, along with examples of 
quantitative trait loci and causative variant implementation into breeding pro-
grams. The development of genome editing technologies in aquaculture species 
is expected to prove the association of causative variants and a specific pheno-
type in the coming years.

In Chapter 7, Vissio et al. discuss how double-labeling immunofluorescence 
can be used as an accessible and effective tool to perform neuroendocrine stud-
ies in fish. Detailed protocols (with practical tips) of double-labeling immu-
nofluorescence and pituitary cultures are put forward and used to demonstrate 
how these techniques, combined with genetic tools, can reveal novel insights 
on the physiological action of neuropeptides and allow us to unveil new  actors 
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in the regulation of the pituitary function in teleost fish. Furthermore, this sys-
tem can be used as a model to better understand the hypothalamus-pituitary 
relationship in tetrapods, as most of the main components and functions of the 
hypothalamic-pituitary axis are conserved from fish to mammals. Guardiola 
et al. (Chapter 8) provide an overview of mucosal immunology in fish, with a 
focus on gilthead seabream (Sparus aurata), which is a commercially important 
species in Europe. Mucosal surfaces not only constitute the first line of host 
defense against pathogens during infection, but they also play a major role dur-
ing wound repair and healing. The authors summarize the modulating effects of 
different biotic and abiotic conditions on mucosal immunity, including dietary 
prebiotics and probiotics, and exposure to contaminants such as heavy metals 
and microplastics. The most popular methods to collect intestine, skin, and gill 
mucus samples are described and discussed, along with examples of the main 
downstream analyses of mucus samples. In Chapter 9, Gesto discusses the gaps 
in knowledge related to fish welfare and the difficulties in finding reliable in-
dicators, especially when the fish are exposed to chronic disturbances of low 
severity. A comprehensive methodology to determine the stress status of fishes 
as part of the assessment of their welfare is proposed, along with technical con-
siderations for experimental design and sampling. This approach has been ap-
plied to assess the stressor potential of different factors, including handling by 
chasing, alterations of water quality, presence of pollutants, and formation of 
social hierarchies, among others.

The great biological and genetic diversity within fishes makes this taxon an 
exceptional system for studies of genome evolution. Taylor et al. (Chapter 10) 
introduce key concepts, advances, and resources to study the evolution of fish 
genomes, providing a reference for the status and directions in the field. Several 
aspects of fish genome evolution are covered, including protein coding genes, 
noncoding regions, ohnologue regulation, and the epigenome. Additionally, the 
authors developed a detailed approach to infer the evolutionary relationships of 
miRNA families expanded by whole genome duplication events during teleost 
evolution. Chapter 11 by Melong et al. presents remarkable examples of trans-
lational research using the zebrafish model. Larval zebrafish xenotransplanta-
tion models have been developed to investigate tumor-induced angiogenesis, 
and liquid and solid tumor xenotransplants. Their applications as patient avatars 
include drug screening, novel drug discovery, radiotherapy enhancement, and 
stem cell transplants for regenerative therapies. Both larval and adult zebrafish 
xenotransplant models have proven extremely useful to bridge knowledge gaps 
and uncover crucial mechanisms and pathways in the fields of oncology and 
regenerative medicine. There is a growing interest for cell lines of fish origin, as 
they complement in vivo systems. The chapter by Laizé et al. (Chapter 12) re-
views the current status of fish cell culture and the use of fish cells lines in vari-
ous fields, such as cell biology, immunology, toxicology, biotechnology, and 
species conservation. An updated protocol to develop bone-derived cell lines 
is described along with their potential applications. These fish mineralogenic 
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cell lines hold great potential for genetic and epigenetic studies to gain insights 
into cellular mechanisms and signaling pathways, as well as to accelerate drug 
screening for bone regeneration.

The editors believe that this exciting book will be an inspiring source for 
graduate students and a reference for more experienced researchers who want 
to learn how to implement multidisciplinary cellular and molecular approaches 
in their fields. We are very grateful to the different leading experts who have 
contributed to this book, highlighting the research issues covered here and their 
relevance, detailing the diverse set of methodologies, and especially the effort 
put on a smooth knowledge transfer for potential readers. Enjoy your reading.
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Chapter 1

Technologies and strategies 
for ex situ conservation of 
aquatic organisms: The role of 
cryopreservation in long-term 
management☆

Elsa Cabritaa, Ákos Horváthb, Zoran Marinovićb, and Juan F. Asturianoc

aCentre of Marine Sciences (CCMAR), Faculty of Sciences and Technology, University of Algarve, 
Faro, Portugal, bDepartment of Aquaculture, Hungarian University of Agriculture and Life 
Sciences, Gödöllő, Hungary, cInstitute for Animal Science and Technology, Universitat Politècnica 
de València, Valencia, Spain

1. Factors and steps to consider in setting up a 
cryopreservation protocol

1.1 Cryopreservation definition

By definition, cryopreservation is the process where biological material can be 
stored at very low temperatures, usually at − 196 °C, the boiling point of liquid 
nitrogen, for long periods. Spermatozoa freezing is a good example of the appli-
cation of this procedure. What happens to cells during cooling/freezing has been 
extensively studied and reviewed recently elsewhere, but for further interested 
readers Wolkers and Oldenhof (2021) is highly recommended. The general im-
pacts of fast or slow cooling on cells is summarized in Fig. 1. The rate at which 
most of the cells are cooled is proven to have a dramatic impact on its long-term 
viability. Cooling rate affects the formation, type, and size of both intracellular 
and extracellular ice crystals. It can affect the osmolarity of the extender media 
producing what is called a solution effect, since during temperature decrease 
ice tends to form, excluding the solutes to the media, which at this point is still 
unfrozen. Therefore while fast cooling minimizes solute concentration effects, 
due to uniform ice formation, it increases intracellular ice formation because 

☆ In memory of Serafín Pérez Cerezales.
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water does not have enough time to move out of the cell. The opposite occurs 
with slow cooling, where water molecules have enough time, until the solution 
is completely frozen, to exchange from the inner to the outer part of the cell, 
reducing intracellular ice formation. Since ice crystal formation is one of the 
most important problems associated with cryopreservation in most biological 
systems using controlled cooled freezing, there is other technique avoiding this 
problem, known as vitrification.

1.2 Vitrification

Vitrification is the formation of an aqueous solid without crystalline ice 
through ultra-rapid cooling at temperatures below − 130 °C. In the process of 

FIG. 1 Fate of cells during cryopreservation. When cells are cooled slowly (1) they are exposed to 
loss of water and increasing solute concentration which is lethal. When cells are cooled fast (2) they 
cannot lose enough water which freezes inside them causing lethal damage. During optimal cool-
ing (3) cells lose enough water to avoid freezing in large ice crystals, yet are not exposed to solutes 
long enough to be lethal, thus they survive. During vitrification (4) cells lose a sufficient volume of 
water prior to cooling. Then they are cooled with very fast cooling rates so that the solution in them 
does not freeze but becomes an amorphous glassy solid. With very rapid warming, the cells survive.
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 vitrification, the solution attains a glassy state, meaning that in the vitrified 
matter chemical and physical processes are severely limited, thus biological 
time is effectively stopped without the formation of ice crystals (Fahy et al., 
1984). This process is also known as fast nonequilibrium vitrification, as op-
posed to slow equilibrium freezing (Mazur, 1990). During vitrification, water 
molecules do not have time to arrange into a crystalline structure and turn to an 
amorphous state that is a snapshot of the liquid state. Successful vitrification 
requires dehydration of cells even prior to exposure to subzero temperatures by 
exposing them to high concentrations of cryoprotectants (both penetrating and 
nonpenetrating). Vitrified liquids are metastable, meaning that they transit to 
crystalline ice once their temperature is increased above the glass temperature 
(Franks, 1986). This means that warming rates also need to be extremely fast in 
order to prevent devitrification and subsequent recrystallization. Fast warming 
rates are currently considered even more important than rapid cooling or high 
cryoprotectant concentrations (Seki et  al., 2014). In fact, partial vitrification 
is known to appear even in samples cryopreserved by conventional freezing, 
thereby increasing the chances of cell survival (Rall, 1987).

Vitrification of live cells and tissues is typically achieved by plunging them 
directly into liquid nitrogen (Fahy et al., 1984). Prior to this, cells are treated 
with cryoprotectants or their mixtures in order to increase the viscosity of the 
solution within and outside the cells by partial removal of water. Each pen-
etrating cryoprotectant contributes to glass formation at a different concentra-
tion, and due to their toxicity, instead of single cryoprotectants, mixtures are 
commonly used (Cuevas-Uribe, 2011). The volume of intracellular water can 
also be reduced by the use of nonpenetrating cryoprotectants, leading to suc-
cessful vitrification of cells. This process is sometimes misleadingly labeled 
as “cryoprotectant- free” vitrification (Isachenko, 2004; Merino et  al., 2012), 
although it only means that penetrating cryoprotectants are not necessary for 
vitrification. Finally, the volume of vitrification solution around the cells or or-
gans should be minimized to achieve successful glass transition.

A crucial point for the development of vitrification methods is the choice of 
devices used for cryopreservation of various cell or organ types. Vitrification 
in straws includes the use of conventional 0.25 mL straws, the specifically de-
signed Open-Pulled Straws (OPS) with thinner walls for better heat transition, 
as well as the somewhat similar Cryotips. Reduction of vitrification solution 
volume can successfully be achieved by vitrification on electron microscope 
copper grids by blotting the excess vitrification solution on a filter membrane or 
by suspending cells in a film of vitrification solution in devices called cryoloops. 
Cryotips are thin and narrow polypropylene strips attached to a plastic handle 
that can be inserted into a protective plastic sleeve and the vitrification solution 
is loaded onto the strip, which is then plunged into liquid nitrogen (Chen and 
Yang, 2007). An interesting solution for the vitrification of tissues and organs 
is offered by the Needle-immersed vitrification (NIV) method, where tissue 
pieces of 20–80 mg or 1–2 mm in diameter are pulled on acupuncture needles 
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and plunged into liquid nitrogen following exposure to equilibration and vitrifi-
cation solutions (Wang et al., 2008a, b).

In case of fish, vitrification of fish sperm has been tested in several species 
(Merino et  al., 2012; Cuevas-Uribe et  al., 2011a,b, 2015; Kása et  al., 2017, 
2018). However, due to its limitations and low efficiency, this methodology is 
not likely to replace conventional freezing methods. Vitrification of gonadal tis-
sue, on the other hand, offers a viable alternative to freezing. These techniques 
will be discussed in detail later in this chapter.

1.3 Setting up a cryopreservation protocol

To set up a cryopreservation protocol for any species, and particularly for fish 
sperm, it is important to bear in mind some steps that need to be considered. 
Here, we explain the principal steps that will be elucidated, especially with ex-
amples for each species from Sections 3.1 and 4.

The choice of the container system is the first step to consider after tak-
ing care of the proper method to collect your sperm samples (see Section 3.1), 
which of course is species specific (Beirão et  al., 2019). Sperm samples (or 
other biological material) can easily be stored and identified either in straws or 
cryovials, commercially available, and with different volume sizes. This is im-
portant for species that produce large amounts of sperm such as most salmonids 
(Section 4.2) or for species that produce small quantities such as the model spe-
cies (Section 4.3). The selection of one or other system is related to the amount 
of sperm to be cryopreserved or to the objective of the cryopreservation protocol 
(conservation of individual samples or bulk cryopreservation for production). 
The selection of the correct cryoprotectant, its concentration and dilution in 
the extender media are also important and may compromise the success of the 
procedure.

Cryoprotectants (CPAs) are used to reduce the freezing temperature of solu-
tion and to produce a dehydration process due to their high osmolarity, reducing 
the risks of ice formation inside the spermatozoa. However, they can also be 
toxic. According to Paredes (2016) and Riesco et al. (2017a), it is necessary to 
study the toxic effects and toxicity thresholds of the different chemical com-
pounds in order to select the right CPA or its combinations to be used before 
cryopreservation, as well as the temperature of addition and equilibration (time 
necessary to penetrate the CPA into the cells until freezing starts), if necessary. 
In this regard, factors such as membrane permeability, temperature, and osmotic 
excursions effects need to be taken into account. Fish sperm, like that of other 
species, allows a fast penetration of most cryoprotectants, reducing the time of 
equilibration to usually the time necessary to package all samples (3–4 min). 
The first protocols developed in most salmonid species used a long equilibra-
tion time (30–60 min) (Cabrita et al., 1998), but nowadays it is recommended 
to reduce this time, since some cryoprotectants can be toxic with prolonged 
exposure (see Section 3.1).
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The third step in a cryopreservation design will be the choice of the freezing 
methodology. The most common cooling agent used for the cryopreservation 
of fish sperm is the vapor of liquid nitrogen. Dry ice has also been used for 
the cryopreservation of fish sperm in various forms, e.g., as straws immersed 
into powdered dry ice (Yasui et al., 2008) or put on top of a block of dry ice 
(Lichtenstein et al., 2010). In either case, liquid nitrogen vapor and dry ice are 
only used for the precooling of sperm while the final temperature is attained in 
the storage environment, which is most often liquid nitrogen.

Several methods are available to cryopreserve samples, from the use of por-
table or bench top controlled cooling devices (biofreezers), where slow freezing 
rates (e.g., − 0.3 °C/min) and fast freezing rates (e.g., − 50 °C/min) can be at-
tained, to other methods such as vitrification (for details, see Section 1.2). Both 
systems can be performed using automated equipment, which is usually expen-
sive but accurate. Another way of freezing samples is by using a polystyrene 
(Styrofoam) box or a liquid nitrogen container. In this case, samples are placed 
at different levels from the surface of liquid nitrogen, in the case of conventional 
cryopreservation, or directly submerged into liquid nitrogen, producing a vitre-
ous state (if the concentration of cryoprotectant is high enough to avoid ice 
crystal formation or recrystallization). A more consistent version of cryopreser-
vation in the vapor of liquid nitrogen is the use of dry shippers for freezing fish 
sperm. In this case, straws are put directly into the canister positioned in the dry 
shipper and are allowed to cool in the vapor of liquid nitrogen absorbed into its 
walls. This has successfully been used in a number of fish species, especially 
in Brazil (Viveiros and Godinho, 2009). Other systems have been developed 
such as the use of − 150 °C electric ultrafreezers (Diogo et al., 2018) (for more 
details, see Section 4.3). This system can be advantageous over the use of liquid 
nitrogen, especially for samples cryopreserved in cryovials, since they do not 
require a constant supply of liquid nitrogen and samples are stored separately in 
boxes, reducing the risk of cross-contamination of the stored material (Larman 
et al., 2014). Using either this method or the traditional liquid nitrogen storage, 
it is important to avoid temperature fluctuations. Samples should continuously 
be stored below their glass transition temperature; temperature excursions out 
of this range will result in recrystallization of the ice, a process in which large 
ice crystals grow at the expense of smaller ones, causing a reduction of cell vi-
ability or even cell destruction (Paredes, 2016).

To evaluate the success of a cryopreservation protocol, samples are thawed 
and the metabolism of the cells, which at this point is in a quiescent state, needs 
to be restored. Sperm thawing is also a critical step. The most common method 
used for thawing is a water bath set at a constant temperature, where samples are 
submerged for some seconds to few minutes, depending on the volume of the 
stored material (the lower the volume the lower the time). Thawing should be 
done as fast as possible to avoid recrystallization of ice and to allow a homog-
enous recovery. In the case of fish sperm, thawing temperature is also species 
specific and can range from 5 °C used for spotted wolfish (Anarhichas minor) 
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sperm (Santana et al., 2020) to 25 °C as in gilthead seabream (Sparus aurata) or 
Senegalese sole (Solea senegalensis) sperm (Cabrita et al., 2005; Riesco et al., 
2017b), 35 °C in European seabass (Dicentrarchus labrax; Martínez-Páramo 
et al., 2012), or 40 °C as used by several authors for Atlantic salmon (Salmo 
salar; Yang et al., 2018).

After thawing, which is the last step of the cryopreservation protocol, sam-
ples need to be evaluated. Once again, it may depend on the purpose and on the 
applications of those samples, but even using basic methodologies, an assay of 
the freezing–thawing procedure should be performed.

1.4 Assay of freezing–thawing process

1.4.1 Cell integrity and functionality
To test the success of a sperm cryopreservation protocol, the analysis of cell 
membrane integrity is one of the methods most commonly used in research. The 
plasma membrane is composed of an amphipathic lipid bilayer that separates 
and protects the cell from the extracellular environment and is also responsible 
for the control of what enters and leaves the cell, mainly by controlling trans-
membrane proteins. Plasma membrane integrity and functionality are primary 
needs for cell survival, and several tests have been developed to assay cryopre-
served spermatozoa viability—a term commonly used as a synonym of cells 
with a functional plasma membrane (Cabrita et  al., 2010). Most tests deter-
mine plasma membrane integrity and/or selective permeability using vital dyes 
such as trypan blue (Lubzens et al., 1997), eosin (Lahnsteiner et al., 1996) and 
Hoescht 33258 (Cabrita et al., 1998). These dyes only enter the cell if the plasma 
membrane is altered. The dual staining SYBR-14/propidium iodide combined 
with a flow cytometry analysis, allows a faster and more accurate evaluation of 
plasma membrane integrity, and is a common method used nowadays (Cabrita 
et al., 2010, 2014).

Cell morphology and membrane ultrastructure are often evaluated in 
cryopreserved fish sperm using scanning electron microscopy (SEM) and/
or transmission electron microscopy (TEM). Several studies have identified 
morphological and morphometric changes in head, flagella, and midpiece 
in species such as sharpsnout seabream (Diplodus puntazzo) and ocean pout 
(Macrozoarces americanus; Taddei et al., 2001; Liu et al., 2007). Other methods 
such as computer-assisted sperm morphology analysis (ASMA) have been ap-
plied to detect cryopreservation effects on the morphology of fish spermatozoa 
(Asturiano et  al., 2007, 2017). This software has advantages over traditional 
SEM analysis because it provides an objective and faster automated evaluation 
of sperm morphometry, which together with statistical tools, allows the identifi-
cation of spermatozoa populations resistant to cryoinjury.

Programmed cell death occurs during spermatogenesis to eliminate aged 
spermatozoa but other sperm management technics such as cryopreservation can 
also induce this phenomenon. Different methods to detect damage  associated to 
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apoptosis are available using fluorescent dyes with the conjunction of more 
than one probe. Annexin-V FITC (Diogo et al., 2018), YO-PRO 1, although not 
so specific (Beirão et al., 2010), and caspase activity using commercial avail-
able kits (Riesco et al., 2017b), are some of the probes that provide additional 
information on the effects of cryopreservation on spermatozoa apoptosis. These 
probes are used in combination with flow cytometry to quantify different stages 
of apoptosis (combined usually with an impermeable dye such as PI or SYTOX) 
or with confocal microscopy.

Despite the importance of proteins in cell metabolism and structure, this 
topic only recently gained more relevance in the evaluation of fish sperm 
cryopreservation protocols (Ciereszko et al., 2017; Dietrich et al., 2019). The 
analysis of protein expression using two-dimensional polyacrylamide gel elec-
trophoresis (2-DE) together with western blot or matrix-associated laser de-
sorption/ionization time-of-flight mass spectrometry (MALDI-TOF) for the 
identification of specific spots was first explored in the characterization of pro-
teins in European seabass and gilthead seabream sperm cryopreservation by 
Zilli et al. (2005, 2008). These authors reported a loss of some of these com-
ponents or even a redistribution between spermatozoa heads and flagella after 
cryopreservation (Zilli et  al., 2014). Sperm cryopreservation seems to affect 
the integrity and expression of some proteins as well as the activity of some 
enzymes and their phosphorylation state, thus compromising sperm motility 
activation in fish sperm (Zilli et  al., 2005, 2008). In recent studies, Dietrich 
and Ciereszko (2018) identified proteins that might be useful bioindicators of 
freezing resilience and thus, could be used to screen samples before cryopreser-
vation. The authors found that in common carp (Cyprinus carpio) sperm, good 
freezability (the capacity of cells to withstand cooling temperatures) is related 
to high concentrations of proteins involved in the maintenance of flagella struc-
ture, membrane fluidity, control of Ca2 + and sperm motility, energy production, 
and antioxidant protection.

Plasma membrane lipid components are also important and affected by 
cryopreservation. Their determination could be a good indicator of sperm freez-
ability. Several works in European seabass and gilthead seabream sperm dem-
onstrated a reduction in cholesterol/phospholipid ratio and in some specific 
phospholipid content (e.g., phosphatidylcholine) as well as changes in fatty 
acid profile after cryopreservation (Martínez-Páramo et al., 2012; Beirão et al., 
2012). This fact was somehow counteracted with the supplementation of an-
tifreeze proteins in the extender media (Beirão et al., 2012). Protein and lipid 
redistribution, loss, or degradation is associated with lipid and protein peroxida-
tion, cell leakage due to ruptures, and other oxidative events that might occur in 
the cells during cryopreservation.

1.4.2 Mitochondria and sperm motility
ATP levels in fish spermatozoa are only sufficient to maintain motility for some 
seconds to a few minutes, with mitochondria being responsible for ATP  supply 
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to the cell. Thus, the effect of cryopreservation methods on ATP reserves and 
mitochondria status is of utmost importance (Cabrita et  al., 2010; Figueroa 
et al., 2019).

Current methods to analyze mitochondria status after fish sperm cryo-
preservation use flow cytometry combining probes such as JC-1, a lipophilic 
cation, to identify mitochondria displaying a normal membrane potential gradi-
ent (Cabrita et al., 2005; Figueroa et al., 2015, 2019). Oxygen consumption is 
another indirect way of determining mitochondrial activity (Zilli et al., 2005; 
Figueroa et al., 2019). ATP and ADP concentrations can be measured by lu-
minescence, and their values are usually affected by the osmotic stress caused 
by cryoprotectant concentrations and solute effects during cooling (Lahnsteiner 
et al., 1996; De Baulny et al., 1997; Cabrita et al., 2005). Changes in the mi-
tochondria (both structural and those related to membrane polarization) and/
or decrease in cell ATP content have been registered in cryopreserved sperm of 
several species like gilthead seabream, striped bass (Morone saxatilis), rainbow 
trout (Oncorhynchus mykiss), and Atlantic salmon, causing a reduction in motil-
ity duration and sperm velocity after cryopreservation (De Baulny et al., 1997; 
Cabrita et al., 2005; Guthrie et al., 2014; Figueroa et al., 2019).

Motility is one of the most used parameters to evaluate semen quality after 
cryopreservation. Unlike in species with internal fertilization, fish sperm is im-
motile in the testis, being motility triggered after sperm dilution in a hyper or 
hypoosmotic medium. Traditionally, motility evaluation is based on a subjec-
tive classification (from 0 to 5), where the observer considers the percentage 
of motile sperm and the type of movement for the estimation, a method com-
monly used in production. Software systems (computer-assisted sperm analy-
sis—CASA) gained relevance in research and are used for evaluating motility 
in cryopreserved sperm (Cabrita et  al., 2010). CASA was first introduced in 
1979 for mammalian sperm motility assessment (Dott and Foster, 1979), with 
several software versions commercially available nowadays. An open source 
software was developed by Wilson-Leedy and Ingermann (2007) and was re-
cently updated to a more complex system integrating also other quality param-
eters (Alquézar-Baeta et al., 2019). Both commercial and open source systems 
have been used with fish sperm to assess the effects of different cryoprotectants 
(Asturiano et al., 2007; Beirão et al., 2011; Liu et al., 2007), to characterize dif-
ferent subpopulations of spermatozoa in fish milt samples or after cryopreser-
vation (Gallego and Asturiano, 2018, 2019), or to characterize how broodstock 
feeding regimes affect gamete quality (Beirão et al., 2015; Butts et al., 2020; 
Martins et al., 2020).

1.4.3 DNA damage analysis
The final end of spermatozoa is the transmission of male genetic information to 
the offspring. Therefore the preservation of spermatozoa genomic information 
should be one of the priorities when a cryopreservation protocol is designed. 
Several studies have demonstrated that sperm cryopreservation might promote 
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DNA damage in fish sperm (Cabrita et al., 2005; Pérez-Cerezales et al., 2009; 
Riesco et al., 2017b,c). In recent years, the development of techniques for de-
tecting different types of DNA damage has revealed the nature of cell injury 
and has been facilitating the improvement of freezing–thawing protocols. The 
most common technique to detect DNA damage in fish cryopreserved sperm, 
in particular DNA fragmentation, is the single cell gel electrophoresis (SCGE), 
also known as comet assay. This technique has been used in cryopreserved 
sperm from species such as Senegalese sole (Riesco et al., 2017b), European 
seabass (Martínez-Páramo et al., 2013), gilthead seabream and rainbow trout 
(Cabrita et  al., 2005, Pérez-Cerezales et  al., 2009), zebrafish (Danio rerio; 
Diogo et  al., 2018), common carp (Shaliutina-Kolešová et  al., 2020), dusky 
grouper (Epinephelus marginatus), and Portuguese oyster (Crassostrea angu-
lata; Riesco et al., 2017c, 2019). This technique reveals different types of dam-
age depending on the pH buffer. A neutral pH electrophoresis buffer detects 
double strand breaks while double and single strand breaks as well as alkaline 
labile sites are revealed with basic pH. In addition, the application of specific 
endonucleases that recognize oxidized bases allows their detection by increased 
DNA fragmentation (reviewed by Cabrita et al., 2014).

There are other assays to determine DNA fragmentation such as Terminal 
deoxynucleotidyl transferase-mediated dUTP-biotin end-labeling (TUNEL), 
but not so commonly used. Reports on Atlantic salmon, zebrafish, and European 
seabass sperm showed very low levels of DNA damage (9%, 1%, and 3%; re-
spectively) when compared with samples or similar studies where comet assay 
was used (around 10% for European seabass and zebrafish) (Cabrita et al., 2011; 
Figueroa et al., 2015; Diogo et al., 2018; González-Rojo et al., 2018), therefore 
displaying a poor correlation with already established methods. Pérez-Cerezales 
et al. (2012) justified this difference in mouse sperm because the TUNEL as-
say probably requires more marked DNA and chromatin damage before it can 
detect any change, indicating lower sensitivity than the comet assay.

Cryopreservation can also produce other types of damage related with gene 
methylation, although it has been quite controversial the results obtained by 
several studies, especially because most deal with DNA global methylation. It 
seems that alterations in DNA methylation may be associated with chemical-
specific interactions in damaged cells, rather than with the freezing by itself. 
Depincé et  al. (2019) found a decrease in DNA global methylation in gold-
fish sperm when using DMSO, one of the most common cryoprotectants used, 
whereas no effect was seen with methanol. The same results were reported for 
eel sperm (Herranz-Jusdado et al., 2019a). In other species such as zebrafish, 
methanol did not protect so well the cells and produced hypermethylation after 
cryopreservation (Depincé et al., 2019). The same authors reported no effects of 
sperm snap-frozen (without any cryoprotectant) or on sperm exposed to cryo-
protectant solutions (without freezing). Therefore it seems intriguing the main 
causes behind the changes in DNA methylation patterns. Moreover, more spe-
cific methods to evaluate the effects on DNA can be applied (see Chapter 2).
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1.5 Cell types used for genome cryobanking

Different cell types have been used in order to find suitable protocols for fish ge-
nome cryobanking: spermatozoa, oocytes, spermatogonia, and primordial germ 
cells, as well as somatic cells, blastomeres, and embryos (Labbé et al., 2013). 
Spermatozoa are easy to collect in most of the fish species and they have a small 
size, a relatively simple structure and high chilling resistance. Thus they have 
been the objective of most of the studies with cryopreservation purposes, and 
used to establish commercial techniques, although it allows the preservation of 
only male germplasm.

On the other hand, the cryopreservation of fish oocytes is limited by their 
large cell volume, the presence of a chorion, the low permeability to cryoprotec-
tants, and a high chilling sensitivity. In this case, it would allow the preservation 
of only female germplasm and would need the development of in vitro tech-
niques to induce oocyte development and maturation. Although an increasing 
body of research is available (reviewed by Martínez-Páramo et al., 2017), fish 
oocyte (and embryo) cryopreservation is still far from practical applications in 
aquatic organisms.

Spermatogonia and primordial germ cells have been cryopreserved in sev-
eral fish species (Lee et al., 2016; Marinović et al., 2019a; Robles et al., 2017; 
Yoshizaki et al., 2011, for specific examples see Section 3.2), and its use allows 
preservation of the entire genome of the individuals. However, the develop-
ment of specific biotechnological tools such as transplantation is required to 
establish the progression of the germline (reviewed by Asturiano et al., 2017; 
Franěk et al., 2019a, b). Recent studies on cryobanking techniques have as-
sayed the cryopreservation of ovarian (or testis) tissue fragments, containing 
early stage follicles, with the intention of using them to be fertilized after us-
ing in vitro culture methods (Higaki et al., 2017; Kawasaki et al., 2016), or as 
origin of oogonia (or spermatogonia) to be transplanted (reviewed by Šćekić 
et al., 2020).

2. Applications of cryopreservation techniques  
in aquatic animals

2.1 Historic aspects and current situation

2.1.1 Fish
Considering the huge diversity among the 25,000–30,000 fish species, being 
the largest group of vertebrates, including the high variability of the gamete 
(spermatozoa) morphology and biology (Mattei, 1991), it seems logical that 
cryopreservation methods are fish species specific (Cabrita et al., 2009b, 2014). 
Blaxter published in 1953 the first gamete cryopreservation protocol in aquatic 
species. During the following (almost) 70 years, protocols have been adapted 
to successfully cryopreserve sperm of a high number of fish species (Gallego 
and Asturiano, 2019; Tsai and Lin, 2012). However, a good part of the research 



Protocols for ex situ conservation of aquatic organisms Chapter | 1 11

effort has been centered on a limited number of fish groups. Freshwater species 
have received a greater attention, and specific protocols have mainly been es-
tablished for salmonids, cyprinids (mostly carps and zebrafish), sturgeons, and 
a few siluriformes (catfishes). In general, the publication of cryopreservation 
protocols for sperm of marine species is historically more recent (Asturiano 
et al., 2017; Gallego and Asturiano, 2019). As Martínez-Páramo et al. (2017) 
suggested, the main reason explaining this difference between freshwater and 
marine species is the fact that reproduction of most marine commercial species 
occurs naturally in a tank, without requiring artificial fertilization and the ap-
plication of cryopreservation techniques.

In summary, most of the scientific publications evidencing these advances 
in fish sperm cryopreservation have been published in the present century, 
and many of them have been included in several previous review publications 
(Asturiano et  al., 2017; Cabrita et  al., 2010; Figueroa et  al., 2016a; Kopeika 
et  al., 2007; Labbé et  al., 2013; Martínez-Páramo et  al., 2017; Suquet et  al., 
2000) and specific books (Cabrita et al., 2009b; Tiersch and Green, 2011).

2.1.2 Invertebrates
Cryopreservation techniques have also been applied to invertebrates, with the 
main intention of transferring its use to the aquaculture industry, but with evi-
dent application possibilities in the preservation of natural genetic resources, as 
well as laboratory animal models used in embryo–larvae bioassays (Fabbrocini 
et al., 2014). Similar to fish, invertebrate sperm and spermatogonia can be pre-
served, along with spermatophores, oocytes, embryos, and larvae (as it was sub-
sequently reviewed by Lin et al., 1999; Labbé et al., 2013; Martínez-Páramo 
et al., 2017; Paredes et al., 2020).

Sperm has been cryopreserved in mollusks such as different oyster species 
(C. angulata, Crassostrea gigas, Crassotrea virginica, Ostrea edulis, Pinctada 
margaritifera, or Pinctada fucata martensii; reviewed by Martínez-Páramo 
et al., 2017), mussels (Mytilus galloprovincialis), abalones (Haliotis laevigata), 
as well as echinoderms (several sea urchin species; Paredes, 2016; Paredes 
et al., 2020), tunicates, and shrimps. A few exploratory trials to set up protocols 
for spermatophore cryopreservation have been carried out with cephalopods 
(Illex coindetii) and shrimps (Penaeus monodon), as well as gorgonian coral 
sperm sacs (Robles et al., 2013; Vuthiphandchai et al., 2007; Tsai et al., 2014).

Robles et al. (2009a) explained that the success of the cryopreservation of 
invertebrate embryos and larvae is favored by a limited embryo size, improv-
ing water and cryoprotectant exchange, a low yolk content in the oocyte, and a 
holoblastic cleavage, improving cryoprotectant penetration. Martínez-Páramo 
et al. (2017) listed 40 studies carried out in a few invertebrate species (many in 
Pacific oyster (C. gigas)) and justified by its high commercial value. Most of 
them aimed to define basic cryopreservation protocols (including embryonic 
developmental stages), the evaluation of embryo survival after thawing, and the 
long-term rearing performances of thawed larvae.
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Larvae of other invertebrates, such as several sea urchin species 
(Evechinus chloroticus, Hemicentrotus pulcherrimus, Paracentrotus lividus, 
Strongylocentrotus nudus, etc.) were cryopreserved (extensively reviewed by 
Paredes, 2016). Many of them are used as biomarkers in ecotoxicology bioas-
says. Among penaeids, several species (as Penaeus japonicus, P. stylirostris, or 
P. monodon) have been used in the first steps of protocols for embryo and larvae 
cryopreservation, including the determination of the best developmental stage 
to be frozen, although further research is still required.

2.2 Cryopreservation applications: The use of cryobanks

The techniques for the cryopreservation of gametes from aquatic species have a 
high number of potential applications, ranging from aquaculture to ecology per-
spectives. Aquaculture purposes are the most evident way to use them, improv-
ing broodstock management at hatcheries (modifying the reproductive season 
for instance) or allowing the preservation of genetically selected strains coming 
from genetic improvement programs (Asturiano et al., 2017; Martínez-Páramo 
et al., 2017).

Cryopreservation techniques can assist in the management of species having 
problems related with reproduction, such as lack of synchronization in gamete 
production of males and females (as in the case of the European eel (Anguilla 
anguilla); Asturiano et al., 2004); when it is difficult to capture both sexes si-
multaneously (i.e., European sturgeon (Acipenser sturio; Williot et al., 2011)); 
with species producing low sperm volume (i.e., Senegalese sole; Cabrita et al., 
2006); or to give time for the genetic analysis of a given individual to decide 
about its use in a conservation program (Horváth et al., 2012). Moreover, these 
techniques can be potentially applied to preserve genetic information from natu-
ral populations of (fish) species entering the domestication process and experi-
menting genetic modifications. The preserved original wild genotypes can be 
considered a phenotypic backup to have the chance of recovering deleted genes 
in the future.

Of course, another purpose of gamete cryopreservation protocols is their 
use in restocking and conservation programs, or allowing cryobanking for bio-
diversity maintenance (Martínez-Páramo et al., 2009b, 2017), considering the 
increasing number of endangered species all over the world. Moreover, cryo-
banking techniques are complementary for flowering reproductive biotechnolo-
gies, such as germ cell xenotransplantation. Finally, but not less important is 
the use of these techniques to store the increasing number of transgenic lines, 
knockouts, and mutant strains derived from the use of aquatic models, such as 
zebrafish, in studies of biotechnology, toxicology, and/or pharmacology (Da 
Silva et al., 2019; Tiersch et al., 2011).

Gamete cryopreservation techniques are the basis of important business 
in mammals (both cattle and humans), while commercial application of fish 
sperm cryopreservation is hindered by several factors, such as the lack of 
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 commercial-scale know-how for scaling-up to industry and practical aquacul-
ture, offering quality assessment of products, methods, and cryobanking ser-
vices. Moreover, although aquaculture is a fast growing industry, it is still in its 
infancy on this regard in comparison with terrestrial animal production.

However, the recent increase of genetic improvement programs has resulted 
in a growing offer of cryobanking services for several salmonids (where the use 
of Quantitative Trait Loci (QTL) is gaining importance; Yue, 2014; Tsai et al., 
2015; also see Chapter 6 for an overview of concepts, methods, current state and 
future prospects of QTL mapping for genetic gain of aquaculture breeding pro-
grams) and other species. Some companies are already offering lines of specific 
products (extenders, activating solutions, etc.) for fish sperm cryopreservation, 
and even cryopreservation services (reviewed by Martínez-Páramo et al., 2017).

Obviously, cryobanking means added costs for companies and programs, 
and long-term cost–benefits must be evaluated.

The scientific community has called for the creation of national or suprana-
tional specialized centers not only to maintain collection of frozen samples, but 
also to assist in the design of species- and cell-specific cryopreservation proto-
cols, improving standardization (definitions, methodologies, and reporting) and 
increasing the chances of transference to the industry. As Martínez-Páramo et al. 
(2017) suggested, the management of these banks requires technical capacity in 
genetics, reproductive physiology, cryobiology and data administration, as well 
as a close cooperation of cryobiologists with other researchers and managers.

In general, the available information on aquatic species cryobanks is quite 
limited, but Martínez-Páramo et al. (2017) made a detailed review of the exist-
ing cryobanks in Europe, USA, Brazil, Australia, and New Zealand, as well as 
the aquatic species and even the type of cells they work with. Some cryobanks 
have been created for aquaculture applications in a limited number of fish spe-
cies (common carp; Horváth et al., 2007; tambaqui (Colossoma macropomum) 
and cachara (Pseudoplatystoma reticulatum), Streit Jr. et al., 2013; tench (Tinca 
tinca), wels catfish (Silurus glanis) or several salmonids such as rainbow- and 
brown trout (Salmo trutta m. fario)), combining aquaculture and biodiversity 
preservation (Atlantic salmon; O'Reilly and Doyle, 2007; and several stur-
geon species) or directly as part of conservation programs and restocking proj-
ects (Brazilian ichthyofauna, Viveiros and Godinho, 2009; Adriatic grayling 
(Thymallus thymallus); Horváth et al., 2012; UK fish species, into the Frozen 
Ark project).

There are centers, as the European Zebrafish Resource Centre (EZRC; 
Leopoldshafen, Germany) or the Zebrafish International Resource Center 
(ZIRC; Oregon, USA), specialized in acting as repository of lines of model 
species (basically zebrafish, and medaka (Oryzias latipes)) with the objective of 
providing access to those lines for the research community.

Some examples of cryobanking for the conservation of invertebrates are 
the US Fish and Wildlife Service, acting as a repository of several endan-
gered species and includes sperm samples and glochidia (larval stage) from 
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 freshwater mussels (Wayman, 2011). Meanwhile, the Taronga Conservation 
Society Australia maintains the Taronga CryoReserve, storing germplasm from 
endangered species, including the first created frozen repository of coral species 
from the Great Barrier Reef (Hagedorn et al., 2012a, b; Hagedorn and Spindler, 
2014) to preserve its biodiversity. Finally, the Cawthron Institute (Nelson, New 
Zealand) develops breeding programs for mussels and oysters for the New 
Zealand aquaculture sector, which include sperm banking to carry out family 
crosses (Martínez-Páramo et al., 2017).

3. Cryopreservation of different biological materials  
to create Genome Resource Banks

3.1 Sperm

By far, the most commonly cryopreserved tissue/cell suspension type in aqua-
culture (as well as in domestic livestock) is sperm. Although it is very difficult 
to indicate the number of fish species whose sperm has successfully been cryo-
preserved, estimates between 50 and 200 species (marine and freshwater, re-
spectively) have been reported (Tiersch et al., 2011). Regardless of the species, 
the key elements of cryopreservation protocols are similar with little variation 
in each step, as was already mentioned in Section 1.3.

Sperm of fish species is collected following hormonal stimulation of sper-
miation during the spawning season. Hormonal stimulation is administered in 
the form of an intramuscular or intraperitoneal injection of various hormone 
products (carp pituitary extract, gonadotropin-releasing hormones and their 
synthetic analogues, etc.). Spermiation is seasonal in species of the temperate 
climate while in case of tropical and subtropical fish it is more or less continu-
ous. Hormonal stimulation of spermiation is not practiced in several species, 
including salmonids, where sperm can be collected from males during the natu-
ral or artificially induced spawning season (including changes in the light and 
temperature regimes). It is also unnecessary and impractical in model tropi-
cal species such as the zebrafish due to their small size and continuous sperm 
production.

Sperm is collected from fish by hand-stripping into a dry vessel in order to 
avoid activation of spermatozoa by accidental contact with water, urine, and/or 
other activating media. In some fish species—notably catfishes—sperm cannot 
be collected by stripping. In these cases, sperm is extracted from surgically 
removed testes or testicular sections (Legendre et al., 1996). The volume of col-
lected sperm varies with species, from around 1 μL in the zebrafish to as much 
as 1000 mL in larger sturgeons. These represent a logistical challenge in cryo-
preservation; however, in most cases working volumes of 1–20 mL of sperm are 
used. Following collection, it is generally recommended to store sperm until fur-
ther use at 4 °C or on melting ice. Sperm quality is determined most commonly 
by motility or the percentage of spermatozoa performing forward movement. 
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This can be done either visually or using computer-assisted sperm analysis as 
was described in Section 1.4.2. Additional methods to determine sperm quality 
include determination of viability, mitochondrial function, DNA fragmentation, 
or ATP levels; however, these are more time consuming than motility tests.

Prior to cryopreservation, fish sperm is always diluted in solutions called ex-
tenders. Extenders are buffered solutions of sugars, ions, or their combinations 
that need to be isotonic to the seminal plasma of fish to prevent their activation. 
They should also provide favorable conditions for cells to survive osmotic and 
ionic concentration changes during the process of freezing. Extenders can be 
common cell culture solutions such as Hanks’ balanced salt solution (HBSS) 
that is used for the sperm of a wide variety of species, from marine sciaenids to 
cyprinids and medaka (Tiersch et al., 2004; Wayman et al., 1997; Yang et al., 
2007, 2010). More often, however, research groups prefer to compose their own 
extender recipes and adapt those to the fish species that they work with. For 
example, an extender has been developed originally for the sperm of the gray-
ling (Horváth et al., 2012, 2015a); however, it has been used on various other 
salmonids (Horváth et al., 2015b) as well as cyprinids (Lujić et al., 2017a). In 
many cases, extenders developed by individual research groups gain interna-
tional recognition and are used by several teams.

With the exception of a few reported cases of cryoprotectant-free vitrifica-
tion (Merino et al., 2012), all sperm cryopreservation protocols involve the use 
of penetrating cryoprotectants. Their concentration is almost invariably given 
as percent volume concentration (% v/v) for the sake of convenience, although, 
molar concentration would be more appropriate. For the freezing of fish sperm, 
cryoprotectant concentrations ranging from 5% to 15% (v/v) are typically used. 
The choice of cryoprotectants for fish sperm is quite broad, although in practice 
two major ones are used. By far, the most common cryoprotectant is dimethyl-
sulfoxide (DMSO) that has been tested in a variety of species, representing com-
pletely different families and orders of fish (Cabrita et al., 2009a; Chereguini 
et al., 1997; Fabbrocini et al., 2000; Thirumala et al., 2006; Tsvetkova et al., 
1996). Methanol has been found effective in concentrations of 5%–10% (v/v) in 
sturgeons (Glogowski et al., 2002), salmonids (Lahnsteiner et al., 1997), cypri-
nids (Horváth et al., 2003), catfishes (Tiersch et al., 1994), and percids (Bernáth 
et  al., 2015). Other cryoprotectants tested for the cryopreservation of teleost 
sperm include glycerol (Blaxter, 1953), dimethyl-acetamide (DMA) (McNiven 
et al., 1993; Warnecke and Pluta, 2003), ethylene glycol (Jähnichen et al., 1999), 
and methyl glycol (Viveiros et al., 2014).

Dilution of sperm with an extender containing the cryoprotectant is con-
sidered one of the crucial steps of cryopreservation. Dilution ratios ranging 
from 1:1 to 1:20 have extensively been studied in various freshwater and ma-
rine fish species (Suquet et al., 2000) and have been optimized even relatively 
recently (Judycka et al., 2016). However, the efficiency of dilution ratios has 
been questioned, as concentration of spermatozoa in individual sperm samples 
varies. Therefore standardization of sperm concentration yielding the highest 
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cryosurvival was suggested by several authors (Dong et al., 2007; Tan et al., 
2010), which is the norm in the commercial cryopreservation of dairy bull 
sperm. The importance of diluting sperm to an optimal sperm concentration of 
0.5–1.0 × 109 spermatozoa was demonstrated in the rainbow trout, yielding not 
only high postthaw motility (60%–66%), but also consistency and low variation 
of results (Nynca et al., 2017). Later, standardization of sperm concentration 
was applied to other salmonid species, as well, with similar results (Judycka 
et al., 2018).

Following dilution, sperm is equilibrated in the extenders before freezing. 
The effect of equilibration time on the outcome of cryopreservation in fish 
sperm has been tested in several studies and has always been found to yield 
optimal results as long as it was kept to less than 10–15 min (He and Woods III, 
2003; Horváth and Urbányi, 2000; Stoss and Holtz, 1983). Less attention has 
been paid to equilibration time in later studies; however, Judycka et al. (2018) 
reported the use of a 15 min equilibration for the sperm of various salmonid 
species.

During equilibration, sperm is loaded into the container in which it is fro-
zen. By far, the most common container type for fish sperm cryopreservation 
is the 0.25 and 0.5 mL straws that were originally developed by Robert Cassou 
in1963 (Lonergan, 2018). Other types of straws used include the 1.2 mL straws 
that were tested in salmonids and cyprinids (Horváth et al., 2007; Lahnsteiner 
et  al., 1997), yielding fertilization results similar to those of 0.5 mL straws. 
Larger (4 or 5 mL) straws, also known as macrotubes, have also been tested 
in salmonids (Cabrita et al., 2001a; Lahnsteiner et al., 1997), the paddlefish 
(Polyodon spathula) (Horváth et al., 2010) and the wels catfish (Bokor et al., 
2009). The general consensus is that although cryopreservation of sperm in 
these larger straws results in lower fertilization percentages than with the use 
of 0.5 mL straws, their larger volume compensates the loss of fertility. A nota-
ble exception was the case of wels catfish, where fertilization rates with sperm 
frozen in 4 mL straws were similar to those of fresh sperm. Current develop-
ments in fish sperm cryopreservation, however, favor the use of the conven-
tional 0.25 or 0.5 mL straws as these are considered the industry standard for 
sperm cryopreservation. Other containers such as cryotubes or cryovials were 
also tested for the cryopreservation of fish sperm. Turbot (Scophthalmus maxi-
mus) and dusky grouper sperm have successfully been cryopreserved in 2 mL 
cryotubes, yielding similar results as 0.5 mL straws (Chereguini et al., 2003; 
Riesco et  al., 2017c). Similarly, good results were reported with the use of 
10 mL cryotubes in the sperm of the wels catfish by Bokor et al. (2019). On the 
other hand, fertilization rates were significantly lower than the fresh control 
when 1.6 or 4.5 mL cryotubes were used for the cryopreservation of tambaqui 
sperm (Maria et al., 2015).

Following equilibration, sperm is frozen to the temperature of cryopreserved 
storage using one of the methods described in Section 1.3. Freezing rates are 
species specific and should be set according to the chosen protocol  conditions 
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(e.g., sperm loading container). Cryopreserved sperm samples are almost 
 universally stored in liquid nitrogen containers, either in canisters or in racks, 
the former being developed primarily for straws while the latter one for cryo-
tubes (although cryotubes can also be stored in canisters attached to cryocanes). 
Adequate labeling as well as database development is imperative in any labora-
tory dealing with cryopreservation.

3.2 Germline stem cells (GSCs)

Even though sperm is the most commonly cryopreserved cell type, as previously 
mentioned, the greatest downside of this technology is that it preserves solely 
male genetic material and cannot produce live progeny alone; the presence of 
an ovulating female able to produce fresh eggs is needed for fertilization and 
the production of progeny. To preserve female genetic material, attempts were 
made to cryopreserve eggs or embryos. However, effective cryopreservation 
protocols for these cell types have not yet been developed due to their complex 
structure, large size and amounts of yolk material, high chilling sensitivity, and 
poor membrane permeability to solutes (for more details, see Section 3.3). To 
circumvent this problem, application of GSC (including primordial germ cells 
(PGCs); spermatogonial stem cells (SSCs), and oogonial stem cells (OSCs)) 
manipulation techniques started to gain attention. These cells are the baseline 
stem cells of gametogenesis, and through their cryopreservation and subse-
quent transplantation into suitable recipients, both male and female genetic re-
sources can be preserved and reconstituted (reviewed by Yoshizaki and Lee, 
2018; Yoshizaki and Yazawa, 2019). In short, donor GSCs are isolated from the 
gonads, most commonly transplanted into the body cavity of recipient larvae 
where they migrate toward the recipient’s genital ridge, which they colonize, 
start to proliferate and differentiate, and ultimately give rise to donor-derived 
gametes (most commonly both sperm and eggs if transplanted into mixed-sex 
pool of larvae).

PGCs are firstly formed germline cells which begin to differentiate during 
early embryonic development outside of the gonad (Dosch, 2015) and subse-
quently, begin to migrate toward the genital ridge. After successful coloniza-
tion of the gonad, they start to proliferate and differentiate into SSCs or OSCs, 
depending on the donor gender as specified afterward. Attempts to cryopre-
serve PGCs have been made during early embryonic development, during mi-
gration, as well as when PGCs were settled within the genital ridges (Franěk 
and Pšenička, 2020). Cryopreservation of cell suspensions containing iso-
lated PGCs is uncommon and preference is usually given to cryopreservation 
of gonadal ridges or whole embryos/larvae. Genital ridges of rainbow trout 
(Kobayashi et al., 2007) and zebrafish (Riesco et al., 2012) were successfully 
cryopreserved with high PGC viability/recovery, and in the case of rainbow 
trout, cryopreserved PGCs transplanted into abdominal cavities of alloge-
neic trout larvae retained their functionality by migrating into the recipient’s 
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 genital ridges,  proliferating, differentiating, and ultimately giving rise to donor- 
derived gametes and offspring. Furthermore, cryopreservation of dechorion-
ated 14–18- somite zebrafish embryos (Higaki et al., 2010) and dechorionated 
12–14-somite loach (Misgurnus anguillicaudatus) embryos (Inoue et al., 2012) 
yielded viable PGCs postthaw, which were functional and were able to induce 
germline chimeras after transplantation.

Even though cryopreservation of PGCs is plausible, several factors severely 
hinder the application of this technology: (1) PGCs are present only in larvae of 
certain age, therefore finding these individuals during spawning season might 
be very difficult in many fish species; (2) each individual contains only a limited 
number of PGCs, thus large number of larvae carrying PGCs need to be col-
lected; (3) identification and visualization of PGCs is very challenging, possible 
by using injections of specific fluorescent markers or by using transgenic lines 
but really difficult in most fish species; and (4) collection of PGCs from a large 
number of larvae is very laborious and time consuming. Therefore an alternative 
was found in SSCs and OSCs which are present in juvenile and adult individu-
als. In this way, a large number of early stage germ cells can be isolated from 
each individual in a more labor- and time-efficient manner through a simple 
mechanical separation or enzymatic treatment.

Cryopreservation of GSCs is similar, but less diverse, to that of sperm. 
Samples are usually suspended in available cell culture solutions such as L-15 
or phosphate-buffered saline (PBS) and supplemented with permeating and 
nonpermeating cryoprotectants at various concentrations. Samples are then fro-
zen in cryotubes at slow cooling rates (most commonly 1 °C/min) until − 80 °C, 
when they are plunged into liquid nitrogen. GSCs are usually frozen in one of 
two possible ways: within the tissue pieces or within cell suspensions which re-
quire previous enzymatic dissociation of the tissue. Marinović et al. (2017) and 
Pšenička et al. (2016) indicated that slightly better results are obtained when 
freezing tissue pieces. Indeed, freezing of tissue pieces is more time efficient 
as it does not require dissociation prior to cryopreservation, while dead cells 
present within the tissue after thawing are digested during the subsequent en-
zymatic dissociation. Therefore the obtained cell suspensions contain almost 
no dead cells, which may facilitate subsequent GSC manipulations. However, 
when working with species that have large gonads, fragmentation of gonads 
should be conducted prior to cryopreservation. Studies in common carp (Franěk 
et al., 2019a) and wels and African catfish (Marinović et al., unpublished data) 
indicate that tissue fragments should not surpass 100–150 mg.

The choice of optimal cryoprotectants when freezing GSCs is species spe-
cific. DMSO proved to be optimal in rainbow trout (Lee et al., 2013, 2016), 
tench (Linhartová et al., 2014; Marinović et al., 2016), goldfish (Carassius au-
ratus; Marinović et al., 2017), common carp (Franěk et al., 2019a,b), zebraf-
ish (Marinović et al., 2019a), and European eel (Šćekić et al., 2020), whereas 
ethylene glycol was optimal for Siberian sturgeon (Acipenser baerii; Pšenička 
et al., 2016) or methanol in Manchurian trout (Brachymystax lenok; Lee and 
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Yoshizaki, 2016). Optimal cryoprotectant concentrations are also species spe-
cific; however, a general trend is higher concentrations are optimal for cyprinids 
(Franěk et al., 2019a; Marinović et al., 2016), while lower concentrations are 
optimal for salmonids (Lee et  al., 2013, 2016, Lee and Yoshizaki, 2016). As 
for cooling rates, lower cooling rates of approximately 1 °C/min are optimal as 
demonstrated in common carp (Franěk et al., 2019a), Manchurian trout (Lee 
and Yoshizaki, 2016), and Siberian sturgeon (Pšenička et al., 2016). In addition 
to permeating cryoprotectants, nonpermeating cryoprotectants, which act as os-
motic stabilizers (such as sugars or protein), can be added to the cryomedium. 
However, sugar and protein supplementation usually have no effect when freez-
ing tissue pieces, since the uptake and exposure of cells to these substances is 
questionable due to testicular structure, and tissues already contain high levels 
of sugars and protein within the blood vessels. Therefore, additional supple-
mentation usually does not have a significant protective role (Franěk et  al., 
2019a; Marinović et al., 2019a; Šćekić et al., 2020).

In recent years, the effectiveness of testicular and ovarian tissue vitrification 
in preservation of GSCs was tested. Vitrification offers several advantages to 
freezing such as cost- and time-effectiveness, lower volumes of liquid nitrogen 
needed, field-friendliness, smaller size of tissue pieces used, which could be 
advantageous in fish with small gonads (e.g., zebrafish), and in several cases 
higher viability. Usually, needle-immersed vitrification (NIV; Lujić et  al., 
2017b; Marinović et al., 2018) or copper mesh (Seki et al., 2017) is used as tis-
sue carriers since they enable direct exposure of tissue to liquid nitrogen with 
minimal volumes of cryoprotectants attached to them, therefore maximizing 
cooling rates and reducing the concentration of cryoprotectants needed. The 
only downside to direct liquid nitrogen exposure is possible cross- contamination 
of samples by bacteria or viruses present in the liquid nitrogen, therefore steps 
for sterilization should be taken, and liquid nitrogen should not be reused when 
utilizing these methods.

The response of GSCs to vitrification is variable. SSC viability rates of up to 
70%–80% were attained in zebrafish (Marinović et al., 2019a) and brown trout 
(Marinović et al., unpublished data), whereas significantly lower rates of 10%–20% 
were obtained in common carp (Franěk et al., 2019a) and European and African 
catfish (Marinović et al., unpublished data). The main difference between these 
two groups of species was the presence of spermatozoa. Brown trout testes were 
immature and contained only SSCs and somatic cells, whereas mature zebrafish 
testes proportionally contain far less spermatozoa compared to mature common 
carp and catfish species, where spermatozoa constitute up to 95% of all testicular 
cells. As sperm vitrification is usually ineffective compared to freezing, and yields 
lower viability and functionality of these cells after warming/thawing (Asturiano 
et al., 2017; Kása et al., 2017, 2018), the high proportion of spermatozoa within 
common carp and catfish species may have influenced lower vitrification success. 
Therefore, the choice of applying freezing or vitrification of a given testicular sam-
ple in cryobanking should mostly depend on the testicular structure and the number 
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of spermatozoa present within the tissue. Vitrification could be recommended for 
immature testicular tissue or tissue which contains low numbers of spermatozoa, 
whereas freezing would be greatly advantageous for mature testicular tissue, which 
is heavily dominated by spermatozoa.

The most common end point in assessing the effectiveness of GSC cryo-
preservation trials is determining their viability, usually assessed through trypan 
blue (or some other) dye exclusion test. However, viability of cells does not 
always reflect their functionality as demonstrated many times in sperm where 
sperm viability and motility are not necessarily correlated. Therefore applica-
tion of functionality tests is of utmost importance when cryopreserving GSCs. 
The most common functionality tests are proliferation of GSCs in in vitro cell 
culture or their ability to colonize, proliferate, and give rise to gametes after 
transplantation into suitable recipients. Transplantation studies conducted with 
cryopreserved rainbow trout OSCs and SSCs (Lee et  al., 2013, 2016), com-
mon carp OSCs and SSCs (Franěk et al., 2019a,b), zebrafish SSCs (Marinović 
et  al., 2019a), medaka SSCs (Seki et  al., 2017), and Chinese rosy bitterling 
(Rhodeus ocellatus ocellatus) SSCs (Octavera and Yoshizaki, 2020) demon-
strated that cryopreserved GSCs retain their functionality after cryopreserva-
tion (either through freezing or vitrification) and are able to colonize recipient 
gonads and produce progeny (Lee et al., 2013; Marinović et al., 2019a; Octavera 
and Yoshizaki, 2020).

Lastly, as pointed out by Franěk and Pšenička (2020), GSC cryopreser-
vation mostly depends on its downstream application. Development of GSC 
cryopreservation protocols for many species without further development of 
means for its application (either through in vitro gametogenesis or transplanta-
tion) could be regarded as “work lacking in concept.” Even though development 
of GSC cryopreservation protocols for many species has its indisputable merit 
in biobanking, possibilities for downstream applications need to be evaluated, 
making this technology more difficult to implement in practice than sperm cryo-
preservation. Attention must be given to plausibility of intra- or interspecific 
transplantation, i.e., the presence of appropriate recipients for transplantation, 
as well as the existence of sterilization methodology for recipients. In some 
cases, cryopreservation of GSCs can only be a first step toward development of 
further manipulation technologies which will enable a continuous pool of GSCs, 
as suggested by Šćekić et al. (2020). However, development of cryopreservation 
protocols for new species must go hand in hand with the development of further 
downstream applications such as in vitro culture and transplantation, at least if 
we want to successfully implement this technology in aquaculture or species 
conservation programs.

3.3 Embryos and larvae cryopreservation

Fish embryo cryopreservation has been a challenging objective for decades. The 
interest in developing fish embryo cryopreservation protocols can be explained 
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considering the advantages associated to this type of material: from a conserva-
tion point of view, ensuring the preservation of both paternal and maternal ge-
nomes; while from an aquaculture point of view, it would significantly simplify 
the establishment and management of genetic selection programs in fish farms 
(Martínez-Páramo et al., 2017).

Challenges hindering fish embryo cryopreservation are well known and 
could be summarized in four areas: fish embryos have low surface-to-volume 
ratio, large size of yolk, low membrane permeability, and high chilling sen-
sitivity (reviewed in Martínez-Páramo et  al., 2017). In this section, different 
approaches in fish embryo cryopreservation used during the last decades will 
be reported including the limited success achieved together with future perspec-
tives. A comparison with invertebrate success will be shown.

Embryo resistance to chilling and cryopreservation has been studied in more 
than 20 teleost species, all reviewed in Martinez-Páramo et al. (2017) and more 
recently in kelp grouper (Epinephelus moara; Zhang et  al., 2020). However, 
there is no doubt that zebrafish, as a model species, has been the most studied 
and with recent success (Khosla et al., 2017).

Embryo chilling capacity, or in other words, the effects of subzero tempera-
tures on embryo survival, has been one of the focus of research where authors 
have obtained good results in different species (Fornari et  al., 2014; Pessoa 
et al., 2015; Robles et al., 2007). However, embryo survival after cryopreserva-
tion (controlled slow freezing or vitrification) has been very limited and very 
few studies reported preliminary positive results (Robles et  al., 2005; Zhang 
et al., 2020). Several efforts have been made involving the development of cryo-
preservation protocols, such as the choice of cryoprotectants, freezing–thawing  
rates, adequate embryonic developmental stages; and studying membrane per-
meability and cryoprotectant penetration within the embryos, aiming to pro-
vide new tools to evaluate embryo viability/survival after freezing–thawing or 
to provide new technologies and procedures to improve embryo cryoresistance 
(Khosla et al., 2017; Martínez-Páramo et al., 2017). Advances in research re-
ported different methods to evaluate cryoprotectant penetration within the em-
bryos using impedance spectroscopy (Zhang et al., 2006), magnetic resonance 
microscopy (Hagedorn et al., 1996), HPLC (Cabrita et al., 2003), and/or scan-
ning calorimetry (Liu et al., 2001). The scarce or nonexistent embryo survival 
after freezing–thawing has pushed researchers to explore different methods to 
evaluate cryopreservation protocols combining morphological studies with mo-
lecular biology methods in order to provide more information on embryo meta-
bolic activity at enzymatic or molecular level (Desai et al., 2011; Robles et al., 
2004). The use of techniques to overcome permeability barriers and introduce 
cryoprotectants inside embryo compartments was investigated using microin-
jection (Janik et al., 2000), ultrasound (Wang et al., 2008a, b), or other delivery 
systems to introduce antifreeze proteins into the embryos (Martínez-Páramo 
et al., 2009a; Robles et al., 2007), or even altering fish embryo membranes with 
aquaporin 3 to increase permeability (Hagedorn et al., 2002).
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Contrarily to fish species, invertebrate embryos or larvae cryopreservation 
yielded better results, favored by some biological characteristics such as a lim-
ited embryo size, improving water and cryoprotectant exchange, a low yolk 
oocyte content and a holoblastic cleavage, improving cryoprotectant penetra-
tion (Robles et  al., 2009a). Since the pioneering work published by Renard 
(1991), more than 40 studies have been published in a few invertebrate species 
(Martínez-Páramo et al., 2017; Paredes, 2016).

The increasing number of studies devoted to invertebrate embryo cryopreser-
vation is explained by the recent improvement of farming techniques, including 
breeder selection and conservation purpose (Daly et al., 2018, Paredes, 2016). 
Embryo or larvae cryopreservation studies have mainly focused on Pacific oys-
ter because of its high commercial value. Whatever the species, the survival 
remains limited (< 1%) but promising with reports on F1 larvae obtained from 
cryopreserved breeders (Suquet et  al., 2014). When there is no possibility to 
follow survival for long periods of time, one of the methods used to assess the 
quality of postthaw larvae is the percentage of motile larvae. The decrease of 
larval movement velocity observed using a CASA device is suggested to be 
a quick and more reliable estimation of the quality of thawed Pacific oyster 
larvae (Suquet et al., 2012). However, studying the long-term rearing perfor-
mances of thawed larvae is a prerequisite to the development of invertebrate 
cryobanking. According to (Paniagua-Chavez et  al. (2000)), the survival of 
postthaw oysters was not different from the control after 4 months of develop-
ment. Close to 3 years after larvae thawing, the growing-out and reproductive 
capacities of Pacific oysters were similar to those observed for unfrozen ones 
(Suquet et al., 2014). Both examples suggest an absence of genome alterations 
of thawed larvae, allowing subsequent development of these oysters and their 
use in cryobanks.

With the new technologies of vitrification, combined with laser warming 
and gold nanorods, already used in some invertebrate species (e.g., coral larvae; 
Daly et al., 2018) and model fish species (e.g., zebrafish embryos; Khosla et al., 
2017), it is foreseen that this investigation will provide new insights on the cryo-
preservation of embryos and larvae from different aquatic organisms.

4. Examples of sperm cryopreservation in specific 
species

4.1 Endangered species

4.1.1 The European eel case study
The European eel is one of the 19 species included in the genus Anguilla. This 
is a demanded species with high market values, intensively fished at all its life 
stages, including glass, yellow, and silver eels. Moreover, wild glass eels are 
the base of the eel aquaculture, which supplies most of the consumed eels. The 
intense decline of its populations during the last decades, due to several factors, 
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caused its inclusion as “Critically Endangered” on the Red List of Threatened 
Species, by the International Union for Conservation of Nature (IUCN). In 2007 
the EU categorized the European eel as critically endangered and established 
measures for the recovery of the stock, while the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES) included it in 
Appendix II, prohibiting the international trade of this species. Thus the conser-
vation status of eel species justifies the needs for taking actions such as develop-
ment of its reproduction in captivity and the control of fisheries.

Eel species require the use of hormonal treatments to induce sperm produc-
tion (Gallego et al., 2012; Mylonas et al., 2017; Pérez et al., 2000) or the ma-
nipulation of environmental factors (Asturiano, 2020; Rozenfeld et al., 2019). 
The development of protocols for the cryopreservation of Japanese (Anguilla 
japonica) and European eels sperm started in the early 2000s (reviewed by 
Herranz-Jusdado et  al., 2019c). Cryopreservation of Japanese eel sperm was 
first achieved by Tanaka et al. (2002a). Briefly, they designed an extender (con-
taining NaCl, NaHCO3, and soya lecithin) and added DMSO at 10% (v/v) as 
cryoprotectant. To prevent the activation of sperm motility due to the hyper-
tonicity caused by DMSO, they included NaHCO3 in the freezing medium 
(Tanaka et al., 2002b). Moreover, they defined the cryovials volume (2 mL) and 
the freezing and thawing conditions. They reported postthaw sperm motility 
values around 40%, but using thawed sperm in fertilization trials they found 
that the hatchability of the fertilized eggs was lower in comparison with eggs 
fertilized with fresh sperm.

Years later, parallel works of Müller et  al. (2017) and Koh et  al. (2017) 
assayed different extenders, cryoprotectants, cryovial volumes, and freezing–
thawing conditions, defining alternative methods for the Japanese eel. In the 
first case, the embryos hatched using thawed sperm samples showed lower sur-
vival and higher malformation rates than those obtained with fresh sperm, indi-
cating that the protocol was still suboptimal. Better results were obtained with 
Koh et al. (2017) method, which was used by Nomura et al. (2018) to establish 
a large-scale cryopreservation protocol for Japanese eel sperm in fertilization 
programs. They adapted the cooling rate to use 5 mL straws, and the cryopro-
tectants and extenders were as described by Koh et al. (2017). The fertilization 
trials did not show any difference in egg hatching or survival rates between 
cryopreserved and fresh sperm. Moreover, the morphology of larvae produced 
from cryopreserved sperm was like that of larvae from fresh sperm, and the 
larvae were further grown into normal Japanese glass eels.

Following the cryopreservation method described by Tanaka et al. (2002a), 
Asturiano et  al. (2003, 2004) published the first method to cryopreserve 
European eel sperm. After testing different extenders, best results in terms of 
postthawing spermatozoa motility were obtained with the P1 medium (in mM: 
125 NaCl, 20 NaHCO3, 30 KCl, 2.5 MgCl2, 1 CaCl2, with pH adjusted to 8.5), 
isoionic to the seminal plasma of European eel. All the tested freezing media 
contained 10% DMSO as cryoprotectant, and different sperm dilution ratios 
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were also tested. The freezing was done in 0.25 mL straws placed for 10 min, 
5 cm above liquid nitrogen surface before plunging them into, and the thawing 
was carried out by submerging the straws in water at 20 °C during 45 s.

Shortly after, Müller et al. (2004) developed a quite different cryopreserva-
tion protocol for the sperm of the European species using a modified Kurokura 
solution as extender and 10% methanol as cryoprotectant. They got similar re-
sults to those obtained with Asturiano et al.’s protocol. Succeeding this study, 
Szabó et al. (2005) conducted a series of experiments to test different extend-
ers and cryoprotectants (DMSO and methanol), getting their best results using 
Tanaka extender with DMSO (10%) or methanol (10%).

On the other hand, Asturiano’s lab carried out studies to test the effect of 
DMSO, methanol, and other cryoprotectants, with different dilution ratios 
and freezing medium supplementation with fetal bovine serum (FBS) or l-
α-phosphatidylcholine, on European eel spermatozoa motility, viability, and 
morphology (Asturiano et al., 2007; Garzón et al., 2008; Marco-Jiménez et al., 
2006). Although valuable results were obtained using DMSO, the use of this 
cryoprotectant increased the medium osmolality, resulting in inducing spermato-
zoa motility activation and premature ATP consumption. To avoid this problem, 
Peñaranda et al. (2009) tested different combinations of pH and concentrations 
of NaHCO3 (previously used in the Japanese eel sperm cryopreservation pro-
tocols; Tanaka et al., 2002b). Thus an improved medium based on P1, but con-
taining 100 mM NaHCO3 and pH 6.5, partially prevented the activation effect 
of DMSO. Moreover, they improved the method using a 1:2 (sperm:freezing 
medium) dilution, and the 0.25 mL straws were cooled 1.6 cm above liquid ni-
trogen surface for 5 min before being immersed into liquid nitrogen. Using this 
protocol, they obtained postthaw spermatozoa motility values close to 40% that 
was considered as enough for fertilization trials. In fact, using this last protocol, 
Asturiano et al. (2016) successfully used cryopreserved sperm in fertilization 
trials, producing viable offspring, although with a lower percentage of fertilized 
eggs than that observed with fresh sperm, and only a few larvae found at 55 h af-
ter fertilization. Similarly, Müller et al. (2018) successfully used cryopreserved 
European eel sperm to fertilize Japanese eel eggs, obtaining hybrid larvae. Their 
cryopreservation method included the use of a modified Tanaka’s solution as 
extender and methanol 10% as cryoprotectant.

Although both protocols succeeded in fertilization trials, their numerous dif-
ferences made necessary a comparison, looking for its standardization. Thus, 
the Hungarian and the Spanish groups conducted together a joint study, com-
paring their protocols using the same sperm samples (Herranz-Jusdado et al., 
2019a). In summary, they found that the protocol using methanol, initially de-
veloped by the Hungarian group (Müller et al., 2017; Szabó et al., 2005), was 
better in terms of higher spermatozoa viability and motility, and lower methyla-
tion effects on the spermatozoa DNA than the protocol with DMSO, developed 
by Asturiano’s lab. Very recently, Herranz-Jusdado et al. (2019b) modified the 
Hungarian protocol to scale up the volume of sperm cryopreserved using 2 and 
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5 mL cryotubes, by adapting the cooling rate. Moreover, adding egg yolk to the 
extender solution, they obtained motility values over 50%, being the highest 
motility ever reported in cryopreserved European eel sperm.

Kása et al. (2017) developed a vitrification protocol for European eel sperm, 
consisting in a sperm:diluent ratio of 1:1, with 40% cryoprotectant (20% metha-
nol and 20% propylene glycol), and 10% FBS using Cryotops of 2 μL as cooling 
device. The percentage of motile spermatozoa after thawing was low in com-
parison to conventional sperm cryopreservation.

4.2 Aquacultured species

4.2.1 The salmonid species case study
Salmonid fish include some of the most common cultured species in the world, 
both in marine and freshwater environments, such as the Atlantic salmon or 
the rainbow trout. Cryopreservation techniques have been developed for these 
species since the 1960s (Hodgins and Ridgway, 1964), and they probably have 
the most abundant scientific literature on sperm freezing among all groups of 
teleosts. Cryopreservation of salmonid sperm is plausibly the closest to indus-
trial application, and products such as extenders are readily available for these 
species in commercial trade. Private companies are also known to specialize in 
the cryopreservation of salmonid sperm and offering it as a commercial service. 
Salmonids also include rare species that are either endangered or are of local 
interest such as the huchen (Hucho hucho) or the Mediterranean brown trout 
(Salmo cettii) for which sperm cryopreservation has also been reported (Di Iorio 
et al., 2019; Nynca et al., 2015). For these reasons, we are going to concentrate 
on the developments of the last decade (2010–20, Table 1) as this period brought 
significant changes in research that facilitate the adoption of cryopreservation 
methods to the practice.

Methods developed in the time period mentioned before are closely linked 
to a given research group. Thus, the choice of extenders can include well-known 
recipes such as that of Erdahl and Graham (1987) used by Pérez-Cerezales et al. 
(2010) and Fernández-Díez and Herráez (2018), or the Cortland medium re-
ported by Truscott et al. (1968) and used by Figueroa et al. (2016a, b, 2019) 
and Díaz et  al. (2019). Other teams prefer to use their own extenders which 
can be as simple as a 0.15 M glucose solution (Ciereszko et al., 2014; Judycka 
et  al., 2018; Nynca et  al., 2015, 2017) or multicomponent such as those by 
Lahnsteiner et al. (2011) or Kutluyer et al. (2014). Almost all extenders employ 
sugars (typically glucose, sucrose, or trehalose) in varying concentrations, both 
as nonpenetrating cryoprotectants and for osmoregulation. The addition of vari-
ous antioxidants did not have a beneficial effect on the fertilizing capacity of 
salmonid sperm (Kutluyer et al., 2014; Lahnsteiner et al., 2011), although it has 
reduced oxidative stress in some species (Sandoval-Vargas et  al., 2021). The 
choice of cryoprotectants has been reduced to methanol and DMSO in con-
centrations ranging from 7% to 10% (v/v). This decade saw the emergence of 
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TABLE 1 Summary table of protocols used for the cryopreservation of salmonid species in  
the period between 2010 and 2020. Only the protocols yielding the best results are shown.

Reference Species Extender Cryoprotectant
Dilution ratio or 
sperm concentration Container

Cooling 
conditions

Thawing 
conditions Representative results

Ciereszko et al. 
(2013)

Whitefish (Coregonus 
lavaretus)

0.225 M glucose 7.5% methanol 1:3, 1:1, 3:1 0.25 mL straws LN2 vapor, 3 cm, 
3 min

40 °C, 4 s 21.6%–27.5% postthaw 
motility

Ciereszko et al. 
(2014)

Rainbow trout 
(Oncorhynchus mykiss)

0.15 M glucose 7.5% methanol 1:5 0.25 mL straws LN2 vapor, 3 cm, 
3 min

40 °C, 5 s 84.4% hatch

Di Iorio et al. 
(2019)

Mediterranean brown 
trout (Salmo cettii)

300 mM glucose, 10% egg yolk 
(extender A), 75 mM NaCl, 70 mM KCl, 
2 mM CaCl2, 1 mM MgSO4, 20 mM 
TRIS, 10% egg yolk (extender B)

10% DMSO 1:3 0.25 mL straws LN2 vapor, 5 cm, 
10 min

30 °C, 10 s 42.6% postthaw motility, 
36.5% eyed eggs, 32.5% 
hatch

Dziewulska and 
Domagała (2013)

Sea trout (Salmo trutta 
m. trutta)

0.3 M glucose, 10% hen egg yolk 10% methanol 1:3 0.25 mL straws LN2 vapor, 4 cm, 
3 min

40 °C, 5–6 s 10.2% motility, up to 94% 
eyed eggs

Figueroa et al. 
(2016a, b)

Atlantic salmon (Salmo 
salar)

Cortland medium 1.3 M DMSO 1:3 0.5 mL straws LN2 vapor, 2 cm, 
10 min

35 °C, 9 s 50.1% postthaw motility, 
81.6% fertilization

Horváth et al. 
(2012)

Adriatic grayling 
(Thymallus thymallus)

200 mM glucose, 40 mM KCl, 30 mM 
Tris, pH 8.0

10% methanol 1:1 0.5 mL straws LN2 vapor, 3 cm, 
3 min

40 °C, 13 Up to 82% hatch

Judycka et al. 
(2016)

Rainbow trout (O. 
mykiss)

175–200 mM trehalose 10% methanol 1:11.5 0.25 mL straws LN2 vapor, 3 cm, 
5 min

40 °C, 5 s up to 79% eyed eggs, up 
to 78.6% hatch

Judycka et al. 
(2018)

Brown trout (S. trutta 
m. fario), sea trout 
(S. trutta m. trutta), 
brook trout (Salvelinus 
fontinalis), Atlantic 
salmon (S. salar)

0.15 M glucose 7.5% methanol Brown trout and sea 
trout: 3.0 × 109/mL
Brook trout: 
2.0 × 109/mL
Atlantic salmon: 
4.0 × 109/mL

0.5 mL straws LN2 vapor, 3 cm, 
5 min

40 °C, 10 s Postthaw motility, brown 
trout: 60%–70%, sea 
trout: 70%, brook trout: 
56%, Atlantic salmon: 
63%

Kutluyer et al. 
(2014)

Rainbow trout (O. 
mykiss)

6.52 mg/mL NaCl, 0.8 mg/mL KCl, 
2 mg/mL NaHCO3, 2 mg/mL glucose, 
4 mg/mL BSA, 7.5% egg yolk

10% DMSO 1:10 0.25 mL straws LN2 vapor, 3 cm, 
10 min

40 °C, 5 s Up to 90.0% fertilization, 
up to 80.1% hatch

Lahnsteiner et al. 
(2011)

Rainbow trout (O. 
mykiss), brook trout (S. 
fontinalis)

103 mM NaCl, 40 mM KCl, 1 mM 
CaCl2, 0.8 mM MgSO4, 20 mM Hepes 
(pH 7.8), 1.5% BSA; 7% egg yolk, 
0.5% sucrose

10% methanol 1:3 0.5 mL straws LN2 vapor, 1.5 cm 
for rainbow trout, 
2.5 cm for brook 
trout, 10 min

25 °C, 30 s Up to 92% eyed eggs in 
the rainbow trout, up to 
76.3% eyed eggs in brook 
trout

Lee-Estevez et al. 
(2019)

Atlantic salmon (S. 
salar)

Strofish®, 0.3 M glucose, 2% BSA 1.3 M DMSO 1:3 0.5 mL straws LN2 vapor, 2 cm, 
10 min

37 °C, 7 s 15.1% postthaw motility, 
46.6% membrane integrity

Nynca et al. 
(2015)

huchen (Hucho 
hucho), grayling (T. 
thymallus)

0.15 M glucose 7.5% methanol 1:5 0.25 mL straws LN2 vapor, 3 cm, 
5 min

40 °C, 5 s Eyed eggs, huchen: 88%, 
grayling: 50%; hatch, 
huchen: 76%–80%

Nynca et al. 
(2017)

Rainbow trout (O. 
mykiss)

0.15 M glucose 7.5% methanol 0.5–1.0 × 109/mL 0.5 mL straws LN2 vapor, 3 cm, 
5 min

40 °C, 10 s 60%–66% postthaw 
motility

Pérez-Cerezales 
et al. (2010)

Rainbow trout (O. 
mykiss)

Erdhal and Graham extender 7% DMSO 1:3 0.5 mL straws LN2 vapor, 2 cm, 
10 min

25 °C, 30 s 37%–41% postthaw cell 
viability, 60% eyed eggs
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TABLE 1 Summary table of protocols used for the cryopreservation of salmonid species in  
the period between 2010 and 2020. Only the protocols yielding the best results are shown.

Reference Species Extender Cryoprotectant
Dilution ratio or 
sperm concentration Container

Cooling 
conditions

Thawing 
conditions Representative results

Ciereszko et al. 
(2013)

Whitefish (Coregonus 
lavaretus)

0.225 M glucose 7.5% methanol 1:3, 1:1, 3:1 0.25 mL straws LN2 vapor, 3 cm, 
3 min

40 °C, 4 s 21.6%–27.5% postthaw 
motility

Ciereszko et al. 
(2014)

Rainbow trout 
(Oncorhynchus mykiss)

0.15 M glucose 7.5% methanol 1:5 0.25 mL straws LN2 vapor, 3 cm, 
3 min

40 °C, 5 s 84.4% hatch

Di Iorio et al. 
(2019)

Mediterranean brown 
trout (Salmo cettii)

300 mM glucose, 10% egg yolk 
(extender A), 75 mM NaCl, 70 mM KCl, 
2 mM CaCl2, 1 mM MgSO4, 20 mM 
TRIS, 10% egg yolk (extender B)

10% DMSO 1:3 0.25 mL straws LN2 vapor, 5 cm, 
10 min

30 °C, 10 s 42.6% postthaw motility, 
36.5% eyed eggs, 32.5% 
hatch

Dziewulska and 
Domagała (2013)

Sea trout (Salmo trutta 
m. trutta)

0.3 M glucose, 10% hen egg yolk 10% methanol 1:3 0.25 mL straws LN2 vapor, 4 cm, 
3 min

40 °C, 5–6 s 10.2% motility, up to 94% 
eyed eggs

Figueroa et al. 
(2016a, b)

Atlantic salmon (Salmo 
salar)

Cortland medium 1.3 M DMSO 1:3 0.5 mL straws LN2 vapor, 2 cm, 
10 min

35 °C, 9 s 50.1% postthaw motility, 
81.6% fertilization

Horváth et al. 
(2012)

Adriatic grayling 
(Thymallus thymallus)

200 mM glucose, 40 mM KCl, 30 mM 
Tris, pH 8.0

10% methanol 1:1 0.5 mL straws LN2 vapor, 3 cm, 
3 min

40 °C, 13 Up to 82% hatch

Judycka et al. 
(2016)

Rainbow trout (O. 
mykiss)

175–200 mM trehalose 10% methanol 1:11.5 0.25 mL straws LN2 vapor, 3 cm, 
5 min

40 °C, 5 s up to 79% eyed eggs, up 
to 78.6% hatch

Judycka et al. 
(2018)

Brown trout (S. trutta 
m. fario), sea trout 
(S. trutta m. trutta), 
brook trout (Salvelinus 
fontinalis), Atlantic 
salmon (S. salar)

0.15 M glucose 7.5% methanol Brown trout and sea 
trout: 3.0 × 109/mL
Brook trout: 
2.0 × 109/mL
Atlantic salmon: 
4.0 × 109/mL

0.5 mL straws LN2 vapor, 3 cm, 
5 min

40 °C, 10 s Postthaw motility, brown 
trout: 60%–70%, sea 
trout: 70%, brook trout: 
56%, Atlantic salmon: 
63%

Kutluyer et al. 
(2014)

Rainbow trout (O. 
mykiss)

6.52 mg/mL NaCl, 0.8 mg/mL KCl, 
2 mg/mL NaHCO3, 2 mg/mL glucose, 
4 mg/mL BSA, 7.5% egg yolk

10% DMSO 1:10 0.25 mL straws LN2 vapor, 3 cm, 
10 min

40 °C, 5 s Up to 90.0% fertilization, 
up to 80.1% hatch

Lahnsteiner et al. 
(2011)

Rainbow trout (O. 
mykiss), brook trout (S. 
fontinalis)

103 mM NaCl, 40 mM KCl, 1 mM 
CaCl2, 0.8 mM MgSO4, 20 mM Hepes 
(pH 7.8), 1.5% BSA; 7% egg yolk, 
0.5% sucrose

10% methanol 1:3 0.5 mL straws LN2 vapor, 1.5 cm 
for rainbow trout, 
2.5 cm for brook 
trout, 10 min

25 °C, 30 s Up to 92% eyed eggs in 
the rainbow trout, up to 
76.3% eyed eggs in brook 
trout

Lee-Estevez et al. 
(2019)

Atlantic salmon (S. 
salar)

Strofish®, 0.3 M glucose, 2% BSA 1.3 M DMSO 1:3 0.5 mL straws LN2 vapor, 2 cm, 
10 min

37 °C, 7 s 15.1% postthaw motility, 
46.6% membrane integrity

Nynca et al. 
(2015)

huchen (Hucho 
hucho), grayling (T. 
thymallus)

0.15 M glucose 7.5% methanol 1:5 0.25 mL straws LN2 vapor, 3 cm, 
5 min

40 °C, 5 s Eyed eggs, huchen: 88%, 
grayling: 50%; hatch, 
huchen: 76%–80%

Nynca et al. 
(2017)

Rainbow trout (O. 
mykiss)

0.15 M glucose 7.5% methanol 0.5–1.0 × 109/mL 0.5 mL straws LN2 vapor, 3 cm, 
5 min

40 °C, 10 s 60%–66% postthaw 
motility

Pérez-Cerezales 
et al. (2010)

Rainbow trout (O. 
mykiss)

Erdhal and Graham extender 7% DMSO 1:3 0.5 mL straws LN2 vapor, 2 cm, 
10 min

25 °C, 30 s 37%–41% postthaw cell 
viability, 60% eyed eggs
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methanol as a highly effective cryoprotectant for salmonid sperm following the 
groundbreaking work of Lahnsteiner et al. (1997).

Significant progress has been made toward the standardization of cryo-
preservation methods for salmonids. The team of Ciereszko has optimized the 
final (postdilution) concentration of the extender and cryoprotectant to 0.15 M 
glucose and 7.5% methanol by adjusting them to a standard concentration of 
spermatozoa in one straw instead of the traditional dilution ratios of sperm to 
extender (Judycka et al., 2018; Nynca et al., 2017). Using a uniform sperm con-
centration has been the norm in the cryopreservation of sperm from domestic 
livestock; however, this has not been adapted to fish sperm. Standardization 
of sperm concentration has been facilitated by the use of automated cell coun-
ters instead of the slower and more cumbersome process of counting cells in a 
hemocytometer. Optimal cell concentrations for the cryopreservation of sperm 
from various salmonids are species specific and result in significantly reduced 
variation among individual samples expressed in postthaw motility.

Progress has also been made for the optimization of the conditions of fer-
tilization with salmonid sperm. In rainbow trout, sperm:egg ratios as low as 
6 × 105:1 resulted in fertilization and hatch percentages that were not signifi-
cantly different from the control (84.4% with frozen sperm and 87% with fresh 
sperm, Ciereszko et al., 2014). This was in stark contrast with previous reports of 
effective ratios as high as 3 × 106:1 (Babiak et al., 2001; Stoss and Holtz, 1981). 
Later, sperm:egg ratios of 3 × 105:1 were found optimal for the brook trout 
(Salvelinus fontinalis, Nynca et al., 2014), 1.5 × 105:1 for the Adriatic grayling, 
and 5 × 105:1 for the huchen (Nynca et al., 2015). In Adriatic grayling, this ratio 
has been reduced to as low as 5 × 104:1 in the work of Horváth et al. (2015a). 
The time period elapsed between thawing and fertilization with cryopreserved 
sperm (postthaw storage time) has also been a crucial point in salmonid sperm 
cryopreservation as earlier studies suggested that as little as 30 s to 2 min al-
ready significantly reduced the fertilizing capacity of sperm (Lahnsteiner et al., 
1996; Stoss and Holtz, 1981). We have found that application of methanol as 
cryoprotectant (as opposed to DMSO) allowed storage of thawed sperm for 1 h 
in rainbow trout and 10 min in marble trout (Salmo marmoratus) without loss 
of fertilizing capacity. Postthaw storage of Adriatic grayling and brown trout 
sperm for up to 1 h yielded similar fertilization percentages as the fresh con-
trol (Horváth et al., 2015b). These findings were also confirmed in brook trout 
(Nynca et al., 2014).

Current trends in the investigation of cryopreserved sperm quality go be-
yond the traditional assessment of fertilizing capacity. Nusbaumer et al. (2019) 
found that although the fertilizing capacity of brown trout sperm was not af-
fected by cryopreservation, it led to significantly impaired larval growth, which 
was not dependent on the individual males. A transcriptomic study on rainbow 
trout larvae hatched from fertilization with fresh or cryopreserved sperm has 
determined that cryogenic damage to sperm DNA also led to differentially ex-
pressed genes affecting metabolic processes as well as cellular differentiation, 
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signaling, and trafficking among others (Fernández-Díez and Herráez, 2018). 
These findings urge investigations into the DNA-damaging properties of any 
cryopreservation protocol before being adopted into aquaculture practice.

4.3 Model species

During the last years, zebrafish and other ornamental fish have become more 
important as model species and the creation of sperm cryobanks has become an 
important demand in some of these species. Some constraints are still present, 
although in the last decade several studies have emerged, especially in zebrafish 
(Table 2). In contrast to commercial fish species, research model fishes are char-
acterized by small body sizes, producing limited sperm volume (1–2 μL; Yang 
and Tiersch, 2009), which restricts the possibility to develop several studies to 
characterize properly the sperm quality before and after cryopreservation. This 
fact, together with the significant heterogeneity of sperm samples, creates prob-
lems for male selection and sample quality identification for cryopreservation. 
Like for other fishes, sperm cryopreservation of model species, such as zebraf-
ish, medaka, or Southern platyfish (Xiphophorus maculatus), follows several 
procedures to be stored properly (Da Silva et al., 2019; Diogo et al., 2019a, b; 
Martínez-Páramo et al., 2017; Robles et al., 2009b; Yang and Tiersch, 2009). 
The choice of sample collection method, sample processing, freezing and stor-
age methods, thawing, and quality assessment are critical, especially when very 
small volumes of sperm are at risk and no errors can be committed. In this sec-
tion, we will focus on zebrafish sperm since it has been the species with more 
advancements on its cryopreservation in the last years.

Collection of sperm is usually performed in MS222 anesthetized fish using 
a glass capillary filled with Hanks balanced salt solution (HBSS), or directly 
with a very small micropipette tip (10 μL), followed by a dilution in HBSS to 
avoid sperm dehydration, since the volumes collected are very small (Diogo 
et al., 2019a, b). This last method works very well since the volume of sperm 
collected can be measured before dilution. Other methods such as testis ablation 
have been used in the past (reviewed in Robles et al., 2009b), but it required the 
sacrifice of the animals and the quality of samples was poorer, since apart from 
sperm there are other germ cell populations during testis processing. Sample 
processing includes the suspension of sperm in the extender, sperm concentra-
tion adjustment, and quality assessment before starting any process of cryo-
preservation. According to Diogo et al. (2019a, b), only samples with higher 
concentration than 3 × 107 cells/mL, and total motility of > 50%, should be con-
sidered for cryostorage.

Sample packaging can influence the cooling rate during freezing, storage 
efficiency after freezing, sample identification, and biosecurity. In zebrafish and 
medaka, glass capillary tubes or cryovials were used in sperm cryopreserva-
tion (Aoki et al., 1997; Diogo et al., 2018, Table 2). To standardize protocols 
with potential for high-throughput automation, 0.25 mL French straws were 



TABLE 2 Cronological order of zebrafish sperm cryopreservation protocols developed since Harvey’s work (1982).

Reference Method of 
sperm extraction Extender + CPA

Sperm 
container Cooling rate

Thawing 
method

Postthaw analysis

Harvey et al. (1982) Stripping Ginsburg + MeOH 
+ skim milk

Capillary 16 °C/mim (dry ice) Room 
temperature

Motility estimation, hatching 
rate

Yang et al. (2007) Testis dissection HBSS + DMA/
DMSO/glycerol/
MeOH

0.25 mL 
French straws

10-20 °C/min 
(biofreezer)

40 °C, 5 s Motility estimation, cell 
viability

(Morris et al., 2009) Testis dissection BSMIS + DMA Cryovials Dry ice 37 °C, 10-15 s Motility estimation, 
fertilization rate

Draper and Moens 
(2009)

Stripping Ginsburg/HBSS + 
MeOH + skim milk

Cryovials Dry ice 33 °C, 8–10 s Fertilization rate

Carmichael et al. 
(2009)

Stripping/testis 
dissection

HBSS + MeOH Cryovials Dry ice – –

Hagedorn et al. 
(2012a, b)

Testis dissection HBSS + DMA/
DMSO/MeOH

0.25 mL 
French straws

10 °C/min (biofreezer) 30 °C, 20–40 s Motility estimation and cell 
viability

Bai et al. (2013) Testis dissection HBSS + DMSO 0.25 mL 
French straws

25 °C/min until 
− 30 °C; 5 °C/min until 
− 80 °C (biofreezer)

40 °C, 7 s Motility by CASA and cell 
viability

Wang et al. (2015) Testis dissection HBSS + DMSO 0.25 mL 
French straws

25 °C/min until 
− 30 °C; 5 °C/min until 
− 80 °C (biofreezer)

40 °C, 7 s Motility by CASA, cell 
viability, ROS, MDA, ATP, 
MMP, hatching rate, larval 
survival



Yang et al. (2016) Testis dissection HBSS/Glucose + 
MeOH

0.25 mL 
French straws

10 °C/min (biofreezer) 40 °C, 5 s Motility estimation, cell 
viability, fertilization rate, 
embryo survival

Diogo et al. (2018) Stripping HBSS + DMF Cryovials 20 °C/min (biofreezer); 
66 °C/min 
(ultrafreezer)

40 °C, 8 s Motility by CASA, cell 
viability, apoptosis, 
fertilization rate, embryo 
survival, hatching rate

Matthews et al. 
(2018)

Stripping E400 + MeOH Cryovials 5-35 °C/min 
(biofreezer/dry ice)

38 °C, 10–15 s Motility by CASA, fertilization 
rate

Da Silva et al. 
(2019)

Stripping Grayling extender 
+ MeOH

0.25 mL 
French straws

Dry ice 40 °C, 5 s Fertilization rate

HBSS, Hank’s balanced salt solution; MeOH, methanol; DMSO, dimethylsulfoxide, DMA, dimethylacetamide; DMF, dimethylformamide; CASA, computer-assisted sperm analysis; ROS, 
reactive oxygen species; MDA, malondialdehyde (lipid peroxidation); MMP, mitochondrial membrane potential; E400: 130 mM KCL, 50 mM NaCl, 2 mM CaCl2, 1 mM MgSO4, 10 mM 
D-(+)-Glucose, and 30 mM HEPES-KOH (pH 7.9, 400 mmol/kg).
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chosen for packaging the sperm of medaka and Xiphophorus fishes (Yang and 
Tiersch, 2009; Yang et al., 2010). Cryopreservation of zebrafish sperm using 
cryovials yielded very good results when combined with fast freezing rates. 
This controlled cooling can be achieved with programmed biofreezers using 
cooling rates for zebrafish sperm that are higher than − 50 °C/min. Other sim-
pler methods have been used in the past by placing samples on dry ice or sus-
pension in liquid nitrogen vapor (Table 2) that can be used in field situations. 
Programmable freezers are typically used to produce accurate and repeatable 
cooling rates, especially for sperm that are sensitive to small variations in cool-
ing rate during freezing. For example, for medaka sperm, a change of 5 °C/
min in cooling rate yielded a significant change in postthaw sperm motility 
(Yang et al., 2010). Therefore strict control of cooling rate can assure quality 
and uniformity of cryopreserved sperm. Recently, Diogo et al. (2018) developed 
a method to freeze and directly store samples in a − 150 °C biofreezer with good 
results. However, the traditional method to store zebrafish sperm, as other fish 
sperm species, is in the liquid nitrogen. In the case of zebrafish, an important 
aspect when using cryovials is the possibility of frozen samples to float, espe-
cially when small volumes are packaged in lightweight containers with a large 
air space. To avoid this, there are goblets with caps or cryotube supports that 
individually hold and fix each tube.

Postthaw quality assessment methods for model fishes include motility 
estimations or the use of CASA (described in Section 1.3), evaluation of cell 
constituents by flow cytometry (Daly and Tiersch, 2011), and DNA damage 
analysis using comet assay, all the analytical techniques that consume very few 
microliters of sperm. Procedures are not very different from the ones previously 
described in Section 1.4. Ultimately, fertilization with cryopreserved sperm and 
hatching rate are the methods that can attest for a successful cryopreservation 
procedure. After fertilization, eggs can be incubated at 28.5 °C in petri dishes 
with daily water removal. Diogo et al. (2019b) showed that assessment of em-
bryonic survival can be done at 24 h postfertilization yielding the same results 
as hatching, reducing the time needed to verify fertilization success with cryo-
preserved sperm. Fertilization rates are variable with cryopreserved zebrafish 
sperm (60%–80%, at morula stage, Diogo et al., 2018; Yang et al., 2016) and 
is reduced to 4%–6% at 24 h postfertilization or hatching (Diogo et al., 2018). 
These data show again the high variability between samples, experiments, 
males and highlights the importance of several aspects that need to be taken 
into consideration such as age, body weight, body length, broodstock husbandry 
conditions (e.g., feeding and spawning setup), male stripping frequency, motil-
ity activation conditions, etc. (Diogo et al., 2019a, b; Martins et al., 2020).

5. Conclusions and future perspectives

A large number of studies have been performed during the last decades to de-
sign cryopreservation protocols for ex situ conservation of aquatic organisms. 
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Research on germplasm cryobanking in aquatic species has embraced diverse 
cell types, including sperm, oocytes, somatic cells, spermatogonia, and PGCs, 
besides cryopreservation of embryos and larvae. Fish sperm cryopreservation 
has been the focus of research mainly due to the handicaps presented by other 
cell types such as oocytes or embryos, which still need technology development 
to guarantee enough cryoprotectant distribution into all compartments for a suc-
cessful cryopreservation. Studies on cryopreservation of GSCs can constitute 
an alternative for the cryopreservation of both paternal and maternal genomes. 
However, more work needs to be carried out in the development and optimiza-
tion of some reproductive biotechnological tools, such as transplantation, to 
restore an individual or a species, since up to the moment there are few ap-
plications. Cryopreservation methods have been developed for various pur-
poses: to assist reproduction in aquaculture, to be applied in selective breeding 
programs, or species conservation actions. The aquaculture industry has been 
showing technological advancements in this area accompanied by an increasing 
interest on sperm cryopreservation. However, the application of cryopreserva-
tion methods as part of a standard methodology used by fish farming industry 
is still limited to sperm of few species of interest (mostly Atlantic salmon) in 
comparison to the cryopreservation industry serving domestic livestock farm-
ing. To overcome this limitation, cryobiologists are doing a huge effort to re-
duce ambiguities in results, reporting and in maintaining more collaborations 
with the industry to promote knowledge transfer. Some of these efforts have 
contributed to the application of this technology in a wider number of species 
in recent years, but still for particular aspects (e.g., selective breeding). Some 
of the areas in which future research will contribute with significant advances 
are (i) the identification of the key parameters defining sample susceptibility 
to cryopreservation, in order to establish criteria for sample selection. In this 
aspect, sperm (seminal plasma and spermatozoa) proteome analysis or the rel-
evance of specific mRNAs transported into fish spermatozoa may represent key 
elements in research development to achieve this goal. Another aspect is (ii) the 
use of different approaches for increasing sperm pre- and postfreezing/thawing 
quality. This could be achieved through breeder nutrition, supplementation of 
sperm extenders with particular compounds, and with a more exhaustive quality 
analysis. Finally, (iii) given the high potential of sperm cryopreservation in gene 
banking and genetic selection, the analysis and evaluation of the preservation 
and transmission of a faithful genome must be guaranteed. For that it is impor-
tant to study specific genes that can be altered by cryopreservation and look 
for their methylation changes and how they can alter progeny. Epigenetic risks 
associated with permeant cryoprotectants must be investigated.
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1. Introduction

Primordial germ cells (PGCs) are the precursors of gametes. These diploid cells 
are found in a small number in the embryo, but they have aroused great interest 
in fish for several reasons. On the one hand, they could be used as a target for 
sterilization purposes (Wong and Zohar, 2015; Saito et al., 2018). On the other 
hand, their preservation and transplantation could be used as a strategy to im-
prove reproduction of valuable species through surrogate production (Goto and 
Saito, 2019) or as a tool for gene banking of endangered or genetically modi-
fied fish species (Yoshizaki and Lee, 2018; Mayer, 2019; Saito et al., 2019). 
Surrogate technology consists of transplanting donor-derived germ cells in a 
recipient surrogate fish of a different strain or species. This procedure was ini-
tially achieved by Takeuchi and colleagues in 2004 (Takeuchi et al., 2004). In 
recent years, this technique has reached a high impact in the aquaculture field 
since it could offer a solution for many problems (Robles et al., 2017; Yoshizaki 
and Yazawa, 2019) such as: (i) the reduction of breeding time by using a recipi-
ent species with a short generation time to produce gametes of a species with 
long generation times (e.g., Siberian sturgeon, Acipenser baerii (Pšenička et al., 
2015)), (ii) management of species with reproductive failure (e.g., Senegalese 
sole, Solea senegalensis (Pacchiarini et  al., 2014)), or for those species with 
large size (e.g., yellowtail, Seriola quinqueradiata (Morita et  al., 2012) and 
bluefin tuna, Thunnus orientalis (Yazawa et al., 2010)), or (iii) genetic improve-
ment of fish species by selection of superior traits from a single selected fish and 
transferring their PGCs into many recipient fish, among others.
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Due to these reasons, scientists have made big efforts in optimizing proto-
cols for PGC characterization (Ramasamy et al., 2006; Nagasawa et al., 2013; 
Li et al., 2016; Zhang et al., 2017; Duangkaew et al., 2019), isolation (Takeuchi 
et al., 2002; Kobayashi et al., 2004), cryopreservation (Kawakami et al., 2012; 
Riesco et al., 2012), and in vitro culture (Fan et al., 2008) of this special type 
of cells. Interestingly, it has been demonstrated that the transplantation of a 
single PGC could be enough for successful chimera formation and offspring 
generation (Saito et al., 2008). Furthermore, another study proposed the use of 
in vitro generation of PGCs from cultured blastomeres (Riesco et al., 2014) as a 
potential tool for overcoming limitations caused by the small number of PGCs 
in the embryo.

Whether PGCs would be used for surrogate production or gene banking 
purposes, the availability of successful methods for PGC storage is required, 
and cryopreservation seems to be the most adequate method. In this sense, 
different cryopreservation protocols have been described for germ cell stor-
age with transplantation purposes in different fish species such as Nile tilapia, 
Oreochromis niloticus (Lacerda et  al., 2013); medaka, Oryzias latipes (Seki 
et al., 2013); rainbow trout, Oncorhynchus mykiss (Yoshizaki et al., 2011); and 
zebrafish, Danio rerio (Riesco et al., 2012). However, there are several damages 
that cryopreservation may cause in cells, including the production of reactive 
oxygen species (ROS) (Len et al., 2019) that could compromise DNA integrity 
(Tran et al., 2018). It is interesting to notice that good cell viability values after 
cryopreservation do not necessarily mean the absence of important damages at 
different levels. Considering that these cells must give rise to gametes, the pres-
ervation of their DNA integrity is crucial, making advisable DNA evaluation 
after PGC cryopreservation.

2. Conventional DNA evaluation methods

Oxidative stress triggered by cryopreservation is one of the main mechanisms 
responsible for DNA damage, and different approaches have been employed 
in the evaluation of this damage: (i) 8-hydroxy-2′-deoxyguanosine (8OHdG) 
detection, (ii) studies based on DNA packaging failures (related to histones and 
protamines), and (iii) analyses of DNA fragmentation.

In the DNA, the nitrogen bases, particularly guanine, are the main targets of 
ROS attack, generating 8OHdG, which is considered as the hallmark of oxida-
tive DNA damage (Li et al., 2004). The bond between guanine and the ribose 
units is weakened, destabilizing the DNA structure and triggering strand break-
ages (Aitken and De Iuliis, 2007). In this sense, different methods have been 
described to detect the effect of ROS on DNA fragmentation (Cabrita et  al., 
2014; Dutta et  al., 2019; Javed et  al., 2019). Specifically, 8OHdG has been 
quantified using different strategies such as HPLC coupled to electrochemi-
cal detection (Kao et al., 2008; Cambi et al., 2013). Nevertheless, these meth-
ods have been accepted with some skepticism because the DNA isolation and 
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 digestion steps performed during this type of analyses can provoke spontaneous 
8-OHdG formation themselves (Badouard et al., 2008). For this reason, emerg-
ing methodologies based on antibody detection or binding proteins to reveal 
8OHdG have been recently employed (Kao et al., 2008; De Iuliis et al., 2009; 
Zribi et al., 2011), providing more promising results. Specifically, in fish germ 
cells, 8OHdG has been employed as a DNA damage measure by antibody de-
tection in different fish species such as rainbow trout (González-Rojo et  al., 
2014), Atlantic salmon (Salmo salar; Lloyd and Phillips, 1999), and Japanese 
eel (Anguilla japonica; Celino et al., 2012). However, these techniques are labo-
rious and they imply different optimization steps, requiring considerable efforts 
and specialized equipment. More importantly, these approaches reflect only a 
partial status of damaged genomic sequences.

In addition to 8-OHdG formation, ROS are capable of producing abasic 
sites, cross-linking, and double lesions that finally result in nitrogen bases be-
ing modified and specially, in strand breakages and DNA fragmentation. In this 
sense, the most widely used method to quantify the percentage of fragmented 
chromatin in fish sperm is the comet assay (Zilli et  al., 2003; Cabrita et  al., 
2005; Martínez-Páramo et al., 2009; Shaliutina et al., 2012). This technique was 
initially described by Ostling and Johanson (1984) and consists of the study 
of the different electrophoretic migration patterns of DNA fragments. Briefly, 
cells are embedded in an agarose microgel on a slide and subsequently lysed 
to expose and unwind the DNA. If the DNA contains breaks, DNA fragments 
are released and migrate toward the anode, forming a comet‐like tail while the 
nonfragmented DNA remains in the comet’s head. After staining with a DNA 
intercalator, the fluorescent intensity of the tail is quantified by a specific soft-
ware (e.g., Tritek Comet Score Freeware v.1.5, USA), providing a DNA frag-
mentation rate. In addition, another advantage of this technique is its versatility 
since it allows the differential identification of single or double strand breaks 
with modification of the pH lysis solution. Due to these specific characteristics, 
this technique has been widely used in fish sperm samples from different spe-
cies such as zebrafish (Cabrita et al., 2011; Lombó et al., 2019), Nile tilapia, 
goldfish (Carassius auratus; Kutluyer et al., 2015), gilthead seabream (Sparus 
aurata; Cabrita et al., 2005), Senegalese sole (Beirão et al., 2008), or rainbow 
trout (Pérez-Cerezales et  al., 2010), among others. Specifically, in zebrafish 
PGCs, this technique has been applied by our group to confirm the absence of 
DNA damage after cryopreservation in order to establish an optimized storage 
protocol for these cells (Riesco et al., 2012). In addition, other types of DNA le-
sions have been detected using this technique combined with enzymatic diges-
tion with specific endonucleases in rainbow trout sperm (Pérez-Cerezales et al., 
2009). This additional step allowed cutting the strand in modified bases for the 
quantification of oxidized cytosines and guanosines, respectively, in nonfrag-
mented positions of the DNA strand. To summarize, the comet assay is the most 
widely employed technique to measure DNA fragmentation in fish sperm as a 
consequence of its main characteristics: inexpensive, high sensitivity, and low 
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cell requirements to perform the analyses. Nevertheless, this assay possesses 
some constraints that limit its application, such as the lack of standardized and 
applicable protocols among different species and laboratories, which makes it 
difficult to understand and compare the results obtained from different studies 
(Simon et al., 2017). In the case of sperm DNA, due to its high packing degree 
of an incomplete chromatin decondensation, this technique could not always al-
low the breaks to be revealed, providing sometimes inaccurate results. Particular 
technical issues should be considered such as the overlapping of comet tails 
and the presence of small tail fragments that can difficult their visualization or 
may be lost. The assay is also laborious and has a high level of interlaboratory 
variation. For this reason, several concerns concerning its accuracy, specificity, 
sensitivity, as well as its reproducibility still need to be addressed (Simon et al., 
2017).

Concerning techniques based on the differential migration of chromatin 
fragments, the sperm chromatin dispersion test (SCD) is widely employed in 
mammalian species and was first described in human sperm (Fernández et al., 
2003). The SCD test is based on the principle that sperm with fragmented DNA 
fails to produce the characteristic halo of dispersed DNA loops that is observed 
in sperm with nonfragmented DNA. Like in the comet assay, due to the spe-
cific differences in the chromatin packaging pattern, species-specific protocols 
for chromatin decondensation should be optimized, limiting its application. 
Nonetheless, some studies have been published in fish sperm, specifically in 
tench (Tinca tinca), where a high correlation with the comet assay was reported 
(López-Fernández et al., 2009). In order to improve the accuracy, fragmentation 
can also be assessed more specifically using the TUNEL assay. This assay has 
been commonly employed for the detection of apoptosis, but it will also ef-
fectively reveal DNA fragmentation, being caused by apoptosis or by any other 
process. The TUNEL assay detects DNA breakage in cells by incorporating flu-
orescent labeled nucleotide to the single- and double-stranded DNA ends. DNA 
fragmentation triggers the presence of free strand ends and the fluorescence 
quantity in the nucleus is proportional to fragmented DNA. Fluorescence emis-
sion can be assessed by fluorescence microscopy or flow cytometry, increas-
ing the accuracy and allowing the evaluation of a high number of cells. In fish 
sperm, TUNEL was employed to find differences among freezing protocols in 
gilthead seabream and European seabass (Dicentrarchus labrax) sperm (Cabrita 
et al., 2011). This technique has also been applied to analyze sperm DNA dam-
age in unfertile males in Nile tilapia (Fang et al., 2018).

Another DNA damage assay compatible with flow cytometry commonly 
employed in mammals is the sperm chromatin structure assay (SCSA) devel-
oped in 1980 (Evenson et  al., 1980; Evenson, 2016). With this method the 
susceptibility to suffer DNA breaks can be evaluated indirectly with DNA dena-
turation status (induced by acids or heat treatment) by fluorescent dye acridine 
orange staining. This metachromatic dye turns to green when it is intercalated 
into double-stranded DNA, while it turns to red fluorescence when stacked on 
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single-stranded DNA. The percentage of red sperm represents the DNA frag-
mentation index of the sample (Evenson, 2016). A variety of standardized kits 
have been commercialized demonstrating its wide application in mammalian 
species due to SCSA test having only one protocol that is now accepted inter-
nationally. Nevertheless, there are no reports on their use for fish sperm quality 
evaluation. This fact could be explained by the different DNA/proteins packag-
ing among species that require specific conditions to successfully perform the 
analyses (Simon et al., 2017).

To summarize, the use of these techniques might imply a large variability 
within obtained results between species due to the different DNA packing de-
gree among species and cell types (e.g., spermatozoa have a highly compacted 
DNA); the use of one standardized protocol is not always possible and these 
variations concerning packing degree can significantly influence the final re-
sult, decreasing their accuracy. More importantly, these approaches deliver only 
partially quantifiable values and could be considered as tedious, requiring ex-
tensive optimization efforts.

3. DNA lesion detection by qPCR: A novel approach

Although all these techniques reviewed in Section 2 are effective in the detection 
of chromatin fragmentation, they do not provide specific information and only 
give a general vision of chromatin damage and its integrity. In addition, some 
specific DNA lesions can occur that do not trigger DNA fragmentation, which 
these previously described techniques do not detect (as oxidized bases, aba-
sic sites, or thymidine dimers, generated during cryopreservation). The qPCR 
methods of analysis (described later) are based on the ability of certain DNA 
lesions to delay and block the polymerase progression along DNA template 
(Ayala-Torres et al., 2000; San Gabriel et al., 2006; Santos et al., 2006; Rothfuss 
et al., 2010). More importantly, the global DNA analyses performed by the tra-
ditional techniques do not discriminate among different genome regions such as 
nuclear and mitochondrial genomes. Concerning mitochondrial genome analy-
ses, substantial evidence suggests that mitochondrial DNA (mtDNA) presents 
a higher rate of damage than the nuclear DNA (nDNA) of the same biological 
sample, most notably ROS-mediated damage leading to mitochondrial genomic 
defects (Salazar and Van Houten, 1997; Yakes and Van Houten, 1997; Santos 
et al., 2003, 2006). This fact could be explained by the absence of chromatin 
organization and the generation of secondary ROS caused by alterations in the 
electron transport chain (Yakes and Van Houten, 1997). Considering that cryo-
preservation is widely known by its effect on ROS production, this mtDNA ge-
nome could be more prone to suffer oxidative damage and should be specifically 
studied. However, these mtDNA isolation approaches based on global DNA 
analyses present some constraints, such as the DNA isolation method provoked 
extensive DNA oxidation that could interfere with the analysis (Furda et  al., 
2014). The multiple steps of mtDNA isolation protocol (nDNA-free) could 
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 trigger high levels of damage (Michael Anson et al., 2000; Furda et al., 2014). 
Thus one of the main strengths of the long PCR assay is that it permits measur-
ing mtDNA damage directly from total cellular DNA, removing the mtDNA 
isolation step from nDNA. This fact allows the comparison between mtDNA 
and nDNA damage in the same samples, making it particularly appropriate for 
this use. The qPCR technique can be applied to study any specific gene or DNA 
region that can be amplified to compare the rate of damage among regions that 
are hypothesized to be more quickly repaired than others. This method is based 
on the decrease in polymerase amplification produced by the DNA lesions, de-
laying the Ct (threshold cycle) (Fig. 1, panel 1, Experimental design). These 
data can be translated to a certain number of lesions using the formula published 
by Rothfuss (Rothfuss et al., 2010). This qPCR-based method was originally 
described to quantify DNA lesions in the mtDNA after the exposure to hydro-
gen peroxide in human cells. This novel approach was used for the first time 
by our group to quantify DNA lesions in PGCs to compare the susceptibility 
to suffer DNA damage after cryopreservation of particular chromatin regions 
(nuclear and mitochondrial) in different fish species, such as zebrafish (Riesco 
and Robles, 2012) and gilthead seabream (Cartón-García et al., 2013) (Fig. 1, 
panel 2, qPCR results). Our results confirmed the higher susceptibility of germ 
cell mtDNA to undergoing DNA damage after cryopreservation according with 
previously published data (Riesco and Robles, 2012; Cartón-García et al., 2013) 
(Fig. 1 panel 2, qPCR results).

Moreover, after these previous studies we could confirm that an absence of 
detectable DNA fragmentation after cryopreservation is not always correlated 
with an absence of DNA damage (Riesco et al., 2012) (Fig. 1). Global evalua-
tion of DNA integrity could be masking some specific DNA lesions (Riesco and 
Robles, 2013). Applying this novel method of DNA evaluation by qPCR, we 
could confirm if optimized germ cell cryopreservation protocols, in terms of vi-
ability and DNA fragmentation (analyzed by Comet Assay), can provoke other 
type of DNA lesions even when fragmentation is absent (Riesco et al., 2012). 
Using this method, the effect of cryopreservation on specific PGC-related genes 
in zebrafish germ cells has been evaluated (Riesco and Robles, 2013), find-
ing some specific genes with high sensibility to suffer damage during cryo-
preservation. This type of approach was transferred to other fish species, such as 
gilthead seabream (Cartón-García et al., 2013), rainbow trout (González-Rojo 
et al., 2014), and even to human sperm for the evaluation of a cryopreservation 
protocol, obtaining similar results (Valcarce et al., 2013a, b).

Our results allowed us to confirm that the limitations of the global DNA 
integrity analysis can be overcome by employing qPCR methods. This novel 
assay provides information on a specific target (a gene or a particular chromatin 
region) but can be also applied to multiple genes or sequences, offering, in this 
case, a more global and accurate assessment of DNA damage. Moreover, the 
qPCR-based method provides some additional advantages such as its sensitiv-
ity, the low quantity of DNA required (1–2 ng) to perform the analysis, and 
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FIG. 1 (1) Schematic graphical abstract of the qPCR technique application in DNA damage evalu-
ation: type of sample, targets, primer design, and formulae being ∆ Ct long: Ct treated − Ct control 
of long amplicons and ∆ Ct short: Ct treated − Ct control of short amplicons for each gene or region 
(2) main results obtained comparing treatments: cryopreserved with cryoprotectants (CPAs), cryo-
preserved without CPAs and peroxide treated (positive control) (step A), genome regions (nuclear 
and mitochondrial fragments) (step B), and specific genes crucial for PGC survival, development, 
and migration (step C) after germ cell cryopreservation, and (3) new hypothesis derived from our 
results.
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the possibility to compare nuclear and mitochondrial DNA in the same sample 
(Furda et al., 2014). Nevertheless, in the last years, some limitations related to 
qPCR-based methods in DNA evaluation have been also identified: (i) it has 
been demonstrated the existence of a supercoiled circular form of mtDNA that 
prevents DNA polymerase accession, being necessary to include some addi-
tional denaturation step (Furda et al., 2014); and (ii) since this technique detects 
all lesions related to DNA polymerase blocking, whether the causative agents of 
DNA injuries trigger lesions associated to DNA fragmentation (strand breaks) 
or not (e.g., abasic sites and thymidine dimers) (Termini, 2000), the percentage 
of nonquantifiable lesions by qPCR methods is minimal although the specific 
induced DNA damage could be masked.

To summarize, it is recommended to use methods for global DNA integrity 
evaluation in combination with other analysis with higher sensitivity, such as 
the qPCR approach, to obtain a detailed study of the potential DNA damage. 
These exhaustive methods take special relevance in PGCs, since a single thawed 
PGC could give rise to all gametes after its transplantation to a host embryo, and 
we should guarantee the absence of DNA damage on it.

4. Our contribution to DNA damage evaluation 
in cryopreserved germ cells

One of the main advantages of qPCR-based approaches in DNA damage 
evaluation consists of the possibility to analyze the vulnerability of specific 
DNA regions or genes to suffer lesions. The main achievements of our stud-
ies were to confirm the existence of different susceptibilities to suffer DNA 
damage after cryopreservation in specific regions and genes in germ cells 
(PGCs and spermatozoa) from different fish species (zebrafish and gilthead 
seabream) (Riesco and Robles, 2012, 2013; Cartón-García et al., 2013) and 
in human sperm (Valcarce et al., 2013a, b). Previous findings pointed out that 
some chromatin regions are more prone to suffer cryoinjuries due to a low 
efficiency of chromatin remodeling during spermiogenesis (De Iuliis et  al., 
2009). In this vulnerability state, ROS generated during the freezing/thawing 
can trigger DNA fragmentation and other types of lesions (8-oxo-7,8-dihydro-
2′-deoxyguanosine (8-oxodG), 8-Oxo-7,8-dihydro-2′-deoxyadenosine 
(8-oxodA), abasic sites, or thymidine dimers; Sikorsky et  al., 2007). These 
previous findings were explained by our group after describing the potential 
different susceptibilities to undergo damage among genes belonging to dif-
ferent nuclear territories (Valcarce et al., 2013a, b). In this study we demon-
strated that those genes located in regions with low degree of compaction were 
also more susceptible to undergoing damage after cryopreservation (Riesco 
and Robles, 2013). Sperm chromatin is divided into three structural domains:  
(i) the main proportion, associated with protamines for a high degree of pro-
tection; (ii) other minor part associated with histones, with a low degree of 
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compaction (Gineitis et al., 2000; Zalenskaya et al., 2000) and therefore more 
exposed to suffer damage; and (iii) the sperm nuclear matrix, in the nucleus 
periphery and with a low degree of packing/protection. In our studies, we evi-
denced that the genes more affected by cryopreservation and peroxide treat-
ment (employed as positive control of oxidative damage in our studies) were 
located in these lower compacted zones, close to the nuclear matrix (Valcarce 
et al., 2013a, b). Attending to our findings, considering the different degree of 
lesions that can occur and could be masked when performing a global DNA 
damage analysis among regions and specific genes, an accurate DNA lesions 
evaluation is critical (Fig. 1 panel 3, Our hypothesis).

Finally, in this chapter we present a detailed method for the evalua-
tion of DNA damage after zebrafish PGC cryopreservation using the qPCR 
method.

5. Specific protocol for DNA damage evaluation 
in zebrafish PGCs after cryopreservation

5.1 PGC isolation

● Manually excise genital ridges (GRs) containing PGCs from earlier than 24 
hours post-fertilization (hpf) in mechanically dechorionized embryos, using 
fine watchmaker’s forceps under a dissecting microscope (Nikon, Tokyo, 
Japan), as described by Kobayashi and colleagues (Kobayashi et al., 2004). 
Collect the excised GRs and place them in modified Leibovitz medium 
(L15) supplemented with 5% fetal bovine serum (FBS) in a culture dish at 
room temperature (RT).

● Dissociate GR from embryos with collagenase 0.1% (in Hank’s premix so-
lution) by pipetting. To facilitate PGC identification and isolation, zebraf-
ish vas:EGFP transgenic line (Krøvel and Olsen, 2002) is recommended in 
order to ensure PGC visualization by their bright fluorescence (see Note 1) 
and relatively large size. Conduct the experimental procedure in triplicates, 
using at least 10 GRs in each replicate (approximately 200 PGCs in each 
replicate).

Note 1

PGC visualization in live embryos has been limited to laboratory fish models (me-
daka and zebrafish) and species with aquaculture importance (e.g., rainbow trout) 
where different transgenic lines have been described (Yoshizaki et al., 2000). For 
other fish species, PGCs can be transiently labeled by embryonic injection of 
mRNA constructions containing green fluorescence protein gene (GFP) and the 
3′-untranslated region (3′-UTR) of a maternal germ gene such as vasa. These pro-
tocols have also been described in marine species (Lin et al., 2012; Zhou et al., 
2019).
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5.2 Experimental groups

5.2.1 PGC cryopreservation
Expose PGCs to cryoprotectants dimethyl sulfoxide (DMSO; 5 M), ethylene 
glycol (EG; 1 M), and polyvinylpyrrolidone (PVP; 4%), in a three stepwise 
manner using multiwell plates following the next steps:

● First, incubate PGC suspension (at least 100 cells) in a pretreatment solution 
with DMSO 2 M and EG 0.5 M in Hank′s premix solution for 10 min.

● Then, expose samples to DMSO 5 M and EG 1 M in Hank′s premix for 
2 min. In the last step, add external cryoprotectant agent (PVP) and incubate 
for 2 min.

● Place PGCs without cryoprotectants in Hank′s premix solution instead of 
the respective cryoprotectants following the same steps. To avoid PGC lost 
during cryopreservation protocols, these cells can be microencapsulated af-
ter cryoprotectant exposition (see Note 2).

Note 2

Cell microencapsulation: enzymatically digest cell suspensions (collagenase 0.1% 
in Hank’s premix) by pipetting. After that, dilute PGC suspension in L15 with 1.5% 
(w/v) sodium alginate (Sigma-Aldrich Co., St. Louis, MO, USA). Dissolve the solu-
tion in phosphate-buffered saline (PBS) to reach a final concentration of 0.75%. 
Suck cell suspension through a needle attached to a 1-mL syringe into a 60-mm 
plastic dish containing 1.5% (w/v) calcium chloride dissolved in PBS. The cell sus-
pension suffers solidification immediately upon contact with the calcium chloride 
solution forming a high-viscosity microgel. Gently shake microgels and allow to 
react with calcium ions for 30 s. After freezing/thawing, place microcapsules in 
sodium citrate solution and vortex to release cells from the microcapsules.

● Load 0.5 mL straws with cells embedded in cryoprotectant solution after the 
equilibrium time (see Note 3) using a micropipette.

Note 3

Equilibrium time is a critical step considering that during this time cryoprotec-
tants can penetrate cells (see Chapter 1). After a variable period of time, the cryo-
protectants and water equilibrate to reach similar intracellular and extracellular 
concentrations. This step should be optimized for each cryopreservation protocol, 
depending on the cryoprotectant solution and exposition temperature.

● After loading, expose straws horizontally to liquid nitrogen vapors (2 cm 
over the surface) in the cooling rack. Close the box to reduce nitrogen evapo-
ration and keep the straws in this atmosphere for 20 min. Other alternative 
devices can be employed to replicate the freezing rates such programmable 
ultra-freezers (please see in this regard Chapter 1).



Molecular approaches on DNA damage evaluation Chapter | 2 59

● Plunge the straws into liquid nitrogen, transfer and keep the straws into the 
liquid nitrogen tank storage. Other alternative freezing methods could be 
employed such an ultrafast freezing: vitrification, providing satisfactory re-
sults (see Note 4).

Note 4

After cryoprotectant exposure, with a pipette aspirate 10 μL of PGCs embedded 
in the cryoprotectant solution (microdrop) and deposit it over a metal surface 
partially submerged in liquid nitrogen. Microdrops will freeze immediately and 
then transfer them, with precooled forceps, in a cryovial to be plunged into liquid 
nitrogen for their storage. This protocol has been widely described in Riesco et al. 
(2012). Alternative cryopreservation protocols could be employed (for more infor-
mation and alternatives, please see Chapter 1).

● For thawing, carefully remove the straws from the liquid nitrogen and thaw 
them in a water bath for 6 s at 63 °C. Ensure they are completely thawed, cut 
the cotton plug with scissors to allow the suspension to be released and wash 
it with Hank’s premix solution.

5.2.2 Without cryoprotectant treatment
Perform the same PGC freezing and thawing protocol replacing the cryoprotec-
tant solution by PBS to obtain this experimental group.

5.2.3 Hydrogen peroxide treatment
Hydrogen peroxide treatment is employed as a positive control for DNA damage. 
Expose PGCs to hydrogen peroxide (H2O2) 1% in L15 for 30 min at room tempera-
ture (RT) in a multiwell plate, and wash twice with L15 to remove H2O2 (see Note 5).

Note 5

Alternative protocols and reagents for DNA damage induction could be employed 
as positive controls. Moreover, different concentrations and exposure times could 
be tested. These alternative protocols should be first evaluated by traditional tech-
niques of DNA fragmentation (such as Comet Assay) in order to confirm their ef-
fectiveness as DNA damage inductors.

5.2.4 Fresh samples
Immediately process fresh PGCs obtained from the same cellular suspension.

5.3 DNA isolation

Extract DNA from zebrafish PGC of different experimental groups (fresh, cryo-
preserved, frozen without cryoprotectants, and H2O2-treated samples as a positive 
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control of DNA damage). For DNA extraction, we recommend the DNA Blood 
and Tissue Kit (Qiagen, Spain) and following the instructions described by the 
manufacturer, although other DNA extraction procedures and commercial kits 
might be used (see Note 6). Determine DNA quantity and purity using a Nanodrop 
spectrophotometer (Thermofisher, Spain). The isolated DNA should show a high 
purity (A260/280 > 1.7). Store isolated DNA at 4 °C. For quantitation, dilute to a 
range of around 20 ng/μL. Diluted samples can be kept at 4 °C for up to several 
weeks before use.

Note 6

DNA template integrity is crucial for the satisfactory amplification of long PCR tar-
gets. Procedures that involve phenol extraction should be avoided due to potential 
introduction of artifactual DNA oxidation and for this reason, the DNA extraction 
kit from Qiagen is recommended, providing templates of relatively high molecular 
weight, with high stability, yielding comparable amplification during long-term 
storage and highly reproducible yield among samples.

5.4 Primer design

● Select sequences of the studied genes from a database. In the case of other 
type of DNA regions within nuclear and mitochondrial genomes, perform 
the same steps than in specific gene analyses. Special care should be taken 
in fish due to the existence of paralog genes derived from whole genome 
duplication (WGD) events (Van De Peer et al., 2009; Voldoire et al., 2017; 
see also Chapter 10). In this case, the paralog-specific amplification when 
using the designed primers should be confirmed by sequencing.

● Design two pairs of primers for each studied gene/DNA region. The first set 
of primers should generate a longer amplicon of around 800–1000 bp, and 
the second should create a shorter one (< 100 bp). This short fragment must 
be designed to be within the larger amplicon to serve as a negative control 
of DNA lesions. In these short fragments, the probability of lesion occur-
rence is minimal and can be served as an internal normalization for technical 
validation (Fig. 1, panel 1, Experimental design). Primers should have the 
following characteristics: 19–25 bases long, G + C content not higher than 
70%, and melting temperature (Tm) between 58 °C and 62 °C. The designed 
primers should be evaluated for secondary structures using an appropriate 
software (e.g., Primer Express, Thermofisher, Spain) since the formation of 
primer-dimers and hairpins can interfere with qPCR reaction. For primer 
validation, it is necessary to establish the optimal melting temperature (Tm). 
Check optimal primer melting temperatures (Tm) by conventional PCR in 
a gradient thermocycler in order to confirm the product size and optimize 
the annealing temperature. Carry out a standard PCR cycle adapted for the 
expected product length following the manufacture instructions. Finally, the 
amplification of one unique band should be verified by gel electrophoresis 
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to select the optimal Tm for qPCR assays (see Note 7). Confirmation of spe-
cific amplification by Sanger sequencing is highly recommended.

Note 7

As a part of the primer validation step, it is completely necessary to evaluate the 
PCR products by agarose gel electrophoresis to verify the amplicon size and to as-
sure that no other nonspecific products are generated. The percentage of agarose 
should be adjusted to separate long (1%–1.5% w/v) and small fragments (above 
3% w/v) to check their specific lengths.

5.5 qPCR assay

● Once the primers are selected and validated, finding the optimal reaction 
conditions is the next step. Concerning long fragments, a specific amplifica-
tion kit for long amplicons is need, for example: Fast Start DNA Master plus 
SYBR Green I (Roche, Germany) (see Note 8). For long fragments, the re-
action mixture contains 4 μl of 5 × Fast Start DNA Master plus SYBR Green 
I (Roche, Germany), 1 μl of each 5 μM forward and reverse primer, 0.4 μl of 
50 × ROX passive reference dye, template DNA (3 ng), and molecular grade 
water up to 20 μL. For short fragments, employ a routine qPCR amplifica-
tion kit. In this case, the reaction mixture might consist of 10 μl of 2 × SYBR 
Green PCR, 1 μl each of 5 μM forward and reverse primer, 3 ng of template 
DNA and molecular grade water up to 20 μL. Perform a final extension step 
at 72 °C for 10 s (in small amplicons) or 50 s (in large amplicons).

Note 8

A specific amplification kit should be employed, in our case, we use Fast Start 
DNA Master plus SYBR Green I (Roche, Germany) with the following specifica-
tions: each lot is tested for performance in qPCR using three templates: (i) a GC-
rich template, (ii) an AT-rich template, (iii) and long templates.

● Carry out qPCR amplification and fluorescence detection in a commercial 
qPCR thermocycler according to guidelines provided.

● Calculate crossing point values using the specific software of qPCR thermo-
cycler. Include technical triplicates per sample and a nontemplate control for 
each set of primers.

● Verify the linear relationship between the threshold cycle and serial DNA 
dilutions. For each dilution, a standard qPCR protocol should be performed 
in triplicate for all the primer pairs included in the experiment and Ct values 
registered. Design a standard curve by plotting the log of the starting quan-
tity of the template against their respective Ct value. Calculate the equation 
of the linear regression line and the Pearson’s correlation coefficient (r) to 
evaluate whether the qPCR assay is optimized (see Note 9).
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Note 9

The efficiency of a PCR measures the rate at which the polymerase converts the 
different components of the PCR reaction (dNTPs, oligonucleotides, and template 
cDNA) to amplicon. An efficiency of 100% of the reaction is achieved when the 
increase of amplicon per cycle is twofold. The acceptable efficiency range (90%–
110%) and that higher or lower values could indicate different problems with the 
qPCR such as presence of polymerase inhibitors, nonoptimal annealing tempera-
ture, polymerase inactivation, wrong primer design, and/or presence of secondary 
structures or primer dimers.

5.6 Lesion rate calculation

● Calculate the difference in Ct value (∆ Ct) determined by qPCR analysis be-
tween each treatment (cryopreserved, freezing without cryoprotectants, and 
H2O2 treated) and the control samples (fresh PGCs). Repeat this calculation 
for each long and short fragment for each gene/specific region. In this way, 
a set of “Δlong” and “Δshort” values will be created to be introduced in the 
formula described by Rothfuss (Rothfuss et al., 2010).

● Replace the reported values in the formula:
Lesion rate [Lesion per 10 kb DNA] = (1–2−(∆ Ctlong −∆Ctshort)) × 10,000 [bp]/
size of long fragment [bp].

6. Summary and future perspectives

In this chapter, we have presented a DNA integrity evaluation protocol to 
be applied after cryopreservation in order to detect some specific lesions 
that could remain undetectable using the conventional techniques to analyze 
DNA fragmentation (Comet Assay, TUNEL, SCSA, etc.). This specific ap-
proach takes a special relevance in PGCs (that contain maternal and paternal 
genomes) and has been employed as a gene bank resource for surrogate tech-
niques in fish. Considering that one single PGC will generate the gametes into 
the recipient embryo after its transplantation and genital ridge migration, the 
absence of DNA damage should be guaranteed. The application of surrogate 
technologies is on the rise in the field of aquaculture and new progress related 
to PGC preservation and their evaluation might support it. However, different 
approaches based on DNA modifications, such as genome-wide DNA meth-
ylation, should be considered. These methylation events have been previously 
observed by our group after germ cell cryopreservation in specific PGC bio-
markers triggering a decrease of some important transcript levels (Riesco and 
Robles, 2013). However, these epigenetic events and their consequences will 
be described in detail in Chapter 3. To summarize, these new techniques based 
on the detection of molecular alterations caused by cryopreservation should 
be studied in detail and at different levels in order to ensure the total safety of 
the protocol.
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1. Introduction: Concept and importance of epigenetics 
in terms of evolution

Since the central dogma of biology was stated by Francis Crick in 1957, who 
established how the information sequentially flows in a biological system from 
the nucleic acids to the proteins (Crick, 1970), a tremendous research effort 
has been made in order to understand how the transfer of this information is 
precisely controlled. Any eukaryotic cell contains within the nucleus a great 
deal of information encoding for a high number of proteins, whose expression 
requires a strict spatiotemporal regulation in order to allow a proper functional-
ity. The process of embryo development clearly illustrates how the selective and 
coordinated expression of specific genes is the key event driving cell differentia-
tion: a unique cell originates different cell lineages containing the same genetic 
program. The study of the genetic code, protein synthesis, and experimental 
embryology were burgeoning research fields in the mid-20th century, so it was 
in this context where the modern term epigenetic was coined. The embryolo-
gist Conrad Waddington named as epigenetics “the branch of biology which 
studies the causal interactions between genes and their products which bring 
the phenotype into being”. Waddington described the process of differentiation 
as a one-way flow in which an undifferentiated cell rolls down in a branched 
landscape; the choice of every branch in the path downstream is mediated by 

* Equal contribution.
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environmental and intracellular factors and will determine the fate of the cell 
(Waddington, 1957). With this description, the influence of intra and extracel-
lular events on gene expression and silencing was incorporated, linking them to 
the emergence of the phenotype.

From that moment onward, the term epigenetics has evolved in order to 
incorporate the molecular mechanisms governing the process and several defi-
nitions have emerged. At the end of the 1980s, Holliday proposed as defini-
tion “the nuclear inheritance which is not based on changes in DNA sequence” 
(Holliday, 1987). Later on, epigenetics was described as “the structural adapta-
tion of chromosomal regions so as to register, signal or perpetuate altered activ-
ity states” (Bird, 2007). Felsenfeld (2014) redefined epigenetic as “the study of 
mitotically and/or meiotically inherited changes in gene expression that are not 
produced by alterations of DNA sequence”. More recently, Best et al. (2018) in-
corporated the link between this processes and the specific phenotype, defining 
epigenetics as “the study of factors that heritably regulate the spatio-temporal 
genome expression that underlies the emergence of physiological phenotypes” 
and, shortly after, Cavalli and Heard (2019) proposed that it is “the study of 
molecules and mechanisms that can perpetuate alternative gene activity states 
in the context of the same DNA sequence”. The last definition avoided to en-
compass the inheritance of these changes, to include the persistence of gene 
activity in the absence of division in postmitotic cells such as adult neurons. 
Each definition is focused on one particular aspect, but all of them consider 
epigenetics as the study of the molecular processes that interfere with the gene 
expression process—independently of the DNA sequence—in a stable, inherit-
able, and reversible way.

Three mechanisms are recognized as the molecular mediators of epigenetics: 
DNA methylation, histone covalent modifications, and the presence of coding 
and noncoding RNAs (Feil and Fraga, 2012). DNA methylation and histone 
modifications affect chromatin structure and accessibility, interfering with the 
transcription machinery, and they will be the focus of this chapter, whereas 
RNA mechanisms are mainly related to the posttranscriptional regulation and 
will be the focus of another chapter (Chapter 4) in this book. The intra- and/
or extracellular events are able to influence gene expression by switching on/
off different signaling pathways to which the three epigenetic mechanisms 
can respond. Reprograming the original epigenetic signature of a given cell/
gene to face a changing environment could represent a homeostatic and adap-
tive response, providing the basis for the physiological plasticity. Moreover, the 
epigenetic code can be inherited during mitosis, spreading their phenotypical 
consequences in the daughter cells. In addition, some of the epigenetic marks 
are also conserved during meiosis, thus allowing the transmission of epigenetic 
changes to future generations if the germline cells are affected (transgenera-
tional inheritance) (Soubry et al., 2014). Even if some mechanisms are activated 
during gametogenesis and embryo development to prevent a bulky inheritance 
of epigenetic marks, some cases of transgenerational inheritance have been 
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confirmed (both mechanisms and cases will be described later). The transmis-
sion of specific epigenetic signatures to the progeny represents a mechanism 
of inheritance of the environmental pressure consequences, in which the unex-
posed individuals could suffer phenotypic changes promoted by their ancestors 
contact to specific stimulus or by their lifestyle. This mechanism might well 
allow a fast and reversible adaptive response to a changing environment, which 
can affect a limited number of generations or, on the contrary, it can turn into 
stable phenotypic changes, as suggested during the last decade by the apparent 
relationship between some epigenetic signatures and mutations on the DNA 
sequence (Cavalli and Heard, 2019). The long-term stabilization of such epi-
genetic changes would require a revision of the evolution concepts from a pure 
Darwinist point of view, to incorporate the epigenetic mechanism as an addi-
tional via of heredity, as it was deeply analyzed by Skinner (2015).

This chapter will explore the DNA methylation and histone covalent modifi-
cations in fish, summarizing how these chemical modifications take place, how 
they are affected by physiological or environmental factors, particularly those 
related to farming practices, and finally reviewing the methods that can be ap-
plied to their study.

2. Epigenetic mechanisms

2.1 DNA covalent modifications

The DNA helix can be modified by the covalent addition of methyl and hy-
droxymethyl groups to a nucleotide base. In vertebrates, this modification oc-
curs at cytosines, the presence of some quantities of methyl-adenosine being 
still controversial (Zhang et  al., 2020). Cytosine is commonly methylated in 
the 5th carbon of the base (5mC) (Liu et al., 2019; Seidl, 2017), mostly when it 
is bound to guanines by phosphate residues at the known CpG sites, where the 
“C” and “G” stand for cytosine and guanine, respectively, and “p” indicates a 
phosphodiester bond between them (Ramsahoye et al., 2000). Genomic areas 
statistically enriched in CpG are named as CpG islands (CGIs), their number 
and density being very variable among fish species, as demonstrated by Han 
and Zhao (2008). CGIs located upstream of the transcription start sites (TSS) 
are particularly affected by methylation: CpG unmethylation in these locations 
represents a permissive state and it is generally associated with active gene tran-
scription (Smith and Meissner, 2013), whereas methylation is commonly as-
sociated with genome silencing. High levels of DNA methylation are involved 
in female X chromosome inactivation, in silencing of alleles during genomic 
parental imprinting (still nondemonstrated in fish), in the repression of retro-
viral elements, and in suppressing transcription during tissue-specific gene ex-
pression (Jones, 2012). The relationship between the methylation rate and the 
transcriptional activity is more controversial in the coding regions or gene bod-
ies. While in slowly dividing and in nondividing cells, both methylation in the 
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first exon and in the rest of the gene bodies are also related to gene repression, 
in dividing cells the higher the percentage of methylation, the higher the level of 
the gene expression (Moore et al., 2013).

The DNA strand undergoes methylation and demethylation processes. 
Methylation occurs during DNA replication, to copy in the new strand the meth-
ylation pattern of the template and maintain the methylation profile at mitosis, 
or to incorporate new methylation marks in the helix during development and 
differentiation (de novo methylation). These processes are catalyzed by DNA 
methyltransferases (DNMTs), which transfer a methyl group from S-adenyl 
methionine (SAM) to 5C (Feil and Fraga, 2012). Two DNMT families have 
been identified in mammals: DNMT1, in charge of DNA methylation main-
tenance, and DNMT3, responsible for de novo methylation (Lyko, 2018). As 
reviewed by Best et  al. (2018), the methylation landscape is more diverse in 
fish due to the high number of paralogues resulting from the gene duplication 
events occurring during fish evolution. A number of maintenance and de novo 
methyltransferases, orthologues to the mammalian DNMT1 and DNMT3 fam-
ily members, have been described in zebrafish (Danio rerio) (Campos et al., 
2012), rainbow trout (Oncorhynchus mykiss), and Atlantic salmon (Salmo sa-
lar) (Best et al., 2018), whose functional relevance still remains unclear. Indeed, 
the lack of a paralogue of the mammalian DNMT3-like (DNMT3L), involved 
in the methylation of imprinted genes, has led to speculate that the monoallelic 
maternal or paternal expression could occur exclusively in eutherian mammals 
(Chédin, 2011).

DNA demethylation can be accomplished by passive or active mecha-
nisms. The inactivity of DNMT1 during genome replication implies that 
the new strand is not methylated, passively diluting the DNA methylation 
level in each cell division (Moore et  al., 2013). The most common active 
demethylation requires a sequential process, which starts when the methyl 
group is hydroxylated to 5-hydroxymethylcytosine (5hmC) by ten-eleven 
translocation enzymes (TETs). Then, the hydroxymethyl cytosine, after some 
chemical modifications, is removed by the DNA repair machinery, restoring 
an unmethylated cytosine at place (reviewed by Kohli and Zhang (2013)). 
Similar TET-dependent demethylation processes have been identified in fish 
(Kamstra et al., 2015).

2.2 Histone modifications

Histones are the protein component of the nucleosomes, the basic unit of the 
chromatin in somatic cells. The nucleosomes are composed of an octamer of 
two units of each one of the core histones H2A, H2B, H3, and H4, wrapped 
by two loops of DNA involving 145–147 base pairs. The linker histone H1 
stabilizes the structure among nucleosomes. Additional noncanonical his-
tone variants can be incorporated into this structure, contributing to the dy-
namic chromatin activity (Berger, 2007) but, for clarity, we will focus on the 
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 canonical core histones. The eight histones in each nucleosome have protrud-
ing N-terminal tails, enriched in lysine and arginine residues, which actively 
interact with proteins related to chromatin condensation, structure, and activ-
ity. The tails are susceptible to suffer a number of posttranslational modifica-
tions, which result in altered binding affinities, allowing to regulate recruitment 
of nonhistone effector proteins and modifying the transcriptional activity 
(Lawrence et al., 2016). Such modifications have been named as “the histone 
code” (Strahl and Allis, 2000), whose complexity is determined by the large 
amount of reversible processes (acetylation, methylation, phosphorylation, 
ubiquitination, sumoylation, ADP ribosylation, propionylation, and butyryla-
tion) they are subjected to (Kebede et al., 2015). The enzymes catalyzing those 
reactions, both the writers (adding the modifications) and the erasers (recover-
ing the “naked” state), are often components of protein complexes involved 
in chromatin organization and regulation of expression, such as polycomb or 
trithorax complexes (PRC and TRX) (Noordermeer and Duboule, 2013). Each 
specific histone modification (occurring at diverse amino acid residues) repre-
sents a specific “epigenetic mark”. Methylation and acetylation are the most 
extensively studied and best understood modifications. Histone methylation 
is catalyzed by histone methyltransferases (HMTs) and it is erased by histone 
demethylases (HDMs), taking place at lysine and arginine residues, mainly in 
histones H3 and H4. More than one methyl group can be added to each residue, 
so lysines can become mono, di, or trimethylated (Hyun et al., 2017). The num-
ber and location of the methyl groups at the lysine residues determines a dif-
ferent role, either as activator or repressor of gene transcription (Zhang et al., 
2015). As an example, the addition of a single methyl group at the lysine 9 or 
the lysine 27 of the histone H3 (marks H3K9me and H3K27me) are permis-
sive modifications, whereas trimethylation of the same lysines (H3K9me3 and 
H3K27me3) is associated with gene repression (Dong and Weng, 2013). The 
trimethylation at the fourth lysine residue of histone H3 (H3K4me3) is charac-
teristic in the active and low condensed euchromatin. To further add complex-
ity, histones at the nucleosomes of the same gene promoter can be differentially 
modified, coexisting permissive and repressive marks in the so-called biva-
lent domains, which are particularly represented during embryo development 
(Brykczynska et al., 2010). Tails of all the four core histones are susceptible to 
acetylation, neutralizing the positive charges of lysine residues and promoting 
a more relaxed and accessible chromatin state. Acetylation marks in histones 
H3 and H4 are frequently associated with the transcriptional activity (Gates 
et al., 2017) and are considered permissive signatures. Histone acetylation is 
mediated by histone acetyltransferases (HATs) and the erasure of acetyl groups 
is catalyzed by histone deacetylases (HDACs) (Eberharter and Becker, 2002). 
As reviewed by Best et al. (2018), posttranslational modifications of histones 
seem to play a similar role in fish than in other vertebrates, and the genes en-
coding for the enzymes involved in histone dynamics are conserved throughout 
teleost evolution.
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2.3 Noncoding RNAs

The third epigenetic mechanism, independent from the chromatin structure 
and organization, is related to the role of noncoding RNAs (ncRNAs), a set of 
RNAs that do not encode for proteins. ncRNAs represent an essential mecha-
nism of gene expression and chromatin structure regulation (Wei et al., 2017). 
These RNAs can be grouped according to their size in long (lncRNAs) or small 
noncoding RNAs (sncRNAs), which comprise microRNAs (miRNAs), small 
interference-RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) (Stefani 
and Slack, 2008), among others.

The best ncRNAs described as epigenetic modulators of normal and disease 
development are the miRNAs. They are approximately 22-nt sncRNAs that bind 
to 3′-UTR (untranslated region) of mRNAs (Cannell et al., 2008), through com-
plementary base pair binding, interfering with its stability or its translation. The 
ability of miRNAs to increase mRNA degradation and to inhibit translation of 
specific transcripts, demonstrated in teleost by Bazzini et al. (2005), is involved 
in several developmental and reproductive processes, such as tissue determina-
tion and maintenance (Best et al., 2018), germline development, spermatogen-
esis, and oogenesis (Robles et al., 2019). Furthermore, miRNAs play a crucial 
role in the transmission of environmental-induced epimutations to the next gen-
erations, as reviewed by Champroux et al. (2018). Other sncRNAs are implied 
in the regulation of reproduction, development, and disease. As an example, 
piRNAs are primarily involved in silencing transposable elements in zebrafish 
gametes, contributing to the process of gametogenesis (Houwing et al., 2007).

lncRNAs display a much wider range of actions, activating or inhibiting 
gene expression by the interaction with different key players such as mRNA, 
DNA, microRNA, histone modifiers, RNA-binding proteins, and chromatin 
(Luk et  al., 2014). They closely interact with other epigenetic mechanisms, 
guiding many of the proteins that catalyze DNA methylation and posttranscrip-
tional histone modifications. Functional roles for lncRNAs have been estab-
lished, among others, in the control of spermatogenesis (Joshi and Rajender, 
2020; Luk et al., 2014), lipid metabolism (Muret et al., 2019), or pathological 
processes (Boltaña et al., 2016).

3. The role of epigenetics in farmed fish species

Even if vertebrates share the main epigenetic mechanisms responsible for the 
modifications in the chromatin, some aspects must be deeper explored in fish. 
The study of DNA methylation has revealed some differences when comparing 
to the mammalian pattern that has been summarized by Gavery and Roberts 
(2017) in (i) the very likely absence of gene imprinting, (ii) the higher global 
DNA methylation respect to the one described in mammals, and (iii) the main-
tenance of the DNA methylation pattern during early embryo development 
(Jiang et al., 2013; Potok et al., 2013), which is particularly intriguing and will 
be detailed later. An additional particular aspect of fish is related to the whole 
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 genome duplications suffered during evolution (Jatllon et al., 2004), which re-
quire the regulation of multiallele expression using specific dosage compensa-
tion mechanisms that could, to some extent, rely on epigenetics.

As it has been explained, epigenetic events are mediators between the ge-
nome and the phenotype, and they can be influenced by environmental signals. 
Fish and amphibians are considered excellent biomarkers of environmental 
quality because of their enhanced sensitivity to environmental changes (tem-
perature, oxygen levels, presence of contaminants, etc.). Every day, more and 
more evidences indicate that these factors interact with the epigenetic activity 
(Hammond et al., 2016; Lombó et al., 2019a; Wang et al., 2016), interfering 
with the physiological performance of living organisms. A well-known process 
illustrating how the environment meets physiology and development is the con-
trol of sex differentiation and sexual reversion in fish. The use of epigenetic ap-
proaches has demonstrated that these processes are mediated by changes in the 
methylation profile on specific promoters as a result of environmental (reviewed 
by Piferrer et al. (2019) and Ortega-Recalde et al. (2020)) or even social clues 
(Todd et al., 2019). Therefore the epigenetic events are of utmost importance 
in aquaculture. In fact, many of the farming practices such as the process of 
domestication itself, the nutrition with artificial diets, or even the reproductive 
strategies used to increase the productivity can promote epigenetic changes re-
sulting in modified performances. The identification of the epigenetic signa-
tures related to specific factors can provide both the farmers and the researchers 
with molecular markers of fitness.

3.1 Domestication

Rearing fish in captivity, both in commercial and restocking aquaculture, may 
imply changes in phenotypic traits. Moreover, selection by phenotype is a com-
mon practice in aquaculture in order to obtain the more efficient and/or ap-
preciated production. The basis of the process has been related to a passive or 
active genetic selection. Nevertheless, recent studies with salmonids (Gavery 
et al., 2018), Nile tilapia (Oreochromis niloticus) (Konstantinidis et al., 2020) 
and European sea bass (Dicentrarchus labrax) (Anastasiadi and Piferrer, 2019), 
demonstrated that, in the absence of genetic variations, DNA methylome and 
hydroxymethylome changed in a single generation of domestication. The ge-
netic and epigenetic study of steelhead trout (O. mykiss) populations from 
natural and hatchery origin revealed an identical genetic profile, but there are 
around 100 of differentiated methylated regions in red blood cells and sperm 
(Gavery et al., 2018). In tilapia, the observed alteration in the extent of DNA 
hydroxymethylation was accompanied by intense transcriptome changes affect-
ing the expression of more than 2000 genes involved in immune-, growth-, and 
neuronal-related pathways (Konstantinidis et al., 2020). The study of epimuta-
tions in domesticated European sea bass demonstrated that early domesticated 
populations undergo changes in DNA methylation during gastrulation which 
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have phenotypic consequences related to the “domestication syndrome,” such as 
jaw malformations. Moreover, considering that methylated cytosines are much 
more prone to mutations, mainly cytosine-to-thymine polymorphisms, these 
epigenetic changes can become persistent epimutations in subsequent gen-
erations by permanent integration into the genomes (Anastasiadi and Piferrer, 
2019). The stress (Uren Webster et al., 2018) and the environmental impover-
ishment (Berbel‐Filho et al., 2020) linked to intensive farming are also sources 
of epigenetic reprogramming that could have effects even on fish behavior 
(Berbel‐Filho et al., 2020).

3.2 Nutrition

Since the effects of maternal nutrition on the progeny performance were linked 
to epigenetic modifications, both in mammals (Susiarjo and Bartolomei, 2014; 
Vickers, 2014) and fish (Adam et al., 2018), the epigenetic changes triggered 
by the diet are among the most reported in the literature. Nutrients and diet 
components definitively affect the epigenetic activity, the DNA methylation be-
ing the more studied process. The increasing use of substitution diets in fish 
feeding, including more plant-based than fish-based ingredients, has fueled sev-
eral studies in farmed and model species. Global hypomethylation of DNA and 
hypoacetylation of H3K9 were noticed in the liver of rainbow trout fed with a 
high-carbohydrate diet (Marandel et al., 2016). The inclusion of plant proteins 
in the diet of zebrafish during 42 days induced important changes in the global 
methylation rate of the mid intestine, affecting genes involved in immunity, neu-
rogenesis, or antioxidant defense system (Dhanasiri et al., 2020). Such a clear 
interaction among nutrients, epigenetics, and phenotype implies that parental 
nutrition affects the progeny performance and that larval nutrition modulates 
further fitness at the adulthood. A deeper insight into the mechanisms involved 
can be used to design a convenient nutritional program, as suggested by the 
study performed in gilthead seabream (Sparus aurata) by Perera et al. (2020). 
They demonstrated that feeding the broodstock with increased amounts of lin-
oleic acid (ALA) led to the hypermethylation of the stearoyl-CoA desaturase 
promoter in the descendants, preserving the fatty acid unsaturation in the liver 
in spite of feeding a diet with a low content of polyunsaturated fatty acids. The 
fact that beneficial epimutations can be targeted to genes of interest opens the 
door to a new field of epigenetic edition that is still at its infancy.

3.3 Reproduction

Reproductive practices in fish farming are additional sources of epigenetic vari-
ation. Induction of sex maturation, sterilization, sex reversal, artificial fertiliza-
tion, short- and long-term gametes preservation, surrogate production, ploidy 
manipulation, and nuclear transfer from somatic to germ cells are some of the 
processes involving intensive environmental and intracellular signaling, which 
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can promote dramatic changes in the epigenetic signatures of both somatic and 
germinal cells. As remarked by Labbé and colleagues (2017), who reviewed the 
epigenetic effects of some of these factors on the germline cells, this is still an 
almost unexplored field in fish. The impact of artificial reproductive technolo-
gies has been carefully analyzed in human and domestic mammals, but a bigger 
research effort is still required in teleosts. The promoted changes can affect the 
reproductive performance of progenitors, having phenotypic effects on the F1 
progeny (intergenerational transmission) or on a higher number of generations 
if they are transmitted via the germline cells (transgenerational inheritance) 
(Soubry et al., 2014). Some authors even proposed the incorporation of epigeno-
types in the process of broodstock selection for those quantitative traits clearly 
related to particular DNA methylation signatures (see revision by Gavery and 
Roberts (2017)). Nevertheless, the success of an epigenetic selection would rely 
on the epigenetic dynamics during life cycle, which has been only explored in 
some model species, as will be summarized later on for zebrafish.

3.4 Rearing temperature

The phenotypic effects of rearing temperature, during the whole life cycle or 
at specific developmental stages, can affect development, growth rate, or sex 
determination among other processes. Recent studies have identified epigen-
etic events related to some of these phenomena. The activity of epigenetic en-
zymes can be deeply affected by temperature, promoting differential epigenetic 
signatures. According to Varriale (2014) there is a correlation in vertebrates 
between the global DNA methylation and the body temperature, cold-living 
vertebrates showing a hypermethylated state when compared with warm-living 
species. Nevertheless, the cold acclimation could follow a more complicated 
pattern as it was shown using zebrafish fibroblast in vitro, which suffered an 
increased whole genome methylation after 5 days of exposure to cold, but a 
decreased methylation after a long-term cold exposure (30 days) (Han et  al., 
2016). Embryo development is a particularly sensitive stage in which a thermal 
imprinting can be established. As an example, muscle development at adulthood 
can be affected by embryo rearing temperature in Atlantic salmon: the incuba-
tion of embryos at 8 °C promoted a significantly higher muscle development 
and growth rate during adulthood than the incubation at 4 °C. The enhanced 
muscle development is related to a reduced methylation of the myogenin pro-
moter at higher temperatures and to changes in the expression levels of the DNA 
methyltransferase genes dnmt1, dnmt3a, and dnmt3b (Burgerhout et al., 2017). 
Similar effects of rearing temperature were observed in Senegalese sole (Solea 
senegalensis) at larval stages, exhibiting lower promoter methylation and higher 
expression of myogenin when reared at 21 °C rather than at 15 °C (Campos 
et al., 2013).

Sex differentiation and, consequently, sex ratio, are documented events af-
fected by rearing temperature at specific developmental stages. Navarro-Martín 
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et al. (2011) established that methylation of the aromatase promoter in European 
sea bass varies with temperature. Aromatase converts androgens into estrogens, 
promoting feminization, but high temperatures during embryo development en-
tail hypermethylation at its promoter, downregulating aromatase expression at 
the gonads and leading to masculinization. Since this epigenetic mechanism 
was linked to the well-known relationship between water temperature and sex 
ratio in lower vertebrates, similar mechanisms have been described in other spe-
cies dependent on environmental determination of sex. Moreover, experiments 
performed with zebrafish showed that the bias to male development promoted 
by high temperatures persisted in the F1 of some males exposed to heat, which 
showed altered testicular epigenome (Valdivieso et al., 2020).

4. Epigenetic mechanisms in model species: A case 
study in zebrafish

Throughout the life of organisms, the epigenome undergoes two major epigen-
etic reprogramming waves: during the determination and migration of primor-
dial germ cells (PGCs) and, after fertilization, during the first steps of embryo 
development (Hales et al., 2011).

In 1981, Streisinger et al. (1981) first proposed the use of zebrafish as model 
organism. From this moment onward, a large number of molecular tools, mu-
tants, and transgenic zebrafish lines have been created. Moreover, zebrafish 
genome was fully sequenced at the Sanger Institute and it was shown to con-
tain approximately 26,000 genes and over 1.4 billion base pairs on 25 pairs of 
chromosomes. The comparison to the human reference genome revealed that 
approximately 70% of human genes have at least one obvious zebrafish ortho-
logue (Howe et al., 2013). Last but not least, the transparency and the small size 
of zebrafish embryos—which allows them to meet oxygenation and nutrient 
supply by passive diffusion during the first week of development and, there-
fore, to survive even under pathological states—make them a good species for 
the study of embryo development, among other processes. The severe health 
conditions induced in embryos by certain experimental procedures do not pre-
vent researchers from monitoring, while they would be probably lethal in other 
vertebrate species (Singleman and Holtzman, 2012). Therefore a wide variety 
of mutants have been created, including those relative to epigenetic processes 
(Mudbhary and Sadler, 2011).

4.1 The epigenetic events involved in gametogenesis

In mammals, all epigenetic marks in PGCs are erased before gametogenesis in 
order to get rid of the epimutations acquired by the germline cells, thus avoiding 
their transmission to following generations and allowing the gametes to acquire 
a new epigenetic pattern during differentiation (Jammes et al., 2011; McCarrey, 
2014). Throughout this epigenetic reprogramming, PGCs undergo a genome-
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wide methylation erasure that leads to the “epigenetic ground state”. On the 
contrary, a novel study about zebrafish PGC DNA methylome, from 4 to 24 h 
postfertilization (hpf), has demonstrated the retention of paternal epigenetic con-
figuration in these cells and it has also identified that the expression of several 
zebrafish germline markers is independent of DNA methylation- mediated regu-
lation (Skvortsova et al., 2019b). Although this work confirms that genome-wide 
DNA methylation erasure does not occur in zebrafish germline from blastula 
stages to genital ridge colonization, the possibility that the methylome repro-
gramming might take place before 4 hpf or later during spermatogenesis and oo-
genesis should be still taken into account. Anyway, the lack of epigenetic erasure 
during fish development could have implications in the intergenerational trans-
mission of epigenetic signatures and of some acquired phenotypic traits.

Once the settlement and proliferation of PGCs takes place, germ cells suf-
fer an intense epigenetic remodeling to acquire the sex-specific patterns that 
further define the female and male germline. Regarding oogenesis, the meiotic 
arrest that occurs in primary oocytes is linked to an increase in histone acetyla-
tion, whereas the accomplishment of meiosis is associated with the reduction 
of histone acetylation (Duffié and Bourc’his, 2013). In the case of zebrafish 
oocytes, it has been established that their nuclear DNA has approximately 75% 
of methylated CpGs while its mitochondrial DNA is essentially unmethylated 
(Potok et al., 2013). On the other hand, the meiotic phase of spermatogenesis 
implies a gradual gene silencing that involves an increase in DNA methylation, 
a decrease of activating histone marks (H3K4me3), and an increase in silencing 
marks (H3K27me3 and H3K9me3) (Carrell and Hammoud, 2010). In fact, ze-
brafish spermatozoa are characterized by their highly methylated DNA (91%–
95% of methylated CpGs) (Potok et al., 2013). However, some hypomethylated 
regions of sperm DNA are associated with activating histone marks (H3K4me3, 
H3K4me2, and H4K16ac) to allow the expression of crucial genes prior to mid-
blastula transition (MBT) (Wu et al., 2011), the moment when the embryonic 
transcription is activated. Therefore these authors proved that developmental 
genes are packed in both bivalent and multivalent marks, in which DNA hypo-
methylation coexists with activating and repressing histone marks. This peculiar 
epigenetic profile avoids the expression of certain genes during male germline 
formation and allows the activation of others in the embryo (Carrell, 2011).

4.2 Epigenetic changes during embryo development

Epigenetic regulation of chromatin structure is essential for gene activation and 
repression during embryo development. As stated before, the second round of 
epigenetic reprogramming occurs in early embryos, soon after fertilization, to 
erase all the marks established during gametogenesis (Smallwood and Kelsey, 
2012).

In mammals, a passive loss of global DNA methylation, mainly affecting 
the male pronucleus, occurs soon after fertilization up to the blastocyst stage. 
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At the onset of gastrulation, the global genome remethylation starts to allow 
the loss of cellular pluripotency and, therefore, to enable the determination of 
cellular lineages. The highly methylated pattern of spermatozoa is diluted in the 
zygote, especially in retroelements, since hypomethylated status of the oocyte is 
reflected on the zygote (Smith et al., 2012). In contrast, zebrafish DNA suffers a 
moderate demethylation after fertilization and DNA remethylation starts sooner 
than in mammals. Although the DNA of the oocyte is also hypomethylated in 
zebrafish, this maternal pattern is maintained in the embryos only until 16-cell 
stage. In fact, Jiang et al. (2013) demonstrated that the global methylation level 
at this stage of development overlaps the mean value of oocyte and sperm DNA 
methylation (80% and 91%, respectively). Then, the embryonic epigenome is 
progressively methylated and, by the MBT stage, the methylome of zebrafish 
embryos is almost identical to that of the sperm (Potok et al., 2013). Due to 
the gradual reset of maternal DNA methylation pattern, the methylation profile 
in most gene promoters of MBT embryos is also very similar to that of sperm 
(Lindeman et al., 2010). For instance, genes involved in embryo development 
(hox clusters) or in germline function (vasa, piwi, and dazl) are hypermethyl-
ated in oocytes and hypomethylated in both sperm and MBT embryo (Potok 
et al., 2013). From MBT to 24 hpf, thousands of differentially methylated re-
gions (DMRs) were identified by Lee et al. (2015), most of them being located 
in intergenic regions (outside gene promoters, CpG islands, and island shores) 
where they surprisingly act as functional developmental enhancers.

Histone modifications also vary throughout zebrafish embryo development 
and they depend on the sperm pattern as well. In fact, genes enriched in acti-
vating marks in spermatozoa, usually related to cell cycle and metabolism, are 
transcribed in the embryos before MBT, whereas those genes lacking enhancing 
marks are expressed at later stages (Wu et al., 2011). Since zygotic genome acti-
vation takes place at MBT, the epigenetic regulation is a key process during this 
period. In fact, Lindeman and colleagues (Lindeman et al., 2010, 2011) catego-
rized the genes at MBT according to the histone modifications present in their 
promoters. The genes of the first group were those enriched in the active marks 
H3K9ac, H4ac, and H3K4me3, including pou5f1, sox3, and the housekeeping 
bactin2. The second group contained genes with activating (H3K9ac, H4ac, and 
H3K4me3) and repressing (H3K27me3) marks, such as sox2 and klf4. Genes of 
the third group harbor histone methylation (H3K4me3 and H3K27me3) but no 
acetylation, such as nnr and otx1b. In the fourth group, the histone profile of gene 
promoters contained both activating (H3K4me3) and repressive (H3K27me3 to-
gether with H3K9me3) marks, as it was observed in vasa. In light of these re-
sults, all genes in zebrafish MBT embryos are enriched in H3K4me3 regardless 
of their expression (Lindeman et al., 2010). Lately, Murphy et al. (2018) have de-
scribed the existence of “placeholder” nucleosomes, containing histones H2A.Z 
and H3K4me1, which occupy all hypomethylated DNA in both zebrafish sperm 
and early embryos. Upon genome activation, placeholders become either active 
(in housekeeping genes) or repressive (in developmental genes) marks.
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5. Techniques applied for the evaluation of DNA 
methylation

5.1 Evaluation of global DNA methylation

Global status of DNA methylation can be assessed by direct measurements us-
ing high-performance separation technologies or by indirect quantification using 
other methods. The former methodology employs high-performance liquid chro-
matography (HPLC) (usually in combination with tandem mass spectrometry, 
LC-MS/MS) or capillary electrophoresis (HPCE) (Fraga et al., 2002). In terms of 
cost-effectiveness, direct measurement approaches require expensive equipment 
and large amounts of DNA sample. After enzymatic or acidic hydrolysis of DNA, 
free nucleotides are released and can be quantified by these techniques. LC-MS/
MS allows quantitative analysis of the global DNA methylation and identifies not 
only 5mC but also other derivatives such as 5-hydroxymethylcytosine (5hmC), 
5-formylcytosine (5fC), or 5-carboxylcytosine (5caC) (Chowdhury et al., 2017).

Regarding indirect technologies, there are a wide variety of methods, includ-
ing luminometric methylation assay (LUMA) or enzyme-linked immunosor-
bent assay (ELISA) (Skvortsova et al., 2019a). The LUMA technique was first 
described by Karimi et al. (2006) and consists of two parallel restriction digest 
reactions, followed by pyrosequencing of the digested DNA, as we will describe 
in detail later on.

The evaluation of global DNA methylation by ELISA is a commercially 
available option in the form of a variety of kits. Even though it is prone to a high 
variability, ELISA offers a quick and easy evaluation of the DNA landscape 
(Kurdyukov and Bullock, 2016). The basis of the technique consists of captur-
ing the DNA on a surface and DNA methylation is detected by subsequent in-
cubation steps with specific antibodies. Firstly, a primary antibody against 5mC 
is used. Next, a labeled secondary antibody is incubated and, finally, the level 
of DNA methylation is revealed by colorimetric or fluorometric detectors (for 
a detailed description of an immunohistochemical (IHC) technique protocol, 
please see Chapter 7). Repetitive DNA elements are often used for estimating 
global DNA methylation. Specifically, ELISA is often employed to determine 
the methylation levels of long interspersed nucleotide element-1 (LINE-1) ret-
rotransposons. The technique is rather easy, the DNA being mainly fragmented 
and hybridized to a biotinylated LINE-1 probe. The product is immobilized to 
a streptavidin coated plate and after washing and blocking, DNA methylation 
is revealed by an anti-5mC antibody. A secondary antibody (usually anti-IgG 
HRP conjugated) is used and detection is carried out using chemiluminescence 
reagents (Kurdyukov and Bullock, 2016). Alternatively, LINE-1 methylation 
status can be quantified by bisulfite conversion of DNA, followed by PCR am-
plification. This methodology is also discussed later.

It is worth mentioning the new genome-wide technologies for assessing 
global DNA methylation, such as whole-genome bisulfite sequencing (WGBS), 
nucleosome occupancy and methylation sequencing (NOMe-Seq), methylated 
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DNA immunoprecipitation (MeDIP), or methyl-Cpg binding domain-based 
capture and sequencing (MBDCap-Seq). All of them employ next-generation 
sequencing (NGS) and third generation sequencing (TGS; providing a larger 
fragment single molecule reads) platforms, offering a single-nucleotide reso-
lution. However, these technologies represent an expensive option and need 
highly qualified people for resolving technical issues and handling data analysis 
(Skvortsova et al., 2019a). Reduced representation bisulfite sequencing (RRBS) 
deserves special attention due to its cost-effectiveness to generate genome-wide 
DNA methylation maps. Basically, DNA is fragmented using restriction en-
donucleases (usually MspI) and DNA fragments are selected and ligated to a 
methylated adapter, which facilitates the subsequent PCR amplification and 
sequencing (Chatterjee et al., 2013; Meissner et al., 2005; Taylor et al., 2010). 
Today, the focus is set on single-cell level and technologies have evolved to 
avoid the differences in methylation levels to be masked by the population het-
erogeneity. In this way, new approaches have appeared such as single-cell bisul-
fite sequencing (scBS-Seq), single-cell nucleosome occupancy and methylation 
sequencing (scNOME-Seq), or single-cell reduced-representation bisulfite se-
quencing (scRRBS) among others (Guo et al., 2015; Skvortsova et al., 2019a).

These techniques applied for the evaluation of DNA methylation have 
been used in different aquatic species, to assess the alteration of methyla-
tion levels by dietary regime, rearing temperatures, thermal environmental 
changes, or by different environmental toxicants or radiation. The most popu-
lar options have been ELISA-based methods, which have shown the DNA 
methylation status in gonads of adult rare minnow (Gobiocypris rarus), ze-
brafish, or medaka (Oryzias latipes) (Bertucci et al., 2020; Liu et al., 2014; 
Teng et al., 2020) after exposure to different toxicants. However, other alterna-
tives have been thoroughly used in zebrafish, such as the LUMA technology 
(Laing et al., 2016), high-performance liquid chromatography (Bouwmeester 
et al., 2016; Gombeau et al., 2016; Lombó et al., 2015; Xing et al., 2014), or 
the WGBS, MeDIP, and RRBS approaches (Adam et  al., 2019; Chatterjee 
et al., 2014; Dhanasiri et al., 2020; Falisse et al., 2018; Olsvik et al., 2019; 
Qian et al., 2019). Moreover, RRBS or cytosine methylation assayed by py-
rosequencing has been applied to other aquaculture species to evaluate DNA 
methylation status after altering natural thermal conditions in European gray-
ling (Thymallus thymallus) or in Atlantic salmon (Sävilammi et  al., 2020; 
Burgerhout et al., 2017).

5.1.1 Luminometric methylation assay (LUMA): A brief 
overview
For the LUMA technique, the use of isoschizomer endonucleases, restriction 
enzymes whose target sequence is identical, leaving a 5′-overhang, is necessary. 
The most usual enzymes are HpaII and MspI. Both enzymes recognize CCGG 
sequence. However, the former does not cut the sequence if the internal cytosine 
of the recognition sequence is methylated (CmCGG), whereas the latter cuts 
the recognition sequence independently of its methylation status (Karimi et al., 
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2006). The main steps of the technique are summarized as follows (Delaney 
et  al., 2015; Ho and Tang, 2007; Karimi et  al., 2006, 2011; Kurdyukov and 
Bullock, 2016; Mohsen et al., 2006):

First—DNA sample: it is crucial to obtain a high-quality DNA. DNA integ-
rity could be visually checked by agarose gel electrophoresis, without any 
smear below the main high-molecular weight band, and/or numerically by 
the DNA integrity number (DIN) through specific gel image analysis. Purity 
of DNA is also ensured by spectrophotometric analysis, to discard any pro-
tein and/or RNA contamination.
Second—Enzyme restriction digestion of the DNA sample: genomic DNA 
is prepared in duplicate to be subjected to two reactions with restriction en-
zymes: one for HpaII and one for MspI. EcoRI is included in both reactions 
as internal control for the normalization between runs and for DNA input. 
EcoRI recognizes GAATTC sequence and it is insensitive to CpG methyla-
tion, leading a 5′-AATT overhang after the reaction. In contrast, HpaII and 
MspI yield a 5′-CG overhang. These ends are filled in a polymerase exten-
sion in the subsequent pyrosequencing assay.
Third—Pyrosequencing assay (Fig.  1): this methodology incorporates nu-
cleotides in orderly manner throughout four steps (step one—dATPαS, step  

FIG. 1 Schematic representation for analysis of global DNA methylation by luminometric meth-
ylation assay (LUMA). Genomic DNA is subjected to enzyme restriction digestion combining re-
striction enzymes: EcoRI/HpaII or EcoRI/MspI. Both reactions lead a 5′-AATT overhang (EcoRI) 
or 5′-CG overhangs (HpaII—sensitive to methylation; or MspI—insensitive to methylation). These 
ends are filled by pyrosequencing in a four-step reaction. Pyrosequencing chromatograms are ob-
tained for the two restriction enzymes combinations: A and T peaks correspond to steps 1 and 3, 
respectively, reflecting the EcoRI digestion and should be equal. C + G peak (in green color in the 
figure) represents the detected signal from step 2, after HpaII or MspI cleavage. The second C + G 
peak (appeared in black color in the chromatogram) corresponds to step 4, functions as an internal 
control, and should be close to zero. HpaII/MspI ratio at C + G peaks of step 2 determines the meth-
ylation status. In unmethylated samples, this value is close to 1, whereas in methylated samples the 
ratio is close to zero.
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two—dGTP + dCTP, step three—dTTP, and step four—dCTP + dGTP). After 
each nucleotide incorporation by DNA polymerase, an inorganic pyrophos-
phate is released and converted to ATP by ATP sulfurylase. The reaction con-
tains luciferin that is converted by luciferase in presence of ATP to oxyluciferin, 
which produces visible light being detected by a CCD camera. The amount of 
detected light is proportional to the dNTP incorporation in the overhangs. Peaks 
detected after dATPαS and dTTP incorporation correspond to the amount of 
EcoRI restriction, whereas peaks detected after the incorporation of dCTP and 
dGTP in the second step represent the amount of HpaII or MspI digestion.
Fourth—Data analysis: once the pyrosequencing assay is finished, data 
analysis is performed to obtain the HpaII/MspI ratio as a value of the degree 
of DNA methylation:

The lower the ratio, the higher the amount of methylation.

5.2 Analysis of gene promoter methylation

This method is usually performed after the evaluation of global DNA methylation in 
order to have a deeper insight into the levels of methylation in target DNA regions.

5.2.1 Bisulfite conversion and nested PCR
The evaluation of DNA methylation at specific regions requires the treatment 
of the extracted genomic DNA with sodium bisulfite to selectively convert non-
methylated cytosines into uracils (Fig. 2).
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FIG. 2 Scheme of bisulfite conversion and bisulfite-converted sequence. Bisulfite conversion of 
template DNA in which unmethylated cytosines are transformed into uracils and, after the PCR, 
they become thymines.
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Once DNA is bisulfite converted, a nested PCR is performed to improve 
the sensitivity and the specificity of the reaction. It consists of two rounds of 
successive amplifications in which the first set of primers anneal to bigger se-
quences that include the regions where the second set is going to attach. For this 
purpose, total PCR is usually performed from 1 μL bisulfite-converted DNA and 
products diluted 1:20 (v:v) are used as templates for the second amplification. 
To check the efficiency of the reactions and the lack of carryover contamina-
tions, electrophoresis on agarose (1.8% (w/v)) gel is usually performed before 
further steps are done.

5.2.2 Sequencing
There are two main methods to analyze the methylation of CpGs of each sample. 
The first method, which involves the cloning of PCR products, is considered the 
“gold but old” of specific DNA methylation analysis. Despite the fact that it 
provides the researcher with reliable and accurate information, it is much more 
tedious and slower than the newly developed methods. After cloning the PCR 
products, DNA is extracted from the agarose gel. These consecutive steps can 
be easily carried out using commercial kits (Fang et al., 2013). Once DNA is ex-
tracted, it has to be sequenced. Both the alignment with the original sequences 
and the assessment of specific DNA methylation can be performed using spe-
cific software, such as FinchTV (Geospiza) and CpG viewer, respectively.

The second method is based on the pyrosequencing technology, previously 
explained, which provides more rapid and high-throughput means of detecting 
the methylation levels at individual loci. In this case, the amplicons obtained 
from the nested PCR are denaturated and biotinylated. This biotinylated strand 
is captured on streptavidin-coated sepharose beads. Then, pyrosequencing prim-
ers are annealed to the retained DNA and the assay starts with the dispensation 
of nucleotides in a pyrosequencer. Eventually, the peak heights on the resulting 
pyrogram represent the ratio of cytosine to thymine at each evaluated CpG site, 
showing the proportion of methylated DNA (Delaney et al., 2015).

5.2.3 CpG island identification and primer design
For this protocol, the first step is to check whether the region of interest har-
bors a CpG island. This information can be obtained from the Genome Browser 
(University of California Santa Cruz; https://genome.ucsc.edu/).

Once the sequence is selected, it has to be in silico bisulfite converted to 
design the primer sets used in the nested PCR. For the conversion step, the 
sequence can be submitted in the online version of MethPrimer (https://www.
urogene.org/methprimer/), whereas the Primer Design and Search Tool is very 
useful for obtaining the forward and reverse primer sequences (http://bisearch.
enzim.hu/?m=temp). Generally, the primers for the amplification of bisulfite-
converted sequences have between 26 and 32 nucleotides. The reverse primer 
used in the second round of amplification must be biotinylated to allow the 
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caption of the DNA sequence in the pyrosequencing station. Regarding the am-
plicon size, it must be around 500 bp (base pair) for the first reaction and around 
200 bp for the second round of amplification.

As for pyrosequencing, the primers can be designed through GeneScript 
(https://www.genscript.com). In this case, the template DNA is the sequence 
obtained in the second PCR, and only forward primers (of approximately 10 bp) 
are required. To avoid failures during the annealing process, the product sizes 
must be smaller than 40 bp but including the maximum number of CpGs.

It is noteworthy that, when designing primers from a bisulfite-converted se-
quence, if there is a potentially methylated cytosine in a CpG island it has to be 
represented as Y in the primer sequence, instead of C.

6. Techniques applied for the evaluation of histone 
modifications

6.1 Global evaluation of epigenetic modifications in histones

As stated before, posttranslational modifications of the N-terminal tail of his-
tones include acetylation, methylation, ubiquitination, and phosphorylation, 
among others. The study of histone methylation and acetylation using different 
approaches has been widely expanded throughout aquatic species during the last 
years. Proteomic methods are suitable for unveiling posttranslational modifica-
tions of histones, mass spectrometry being an accurate tool for characterization 
and quantification of global levels of specific histone modifications (Chimento 
et al., 2013; Kimura, 2013; Partolina et al., 2017; Quinn and Simeonov, 2011; 
Villar-Garea et  al., 2008). Despite its specificity, mass spectrometry requires 
expensive equipment and it is inappropriate for routine screening applications. 
Therefore, chromatin immunoprecipitation (ChIP) has become a promise in the 
ongoing growth of histone evaluation. ChIP allows the study of the interaction 
of proteins with specific chromosomal loci. The basis of the technique consists 
of the precipitation of DNA using antibodies against specific histones modifi-
cations, after the isolation and shearing of chromatin (Kimura, 2013; Zachary 
Ostrow et al., 2015). The obtained DNA could be subjected to different analysis 
according to the target loci to be studied. For the global assessment of histone 
modifications, microarray analysis or deep sequencing could be useful, ren-
dering the sequences of the immunoprecipitated DNA and an epigenome map 
(Kimura, 2013; Nakato and Sakata, 2020). Moreover, a more specific evaluation 
could be performed by qPCR, if the target loci are known, as we will describe 
later in detail.

Other methodologies frequently employed to assess global status of histone 
modifications also include the use of specific antibodies, western blot, ELISA, 
and immunostaining being widely used. Currently, ELISA is one of the most 
common chosen approaches to generate a preliminary overview since it is easy 
and quick to perform, and it is a cost-effective technique. This assay implies the 
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immobilization of the histones on a coated plate and, then, the detection and 
quantification of the specific histone modification is performed using antibod-
ies and colorimetric or fluorometric developing reagents (Quinn and Simeonov, 
2011). There are a wide variety of commercial kits for both histone acetyla-
tion and histone methylation assessment. Other variants immobilize nucleo-
somes for monitoring the level of histone modifications, such as NU-ELISA 
 (nucleosomes-ELISA) (Dai et al., 2013). As it occurs with the DNA methylation 
evaluation, single cell epigenomics applied to histone modifications is currently 
pioneering the field. Nevertheless, approaches that allow the study of cellular 
heterogeneity are being developed, such as single-cell ChIP-Seq (scChIP-seq) 
(Nakato and Sakata, 2020) or mass cytometry (Cheung et al., 2018).

6.1.1 Analysis of global histone H3 acetylation by ELISA
To have an overview of global levels of histone H3 acetylation it could be very 
useful to perform an ELISA-based assay. In this section, we will explain a spe-
cific method applied to zebrafish testes, but easily expandable to other species 
and tissues once dissociated cells are obtained. It is necessary to note that sev-
eral commercial kits offer reagents for tissue dissociation and histone purifica-
tion. However, our experience shows that they are inappropriate for fish species 
in most cases. For that reason, we briefly explain a tissue dissociation protocol 
suitable for zebrafish testes.

First—Tissue dissociation: a pool of testes from 4 males are dissociated 
in Leibovitz’s medium (L-15) supplemented with 0.2% (w/v) collagenase, 
10 mM HEPES, 0.5% (w/v) bovine serum albumin, and 1 U/mL DNase I. 
Tissues are incubated at 28 °C for 2 h, with occasional pipette mixing or us-
ing pestles. After dissociation, the cell suspension is filtered using 0.75 μm 
filters and washed twice with phosphate buffered saline (PBS). Cells are 
centrifuged at 1000g for 5 min at room temperature (RT) between the two 
washing steps.
Second—Histone extraction: after washing the cell pellet, 1 mL of hypo-
tonic lysis buffer is added, containing 10 mM Tris-HCl (pH 8.0), 1 mM KCl, 
1.5 mM MgCl2, and 1 mM DTT. Cells are incubated for 30 min on ice and, 
after that, they are centrifuged at 10,000g for 10 min at 4 °C. The obtained 
nuclear pellets are incubated in 0.4 N HCl overnight at 4 °C, to ensure his-
tone solubilization. Next, histones are precipitated overnight at 4 °C, using 
trichloroacetic acid (TCA, 33% (v/v)). Histones are then washed twice with 
acetone and centrifuged at 16,000g for 10 min at 4 °C between washing 
steps. Finally, total histones are solubilized in 30 μL of molecular biology 
water and they can be used for subsequent analysis or stored at − 80 °C.
Third—Quantification of histone concentration: this step could be easily per-
formed due to the wide availability of commercial kits, from those involv-
ing bicinchoninic acid (BCA) to those based on Coomassie dye (Bradford 
assay).
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Next steps—General protocol for histone H3 acetylation measurement: once 
histones are extracted and their concentration is known, the rest of the protocol 
is common among commercial kits, with slight differences. It is important to 
adjust protein concentration in the range of 200 ng/μL to 400 ng/μL in order to 
start the assay with 5 μL (initial quantity of histones: 1–2 μg), which are spread 
out over the well surface. A blank (histone resuspension buffer) and a positive 
control need to be included. Generally, the positive control consists of a cali-
bration curve using serial dilutions of an acetylated histone H3 control (com-
mercially available or included in the kit), the concentration ranging from 2 
to 30 ng/μL. This curve will serve for the quantification of histone acetylation 
level, as it will relate absorbance with the quantity (in ng) of the acetylated his-
tones. After spreading the blank, the acetylated histone control, and the studied 
samples on the wells, the steps to be followed are as follows:

First—Blocking step: to minimize unspecific binding of the primary anti-
body to those sites which do not harbor acetylated histones.
Second—Washing step: well surface is washed three times with a washing 
buffer (e.g., PBS) to remove the rests of the previous reagent.
Third—Primary antibody incubation: the histones attached to the plate are 
incubated with a primary antibody (or capture antibody), generally on an 
orbital shaker, for at least 1 h at RT.
Fourth—Washing step: once again, well surface is washed three times.
Fifth—Secondary antibody incubation: after washing the well surface to re-
move the primary antibody not bound to the target, a secondary antibody (or 
detection antibody) is added. This secondary antibody can be conjugated 
to different labels, but usually it consists of an enzyme label, visualized by 
chromogenic reactions.
Sixth—Washing step: to separate the unbound secondary antibody, the plate 
surface is washed again.
Seventh—Developing step: according to the conjugated labeled secondary 
antibody, the developing solution could vary. If an enzyme is conjugated to 
the secondary antibody (for example, streptavidin-HRP), its substrate will 
be added in this step. This substrate is usually a chromogenic molecule, 
which suffers the enzyme reaction and produces a visible color during the 
reaction. By monitoring the color production of the standard (positive con-
trol) and the one of samples, a calibration curve can be obtained and there-
fore, the levels of histone acetylation are quantified. A microplate reader is 
necessary to measure the absorbance of the color at the specific wavelength.

6.1.2 Analysis of the enzymes in charge of histone 
modifications
Posttranslational modifications of histones are catalyzed by different enzymes 
as it has been previously described. Not only the information about global or 
specific modification of histones is useful, but also the state of the enzymes in 
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charge of these histone modifications. Following the analysis of histone acety-
lation, it is feasible to measure the activity of the enzymes responsible for that 
modification. In this section, we will explain how to quantify the activity of 
histone acetyltransferases (HAT), whose imbalance could display some effects, 
related to improper nucleosome assembly, unsuitable chromatin folding, altered 
DNA damage repair, etc. which could alter certain cellular processes such as 
apoptosis, oxidative stress, or inflammation (Lee and Grant, 2018; Marmorstein 
and Trievel, 2009).

There are different commercially available kits, the vast majority offering 
an indirect analysis of HAT activity since they quantify the acetyl group donor, 
detecting the generation of free CoA (or CoA-SH). Other methods detect the 
reaction product, quantifying the amount of acetylated histone substrate. Here, 
we will give an overview of the preparation of nuclear extracts from zebrafish 
testes, which could be used directly on a commercial kit:

First—Nuclear extracts: testes or other tissue have to be dissociated to ob-
tain a cell suspension. Testes are dissociated as described in the first step of 
section 5.1.1. Cell pellets are resuspended in 50 μL of lysis buffer 1 (10 mM 
HEPES pH 7.5, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5% (v/v) NP-40, 
and 1 × protease inhibitor (a general composition of this cocktail could be: 
1 mM AEBSF, 800 nM aprotinin, 50 μM bestatin, 15 μM E64, 20 μM leu-
peptin, 10 μM pepstatin A, and 5 mM EDTA, or commercially available)), 
for 20 min on ice. After that, cells are pelleted by centrifugation at 12,000g 
for 10 min at 4 °C. The supernatant corresponds to cytoplasmic extracts that 
can be stored at − 80 °C for further analysis. The nuclei pellet is resuspended 
in 25 μL of lysis buffer 2 (20 mM HEPES pH 7.5, 400 mM NaCl, 1 mM 
EDTA, 1 mM DTT, and 1 × protease inhibitor cocktail). The high osmolality 
of this solution supports the nuclei content release to the aqueous phase. The 
incubation time last 30 min on ice. After that, the solution is sonicated three 
times for 10 s each and centrifuged at 12,000g for 15 min at 4 °C, the nuclear 
extract being collected from the supernatant. Nuclear extracts could be used 
immediately or stored at − 80 °C for further analysis.
Second—Quantification of protein concentration: as described in 
section 5.1.1.
Third—Histone acetyltransferase activity assay: this evaluation is based on 
the reaction catalyzed by HAT (Fig. 3). Firstly, well surface is coated with 
HAT substrate at a given concentration. After that, the nuclear extracts are 
added with acetyl-CoA, necessary for HAT activity. To quantify the activity 
of HAT, a calibration curve with acetylated histones at a given concentra-
tion needs to be performed. After the reaction time, three washing steps are 
carried out to remove any remaining HAT or cofactors used in the cata-
lytic reaction. From this point onward, the rest of the protocol is a typical 
ELISA, assessing the quantity of acetylated histones, a direct rating of HAT 
activity. Briefly, a primary antibody (or capture antibody) against acetylated 
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histone is used and later a secondary antibody will detect the first one. This 
secondary antibody is generally conjugated to a label that catalyzes a chro-
mogenic reaction. This reaction can be monitored in a microplate reader at 
a specific wavelength, measuring the absorbance of the different wells and 
consequently, assessing the quantity of acetylated histones, a direct rating 
of HAT activity.

6.2 Specific measurements of histone epigenetic marks

The different histone marks can be evaluated by immunostaining techniques 
using specific antibodies.

6.2.1 Whole-mount immunostaining
In order to assess the histone marks throughout the early development of fish, 
whole-mount immunostaining is recommended, since once cell differentiation 
occurs, the patterns of histone methylation/acetylation could vary within the 
different cell types of the embryos or the larvae.

Here we describe a protocol in which zebrafish embryos and larvae are used 
as model species (Lombó et al., 2019a, b). It is important to note that for fish 
species with bigger sizes of embryos and larvae, the timing for the incubation 
steps and the concentrations of antibodies should be previously optimized.

First—Fixation and depigmentation: for each sample, a pool of at least 5 
embryos/larvae are collected in tubes with PBS. Then, fixation is carried out 
using 4% (w/v) paraformaldehyde (PFA) overnight at 4 °C under constant 
agitation. In order to avoid the autofluorescence of larvae that are already 
pigmented, an extra step with 6% (v/v) H2O2 has to be performed at RT un-
til pigmentation vanished. Before next steps are done, samples are washed 
three times with PBS.
Second—Permeabilization: to ensure that the antibody goes through the cell 
and nuclear lipid bilayers, embryos/larvae are incubated with pure metha-
nol at − 20 °C. Next, they are rinsed three times in 1% tris-buffered saline 

FIG. 3 Reaction catalyzed by histone acetyltransferase (HAT) in the DNA strand. HAT catalyzed 
the acetylation of histone tails at specific amino acids (mainly lysine) in the nucleosome, by the ad-
dition of an acetyl group from the cofactor acetyl coenzyme A.
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(19.8 mM Tris hydrochloride, 0.15 M NaCl (pH 7.6)) plus 1% (v/v) Triton 
X-100 (TBST) at RT for 5 min each time.
Third—Blocking and primary antibody incubation: so as to prevent the non-
specific binding of antibodies, an incubation with the blocking solution is 
usually carried out before adding the primary antibody. This blocking solu-
tion usually contains bovine serum albumin (BSA), cold water fish gelatin, 
goat serum, nonfat dry milk, or casein. In this case, zebrafish embryos/larvae 
are rinsed in a solution containing 3% (w/v) BSA in 1% (v/v) TBST for 
1–2 h at RT. Embryos/larvae are incubated with primary antibodies at the 
corresponding dilution in blocking solution for 2 days at 4 °C under constant 
agitation. For the negative controls, embryos/larvae must be incubated under 
the same conditions with blocking solution.
Fourth—Detection of primary antibodies and contrast of nuclei: to detect 
the binding of primary antibodies, embryos/larvae are rinsed in PBS plus 
the corresponding fluorescence-conjugated secondary antibodies (against 
the species in which primary antibodies have been made) overnight at 4 
°C. Eventually, nuclei are stained with 180 μM diamidino-2-phenylindole 
(DAPI) for 8 min.
Fifth—Analysis of histone acetylation levels: whole embryos/larvae must be 
kept in PBS with an antifade mounting until further observation in a confo-
cal microscope, using an ibidi chamber. A representative number of images 
from the embryos/larvae are taken to ensure that, at least, 200 nuclei can 
be analyzed from each sample. Relative quantity of histone marks is easily 
quantified using Fiji ImageJ software.

6.2.2 Analysis of histone acetylation in gene promoters by 
ChIP-qPCR
The levels of histone acetylation at specific loci (usually on gene promoters) 
can be assessed by combining the ChIP with the quantitative PCR (qPCR). The 
protocol used for this technique, using zebrafish as a model species, has been 
developed by Santos-Pereira et al. (2019):

First—Crosslinking of embryos: the number of embryos depends on the 
size of the species and the stage of development. To dechorionate one thou-
sand zebrafish embryos at 24 hpf, a solution of 0.3 mg/ml pronase diluted 
in egg water (0.038 mM CaCO3, 0.446 mM NaHCO3, 1.025 mM sea salt, 
and 0.005% (vol/vol) methylene blue; pH 7.4) can be used. Then, embryos 
should be washed with egg water and fixed in 1% (w/v) formaldehyde in 
200 mM phosphate buffer for 10 min at RT to cross-link the proteins to the 
DNA. Glycine at a final concentration of 125 mM for 5 min is added to 
quench the formaldehyde. Next, embryos/larvae are rinsed three times in 
ice-cold PBS. After this step, the samples may be kept at − 80 °C if needed.
Second—Chromatin fragmentation and immunoprecipitation: the frozen 
embryos are rinsed in 5 mL cell lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM 
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NaCl, 0.3% NP-40, and 1 × Roche Complete protease inhibitors cocktail). A 
Potter homogenizer is used in ice for 30 min. Then, embryos are transferred 
to a 15 mL Falcon tube and centrifuged at 1200g for 5 min at 4 °C. The pel-
lets are resuspended in 1320 μL of nuclear lysis buffer (50 mM Tris-HCl pH 
7.5, 10 mM EDTA, 1% SDS, and 1 × Roche Complete protease inhibitors 
cocktail) for 5 min on ice and, to block this lysis step, 2680 μL of ChIP dilu-
tion buffer (16.7 mM Tris-HCl pH 7.5, 1.2 mM EDTA, 167 mM NaCl, 0.01% 
SDS, 1.1% Triton-X100) are added. Then, chromatin is sonicated. The cycle 
amplification and the time of sonication might depend on the type of equip-
ment used. Samples are centrifuged at 18,000g for 5 min at 4 °C and 20 μL 
of supernatant is used to extract the DNA and check if the chromatin is cor-
rectly sonicated in a 2% agarose gel (Fig. 4).

At this step, the chromatin is divided in aliquots of 200 μL that can be frozen 
at − 80 °C until further use. To proceed with the immunoprecipitation, 20 μL 
of chromatin must be reserved as input chromatin, whereas the rest of aliquots 
are incubated with the corresponding amount of antibody overnight at 4 °C and 
under agitation.

Third—Incubation with the beads and de-crosslinking: Twenty microliters 
of protein G Dynabeads (Invitrogen) is washed twice in 1 mL of ChIP dilution 
buffer. Next, protein G Dynabeads are resuspended in 50 μL of this buffer and 

FIG. 4 Representative 2% agarose gel electrophoresis of the ChIP DNA from zebrafish embryos 
at different conditions of sonication (s1, s2, s3, and s4). The smears represent the fragmented DNA 
of different sizes. A ladder marking a range from 100 to 500 bp is used to determine the fragment 
sizes.
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added to each chromatin sample. Incubation is performed for 1 h at 4 °C under 
rotation. To eliminate the nonprecipitated chromatin, a sequence of washing 
steps is carried out using a magnetic rack: wash buffer 1 (20 mM Tris-HCl pH 
7.5, 2 mM EDTA, 150 mM NaCl, 1% SDS, 1% Triton-X100), then in wash buf-
fer 2 (20 mM Tris-HCl pH 7.5, 2 mM EDTA, 500 mM NaCl, 0.1% SDS, 1% 
Triton-X100), wash buffer 3 (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 250 mM 
LiCl, 1% NP-40, 1% Na-deoxycholate), and 10 mM Tris-HCl pH 8. The sam-
ples are rinsed twice in 1 mL each solution and incubated for 5 min on ice before 
proceeding with the next wash. Eventually, chromatin is eluted twice in 100 μL 
of elution buffer (50 mM NaHCO3 pH 8.8, 1% SDS) and 180 μL of this buffer 
is added to the 20 μL of input DNA. Incubation is carried out during 15 min for 
each elution step.

The chromatin de-crosslinking is performed by incubating the eluted 
chromatin and the input DNA with 10 μL of 4 M NaCl and 1 μL of 10 mg/mL 
proteinase K at 65 °C for 6 h. Finally, DNA is purified using a PCR purifica-
tion kit.

Fourth—qPCR and data analysis: first of all, primers for the promoter 
regions of the genes containing the histone marks must be designed using 
the database Genome Browser (University of California Santa Cruz; https://
genome.ucsc.edu/). Once temperatures and amplification efficiency are opti-
mized, qPCRs can be performed using immunoprecipitated chromatin as tem-
plate, whereas input DNA is used as internal control. For each reaction, 5 μL 
of 1 × SYBR Green Master mix (Applied Biosystems), 1 μL of 5 μM primers, 
and 1 μL of immunoprecipitated chromatin and 3 μL of bi-distilled water are 
used. Regarding the input DNA, serial 1:10 dilutions are done for each sample 
and each primer set to obtain a calibration curve. Inputs are adjusted using the 
logarithm of the dilution, and this corrected input value is used to calculate 
the ΔCt (Ctcorrected input DNA − Ctimmunoprecipitated chromatin). Additionally, a primer set 
amplifying an intergenomic region, to which the antibody for histone marks 
should not attach, can be used as negative control. In this case, we calculate 
the ΔΔCt ((Ctcorrected input DNA − Ctimmunoprecipitated chromatin)target region − (Ctcorrected input 

DNA − Ctimmunoprecipitated chromatin)negative control). Percent of input can be obtained us-
ing both 2− ΔCt and 2− ΔΔCt allowing the evaluation of significant differences 
among treatments.

7. Application of the epigenetic methods to our research

This research group, led by Dr. Paz Herráez, has been looking into the paternal 
contribution to embryo development. For many years we have been assessing 
the status of sperm chromatin and its implication in the development of the 
progeny in several fish farming species (brown trout (Salmo trutta), rainbow 
trout, European sea bass, gilthead seabream, and Senegalese sole) (Beirão et al., 
2011a, b; Cabrita et  al., 2005; Fernández-Díez et  al., 2015, 2016; González-
Rojo et al., 2014a, b; Pérez-Cerezales et al., 2010, 2011). More recently, we 
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started studying how environmental toxicants, such as bisphenol A (BPA), are 
able to alter the information contained in the spermatozoa (DNAs, RNAs, and 
epigenetic marks), thus jeopardizing the health of future generations. To carry 
out this research line we introduced the use of zebrafish as model species, since 
it presents several advantages for the toxicological studies.

Regarding the paternal factor, we have exposed zebrafish males to BPA dur-
ing early stages of spermatogenesis, analyzing the sperm DNA methylation 
by ultra-performance liquid chromatography-mass spectrometer (UPLC-MS; 
Lombó et  al., 2015), and also during the whole spermatogenesis, assessing 
the levels of 5mC in testicular cells by flow cytometry (González-Rojo et al., 
2019). The results showed that exposure during the early steps of male germ-
line formation does not affect the DNA methylation of spermatozoa, whereas 
exposure to 2000 μg/L BPA also during meiotic phase and spermiogenesis leads 
to an increase in the levels of 5mC of haploid and tetraploid cells. Given the 
importance of histone posttranslational modifications in the spermatozoa, we 
also looked into the levels of histone acetylation (H3K9ac, H3K14ac, H3K27ac, 
and H4K12ac) as well as of histone methylation (H3K27me3) by immunocyto-
chemistry. In this case, results provided a conclusive evidence of BPA epigeno-
toxicity: sperm from males exposed to 100 and 2000 μg/L showed higher levels 
of histone acetylation and a decrease in histone methylation (González-Rojo 
et al., 2019; Lombó et al., 2019a). Moreover, we used this methodology to go 
deeper into the mechanisms leading to histone acetylation changes promoted by 
BPA in testes. For that reason, we set a tissue culture system to create a toxic 
in  vitro environment, allowing us to show a reversion of histone acetylation 
changes promoted by BPA (González-Rojo et al., 2019). In testicular cells, the 
use of the method described before for measuring the activity of epigenetic 
enzymes proved that the rise in histone acetylation levels was triggered by a 
greater activity of HAT enzymes (González-Rojo et al., 2019). In addition, we 
have performed several epigenetic assays in the progeny of BPA-exposed males 
to have a deeper insight into the paternal inheritance of BPA epigenotoxic ef-
fects. Concerning DNA methylation, male exposure to BPA did not affect the 
global levels of 5mC at MBT (also analyzed by UPL-MS) nor the methylation 
of some gene promoters at 24 hpf (assessed by bisulfite conversion and pyro-
sequencing) (Lombó and Herráez, 2021). In contrast, the analysis of histone 
epigenetic marks by whole-mount immunostaining revealed that the increase 
in H3K9ac and H3K27ac in sperm of exposed males was inherited by their F1 
embryos (Lombó et al., 2019a). Moreover, ChIP-qPCR was performed to check 
if the increase in H3K9ac specifically affects the promoters of genes involved 
in early development, both in larvae from exposed males and in larvae directly 
exposed to BPA during embryo development (Lombó et al., 2019b).

In conclusion, the use of a wide variety of accurate molecular techniques has 
allowed us to describe how the exposure to environmental toxicants affects the 
male germline and, what is more, to establish the mechanisms by which pater-
nal exposure impacts the development of future generations.



The role of epigenetics in fish biology and reproduction Chapter | 3 95

References

Adam, A.C., Helvik Skjærven, K., Whatmore, P., Moren, M., Lie, K.K., 2018. Parental high dietary 
arachidonic acid levels modulated the hepatic transcriptome of adult zebrafish (Danio rerio) 
progeny. PLoS One 13. https://doi.org/10.1371/journal.pone.0201278.

Adam, A.C., Lie, K.K., Whatmore, P., Jakt, L.M., Moren, M., Skjærven, K.H., 2019. Profiling DNA 
methylation patterns of zebrafish liver associated with parental high dietary arachidonic acid. 
PLoS One 14. https://doi.org/10.1371/journal.pone.0220934.

Anastasiadi, D., Piferrer, F., 2019. Epimutations in Developmental Genes Underlie the Onset of 
Domestication in Farmed European Sea Bass. Mol. Biol. Evol. 36, 2252–2264. https://doi.
org/10.1093/molbev/msz153.

Bazzini, A.A., Lee, M.T., Giraldez, A.J., 2005. Ribosome profiling shows that mi R-430 reduc-
es translation before causing mRNA decay in zebrafish. Science 336, 233–237. https://doi.
org/10.1126/science.1215704.

Beirão, J., Cabrita, E., Pérez-Cerezales, S., Martínez-Páramo, S., Herráez, M.P., 2011a. Ef-
fect of cryopreservation on fish sperm subpopulations. Cryobiology 62, 22–31. https://doi.
org/10.1016/j.cryobiol.2010.11.005.

Beirão, J., Soares, F., Herráez, M.P., Dinis, M.T., Cabrita, E., 2011b. Changes in Solea senegalensis 
sperm quality throughout the year. Anim. Reprod. Sci. 126, 122–129. https://doi.org/10.1016/j.
anireprosci.2011.04.009.

Berbel‐Filho, W.M., Berry, N., Rodríguez‐Barreto, D., Rodrigues Teixeira, S., Garcia de Leaniz, 
C., Consuegra, S., 2020. Environmental enrichment induces intergenerational behavioural and 
epigenetic effects on fish. Mol. Ecol. 29, 2288–2299. https://doi.org/10.1111/mec.15481.

Berger, S.L., 2007. The complex language of chromatin regulation during transcription. Nature 447 
(7143), 407–412. https://doi.org/10.1038/nature05915.

Bertucci, E.M., Mason, M.W., Camus, A.C., Rhodes, O.E., Parrott, B.B., 2020. Chronic low dose ir-
radiation alters hepatic transcriptional profiles, but not global DNA methylation in medaka (Ory-
zias latipes). Sci. Total Environ. 729, 138680. https://doi.org/10.1016/j.scitotenv.2020.138680.

Best, C., Ikert, H., Kostyniuk, D.J., Craig, P.M., Navarro-Martin, L., Marandel, L., Mennigen, J.A., 2018. 
Epigenetics in teleost fish: from molecular mechanisms to physiological phenotypes. Comp. Biochem. 
Physiol. Part - B Biochem. Mol. Biol. 224, 210–244. https://doi.org/10.1016/j.cbpb.2018.01.006.

Bird, A., 2007. Perceptions of epigenetics. Nature 447, 396–398. https://doi.org/10.1038/na-
ture05913. 4477143.

Boltaña, S., Valenzuela-Miranda, D., Aguilar, A., Mackenzie, S., Gallardo-Escárate, C., 2016. Long 
noncoding RNAs (lnc RNAs) dynamics evidence immunomodulation during ISAV-infected At-
lantic salmon (Salmo salar). Sci. Rep. 6. https://doi.org/10.1038/srep22698.

Bouwmeester, M.C., Ruiter, S., Lommelaars, T., Sippel, J., Hodemaekers, H.M., van den Brandhof, 
E.-J., Pennings, J.L.A., Kamstra, J.H., Jelinek, J., Issa, J.-P.J., Legler, J., van der Ven, L.T.M., 
2016. Zebrafish embryos as a screen for DNA methylation modifications after compound expo-
sure. Toxicol. Appl. Pharmacol. 291, 84–96. https://doi.org/10.1016/j.taap.2015.12.012.

Brykczynska, U., Hisano, M., Erkek, S., Ramos, L., Oakeley, E.J., Roloff, T.C., Beisel, C., Schü-
beler, D., Stadler, M.B., Peters, A.H.F.M., 2010. Repressive and active histone methylation 
mark distinct promoters in human and mouse spermatozoa. Nat. Struct. Mol. Biol. 17, 679–687. 
https://doi.org/10.1038/nsmb.1821.

Burgerhout, E., Mommens, M., Johnsen, H., Aunsmo, A., Santi, N., Andersen, Ø., 2017. Genet-
ic background and embryonic temperature affect DNA methylation and expression of myo-
genin and muscle development in Atlantic salmon (Salmo salar). PLoS One 12. https://doi.
org/10.1371/journal.pone.0179918, e0179918.



96 Cellular and molecular approaches in fish biology

Cabrita, E., Robles, V., Rebordinos, L., Sarasquete, C., Herráez, M.P., 2005. Evaluation of DNA 
damage in rainbow trout (Oncorhynchus mykiss) and gilthead sea bream (Sparus aurata) cryo-
preserved sperm. Cryobiology 50, 144–153. https://doi.org/10.1016/j.cryobiol.2004.12.003.

Campos, C., Valente, L.M.P., Conceição, L.E.C., Engrola, S., Fernandes, J.M.O., 2013. Tempera-
ture affects methylation of the myogenin putative promoter, its expression and muscle cellular-
ity in Senegalese sole larvae. Epigenetics 8. https://doi.org/10.4161/epi.24178.

Campos, C., Valente, L.M.P., Fernandes, J.M.O., 2012. Molecular evolution of zebrafish dnmt3 
genes and thermal plasticity of their expression during embryonic development. Gene 500, 
93–100. https://doi.org/10.1016/j.gene.2012.03.041.

Cannell, I.G., Kong, Y.W., Bushell, M., 2008. How do microRNAs regulate gene expression? Bio-
chem. Soc. Trans. 36, 1224–1231.

Carrell, D.T., 2011. Epigenetic marks in zebrafish sperm: insights into chromatin compaction, 
maintenance of pluripotency, and the role of the paternal genome after fertilization. Asian J. 
Androl. 13, 620–621. https://doi.org/10.1038/aja.2011.37.

Carrell, D.T., Hammoud, S.S., 2010. The human sperm epigenome and its potential role in em-
bryonic development. Mol. Hum. Reprod. 16, 37–47. https://doi.org/10.1093/molehr/gap090.

Cavalli, G., Heard, E., 2019. Advances in epigenetics link genetics to the environment and disease. 
Nature 571 (7766), 489–499. https://doi.org/10.1038/s41586-019-1411-0.

Champroux, A., Cocquet, J., Henry-Berger, J., Drevet, J.R., Kocer, A., 2018. A decade of exploring 
the mammalian sperm epigenome: paternal epigenetic and transgenerational inheritance. Front. 
Cell Dev. Biol. 6, 50. https://doi.org/10.3389/fcell.2018.00050.

Chatterjee, A., Ozaki, Y., Stockwell, P.A., Horsfield, J.A., Morison, I.M., Nakagawa, S., 2013. Map-
ping the zebrafish brain methylome using reduced representation bisulfite sequencing. Epi-
genetics 8, 979–989. https://doi.org/10.4161/epi.25797.

Chatterjee, A., Stockwell, P.A., Horsfield, J.A., Morison, I.M., Nakagawa, S., 2014. Base-resolution 
DNA methylation landscape of zebrafish brain and liver. Genom. Data 2, 342–344. https://doi.
org/10.1016/j.gdata.2014.10.008.

Chédin, F., 2011. The DNMT3 family of mammalian de novo DNA methyltransferases. In: Prog-
ress in Molecular Biology and Translational Science. Elsevier B.V, pp. 255–285, https://doi.
org/10.1016/B978-0-12-387685-0.00007-X.

Cheung, P., Vallania, F., Dvorak, M., Chang, S.E., Schaffert, S., Donato, M., Rao, A.M., Mao, R., Utz, 
P.J., Khatri, P., Kuo, A.J., 2018. Single-cell epigenetics—chromatin modification atlas unveiled 
by mass cytometry. Clin. Immunol. 196, 40–48. https://doi.org/10.1016/j.clim.2018.06.009.

Chimento, A., Casaburi, I., Bartucci, M., Patrizii, M., Dattilo, R., Avena, P., Ando, S., Pezzi, V., 
Sirianni, R., 2013. Selective GPER activation decreases proliferation and activates apoptosis in 
tumor Leydig cells. Cell Death Dis. 4. https://doi.org/10.1038/cddis.2013.275, e747.

Chowdhury, B., Cho, I.H., Irudayaraj, J., 2017. Technical advances in global DNA methylation 
analysis in human cancers. J. Biol. Eng. https://doi.org/10.1186/s13036-017-0052-9.

Crick, F., 1970. Central dogma of molecular biology. Nature 227, 561–563. https://doi.
org/10.1038/227561a0.

Dai, B., Giardina, C., Rasmussen, T.P., 2013. Quantitation of nucleosome acetylation and other 
histone posttranslational modifications using microscale NU-ELISA. Methods Mol. Biol. 981, 
167–176. https://doi.org/10.1007/978-1-62703-305-3_13.

Delaney, C., Garg, S.K., Yung, R., 2015. Analysis of DNA methylation by pyrosequencing. In: 
Methods in Molecular Biology. Humana Press Inc, pp. 249–264, https://doi.org/10.1007/978-
1-4939-2963-4_19.

Dhanasiri, A.K.S., Chen, X., Dahle, D., Siriyappagouder, P., Fæste, C.K., Fernandes, J.M.O., 2020. 
Dietary inclusion of plant ingredients induces epigenetic changes in the intestine of zebrafish. 
Epigenetics 15 (10), 1035–1051. https://doi.org/10.1080/15592294.2020.1747777.



The role of epigenetics in fish biology and reproduction Chapter | 3 97

Dong, X., Weng, Z., 2013. The correlation between histone modifications and gene expression. 
Epigenomics 5, 113–116. https://doi.org/10.2217/epi.13.13.

Duffié, R., Bourc’his, D., 2013. Parental epigenetic asymmetry in mammals. In: Current Topics in 
Developmental Biology. Academic Press Inc, pp. 293–328, https://doi.org/10.1016/B978-0-12-
416027-9.00009-7.

Eberharter, A., Becker, P.B., 2002. Histone acetylation: A switch between repressive and permis-
sive chromatin. Second in review on chromatin dynamics. EMBO Rep. 3, 224–229. https://doi.
org/10.1093/embo-reports/kvf053.

Falisse, E., Ducos, B., Stockwell, P.A., Morison, I.M., Chatterjee, A., Silvestre, F., 2018. DNA methyla-
tion and gene expression alterations in zebrafish early-life stages exposed to the antibacterial agent 
triclosan. Environ. Pollut. 243, 1867–1877. https://doi.org/10.1016/j.envpol.2018.10.004.

Fang, X., Corrales, J., Thornton, C., Scheffler, B.E., Willett, K.L., 2013. Global and gene specific 
DNA methylation changes during zebrafish development. Comp. Biochem. Physiol. B Bio-
chem. Mol. Biol. 166, 99–108. https://doi.org/10.1016/j.cbpb.2013.07.007.

Feil, R., Fraga, M.F., 2012. Epigenetics and the environment: emerging patterns and implications. 
Nat. Rev. Genet. 13, 97–109. https://doi.org/10.1038/nrg3142.

Felsenfeld, G., 2014. A brief history of epigenetics. Cold Spring Harb. Perspect. Biol. 6. https://doi.
org/10.1101/cshperspect.a018200.

Fernández-Díez, C., González-Rojo, S., Lombó, M., Herráez, M.P., 2016. Impact of sperm DNA 
damage and oocyte-repairing capacity on trout development. Reproduction 152, 57–67. https://
doi.org/10.1530/rep-16-0077.

Fernández-Díez, C., González-Rojo, S., Montfort, J., Le Cam, A., Bobe, J., Robles, V., Pérez-
Cerezales, S., Herráez, M.P., 2015. Inhibition of zygotic DNA repair: transcriptome analy-
sis of the off spring in trout (Oncorhynchus mykiss). Reproduction 149, 101–111. https://doi.
org/10.1530/REP-14-0382.

Fraga, M.F., Uriol, E., Diego, L.B., Berdasco, M., Esteller, M., Cañal, M.J., Rodríguez, R., 
2002. High-performance capillary electrophoretic method for the quantification of 5-methyl 
2′- deoxycytidine in genomic DNA: application to plant, animal and human cancer tissues. Elec-
trophoresis 23, 1677–1681. https://doi.org/10.1002/1522-2683(200206)23:11<1677::AID-
ELPS1677>3.0.CO;2-Z.

Gates, L.A., Shi, J., Rohira, A.D., Feng, Q., Zhu, B., Bedford, M.T., Sagum, C.A., Jung, S.Y., Qin, 
J., Tsai, M.J., Tsai, S.Y., Li, W., Foulds, C.E., O’Malley, B.W., 2017. Acetylation on histone 
H3 lysine 9 mediates a switch from transcription initiation to elongation. J. Biol. Chem. 292, 
14456–14472. https://doi.org/10.1074/jbc.M117.802074.

Gavery, M.R., Nichols, K.M., Goetz, G.W., Middleton, M.A., Swanson, P., 2018. Characteriza-
tion of genetic and epigenetic variation in sperm and red blood cells from adult hatchery and 
natural-origin steelhead, Oncorhynchus mykiss. G3 (Bethesda) 8, 3723–3736. https://doi.
org/10.1534/g3.118.200458.

Gavery, M.R., Roberts, S.B., 2017. Epigenetic considerations in aquaculture. PeerJ 2017. https://
doi.org/10.7717/peerj.4147.

Gombeau, K., Pereira, S., Ravanat, J.L., Camilleri, V., Cavalie, I., Bourdineaud, J.P., Adam- Guillermin, 
C., 2016. Depleted uranium induces sex- and tissue-specific methylation patterns in adult zebraf-
ish. J. Environ. Radioact. 154, 25–33. https://doi.org/10.1016/j.jenvrad.2016.01.004.

González-Rojo, S., Fernández-Díez, C., Guerra, S.M., Robles, V., Herraez, M.P., 2014a. Differential 
gene susceptibility to sperm DNA damage: analysis of developmental key genes in trout. PLoS 
One 9, 1–21. https://doi.org/10.1371/journal.pone.0114161.

González-Rojo, S., Fernández-Díez, C., Guerra, S.M., Robles, V., Herraez, M.P., 2014b. Differen-
tial gene susceptibility to sperm DNA damage: analysis of developmental key genes in trout. 
PLoS One 9 (12). https://doi.org/10.1371/journal.pone.0114161, e114161.



98 Cellular and molecular approaches in fish biology

González-Rojo, S., Lombó, M., Fernández-Díez, C., Herráez, M.P., 2019. Male exposure to bi-
sphenol a impairs spermatogenesis and triggers histone hyperacetylation in zebrafish testes. 
Environ. Pollut. 248, 368–379. https://doi.org/10.1016/j.envpol.2019.01.127.

Guo, H., Zhu, P., Guo, F., Li, X., Wu, X., Fan, X., Wen, L., Tang, F., 2015. Profiling DNA methy-
lome landscapes of mammalian cells with single-cell reduced-representation bisulfite sequenc-
ing. Nat. Protoc. 10, 645–659. https://doi.org/10.1038/nprot.2015.039.

Hales, B.F., Grenier, L., Lalancette, C., Robaire, B., 2011. Epigenetic programming: from gametes 
to blastocyst. Birth Defects Res. A Clin. Mol. Teratol. https://doi.org/10.1002/bdra.20781.

Hammond, S.A., Nelson, C.J., Helbing, C.C., 2016. Environmental influences on the epigenomes 
of herpetofauna and fish. Biochem. Cell Biol. 94, 95–100. https://doi.org/10.1139/bcb-2015-
0111.

Han, B., Li, W., Chen, Z., Xu, Q., Luo, J., Shi, Y., Li, X., Yan, X., Zhang, J., 2016. Variation of 
DNA methylome of zebrafish cells under cold pressure. PLoS One 11. https://doi.org/10.1371/
journal.pone.0160358, e0160358.

Han, L., Zhao, Z., 2008. Comparative analysis of CpG Islands in four fish genomes. Comp. Funct. 
Genomics 2008, 1–6. https://doi.org/10.1155/2008/565631. 565631.

Ho, S.M., Tang, W.Y., 2007. Techniques used in studies of epigenome dysregulation due to aber-
rant DNA methylation: an emphasis on fetal-based adult diseases. Reprod. Toxicol. 23 (3), 
267–282. https://doi.org/10.1016/j.reprotox.2007.01.004.

Holliday, R., 1987. The inheritance of epigenetic defects. Science 238, 163–170. https://doi.
org/10.1126/science.3310230.

Houwing, S., Kamminga, L.M., Berezikov, E., Cronembold, D., Girard, A., van den Elst, H., Filip-
pov, D.V., Blaser, H., Raz, E., Moens, C.B., Plasterk, R.H.A., Hannon, G.J., Draper, B.W., 
Ketting, R.F., 2007. A role for Piwi and pi RNAs in germ cell maintenance and transposon 
silencing in zebrafish. Cell 129, 69–82. https://doi.org/10.1016/j.cell.2007.03.026.

Howe, K., Clark, M.D., Torroja, C.F., Torrance, J., Berthelot, C., Muffato, M., Collins, J.E., Hum-
phray, S., McLaren, K., Matthews, L., McLaren, S., Sealy, I., Caccamo, M., Churcher, C., 
Scott, C., Barrett, J.C., Koch, R., Rauch, G.-J., White, S., Chow, W., Kilian, B., Quintais, L.T., 
Guerra-Assunção, J.A., Zhou, Y., Gu, Y., Yen, J., Vogel, J.-H., Eyre, T., Redmond, S., Banerjee, 
R., Chi, J., Fu, B., Langley, E., Maguire, S.F., Laird, G.K., Lloyd, D., Kenyon, E., Donaldson, 
S., Sehra, H., Almeida-King, J., Loveland, J., Trevanion, S., Jones, M., Quail, M., Willey, D., 
Hunt, A., Burton, J., Sims, S., McLay, K., Plumb, B., Davis, J., Clee, C., Oliver, K., Clark, 
R., Riddle, C., Elliot, D., Eliott, D., Threadgold, G., Harden, G., Ware, D., Begum, S., Morti-
more, B., Mortimer, B., Kerry, G., Heath, P., Phillimore, B., Tracey, A., Corby, N., Dunn, M., 
Johnson, C., Wood, J., Clark, S., Pelan, S., Griffiths, G., Smith, M., Glithero, R., Howden, P., 
Barker, N., Lloyd, C., Stevens, C., Harley, J., Holt, K., Panagiotidis, G., Lovell, J., Beasley, H., 
Henderson, C., Gordon, D., Auger, K., Wright, D., Collins, J., Raisen, C., Dyer, L., Leung, K., 
Robertson, L., Ambridge, K., Leongamornlert, D., McGuire, S., Gilderthorp, R., Griffiths, C., 
Manthravadi, D., Nichol, S., Barker, G., Whitehead, S., Kay, M., Brown, J., Murnane, C., Gray, 
E., Humphries, M., Sycamore, N., Barker, D., Saunders, D., Wallis, J., Babbage, A., Hammond, 
S., Mashreghi-Mohammadi, M., Barr, L., Martin, S., Wray, P., Ellington, A., Matthews, N., 
Ellwood, M., Woodmansey, R., Clark, G., Cooper, J.D., Cooper, J., Tromans, A., Grafham, D., 
Skuce, C., Pandian, R., Andrews, R., Harrison, E., Kimberley, A., Garnett, J., Fosker, N., Hall, 
R., Garner, P., Kelly, D., Bird, C., Palmer, S., Gehring, I., Berger, A., Dooley, C.M., Ersan-
Ürün, Z., Eser, C., Geiger, H., Geisler, M., Karotki, L., Kirn, A., Konantz, J., Konantz, M., 
Oberländer, M., Rudolph-Geiger, S., Teucke, M., Lanz, C., Raddatz, G., Osoegawa, K., Zhu, 
B., Rapp, A., Widaa, S., Langford, C., Yang, F., Schuster, S.C., Carter, N.P., Harrow, J., Ning, 
Z., Herrero, J., Searle, S.M.J., Enright, A., Geisler, R., Plasterk, R.H.A., Lee, C., Westerfield, 



The role of epigenetics in fish biology and reproduction Chapter | 3 99

M., de Jong, P.J., Zon, L.I., Postlethwait, J.H., Nüsslein-Volhard, C., Hubbard, T.J.P., Roest 
Crollius, H., Rogers, J., Stemple, D.L., 2013. The zebrafish reference genome sequence and its 
relationship to the human genome. Nature 496, 498–503. https://doi.org/10.1038/nature12111.

Hyun, K., Jeon, J., Park, K., Kim, J., 2017. Writing, erasing and reading histone lysine methylations. 
Exp. Mol. Med. 49, e324. https://doi.org/10.1038/emm.2017.11.

Jammes, H., Junien, C., Chavatte-Palmer, P., 2011. Epigenetic control of development and expres-
sion of quantitative traits. In: Reproduction, Fertility and Development, pp. 64–74, https://doi.
org/10.1071/RD10259.

Jatllon, O., Aury, J.M., Brunet, F., Petit, J.L., Stange-Thomann, N., Maucell, E., Bouneau, L., Fisch-
er, C., Ozouf-Costaz, C., Bernot, A., Nicaud, S., Jaffe, D., Fisher, S., Lutfalla, G., Dossat, C., 
Segurens, B., Dasilva, C., Salanoubat, M., Levy, M., Houdet, N., Castellano, S., Anthouard, 
V., Jubin, C., Castelli, V., Katinka, M., Vacherie, B., Blémont, C., Skalli, Z., Cattolico, L., 
Poulain, J., De Berardinis, V., Cruaud, C., Dupart, S., Brottler, P., Coutanceau, J.P., Gouzy, J., 
Parra, G., Lardier, G., Chapple, C., McKernan, K.J., McEwan, P., Bosak, S., Kellis, M., Volff, 
J.N., Gulgó, R., Zody, M.C., Mesirov, J., Lindblad-Toh, K., Birren, B., Nusbaum, C., Kahn, D., 
Robinson-Rechavi, M., Laudet, V., Schachter, V., Quétler, F., Saurin, W., Scarpeill, C., Wincker, 
P., Lander, E.S., Weissenbach, J., Roest Crollius, H., 2004. Genome duplication in the teleost 
fish Tetraodon nigroviridis reveals the early vertebrate proto-karyotype. Nature 431, 946–957. 
https://doi.org/10.1038/nature03025.

Jiang, L., Zhang, J., Wang, J.J., Wang, L., Zhang, L., Li, G., Yang, X., Ma, X., Sun, X., Cai, J., 
Zhang, J., Huang, X., Yu, M., Wang, X., Liu, F., Wu, C.I., He, C., Zhang, B., Ci, W., Liu, J., 
2013. Sperm, but not oocyte, DNA methylome is inherited by zebrafish early embryos. Cell 
153, 773–784. https://doi.org/10.1016/j.cell.2013.04.041.

Jones, P.A., 2012. Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat. 
Rev. Genet. 13 (7), 484–492. https://doi.org/10.1038/nrg3230.

Joshi, M., Rajender, S., 2020. Long non-coding RNAs (lncRNAs) in spermatogenesis and male 
infertility. Reprod. Biol. Endocrinol. 18 (1), 103. https://doi.org/10.1186/s12958-020-00660-6.

Kamstra, J.H., Aleström, P., Kooter, J.M., Legler, J., 2015. Zebrafish as a model to study the role 
of DNA methylation in environmental toxicology. Environ. Sci. Pollut. Res. 22, 16262–16276. 
https://doi.org/10.1007/s11356-014-3466-7.

Karimi, M., Johansson, S., Stach, D., Corcoran, M., Grandér, D., Schalling, M., Bakalkin, G., 
Lyko, F., Larsson, C., Ekström, T.J., 2006. LUMA (LUminometric methylation assay)-a high 
throughput method to the analysis of genomic DNA methylation. Exp. Cell Res. 312, 1989–
1995. https://doi.org/10.1016/j.yexcr.2006.03.006.

Karimi, M., Luttropp, K., Ekström, T.J., 2011. Global DNA methylation analysis using the lumi-
nometric methylation assay. Methods Mol. Biol. 791, 135–144. https://doi.org/10.1007/978-1-
61779-316-5_11.

Kebede, A.F., Schneider, R., Daujat, S., 2015. Novel types and sites of histone modifications 
emerge as players in the transcriptional regulation contest. FEBS J. 282, 1658–1674. https://
doi.org/10.1111/febs.13047.

Kimura, H., 2013. Histone modifications for human epigenome analysis. J. Hum. Genet. 58 (7), 
439–445. https://doi.org/10.1038/jhg.2013.66.

Kohli, R.M., Zhang, Y., 2013. TET enzymes, TDG and the dynamics of DNA demethylation. Nature 
502 (7472), 472–479. https://doi.org/10.1038/nature12750.

Konstantinidis, I., Sætrom, P., Mjelle, R., Nedoluzhko, A.V., Robledo, D., Fernandes, J.M.O., 2020. 
Major gene expression changes and epigenetic remodelling in Nile tilapia muscle after just 
one generation of domestication. Epigenetics, 1–16. https://doi.org/10.1080/15592294.2020.
1748914.



100 Cellular and molecular approaches in fish biology

Kurdyukov, S., Bullock, M., 2016. DNA methylation analysis: choosing the right method. Biology 
(Basel) 5 (1), 3. https://doi.org/10.3390/biology5010003.

Labbé, C., Robles, V., Herraez, M.P., 2017. Epigenetics in fish gametes and early embryo. Aquacul-
ture 472, 93–106. https://doi.org/10.1016/J.AQUACULTURE.2016.07.026.

Laing, L.V., Viana, J., Dempster, E.L., Trznadel, M., Trunkfield, L.A., Uren Webster, T.M., van 
Aerle, R., Paull, G.C., Wilson, R.J., Mill, J., Santos, E.M., 2016. Bisphenol A causes reproduc-
tive toxicity, decreases dnmt 1 transcription, and reduces global DNA methylation in breeding 
zebrafish (Danio rerio). Epigenetics 11, 526–538. https://doi.org/10.1080/15592294.2016.11
82272.

Lawrence, M., Daujat, S., Schneider, R., 2016. Lateral thinking: how histone modifications regulate 
gene expression. Trends Genet. 32 (1), 42–56. https://doi.org/10.1016/j.tig.2015.10.007.

Lee, C.Y., Grant, P.A., 2018. Role of histone acetylation and acetyltransferases in gene regula-
tion. In: Toxicoepigenetics: Core Principles and Applications. Elsevier, pp. 3–30, https://doi.
org/10.1016/B978-0-12-812433-8.00001-0.

Lee, H.J., Lowdon, R.F., Maricque, B., Zhang, B., Stevens, M., Li, D., Johnson, S.L., Wang, T., 
2015. Developmental enhancers revealed by extensive DNA methylome maps of zebrafish 
early embryos. Nat. Commun. 6, 6315. https://doi.org/10.1038/ncomms7315.

Lindeman, L.C., Andersen, I.S., Reiner, A.H., Li, N., Aanes, H., Østrup, O., Winata, C., Mathavan, 
S., Müller, F., Aleström, P., Collas, P., 2011. Prepatterning of developmental gene expression 
by modified histones before zygotic genome activation. Dev. Cell 21, 993–1004. https://doi.
org/10.1016/j.devcel.2011.10.008.

Lindeman, L.C., Winata, C.L., Håvard, A., Sinnakaruppan, M., Aleström, P., Collas, P., 2010. Chro-
matin states of developmentally-regulated genes revealed by DNA and histone methylation pat-
terns in zebrafish embryos. Int. J. Dev. Biol. 54, 803–813. https://doi.org/10.1387/ijdb.103081ll.

Liu, Z.-Y., Xing, J.-F., Chen, W., Luan, M.-W., Xie, R., Huang, J., Xie, S.-Q., Xiao, C.-L., 2019. 
MDR: an integrative DNA N6-methyladenine and N4-methylcytosine modification database 
for Rosaceae. Hortic. Res. 6, 78. https://doi.org/10.1038/s41438-019-0160-4.

Liu, Y., Yuan, C., Chen, S., Zheng, Y., Zhang, Y., Gao, J., Wang, Z., 2014. Global and cyp 19a1a gene 
specific DNA methylation in gonads of adult rare minnow Gobiocypris rarus under bisphenol 
A exposure. Aquat. Toxicol. 156, 10–16. https://doi.org/10.1016/j.aquatox.2014.07.017.

Lombó, M., Fernández-díez, C., González-rojo, S., Herráez, M.P., 2019a. Genetic and epigenetic 
alterations induced by bisphenol A exposure during different periods of spermatogenesis : from 
spermatozoa to the progeny. Sci. Rep. 1–13. https://doi.org/10.1038/s41598-019-54368-8.

Lombó, M., Fernández-Díez, C., González-Rojo, S., Navarro, C., Robles, V., Herráez, M.P., 2015. 
Transgenerational inheritance of heart disorders caused by paternal bisphenol A exposure. En-
viron. Pollut. 206, 667–678. https://doi.org/10.1016/j.envpol.2015.08.016.

Lombó, M., González-Rojo, S., Fernández-Díez, C., Herráez, M.P., 2019b. Cardiogenesis impair-
ment promoted by bisphenol A exposure is successfully counteracted by epigallocatechin gal-
late. Environ. Pollut. 246, 1008–1019. https://doi.org/10.1016/j.envpol.2019.01.004.

Luk, A.C.S., Chan, W.Y., Rennert, O.M., Lee, T.L., 2014. Long noncoding RNAs in spermatogen-
esis: insights from recent high-throughput transcriptome studies. Reproduction 147 (5), R131–
R141. https://doi.org/10.1530/REP-13-0594.

Lyko, F., 2018. The DNA methyltransferase family: a versatile toolkit for epigenetic regulation. Nat. 
Rev. Genet. 19 (2), 81–92. https://doi.org/10.1038/nrg.2017.80.

Marandel, L., Lepais, O., Arbenoits, E., Véron, V., Dias, K., Zion, M., Panserat, S., 2016. Remod-
elling of the hepatic epigenetic landscape of glucose-intolerant rainbow trout (Oncorhyn-
chus mykiss) by nutritional status and dietary carbohydrates. Sci. Rep. 6, 32187. https://doi.
org/10.1038/srep32187.



The role of epigenetics in fish biology and reproduction Chapter | 3 101

Marmorstein, R., Trievel, R.C., 2009. Histone modifying enzymes: structures, mechanisms, 
and specificities. Biochim. Biophys. Acta, Gene Regul. Mech. 1789 (1), 58–68. https://doi.
org/10.1016/j.bbagrm.2008.07.009.

McCarrey, J.R., 2014. Distinctions between transgenerational and non-transgenerational epimuta-
tions. Mol. Cell. Endocrinol. 398, 13–23. https://doi.org/10.1016/j.mce.2014.07.016.

Meissner, A., Gnirke, A., Bell, G.W., Ramasahoye, B., Lander, E.S., Jaenisch, R., 2005. Reduced 
representation bisulfite sequencing for comparative high-resolution DNA methylation analysis. 
Nucleic Acids Res. 33, 5868–5877. https://doi.org/10.1093/nar/gki901.

Mohsen, K., Johansson, S., Ekström, T.J., Karimi, M., 2006. Using LUMA: a luminometric-based 
assay for global DNA-methylation. Epigenetics 1, 45–48. https://doi.org/10.4161/epi.1.1.2587.

Moore, L.D., Le, T., Fan, G., 2013. DNA methylation and its basic function. Neuropsychopharma-
cology 38, 23–38. https://doi.org/10.1038/npp.2012.112.

Mudbhary, R., Sadler, K.C., 2011. Epigenetics, development, and cancer: zebrafish make their ARK. 
Birth Defects Res. C Embryo Today 93 (2). https://doi.org/10.1002/bdrc.20207, 21671358.

Muret, K., Désert, C., Lagoutte, L., Boutin, M., Gondret, F., Zerjal, T., Lagarrigue, S., 2019. Long 
noncoding RNAs in lipid metabolism: literature review and conservation analysis across spe-
cies. BMC Genomics 20 (1), 882. https://doi.org/10.1186/s12864-019-6093-3.

Murphy, P.J., Wu, S.F., James, C.R., Wike, C.L., Cairns, B.R., 2018. Placeholder nucleosomes un-
derlie germline-to-embryo DNA methylation reprogramming. Cell 172, 993–1006.e13. https://
doi.org/10.1016/j.cell.2018.01.022.

Nakato, R., Sakata, T., 2020. Methods for ChIP-seq analysis: a practical workflow and advanced 
applications. Methods 187, 44–53. https://doi.org/10.1016/j.ymeth.2020.03.005.

Navarro-Martín, L., Viñas, J., Ribas, L., Díaz, N., Gutiérrez, A., Di Croce, L., Piferrer, F., 2011. 
DNA methylation of the gonadal aromatase (cyp 19a) promoter is involved in temperature-
dependent sex ratio shifts in the European sea bass. PLoS Genet. 7. https://doi.org/10.1371/
journal.pgen.1002447, e1002447.

Noordermeer, D., Duboule, D., 2013. Chromatin architectures and Hox gene collinearity. In: Current 
Topics in Developmental Biology. Academic Press Inc, pp. 113–148, https://doi.org/10.1016/
B978-0-12-416027-9.00004-8.

Olsvik, P.A., Whatmore, P., Penglase, S.J., Skjærven, K.H., Anglès d’Auriac, M., Ellingsen, S., 
2019. Associations between behavioral effects of bisphenol A and DNA methylation in zebraf-
ish embryos. Front. Genet. 10, 184. https://doi.org/10.3389/fgene.2019.00184.

Ortega-Recalde, O., Goikoetxea, A., Hore, T.A., Todd, E.V., Gemmell, N.J., 2020. The genetics and 
epigenetics of sex change in fish. Annu. Rev. Anim. Biosci. 8, 47–69. https://doi.org/10.1146/
annurev-animal-021419-083634.

Partolina, M., Thoms, H.C., MacLeod, K.G., Rodriguez-Blanco, G., Clarke, M.N., Venkatasubra-
mani, A.V., Beesoo, R., Larionov, V., Neergheen-Bhujun, V.S., Serrels, B., Kimura, H., Car-
ragher, N.O., Kagansky, A., 2017. Global histone modification fingerprinting in human cells 
using epigenetic reverse phase protein array. Cell Death Dis. 3, 16077. https://doi.org/10.1038/
cddiscovery.2016.77.

Perera, E., Turkmen, S., Simó-Mirabet, P., Zamorano, M.J., Xu, H., Naya-Català, F., Izquierdo, M., 
Pérez-Sánchez, J., 2020. Stearoyl-CoA desaturase (scd1a) is epigenetically regulated by brood-
stock nutrition in gilthead sea bream (Sparus aurata). Epigenetics 15, 536–553. https://doi.org
/10.1080/15592294.2019.1699982.

Pérez-Cerezales, S., Gutiérrez-Adán, A., Martínez-Páramo, S., Beirão, J., Herráez, M.P., 2011. Al-
tered gene transcription and telomere length in trout embryo and larvae obtained with DNA 
cryodamaged sperm. Theriogenology 76, 1234–1245. https://doi.org/10.1016/j.theriogenol-
ogy.2011.05.028.



102 Cellular and molecular approaches in fish biology

Pérez-Cerezales, S., Martínez-Páramo, S., Beirão, J., Herráez, M.P., 2010. Evaluation of DNA dam-
age as a quality marker for rainbow trout sperm cryopreservation and use of LDL as cryopro-
tectant. Theriogenology 74, 282–289. https://doi.org/10.1016/j.theriogenology.2010.02.012.

Piferrer, F., Anastasiadi, D., Valdivieso, A., Sánchez-Baizán, N., Moraleda-Prados, J., Ribas, L., 
2019. The model of the conserved epigenetic regulation of sex. Front. Genet. 10, 857. https://
doi.org/10.3389/fgene.2019.00857.

Potok, M.E., Nix, D.A., Parnell, T.J., Cairns, B.R., 2013. Reprogramming the maternal zebrafish 
genome after fertilization to match the paternal methylation pattern. Cell 153, 759–772. https://
doi.org/10.1016/j.cell.2013.04.030.

Qian, Y., Ji, C., Yue, S., Zhao, M., 2019. Exposure of low-dose fipronil enantioselectively induced 
anxiety-like behavior associated with DNA methylation changes in embryonic and larval ze-
brafish. Environ. Pollut. 249, 362–371. https://doi.org/10.1016/j.envpol.2019.03.038.

Quinn, A.M., Simeonov, A., 2011. Methods for activity analysis of the proteins that regulate histone 
methylation. Curr. Chem. Genom. 5 (Suppl 1), 95–105. https://doi.org/10.2174/18753973010
05010095.

Ramsahoye, B.H., Biniszkiewicz, D., Lyko, F., Clark, V., Bird, A.P., Jaenisch, R., 2000. Non-
CpG methylation is prevalent in embryonic stem cells and may be mediated by DNA meth-
yltransferase 3a. Proc. Natl. Acad. Sci. U. S. A. 97, 5237–5242. https://doi.org/10.1073/
pnas.97.10.5237.

Robles, V., Valcarce, D.G., Riesco, M.F., 2019. Non-coding RNA regulation in reproduction: their 
potential use as biomarkers. Non-coding RNA Res. 4 (2), 54–62. https://doi.org/10.1016/j.
ncrna.2019.04.001.

Santos-Pereira, J.M., Gallardo-Fuentes, L., Neto, A., Acemel, R.D., Tena, J.J., 2019. Pioneer and 
repressive functions of p63 during zebrafish embryonic ectoderm specification. Nat. Commun. 
10, 1–13. https://doi.org/10.1038/s41467-019-11121-z.

Sävilammi, T., Papakostas, S., Leder, E.H., Vøllestad, L.A., Debes, P.V., Primmer, C.R., 2020. Cy-
tosine methylation patterns suggest a role of methylation in plastic and adaptive responses 
to temperature in European grayling (Thymallus thymallus) populations. Epigenetics, 1–18. 
https://doi.org/10.1080/15592294.2020.1795597.

Seidl, M.F., 2017. Adenine N6-methylation in diverse fungi. Nat. Genet. 49 (6), 823–824. https://
doi.org/10.1038/ng.3873.

Singleman, C., Holtzman, N.G., 2012. Analysis of postembryonic heart development and maturation 
in the zebrafish, Danio rerio. Dev. Dyn. 241, 1993–2004. https://doi.org/10.1002/dvdy.23882.

Skinner, M.K., 2015. Environmental epigenetics and a unified theory of the molecular aspects of 
evolution: a neo-Lamarckian concept that facilitates neo-Darwinian evolution. Genome Biol. 
Evol. 7, 1296–1302. https://doi.org/10.1093/gbe/evv073.

Skvortsova, K., Stirzaker, C., Taberlay, P., 2019a. The DNA methylation landscape in cancer. Essays 
Biochem. 63 (6), 797–811. https://doi.org/10.1042/EBC20190037.

Skvortsova, K., Tarbashevich, K., Stehling, M., Lister, R., Irimia, M., Raz, E., Bogdanovic, O., 
2019b. Retention of paternal DNA methylome in the developing zebrafish germline. Nat. Com-
mun. 10, 3054. https://doi.org/10.1038/s41467-019-10895-6.

Smallwood, S.A., Kelsey, G., 2012. De novo DNA methylation: a germ cell perspective. Trends 
Genet. 28 (1), 33–42. https://doi.org/10.1016/j.tig.2011.09.004.

Smith, Z.D., Chan, M.M., Mikkelsen, T.S., Gu, H., Gnirke, A., Regev, A., Meissner, A., 2012. A 
unique regulatory phase of DNA methylation in the early mammalian embryo. Nature 484, 
339–344. https://doi.org/10.1038/nature10960.

Smith, Z.D., Meissner, A., 2013. DNA methylation: roles in mammalian development. Nat. Rev. 
Genet. 14, 204–220. https://doi.org/10.1038/nrg3354.



The role of epigenetics in fish biology and reproduction Chapter | 3 103

Soubry, A., Hoyo, C., Jirtle, R.L., Murphy, S.K., 2014. A paternal environmental legacy: evidence 
for epigenetic inheritance through the male germ line. Bioessays 36, 359–371. https://doi.
org/10.1002/bies.201300113.

Stefani, G., Slack, F.J., 2008. Small non-coding RNAs in animal development. Nat. Rev. Mol. Cell 
Biol. 9 (3), 219–230. https://doi.org/10.1038/nrm2347.

Strahl, B.D., Allis, C.D., 2000. The language of covalent histone modifications. Nature 403, 41–45. 
https://doi.org/10.1038/47412.

Streisinger, G., Walker, C., Dower, N., Knauber, D., Singer, F., 1981. Production of clones of 
homozygous diploid zebra fish (Brachydanio rerio). Nature 291, 293–296. https://doi.
org/10.1038/291293a0.

Susiarjo, M., Bartolomei, M.S., 2014. You are what you eat, but what about your DNA? Science 345 
(6198), 733–734. https://doi.org/10.1126/science.1258654.

Taylor, K.H., Shi, H., Caldwell, C.W., 2010. Next generation sequencing: advances in character-
izing the methylome. Genes (Basel) 1, 143–165. https://doi.org/10.3390/genes1020143.

Teng, M., Chen, X., Wang, C., Song, M., Zhang, J., Bi, S., Wang, C., 2020. Life cycle exposure to propi-
conazole reduces fecundity by disrupting the steroidogenic pathway and altering DNA methylation 
in zebrafish (Danio rerio). Environ. Int. 135, 105384. https://doi.org/10.1016/j.envint.2019.105384.

Todd, E.V., Ortega-Recalde, O., Liu, H., Lamm, M.S., Rutherford, K.M., Cross, H., Black, M.A., 
Kardailsky, O., Marshall Graves, J.A., Hore, T.A., Godwin, J.R., Gemmell, N.J., 2019. Stress, 
novel sex genes, and epigenetic reprogramming orchestrate socially controlled sex change. Sci. 
Adv. 5 (7). https://doi.org/10.1126/sciadv.aaw7006, eaaw7006.

Uren Webster, T.M., Rodriguez-Barreto, D., Martin, S.A.M., Van Oosterhout, C., Orozco- terWengel, 
P., Cable, J., Hamilton, A., Garcia De Leaniz, C., Consuegra, S., 2018. Contrasting effects of 
acute and chronic stress on the transcriptome, epigenome, and immune response of Atlantic 
salmon. Epigenetics 13, 1191–1207. https://doi.org/10.1080/15592294.2018.1554520.

Valdivieso, A., Ribas, L., Monleón-Getino, A., Orbán, L., Piferrer, F., 2020. Exposure of zebrafish 
to elevated temperature induces sex ratio shifts and alterations in the testicular epigenome of 
unexposed offspring. Environ. Res. 186, 109601. https://doi.org/10.1016/j.envres.2020.109601.

Varriale, A., 2014. DNA methylation, epigenetics, and evolution in vertebrates: facts and challeng-
es. Int. J. Evol. Biol. 2014, 1–7. https://doi.org/10.1155/2014/475981.

Vickers, M.H., 2014. Early life nutrition, epigenetics and programming of later life disease. Nutri-
ents 6, 2165–2178. https://doi.org/10.3390/nu6062165.

Villar-Garea, A., Israel, L., Imhof, A., 2008. Analysis of histone modifications by mass spectrom-
etry. Curr. Protoc. Protein Sci. 92 (1). https://doi.org/10.1002/0471140864.ps1410s51, e54.

Waddington, C.H., 1957. The Strategy of the Genes; A Discussion of some Aspects of Theoretical 
Biology. Allen & Unwin.

Wang, S.Y., Lau, K., Lai, K.P., Zhang, J.W., Tse, A.C.K., Li, J.W., Tong, Y., Chan, T.F., Wong, 
C.K.C., Chiu, J.M.Y., Au, D.W.T., Wong, A.S.T., Kong, R.Y.C., Wu, R.S.S., 2016. Hypoxia 
causes transgenerational impairments in reproduction of fish. Nat. Commun. 7, 12114. https://
doi.org/10.1038/ncomms12114.

Wei, J.W., Huang, K., Yang, C., Kang, C.S., 2017. Non-coding RNAs as regulators in epigenetics. 
Oncol. Rep. 37, 3–9. https://doi.org/10.3892/or.2016.5236.

Wu, S.-F., Zhang, H., Cairns, B.R., 2011. Genes for embryo development are packaged in blocks of 
multivalent chromatin in zebrafish sperm. Genome Res. 21, 578–589. https://doi.org/10.1101/
gr.113167.110.

Xing, H., Wang, C., Wu, H., Chen, D., Li, S., Xu, S., 2014. Effects of atrazine and chlorpyrifos on 
DNA methylation in the brain and gonad of the common carp. Comp. Biochem. Physiol., Part 
C: Toxicol. Pharmacol. 168, 11–19. https://doi.org/10.1016/j.cbpc.2014.11.002.



104 Cellular and molecular approaches in fish biology

Zachary Ostrow, A., Viggiani, C.J., Aparicio, J.G., Aparicio, O.M., 2015. ChIP-Seq to analyze the 
binding of replication proteins to chromatin. Methods Mol. Biol. 1300, 155–168. https://doi.
org/10.1007/978-1-4939-2596-4_11.

Zhang, T., Cooper, S., Brockdorff, N., 2015. The interplay of histone modifications—writers that 
read. EMBO Rep. 16, 1467–1481. https://doi.org/10.15252/embr.201540945.

Zhang, M., Yang, S., Nelakanti, R., Zhao, W., Liu, G., Li, Z., Liu, X., Wu, T., Xiao, A., Li, H., 2020. 
Mammalian ALKBH1 serves as an N 6-mA demethylase of unpairing DNA. Cell Res. 30, 
197–210. https://doi.org/10.1038/s41422-019-0237-5.

Further reading

Lombó, M., Herráez, M.P., 2021. Paternal Inheritance of Bisphenol A Cardiotoxic Effects: The 
Implications of Sperm Epigenome. Int. J. Mol. Sci. 20, 2125. https://doi.org/10.3390/
ijms22042125.

   



105
Cellular and Molecular Approaches in Fish Biology. https://doi.org/10.1016/B978-0-12-822273-7.00012-4
Copyright © 2022 Elsevier Inc. All rights reserved.

Chapter 4

Noncoding RNAs in fish 
physiology and development: 
miRNAs as a cornerstone in gene 
networks

Francisco Javier Toledo Solísa, Jorge M.O. Fernandesb,  
Elena Sarropoulouc, and Ignacio Fernández Monzónd

aConsejo Nacional de Ciencia y Tecnología (CONACYT), Universidad de Ciencias y Artes de 
Chiapas, Tuxtla, Mexico, bGenomics Division, Faculty of Biosciences and Aquaculture, Nord 
University, Bodø, Norway, cInstitute of Marine Biology, Biotechnology and Aquaculture, Hellenic 
Centre for Marine Research, Iraklion, Crete, Greece, dCenter for Aquaculture Research, Agrarian 
Technological Institute of Castile and Leon, Valladolid, Spain

1. Noncoding RNAs

Since the discovery of the first small noncoding RNAs (ncRNAs) by both Lee 
et al. (1993) and Wightman et al. (1993), the scientific community made a huge 
research effort to unveil the biological implications of these molecules. For 
years, the central dogma proposed by Crick, where DNA replication, DNA tran-
scription to mRNA, and mRNA translation to proteins, explained any biological 
process and/or species evolution (Crick, 1970). Currently, it is estimated that 
only 2% of the mammalian DNA encodes for proteins, while the other remain-
ing DNA are noncoding sequences (The ENCODE Consortium, 2004). This 
98%, previously known as “junk” DNA, has been progressively characterized 
during the last decades. Some noncoding and nontranscribed DNA sequences 
are known to harbor basic information to regulate the transcription of protein-
coding genes (e.g., promoters, enhancers, insulators, etc.; reviewed by Riethoven 
(2010)). Other sequences, although not coding for proteins, are indeed consti-
tutively transcribed and essential to assist on protein-coding genes translation 
(e.g., ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs); Ramakrishnan, 
2002). Many other ncRNAs control key biological processes such as mRNA 
posttranscriptional regulation, degradation and stability, silence retrotransposon 
elements, and/or govern the transcription of mRNAs through epigenetic mecha-
nisms (see later). The identification, quantification, and functional characteriza-
tion of these ncRNAs, revealing their central role on the  complex and tightly 
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regulated processes sustaining life, were only possible thanks to an everlast-
ing improvement of biotechnological approaches at the cellular and molecular 
levels. Particularly, with the advent of the high-throughput sequencing tech-
nologies, the notion that the protein-coding region was sufficient to explain the 
complexity of higher multicellular organisms was progressively turned down.

Among the ncRNAs, two main classes can be considered based on their 
function: structural and regulatory RNAs (Zhang et al., 2019a). Although both 
are required for the normal proliferation, differentiation, function, and viability 
of the cells, structural (or housekeeping) ncRNAs are normally constitutively 
expressed and include tRNAs, rRNAs, small nuclear RNAs (snRNAs), small 
nucleolar RNAs (snoRNAs), telomerase RNA (TERC), tRNA-derived frag-
ments (tRF), and tRNA halves (tiRNA). In contrast, regulatory ncRNAs are 
differentially transcribed depending on the cell cycle, developmental stage, and/
or in response to diverse endogenous/exogenous stimuli. They can be further 
categorized in distinct groups depending on their sequence length: mainly in 
microRNA (miRNA), small interfering RNA (siRNA), piwi-interacting RNA 
(piRNA), and long noncoding RNAs (lncRNA), including enhancer RNA 
(eRNA) and/or circular RNA (circRNA), among others. LncRNAs have been 
mechanistically characterized and may be also distinguished by their biogen-
esis loci in intergenic lncRNAs (lincRNAs), intronic lncRNAs, enhancer RNAs, 
and/or antisense RNAs (Fang and Fullwood, 2016).

The main features, biogenesis, and mechanisms of action of the best-known 
classes of regulatory ncRNAs are briefly described as follows. Small interfer-
ing RNAs (siRNAs) are linear double-stranded RNA (21–23 nt) perfectly base 
paired, containing a mRNA target sequence (sense strand) and its complement 
(antisense active strand; McManus and Sharp, 2002). SiRNAs are Dicer endo-
nuclease processed and loaded onto the RNA-induced silencing complex (RISC) 
to silence mRNA targets. They have been used as biotechnological approaches 
to treat human diseases, as a gene knockdown method for functional analy-
sis in developmental biology, or even as a strategy to control viral diseases in 
farmed fish (e.g., Shinya et al., 2013; Wittrup and Lieberman, 2015). MiRNAs 
are the most extensively studied small ncRNAs. The originally transcribed pre-
miRNAs are forming distinctive hairpin structures and are further sequentially 
processed by Drosha and Dicer into the mature (functional) miRNAs. They are 
around 18–24 nt single-stranded molecules that finally interact with Argonaute 
(Ago) proteins to form the RISC and pair with the target mRNAs (reviewed in 
Ha and Kim, 2014). The biogenesis and mechanisms of action of miRNAs will 
be described in detail in the next section.

P-element-induced wimpy testis (PIWI)-interacting RNAs (piRNAs) are 
24–31 nt length single-strand sequences, whose primary role is to silence trans-
posable elements (TEs) in the germline of animals (recently reviewed in Ramat 
and Simonelig, 2021). The insertion or transposition of TEs within the genome 
represents a threat to its integrity and may induce gene disruption. Curiously, 
the genes from the piRNA pathway have evolved very rapidly in teleosts, likely 
to adapt to the higher diversity of transposons in these fish species (Yi et al., 
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2014). In addition to silence TEs, recent studies provided evidence of piRNAs 
having a gene regulation function. Through base pairing with mRNA targets, 
piRNAs can cleavage, stabilize, and/or activate their translation, central to the 
evolutionary conserved maternal mRNA decay during the maternal-to-zygotic 
transition (Ramat and Simonelig, 2021).

LncRNAs (> 200 nt) are quite heterogeneous regarding their localization 
(from the nucleus to cytoplasm) or the presence of a polyA tail (reviewed in 
Fatica and Bozzoni, 2014), and showed a relative low degree of conservation 
between mammals and fish (Basu et al., 2013). LncRNAs are central in gene 
expression control during both developmental and differentiation processes. At 
the nuclear level, through repressive heterochromatin formation and/or by acting 
as decoys for transcription factors, and in the cytoplasm by modulating mRNA 
translation through direct complementary pairing with mRNA targets and/or by 
sequestering specific miRNAs. Particular classes of lncRNA are the eRNAs and 
the circRNAs. eRNAs gene regulation is through chromatin environment altera-
tion and the interaction with transcriptional regulators, but they also control RNA 
processing and translation (reviewed in Sartorelli and Lauberth, 2020). They are 
recognized by having a histone methylation signature. More particularly, eRNAs 
are originated from DNA regions extremely rich in the co-occurrence of histone 
H3 lysine 4 monomethylation (H3K4me1) and histone H3 lysine 27 acetylation 
(H3K27ac). In contrast, circRNAs have their 3′ and 5′ ends not free but cova-
lently joined, which make them different from other lncRNAs and extremely 
resistant to deadenylation, decapping, and degradation (reviewed in Kristensen 
et al., 2019). They exert important biological functions acting as microRNA or 
protein inhibitors (“sponges”), including in fish species (Rbbani et al., 2021).

2. Biogenesis and mechanisms of action of miRNAs

The most studied class of regulatory small ncRNAs is the miRNAs. Their bio-
genesis, functions, and mechanisms of action have beeen thoroughly reviewed 
(see Bartel, 2018; Treiber et al., 2019; Dexheimer and Cochella, 2020), where 
the most relevant findings in humans and particular model organisms (e.g., 
mouse (Mus musculus), Caenorhabditis elegans, housefly (Musca domestica), 
and/or zebrafish (Danio rerio)) have been compiled.

MiRNAs, together with DNA methylation and histone covalent modifications, 
are important molecular mediators of epigenetic regulation. MiRNAs princi-
pally regulate mRNA translation through the binding of their seed region (2–8 nt 
of miRNA from the 5′ end) to the 3′UTR (most commonly), 5′UTR, or coding 
region of the target mRNA. Translation repression can be induced by mRNA 
cleavage, deadenylation and decay, or through the blockage of either initiation 
or elongation steps. Through these mechanisms, including the (direct or indi-
rect) modulation of DNA methylation (Collins et al., 2011; Wang et al., 2017a),  
miRNAs are known to be a central part of the gene regulation process behind 
each biological function of economic and ecological interest, including devel-
opment and body patterning, muscle growth, fat deposition, immune response 
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and/or stress resistance, among others. Indeed, the metazoan miRNAs can be 
thought of as the sculptors of their transcriptome (Bartel, 2018).

In general, the biogenesis of miRNAs is almost fully conserved in verte-
brates and includes canonical and noncanonical pathways (reviewed in Bartel, 
2018; Treiber et al., 2019; Dexheimer and Cochella, 2020). The general (canon-
ical) biogenesis of miRNAs in animals is briefly described here and depicted 
in Fig.  1. Depending on the origin, miRNAs can be monocistronic, polycis-
tronic, or intronic, the latter known as miRtrons and being processed differently 
by the mRNA splicing machinery rather than by the microprocessor complex 
(Berezikov et al., 2007). MiRNAs are transcribed by RNA polymerase II (Pol II) 
as capped and polyadenylated primary miRNAs (pri-miRNAs) (Treiber et al., 
2019; Fig. 1, upper right corner). After transcription, produced pri-miRNA can 
be subjected or not to posttranscriptional modification (inhibiting or enhanc-
ing its processing) before being further processed into single hairpins termed 
precursor miRNAs (pre-miRNAs) by a complex of nuclear proteins known as 
microprocessor. In addition to several less well-understood auxiliary factors, 
microprocessor is mainly composed of the RNase III enzyme Drosha and the 
double-stranded RNA (dsRNA)-binding protein (dsRBP) DiGeorge critical re-
gion 8 (Dgcr8). Afterward, pre-miRNAs are exported to the cytoplasm through 
direct interaction with the export receptor exportin 5 (Exp5; Fig.  1, middle 
right side). There, pre-miRNAs are further processed by Dicer, another RNase 
III-type enzyme, that cuts both strands near the loop to generate the miRNA 
duplex, containing the 5p and 3p miRNA pair (before known as guide and pas-
senger strands (Bartel, 2018)). Recently, a reevaluation of the roles performed 
by Drosha, Dicer, and Exp5 in miRNA biogenesis showed as many miRNAs 
are detectable in Dicer-knockout cells, suggesting that canonical miRNAs can 
undergo biogenesis through alternative pathways. The effect of Exp5-knockout 
in miRNA biogenesis was also found to be modest, evidencing the existence of 
alternative export routes. An example of noncanonical miRNAs is that requiring 
Dicer but not Drosha for their biogenesis. For example, in vertebrates, miR-451, 
essential for erythrocyte maturation, needs Drosha but not Dicer. After Drosha 
cleavage, the sequence of the pre-miR-451 hairpin is too short to be cleaved by 
Dicer, but it is processed by Argonaute 2 (Ago2; reviewed in Bartel (2018)).

In the canonical pathway, the double-stranded miRNA is loaded into an RNA-
induced silencing complex (RISC), formed by the miRNA duplex and a mem-
ber of the Ago protein family, which selects one strand (5p or 3p) to become 
the mature miRNA and discards the other (Fig. 1, bottom right corner). Mature 
miRNAs loaded into the RISC are very stable and can then be released/exported 
to the bloodstream and transported either associated to lipoproteins or included 
as cargos in exosomes to be uptaken by other cells, as another system of cell-
cell communication (Turchinovich et al., 2016). Instead, in the  cytoplasm, mature 
miRNAs loaded onto Ago proteins can interact with mRNAs, inducing its dead-
enylation, cleavage, or translational repression (Fig. 1, center). The proportion of 
mRNAs suffering decay or translational repression is developmental cell  context 
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FIG. 1 Biogenesis of canonical miRNAs and mechanisms of action. The following main steps are 
depicted: (1) The biogenesis of monocistronic, polycistronic, or intronic miRNAs started with their 
transcription by RNA polymerase II (Pol II) and produced as capped and polyadenylated primary 
miRNAs (pri-miRNAs) (upper right corner); (2) pri-miRNAs are processed into single hairpins 
termed precursor miRNAs (pre-miRNAs) by a complex of nuclear proteins known as microproces-
sor, mainly composed by Drosha and the double-stranded RNA (dsRNA)-binding protein (dsRBP) 
DiGeorge critical region 8 (Dgcr8) (upper right corner); (2–3) after, pre-miRNAs are exported to 
the cytoplasm through the export receptor exportin 5 (Exp5) (middle-right); (3) pre-miRNAs are 
then processed by Dicer, cutting both strands near the loop to generate the miRNA duplex (middle-
right); (4) the double-stranded miRNA is loaded into an RNA-induced silencing complex (RISC), 

(Continued)
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dependent. Decay of mRNAs dominates in all postembryonic cells examined 
(Bartel, 2018). In zebrafish, early embryos, poly(A)-tail shortening of an mRNA 
does not change its stability but decreases translational efficiency. In contrast, dur-
ing gastrulation and in postembryonic cells, shortening the poly(A)-tail reduces 
its stability but does not change its translational efficiency (Subtelny et al., 2014).

Although translational silencing of mRNAs is normally through a not fully 
complementary base pairing of the miRNA seed region (bases 2–8 of miRNA), 
nucleotides 2–5 are the most critical for target association (Betel et al., 2010). 
Nevertheless, further pairing with the mRNA by miRNA nucleotides 9–12 might 
induce a conformational change of RISC, allowing a better position of the active 
site of the Ago protein for target slicing. Additional regulatory and binding sites 
are also known, such as a 3′-compensatory site, but seems to only account for 
less than 1% of the preferentially conserved miRNA sites in mammalian mRNAs 
(reviewed in Bartel, 2018). In any case, translational silencing of mRNAs by miR-
NAs can induce further and deeper effects such as altering the DNA methylation 
(Fig. 1, left side) and thus, mRNA transcription rate (Fig. 1, upper left corner). 
For instance, the miR-290 cluster targets retinoblastoma-like 2 protein (Rbl2), 
known to represses transcription of DNA methyltransferases (Dnmts; Benetti 
et al., 2008; Sinkkonen et al., 2008). Moreover, several studies investigated how 
the expression of miRNAs is regulated, where DNA methylation seems to play a 
central role. Thus, there is a mutual cross-talk between miRNAs and DNA meth-
ylation. For further interested readers in this issue, the recent reviews by Wang 
et al. (2017a), Fuso et al. (2020), and Divisato et al. (2020) are recommended.

3. Methodological approaches applied in miRNA research

Different methodologies have allowed researchers to expand our understanding 
of how miRNAs are involved in different biological processes. While the level 
and dynamic expression of each miRNA, as well as the tissue/cell type where it 
is expressed, clearly provide the first evidence of a potential role in a particular 
biological process and/or defined cell context (homeostasis versus disease), a 
bioinformatic prediction of their mRNA targets would offer further insights on 

FIG. 1, CONT’D formed by the miRNA duplex and a member of the Argonaute (Ago) protein 
family, which selects one strand to become the mature miRNA (middle-right); (5) mature miRNAs 
loaded into the RISC can be released/exported to the blood stream and transported either associated 
to lipoproteins or included in exosomes as cargos to be up taken by other cells, as another system 
of cell-cell communication (bottom right corner); (6) in the cytoplasm, mature miRNAs loaded 
onto AGO proteins can interact with mRNAs to be translated, inducing its deadenylation by Carbon 
Catabolite Repression-Negative On TATA-less (CCR4-NOT), cleavage or translational repression 
(center); (7) silencing of mRNAs by miRNAs can induce an altered methylation profile of the DNA 
(left); and thus (8) reduced mRNA transcription rate (upper left corner). (Modified from Treiber, 
T., Treiber, N., Meister, G., 2019. Regulation of microRNA biogenesis and its crosstalk with other 
cellular pathways. Nat. Rev. Mol. Cell Biol. 20, 5–20. https://doi.org/10.1038/s41580-018-0059-1.)
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the underlying mechanism of such function. This is consistent with the potential 
genomic inference that we can perform considering that this miRNA has been 
previously characterized in a particular closely related species. Nevertheless, 
since both miRNA and mRNA sequences can diverge to some extent, even 
when only different teleost species were compared (Desvignes et  al., 2021), 
functional validation of the targets should be conducted. Here, in addition to 
providing a brief overview of the different technologies that have been (or can 
be) applied in miRNA quantification, a general protocol of miRNA library prep-
aration to guide researchers in this scientific topic is presented (Figs. 2 and 3).

3.1 Methodological approaches to quantify miRNA expression

Both narrow (quantitative polymerase chain reaction (qPCR)) and wider (mi-
croarray or small RNA sequencing (RNA-Seq)) approaches can be used to 
determine the level of expression of a single/few or hundreds of miRNAs in 
the cell/tissue/organism of interest, respectively (Fig. 2). The selection of one 
or another approach usually depends on the objective of the research: qPCR 
to characterize the expression of particular miRNAs and microarray or small 
RNA-Seq to either discover new miRNA signatures and/or have a full picture 
of how the miRNome is modulated. Nevertheless, and although the costs of 
high-throughput analysis (even for nonmodel species) are becoming more af-
fordable, the available budget might also direct our analytical approach to less 
expensive options. In this sense, a combined approach might be recommended, 
applying a small RNA-Seq procedure on pooled biological samples to infer the 
most  interesting (and probably differentially expressed) miRNAs that subse-
quently will be quantified by qPCR procedures in separated biological samples. 
An example of such a convenient approach is the characterization of altered 

FIG. 2 Comparative panel of the different methods to quantify miRNA expression. Comparative 
analysis was based on the ability of each method to use small noncoding RNAs from model species 
(those where a full or substatial genomic information is available) or nonmodel species (only few 
genomic sequences are available), if the intended goal is to evaluate the gene expression of low 
abundant miRNAs, if a high-throughput result is obtained, if it is able to specifically quantify the 
abundance of specific pri-miRNAs, pre-miRNAs, mature miRNAs, and isomiRs; and/or if it is able 
to distinguish between them. ddPCR, droplet digital PCR; qPCR, quantitative PCR.



FIG. 3 General scheme of a small RNA-Seq library preparation. Extracted RNA is first submitted 
to a 3′ adapter ligation (1). Afterward, a 5′ adapter ligation is performed (2). Attention: at this stage, 
reaction should be optimized in order to reduce the probability of getting adapter dimers and subse-
quently ligation bias. A reverse transcription (RT) of RNA molecules with 3′ adapter is performed 
with a RT primer complementary to the 3′ adapter (3). An amplification of the number of molecules 
is done with forward and reverse PCR primers complementary to 5′ and 3′ adapters, with the 3′ 
adapter reverse primer adding an index for multiplexed barcode sequencing of different samples (4). 
Attention: at this stage, reaction should be optimized regarding the number of PCR cycles to reduce 
the probability of getting PCR bias. The small RNA-Seq library produced is quantified and the size 
profile characterized (5) with a 2100 Bioanalyzer. The result of adapter dimers (~ 50 bp products, 
left peak) and adapter ligation to longer noncoding RNAs (> 200 bp products; right peak) led to its 
amplification, in addition to the intended products (small RNAs; central peak, ~ 200 bp products). 
To evaluate the amplified products and isolate the specific amplicons to be sequenced, a size selec-
tion procedure using TBE 10% gels is performed (6). A quality control of size selection procedure 
as well as an accurate quantification is done with a 2100 Bioanalyzer, right before pooling libraries 
and sequencing (7). Gray and black circles, not specified nucleotides; Red, yellow, green, and blue 
circles represent specific A, T, C, and G nucleotides.
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expression of miRNAs in the fish muscle tissue when embryogenesis occurred 
at different temperatures (Campos et al., 2014).

Independently of the approach to be conducted, total RNA extraction through 
sample lysis with phenol:chloroform or guanidine isothiocyanate, and final 
precipitation with isopropanol is a common procedure (Kure et  al., 2013; Li 
et  al., 2017). However, a kind of isolation/enrichment procedure of the miR-
NAs extracted from the sample of interest, perhaps with a commercial kit such 
as miRVana miRNA Isolation kit (Brzuzan et  al., 2012; Riesco et  al., 2019), 
miRNAiso plus kit (Li et al., 2019), Small RNA kit (Gao et al., 2019a), or miR-
Neasy Serum/Plasma Kit (Fernández et al., 2019; Oliveira et al., 2020), is always 
recommended. Nevertheless, researchers should be aware that different results 
might be obtained depending on the kit used (Brown et al., 2018). Afterward, an 
accurate size profiling followed by miRNA quantification should be performed. 
Since the obtained range of concentrations of isolated miRNAs can be low, par-
ticularly from liquid biopsies, the use of NanoDrop (Thermo Scientific) is not 
recommended (Chu and Nabity, 2019). Instead, using a TapeStation (Agilent), 
2100 Bioanalyzer (Agilent), or Qubit (Invitrogen) equipment is much more 
convenient, with the Bioanalyzer and TapeStation providing extra information 
regarding the size distribution of the isolated small RNAs. Then, the extracted 
small ncRNA population should be submitted to a reverse transcription (RT). For 
qPCR for example, different commercially available options are mainly based 
on an RNA polyadenylation step or the use of a poly (T) adapter before the 
cDNA synthesis (e.g., PrimeScript miRNA cDNA Synthesis Kit (Li et al., 2019) 
and TianGen miRcute Plus miRNA First-Strand cDNA Synthesis Kit (Sun et al., 
2019a)), a miRNA first-strand cDNA synthesis by stem-loop primers (Li et al., 
2019; Guan et al., 2020), or on the technology of Locked Nucleic Acid (LNA) 
(mirCury LNA RT kit; Campos et al., 2014) for example, with the latter allowing 
an accurate quantification of low expressed miRNAs.

Nowadays, researchers can choose among a diverse set of qPCR methods for 
miRNA expression analysis, including the use of universal or miRNA-specific 
qPCR primers and/or probes. This issue has been recently reviewed by Forero 
et al. (2019) where advantages and disadvantages have been analyzed and dis-
cussed. Of note, most of these methods are mainly designed to quantify mature 
miRNAs instead of studying pri- and pre-miRNAs. In contrast, small RNA-Seq 
can quantify them all, as well as potential sequence variants termed isomiRs. 
There is evidence that isomiRs are functionally distinct and differentially regu-
lated in teleosts. For example, out of 70 different miR-1-3p isomiRs identified 
in Senegalese sole (Solea senegalensis), only one was consistently upregulated 
in fish treated with the Kisspeptin protein (Oliveira et al., 2020).

The use of probes (e.g., Taqman) instead of (most economic) SYBR Green 
dye, as well as the use of stem-loop RT primers, might lead to higher qPCR 
amplification specificity. Unfortunately, the qPCR multiplexing method, a 
very convenient cost-effective procedure, is compromised in miRNAs when 
using universal primers. Nevertheless, as mRNAs, both absolute and rela-
tive  quantitative expressions can be performed, the latter requiring a proper 



114 Cellular and molecular approaches in fish biology

 normalization for a precise quantification (reviewed in Schwarzenbach et al., 
2015). For this purpose, several normalization procedures have been applied in 
fish species, normally using the small ncRNA U6 snRNA (Gao et al., 2019a; 
Sun et al., 2019a), 5S rRNA (Li et al., 2019), miR-92-3p (Riesco et al., 2019), 
or piR-41105 (Fernández et al., 2019) as internal controls. Lately, the use of an 
exogenous control such as the UniSp6 or the cell-miR-39 mimic (Zhu et al., 
2018) has been propagated, although it is more related to the normalization of 
the miRNA extraction procedure among experimental samples. A particularly 
interesting approach, mainly for low expressed miRNAs, is the absolute quanti-
fication of single or few miRNAs by droplet digital PCR (ddPCR). This method 
is particularly applied for quantifying circulating miRNAs (Miotto et al., 2014). 
Nevertheless, whatever the system and/or method used, authors should always 
provide the minimum information required for the publication of qPCR experi-
ments (Bustin et al., 2009; The dMIQE Group, 2020).

Other much wider approaches used for quantifying miRNAs are microarrays 
and small RNA-Seq (reviewed in Pritchard et  al., 2012). Several microarray 
systems have been developed for miRNAs, including the classic dual-channel 
approach (labeling with Cy3 and Cy5) or the more innovative oligonucleotide 
probes printed onto a slide with the posterior incorporation of labeled dATPs 
and based on the binding of two fluorescent LNA-DNA oligonucleotide probes 
(Pritchard et al., 2012; Hsieh et al., 2018). The use of microarrays is still a cost-
effective approach, although mainly limited to species with extensive genomic 
information.

The most recent (and nowadays, commonly used) technology to get a wider 
profile of all the miRNAs involved in a particular cell/tissue or biological pro-
cess is the small RNA-Seq. The constant evolution and development of OMIC 
analytical techniques, particularly from next-generation sequencing (NGS; Mutz 
et al., 2013), has opened unlimited possibilities to expand our understanding of 
the gene networks underlying each biological process. RNA-Seq has a higher 
throughput, is more specific and precise, and can be applied to a wider dynamic 
range than high-throughput proteomic analysis (Qian et al., 2014). Indeed, when 
compared with microarrays, small RNA-Seq has emerged as the preferred method 
for miRNA profiling, offering high sensitivity, single-nucleotide resolution, and 
allowing the analysis of a great number of samples in parallel (Coenen-Stass 
et al., 2018). However, to get reliable results, this technology has some require-
ments. Good RNA quality, purity, and integrity are fundamental. Higher integrity 
of RNA has been associated with greater numbers of uniquely mapped reads 
and reads mapped to genes (Gallego et al., 2014). If using total RNA, the RNA 
integrity can be evaluated using the 28S to 18S rRNA ratio (or RNA integrity 
number (RIN) values), with ratios greater than 8 highly desirable to warrant ac-
curate sequencing and identification of miRNAs. If the sample to be sequenced is 
depleted of rRNAs (e.g., from biofluids or coming from an enriching small RNA 
protocol), RIN values cannot be calculated. In this case, the inspection of the size 
profile of small RNAs might allow a fair evaluation of their integrity.
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A general pipeline of the different steps to be performed from isolated miR-
NAs to miRNA sequencing and counting (including differential expression 
analysis) is detailed as follows. Once the population of small ncRNAs has been 
extracted and quantified, successful library preparation is the first step (spe-
cific instructions might vary depending on the commercial library preparation 
kit used; Fig. 3). In brief, two sequential adapter-ligation (3′- and 5′-adapters) 
processes should be conducted to allow first-strand synthesis and PCR am-
plification with RT and PCR primers, respectively. Although adapter-ligation 
procedures have been improved, they still might be a source of bias in the fi-
nal results. Posterior to first-strand synthesis, a PCR amplification procedure 
is  performed to amplify, purify and identify to which sample each sequenced 
miRNA is belonging to. In this sense, a specific barcoding sequence (from 4 to 
8 nt) is included within the primers to identify the sample where the sequenced 
miRNA comes from PCR amplification procedure can also introduce some bias, 
so the number of PCR cycles (from 10 to 24) should be adjusted to the minimum 
required. Since adapters dimers, as well as adapter ligations to the other RNAs 
present in the sample, might occur, a quality check (using a Bioanalyzer) is 
needed to confirm the size distribution and the amount of amplified material. As 
a result of a successful library prep, those sequences around 200 bp size are the 
intended miRNA population to be sequenced, and should be isolated through a 
size selection process. After the size selection procedure, the size, purity, and 
concentration of sequences from each sample should be checked again, just 
before normalizing and pooling the libraries to be sequenced.

After sequencing, the bioinformatic analysis can be performed using particu-
lar pipelines (see Conesa et al. (2016) for a general example). It should start with 
quality control (QC) check of the raw data (reviewed in Sheng et al. (2017) for the 
most common sequencing platform used, the Illumina). In brief, the most common 
parameters to assess in the raw data are (1) the total number of reads sequenced, 
recommended to be higher than 5 million per sample to get good coverage, or at 
least numbers should be homogeneous between samples (Sun et al., 2014); (2) 
the base quality score given in Phred scale, to be expected between 30 and 40 
(values below 20 are usually considered low quality), giving the probability of the 
base being incorrectly assigned; (3) nucleotide distribution by cycle, the 4 nt (A, 
T, C, and G) should have a stable distribution across all cycles; and (4) the GC 
content, that should be similar to the GC content of the species, with a deviation 
higher than 10% indicating some kind of contamination. As in small RNA-Seq 
the standard read length is 50 or 75 nucleotides (single-end 50 or 75 cycles), but 
the mature small ncRNAs are < 50 nt length, after raw data QC, raw reads should 
be trimmed (with a command-line tool such as cutadapt, for example) to remove 
adapters. After trimming, an additional quality check can be the length distri-
bution. Peaks at 0 nt indicate  overrepresentation of adapters, peaks at 22 nt high 
abundance of miRNAs, and peaks at 50 nt longer RNAs have been sequenced.

After confirming that the trimmed reads have the expected size distribution, 
they should be annotated and/or quantified. In small RNA-Seq,  mapping to the 
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reference genome is not essential for identifying and quantifying the miRNAs 
sequenced, but might help to identify new ones. Identification of new poten-
tial miRNAs can be done by using different computational tools to identify-
ing the flanking regions in order to predict a potential hairpin (e.g., Ambros 
et  al., 2003). Identification/annotation of sequenced miRNAs (and the other 
small ncRNAs) can be alternatively done by blasting against the known miR-
NAs (and other small ncRNAs) deposited in public repositories (e.g., miRbase 
(Kozomara and Griffiths-Jones, 2014), MirGeneDB (Fromm et  al., 2020), 
RefSeq and Rfam databases, or the most global one, the RNA Central web site  
(https://rnacentral.org/), where up to 44 different resources are integrated 
(RNAcentral Consortium, 2021)), or the respective annotation file on the 
Ensembl website. Furthermore, the presence of novel miRNAs can be identified 
with different software (e.g., MIREAP, mirdeep2, and/or miREvo) considering 
secondary structure, Dicer enzyme cleavage site, and minimum free energy.

Once reads are identified/annotated as miRNAs, read counts are quantified 
(aggregating raw counts of mapped/annotated reads) using different programs 
(e.g., HTSeq-count; Anders et al., 2015) and normalized for accurate differential 
expression analysis. Different examples of normalization strategies particularly 
applied in fish studies are reads aligned per kilobase mapped (RPKM; Sun et al., 
2017a), transcripts or reads per million (specific miRNA count/total count of 
clean reads) × 106); Yang et al., 2019), the relative frequency of reads (specific 
number of miRNA reads in a sample/total number of miRNA reads in the sam-
ple; Bizuayehu et al., 2012a,b), and/or total counts per library (Fernández et al., 
2019), among others. Afterward, different programs can be chosen to determine 
which miRNAs are differentially expressed such as DESeq2 (Love et al., 2014) 
or EdgeR (Varet et al., 2016) implemented in commercially designed software 
(among others CLC Genomics Workbench or GenExplain) using different statis-
tical criteria (e.g., P-value, padj., log2(Fold Change) and/or false discovery rate).

Different studies have identified critical points (miRNA isolation, starting 
material input and/or library preparation, including reverse transcription and am-
plification, among others) that might induce some bias in the quantification of 
miRNAs through small RNA-Seq (e.g., Coenen-Stass et al., 2018; Dard-Dascot 
et al., 2018; Giraldez et al., 2018; Yeri et al., 2018; Wright et al., 2019; Chu and 
Nabity, 2019). Comparisons of the different commercial RNA isolation kits, li-
brary preparation methods, and sequencing platforms for small RNA‐Seq should 
be conducted for identifying and implementing the best approaches to the ob-
jective and samples of interest. One of the most recent and complete reports 
assessing the accuracy and reproducibility of the currently used small RNA-Seq 
library preparation methods, involving 9 different labs, evaluated the results ob-
tained from 9 different library kits differing in the use of adapters (3 of defined 
sequence and 6 with degenerate bases; Giraldez et al., 2018). Results bias was 
found related to protocol- and sequence-specific differences. Among them, a 
reduced ability to accurately measure adenosine-to-inosine editing in miRNAs 
was highlighted. Nevertheless, these biases were limited when using adapters 
with degenerate bases. Most importantly, relative miRNA quantification between 
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samples was accurate and reproducible across laboratories, the protocol bias be-
ing potentially much greater than the one of lab to lab (Giraldez et al., 2018).

The percentage of small ncRNAs types found in a sequenced population was 
different when a diverse set of RNA-Seq library kits were used, mostly due to the 
different adapter-ligation procedures (Coenen-Stass et al., 2018). Also, the num-
ber of miRNA reads mapped to the genome varied considerably. Furthermore, the 
consistency of results in isomiRs of altered length derived from multiple moderate 
starting inputs and different library preparation kits was also explored by Wright 
et al. (2019). Although overall quantifications were similar, results for individual 
miRNAs were divergent. Moreover, significant differences were reported in ac-
curacy, mapping rates, and consistency. Previous studies have already reported that 
the concordance of small RNA-Seq results using different library kits was depen-
dent on the RNA input (Dard-Dascot et al., 2018; Yeri et al., 2018), and that the 
validation of results from RNA-Seq by other technologies such as qPCR, EdgeSeq, 
and FirePlex was expression level dependent: the higher the expression, the better 
the reproducibility (Yeri et al., 2018). Recently, a comparison of different samples 
from biofluids showed how the optimal isolation and library preparation kits might 
differ between biofluids (Chu and Nabity, 2019). These authors demonstrated that 
the library preparation method might introduce higher variation in miRNA expres-
sion than the miRNA isolation method, library preparation‐dependent bias being a 
significant factor for successful miRNA profiling for biomarker discovery.

Independently of the different limitations of each miRNA expression quantifica-
tion approach (qPCR, microarray, and small RNA-Seq), generated data are relatively 
reproducible and comparable. However, a low correlation on the expression levels 
obtained by qPCR and microarray platforms has been reported, particularly for miR-
NAs with low expression (Chen et al., 2009). Thus, when using high-throughput 
technologies for miRNA quantification (microarrays and small RNA-Seq), a kind of 
reproducibility confirmation using a qPCR approach might be recommended, par-
ticularly for differentially expressed miRNAs that are lowly expressed.

3.2 Methodological approaches to localize the expression of miRNA

The in situ hybridization (ISH) technique is the most common method to deter-
mine the specific cell type where a miRNA is expressed. An interesting review 
focused on the use of this technique is here recommended (Urbanek et al., 2015), 
with detailed descriptions of the critical steps for successful miRNA cell/tissue 
detection. Again, the implementation of LNA probes increased the sensitivity to 
detect such small size RNAs and facilitated the description of the tissue-specific 
expression patterns in whole-mount ISH preparations (Fjose and Zhao, 2010). 
Nevertheless, although one mismatch strongly reduces the hybridization sig-
nal when using LNA probes, it does not fully prevent cross-hybridization with 
several miRNAs from the same family or cluster, requiring at least two or more 
different internal nucleotides to avoid unspecific signal (Kapsimali et al., 2007).

Another interesting approach for in situ miRNA detection particularly to be 
applied in paraffin-embedded, formalin-fixed tissue is the in situ PCR. Specific 
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protocols have been designed for the detection of the precursors (pri- and pre-
miRNAs) and mature miRNAs and their correlation with their putative target 
mRNAs (Nuovo et al., 2009).

3.3 Methodological approaches to predict mRNA targets

To get deeper insights on the mechanisms by which a particular miRNA—for 
instance, found to be differentially expressed by any of the previous method-
ological approaches—has a key role in a particular biological process, differ-
ent computational analyses can be used to in silico predict the potential target 
mRNAs. Furthermore, it is a wise approach toward prioritizing miRNA-mRNA 
target interactions for experimental validation.

Most predictions are based on algorithms that consider common features of 
miRNA-mRNA interactions: seed match, conservation, free energy, and site ac-
cessibility among other less common features (reviewed in Peterson et al., 2014; 
Kern et al., 2020; Riolo et al., 2021). One of the most determining features is 
the presence of a 7–8-nt “canonical” site in the 3′ UTR (as well as on the 5′ 
UTR or in the CDS, although less commonly occurring) of the target mRNA to 
which the seed region (2–8 nt from the 5′ end) of the miRNA might bind (Bartel, 
2018). Of note, perfect seed complementarity is neither necessary nor sufficient 
for miRNA regulation (Betel et al., 2010). In addition, some target (“noncanoni-
cal”) sites with a mismatch or a G:U wobble in the seed region have been proven 
to confer a noticeable regulatory effect (Didiano and Hobert, 2016). For an ac-
curate prediction, an energetically favorable hybridization between miRNA and 
target mRNA should be also required, thus most computing analyses include 
minimum free energy for reliable prediction (Krüger and Rehmsmeier, 2006). 
Nevertheless, even when the computing tools consider these four parameters, a 
large number of predictions are generated, many of which are potentially false. 
A further refinement of these predictions is that the methods also consider the 
evolutionary conservation of target sequences, eliminating the poorly conserved 
candidate sites from consideration (Betel et al., 2010).

A very interesting evaluation of the reliability of bioinformatic predictions 
of miRNA-mRNA interactions suggested that the biological functionality of 
miRNA binding sites depends on the dose sensitivity of their host gene (Pinzón 
et al., 2017). Also, the same study found that some conserved miRNA binding 
sites seem to be conserved in a miRNA-independent fashion, while being fortu-
itously complementary to miRNAs. Therefore evolutionary conservation of the 
miRNA binding sites on mRNAs would not be an indication of a higher probabil-
ity of this prediction being functionally true. Furthermore, through these binding 
sites, some mRNAs can modulate miRNA activity by titration, which finally 
might refine miRNA expression patterns. More recently, Fridrich et al. (2019) 
showed that the length of base pairing between miRNA and its mRNA target 
seems to be species/taxa specific, with longer base pairing (17 nt) in less evolved 
animals (cnidarians) than in bilaterian animals where a restricted sequence (seed 
region of 7–8 nt) might be functional. This implies that using computational pre-
diction based on a seed region conservation might lead to false positives.
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More recently, computational tools implemented further features to improve 
their predictions (reviewed in Kern et al., 2020). This is the case of considering 
the flanking AU nucleotide content, synergistic regulatory effects by closely 
located binding sites, or preferential locations of sites within 3′ UTRs that are 
predominantly combined with machine learning. Additional factors can be 
added when putative target sites are detected. The expression level of the poten-
tial mRNA target—thanks to the advent of more cost-effective transcriptomic 
high-throughput technologies—can be additional evidence supporting compu-
tational prediction when anticorrelation expression patterns of miRNA-mRNA 
are found. Moreover, the high number of target sites and seed type distributions 
in the mRNA provide a higher chance of being true positives. Nevertheless, due 
to the inherent complexity of miRNA gene targeting and that none of the tools 
outperforms all others, the combined use of several computational methods has 
been established as common practice to avoid false positives (Kern et al., 2020).

3.4 Methodological approaches for functional characterization 
of miRNA-mRNA interactions

Since the computational tools to predict mRNA targets still lack some consistency, 
every putative target identified must undergo functional validation. An extensive 
and diverse collection of biotechnological procedures has been conceived (see the 
recent review of Riolo et al., 2021) but will be succinctly enumerated here.

Riolo et al. (2021) have classified validation approaches into two categories. 
Direct methods investigate the existence of a miRNA-mRNA interaction study-
ing the base pairing or artificially introducing a specific target site bound by miR-
NAs (a miRNA responsive element) in vector constructions of reporter genes, 
and assessing the potential changes at protein levels induced by miRNAs, either 
measuring protein synthesis or indirectly through light emission signals. In con-
trast, indirect methods are evaluating the effects derived from an altered miRNA 
expression on mRNA or protein expression, by using low- or high-throughput 
(e.g., RNA-Seq and mass spectrometry) technologies. However, results from 
indirect methods might not be directly and necessarily resultant from miRNA-
mRNA interaction as other parallel mechanisms may occur. Independently of 
the method selected, a logically, time-consuming and cost-effective sequential 
procedure of demonstrations has been proposed as follows: (1) coexpression of 
miRNA and predicted mRNA target in the same cell/tissue by qPCR, ISH, mi-
croarray, and or RNA-Seq; (2) direct interaction of the miRNA and the mRNA 
binding site through luciferase assay, cross-linking immunoprecipitation com-
bined with high-throughput sequencing (CLIP-Seq) and/or cross-linking, liga-
tion and sequencing of hybrids (CLASH); (3) altered protein expression of the 
mRNA target by western blotting, ELISA, pulsed stable isotope labeling by 
amino acids (pSILAC), and/or general proteomic  approaches among others; 
and (4) modified protein expression of the mRNA has an impact on particu-
lar biological functions with evaluations of particular biochemical pathways. 
Nevertheless, successfully achieving this sequential demonstration is not al-
ways an easy task or even possible. For instance, although the miRNA-mRNA 
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interaction might be effectively genuine, and an altered protein expression is 
induced, the altered pathway might not be finally observed in our biological 
system since other pathways might take place to restore homeostasis.

Different in vivo and in vitro cell systems have been adopted. The cell systems 
are more ethical and suitable, while embryos from model species (e.g., zebraf-
ish; reviewed in Pase and Lieschke, 2011) can be also considered as an appro-
priate high-throughput approach. Transfection/microinjection of miRNAs and/or 
chemically modified/synthetic nucleic acids (mimicking or antagonizing natural 
miRNA sequences) into a cell or zebrafish eggs from wild type, mutants, and/or 
transgenic lines carrying reporter gene constructs (e.g., Green Fluorescent Protein 
(GFP) and the potentially 3′ UTR binding site), provide unique opportunities to 
directly assay miRNA-mRNA interaction (e.g., Giraldez et  al., 2006; Morton 
et al., 2008; Chu et al., 2019; Sun et al., 2019a) and the subsequent potential func-
tions during embryogenesis and early larval stages (Fjose and Zhao, 2010).

More elegant technological approaches including transient knockdowns and 
knockouts with morpholino injections and/or gene editing through CRISPR/
Cas9 system may be also applied in in vitro and in vivo systems, although gene 
editing might be a more time-consuming approach (requiring a transgenera-
tional establishment of the cell or zebrafish line). For instance, specifically de-
signed morpholinos to block the processing of the pre-miRNA or the activity 
of the mature miRNA have been proven as a time- and cost-effective loss-of-
function strategy (Kloosterman et al., 2007).

The recent and continuous development of different biotechnological ap-
proaches opens new avenues to increase and improve the functional character-
ization of miRNA-mRNA interactions. Although some of them can be applied 
to fish species, the success of CLIP-Seq and CLASH methods depends on the 
availability of antibodies capable of efficiently precipitating the Ago proteins. 
This is a major constraint in fish species since only a few mammalian antibodies 
might have good cross-reactivity with the orthologous fish proteins. Other limi-
tations are related to the artificial contexts where they are done, thus being dif-
ficult to translate the results obtained to the real biological conditions (Fridrich 
et al., 2019). Independently of the potential caveats that some of the validation 
methods might have, undoubtedly the increased experimental confirmation of 
the occurring miRNA-mRNA interactions might help not only to get further 
biological insights on how miRNAs control any biological process but also to 
improve the reliability of computational prediction tools.

4. miRNAs playing key roles in fish development and 
physiology

During the last decade, the previously described methodologies have been ap-
plied to study the potential role of miRNAs on a broad set of biological pro-
cesses (e.g., development, growth, metabolism, immunology, muscle growth, 
and fat deposition) in fish species (Table 1). Although a great research effort 
for identifying, quantifying, and characterizing miRNAs in fish species has 



TABLE 1 List of studies using different methodologies to explore the potential role of miRNAs on a broad set of biological processes in fish 
species.

Physiological process Species RNAseq Microarray qPCR ddPCR ISH Functional miRNA-mRNA assay

Fish development

Wienholds et al. (2005) Danio rerio  x   x  

Giraldez et al. (2005) Danio rerio      Mutants

Giraldez et al. (2006) Danio rerio  x    In vivo target validation

Kloosterman et al. (2007) Danio rerio      miRNA morpholino knockdown

Choi et al. (2008) Danio rerio  x x    

Eberhart et al. (2008) Danio rerio      Mutants, miRNA morpholino 
knockdown

Leucht et al. (2008) Danio rerio      miRNA morpholino knockdown

Morton et al. (2008) Danio rerio   x  x miRNA morpholino knockdown, 
antagomiRs, and luciferase assay

Ramachandra et al. (2008) Oncorhynchus mykiss   x    

Zeng et al. (2009) Danio rerio   x   miRNA morpholino knockdown and 
microRNA Mimic

Fu et al. (2011) Paralichthys olivaceus x      

Chi et al. (2011) Hypophthalmichthys molitrix x      

Chi et al. (2011) Hypophthalmichthys nobilis x      

Bizuayehu et al. (2012a) Hippoglossus hippoglossus x      

Eshel et al. (2014) Oreochromis niloticus x      

Continued



Kaitetzidou et al. (2015) Dicentrarchus labrax x      

Giusti et al. (2016) Oreochromis niloticus   x   Luciferase assay

Huang et al. (2016) Cynoglossus semilaevis x      

Robledo et al., 2017 Scophthalmus maximus x      

Gomes et al. (2017) Colossoma macropomum x      

Huang et al. (2018) Megalobrama amblycephala x      

Pinhal et al. (2018) Oreochromis niloticus x      

Roberto et al. (2018) Danio rerio   x  x In vivo and in vitro microRNA mimic

Sarropoulou et al. (2019) Dicentrarchus labrax x      

Wang et al. (2019a) Paralichthys olivaceus x  x    

Reproduction and sex differentiation

Kedde et al. (2007) Danio rerio      miRNA morpholino knockdown

Ma et al. (2012) Oncorhynchus mykiss x  x    

Bizuayehu et al. (2012b) Gadus morhua       

Gu et al. (2014) Paralichthys olivaceus x  x    

Jing et al. (2014) Pelteobagrus fulvidraco x  x    

Xiao et al. (2014) Oreochromis niloticus x  x    

Li et al. (2016) Oryzias melastigma x      

TABLE 1 List of studies using different methodologies to explore the potential role of miRNAs on a broad set of biological processes in fish 
species.—cont’d

Physiological process Species RNAseq Microarray qPCR ddPCR ISH Functional miRNA-mRNA assay



Tao et al. (2016) Oreochromis niloticus x      

Wang et al. (2016) Oreochromis niloticus x  x    

Presslauer et al. (2017) Danio rerio x      

Skaftnesmo et al. (2017) Salmo salar x  x    

Wang et al. (2017b) Cyprinus carpio x  x    

Zhao et al. (2017) Odontobutis potamophila x  x    

Gay et al. (2018) Oryzias latipes x    x miRNA CRISPR/Cas9 knock-out

Lan et al. (2019) Megalobrama amblycephala   x    

Riesco et al. (2019) Solea senegalensis   x    

Zayed et al. (2019) Danio rerio x  x    

Fu et al. (2020) Symphysodon aequifasciatus x  x    

Li et al. (2020) Acanthopagrus latus x  x    

Papadaki et al. (2020) Diplodus puntazzo x      

Yan et al. (2021) Takifugu rubripes x  x    

Zhao et al. (2021) Cynoglossus semilaevis x      

Adaptation/response to different stressors and environmental signals

Brzuzan et al. (2012) Coregonus lavaretus x  x    

Kitano et al. (2013) Gasterosteus aculeatus x      

Kure et al. (2013) Salmo salar x      

Lai et al. (2016) Oryzias melastigma x      

Tse et al. (2016) Oryzias melastigma x  x    
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Diamante et al. (2017) Coryphaena hippurus x  x    

Feng et al. (2017) Hypophthalmichthys molitrix   x    

Huang et al. (2017) Megalobrama amblycephala      Luciferase assay

Renaud et al. (2017) Danio rerio x      

Sun et al. (2017a) Megalobrama amblycephala x  x    

Sun et al. (2019b) Cyprinus carpio x  x    

Wang et al. (2019a, b) Cyprinus carpio x  x    

Xu et al. (2019) Sciaenops ocellatus x      

Kelley et al. (2021) Poecilia mexicana x      

Shwe et al. (2020) Salmo salar x      

Immunocompetence and disease resistance

Ordas et al. (2013) Danio rerio  x     

Chen et al. (2017) Epinephelus coioides x  x    

Eslamloo et al. (2018) Gadus morhua x  x    

Chu et al. (2019) Miichthys miiuy   x   miRNA mimic and siRNA, luciferase 
assay

Geo et al. (2019b) Oreochromis niloticus x      

Li et al. (2019) Paralichthys olivaceus x  x   miRNA mimic, luciferase assay

TABLE 1 List of studies using different methodologies to explore the potential role of miRNAs on a broad set of biological processes in fish 
species.—cont’d

Physiological process Species RNAseq Microarray qPCR ddPCR ISH Functional miRNA-mRNA assay



Ma et al. (2021) Lampetra morii x  x   Western blotting, miRNA mimic and 
siRNA, luciferase assay

Guan et al. (2020) Paralichthys olivaceus   x   miRNA mimic and siRNA, luciferase 
assay

Li et al. (2020) Paralichthys olivaceus       

Li et al. (2021) Paralichthys olivaceus   x   miRNA mimic and siRNA, luciferase 
assay

Smith et al. (2020) Salmo salar x  x    

Metabolism and nutrition

Mennigen et al. (2012) Oncorhynchus mykiss   x   Western blotting

Mennigen et al. (2013) Oncorhynchus mykiss   x   Western blotting

Tang et al. (2013) Oreochromis niloticus   x    

Mennigen et al. (2014) Oncorhynchus mykiss   x   Western blotting

Zhang et al. (2014) Megalobrama amblycephala x  x    

Bizuayehu et al. (2016) Gadus morhua x      

Zhang et al. (2016) Siganus canaliculatus   x   miRNA mimic

Li et al. (2017) Ctenopharyngodon idella   x    

Miao et al. (2017) Megalobrama amblycephala x      

Qiang et al. (2017) Oreochromis niloticus x  x    

Sun et al. (2017b) Cynoglossus semilaevis x  x    

Chen et al. (2018) Siganus canaliculatus   x   miRNA mimic and inhibitor, luciferase 
assay

Tao et al. (2018) Oreochromis niloticus x      
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Qiang et al. (2018) Oreochromis niloticus x  x    

Zhu et al. (2018) Oncorhynchus mykiss   x    

Chen et al. (2019) Pelteobagrus fulvidraco   x   miRNA mimic and inhibitor, luciferase 
assay

Chen et al. (2019) Siganus canaliculatus   x   Western blotting, miRNA mimic and 
inhibitor, siRNA, luciferase assay

Fernández et al. (2019) Solea senegalensis x  x    

Kostyniuk et al. (2019) Oncorhynchus mykiss x      

Miao et al. (2018) Megalobrama amblycephala   x   AntagomiR

Sun et al. (2019a) Siganus canaliculatus   x   Western blotting, miRNA mimic and 
inhibitor, siRNA, luciferase assay

Tang et al. (2019) Ctenopharyngodon idella   x    

Yang et al. (2019) Cyprinus carpio x      

Zhu et al. (2019) Oncorhynchus mykiss   x    

Gonçalves et al. (2020) Oncorhynchus mykiss x  x    

Oliveira et al. (2020) Solea senegalensis x      

Sun et al. (2020) Siganus canaliculatus   x   Western blotting, miRNA mimic and 
inhibitor, siRNA, luciferase assay

Zhu et al. (2020) Oncorhynchus mykiss   x    

TABLE 1 List of studies using different methodologies to explore the potential role of miRNAs on a broad set of biological processes in fish 
species.—cont’d

Physiological process Species RNAseq Microarray qPCR ddPCR ISH Functional miRNA-mRNA assay
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been done (Kaitetzidou et al., 2015; Rasal et al., 2016; Fernández et al., 2017; 
Herkenhoff et al., 2018; Sarropoulou et al., 2019; Zhou et al., 2019; and here, 
see later), much more remains to come in the nearest future.

Since their discovery, the potential roles of miRNAs in different biologi-
cal processes have called the attention of researchers. Considering the Web of 
Science (WoS) repository, 22,218 articles were published regarding the role of 
miRNAs in human physiology, 4752 in mice, and 553 in fish (just represent-
ing less than 2.5% of the articles in humans; Fig. 4). Most articles have been 
published in the last decade, probably due to the advent of specific tools, such 
as methods for synthesis of miRs cDNA and/or development and implementa-
tion of OMIC technologies such as small RNA-Seq. In particular, regardless 
of the species considered, research has been focused on studying miRNAs in 
tissues, while only recent attention has been paid to circulating miRNAs, ei-
ther included in whole plasma or specifically packaged in plasma exosomes. 
In this sense, from the total 553 studies on miRNAs in fish species compiled 
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in WoS repository, only 9 (less than 2% of the total number of articles in fish) 
were dealing with circulating miRNAs. In this section, we will enumerate the 
most relevant research studies regarding the role of miRNAs in processes such 
as  development, reproduction and sex differentiation, adaptation to different 
stressors (including pollutants) and environmental signals, immunocompetence 
and disease resistance, and/or fish metabolism and nutrition.

4.1 miRNAs in fish development

Since fertilization, miRNAs participate in the control of vertebrate development 
and homeostasis (Wienholds and Plasterk, 2005). Studies of miRNAs in teleost 
fish species, as a taxonomic group central in understanding vertebrate evolution, 
ecologically, economically, and nutritionally important for human beings, and an 
interesting model species for biomedical research, have been extensively reviewed 
(see Fjose and Zhao, 2010; Bizuayehu and Babiak, 2014; Bhattacharya et al., 2017). 
Thus here we will only refer to some of the most representative and recent works.

The first study to identify and explore the expression pattern of miRNAs in 
fish species was Lim et al. (2003). At that time, 38 miRNAs were detected in 
zebrafish embryos, revealing their importance in specifying cell differentiation 
and developmental patterning. The number of miRNAs in zebrafish was later 
expanded to 115, with its temporal and spatial expression determined through 
the use of microarrays and ISH (Wienholds et  al., 2005). The highly tissue-
specific expression of miRNAs during segmentation and later stages, but not 
early in development, suggested that they might be more involved in differen-
tiation or maintenance of tissue identity rather than in tissue fate establishment. 
Nevertheless, shortly after these initial studies, definitive proof of the vital role 
of miRNAs in vertebrate morphogenesis was provided by the defects during the 
gastrulation, brain formation, somitogenesis, and heart development observed 
in the maternal and zygotic Dicer mutant zebrafish embryos (Giraldez et al., 
2005). Since then, the key role of the miRNAs in early embryogenesis was 
fully expanded, being involved in processes such as maternal transcript clear-
ance among others (Giraldez et  al., 2006). Subsequent studies demonstrated 
the key roles of particular miRNAs in specific processes during fish develop-
ment. For instance, members of the miR-200 family were found to be required 
for olfactory neurogenesis (Choi et al., 2008); miR-375 to be involved in the 
formation of the insulin-secreting pancreatic islet (Kloosterman et al., 2007); 
miR-145 directing intestinal maturation (Zeng et al., 2009); miR-138 in heart 
development, delineating the spatial extent of atrioventricular canal (Morton 
et  al., 2008); miR-9 promoting neurogenesis (Leucht et  al., 2008); miR-140 
in correcting craniofacial morphogenesis (Eberhart et al., 2008); and/or miR-
214 controlling chondrogenesis through chondrocyte differentiation (Roberto 
et al., 2018). These roles and their underlying mechanisms seem to be evolu-
tionary conserved, as it was demonstrated for miR-2014, probably by targeting 
the activating transcription factor 4 (atf4; Roberto et al., 2018). In this sense, 
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fish model species such as zebrafish or medaka (Oryzias latipes) were essential 
to get further insights on how miRNAs control development due to both their 
known biological features (e.g., highly prolific and short lifecycle, among oth-
ers) and the constant implementation of powerful and novel biotechnological 
tools (e.g., easy genetic manipulation; Howe et al., 2013; MacRae and Peterson, 
2015; Detrich III et al., 2016). However, the existence of novel roles or the lack 
of conservation within fish and/or vertebrates should not be neglected.

In nonmodel fish species, miRNAs are associated with different phases of 
development. Fourteen miRNAs were identified in the early embryogenesis 
(maternal to zygote transition) of rainbow trout (Oncorhynchus mykiss) that 
might guide maternal mRNAs for degradation, a required process for normal 
embryonic development (Ramachandra et  al., 2008). In the embryonic de-
velopment of Nile tilapia (Oreochromis niloticus) miR-10 has been shown to 
modulate different hox genes (Giusti et  al., 2016). Furthermore, in the same 
fish species, miR-4585 was upregulated in male embryos at 2- and 5-days post-
fertilization (dpf) and decreased at 9 dpf (Eshel et al., 2014). Since miR-4585 
seems to target cyp19a1a (the major gene for female determination in fish spe-
cies), the potential significance of this miRNA in sex determination soon after 
fertilization was evidenced. Bizuayehu et  al. (2012a) identified 201 different 
miRNAs to be expressed along with the Atlantic halibut (Hippoglossus hip-
poglossus) development, particularly on maternal to zygote transition, organo-
genesis, first feeding and metamorphosis, with some isomiRs (e.g., miR-301c, 
miR-17a, and miR19b) showing different or even opposing expression patterns. 
Metamorphosis is a dramatic transformation from a bilaterally symmetrical to an 
asymmetrical body shape that flatfish species must undergo to acquire the adult 
morphology (Geffen et al., 2007). This is occurring under the control of thyroid 
hormones (Campinho, 2019). In Japanese flounder (Paralichthys olivaceus), the 
expression of 140 conserved miRNAs was also characterized through microar-
ray technology, with 66 differentially expressed at two metamorphic stages (17- 
and 29-days posthatching), reflecting the intricate mechanisms and profound 
changes involved in this process (Fu et al., 2011). Furthermore, abnormal or 
incomplete metamorphosis might lead to the appearance of albino fish, a quite 
important issue in farmed fish since it degrades fish quality perception from 
consumers and thus, market price. Wang et al. (2019a) showed that induced al-
binism in Japanese flounder larvae through triiodothyronine hormone exposure 
was associated with a differential expression of 12 miRNAs. Interestingly, some 
of the bioinformatically predicted mRNAs targeted by these miRNAs were in-
volved in the melanin pigment production process. Furthermore, RNA-Seq and 
comparative genomics analyses reported almost 600 miRNAs in Nile tilapia, 
with a particular arm switching (shift in the ratio of mature 5p and 3p strands 
that get loaded into the miRISC) of 9 miRNAs in early development, adult 
stage, and even between males and females (Pinhal et al., 2018). More recently, 
the different small ncRNAs expressed in 10 different developmental stages 
(from morula to all fins) of the European seabass (Dicentrarchus labrax) were 
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 identified, miRNAs being the most of the annotated transcripts. Furthermore, 
they have the most abundant expression after the earlier stages (morula and 50% 
epiboly) and at the later stages (first feeding, flexion, and all fins; Sarropoulou 
et al., 2019). Five miRNAs in particular (miR-155, miR-430a, d1, d2, and miR-
458), had a higher abundance only in the morula stage, suggesting a possible 
relevant role during embryonic development.

All these studies, in addition to those describing the miRNA repertoire in 
different fish species such as bighead carp (Hypophthalmichthys nobilis) and 
silver carp (Hypophthalmichthys molitrix; Chi et al., 2011), half-smooth tongue 
sole (Cynoglossus semilaevis; Huang et al., 2016), turbot (Scophthalmus maxi-
mus; Robledo et al., 2017), tambaqui (Colossoma macropomum; Gomes et al., 
2017), or blunt snout bream (Megalobrama amblycephala; Huang et al., 2018), 
clearly widen the complexity of mechanisms regulating fish ontogenetic devel-
opment and its relationship with miRNA expression.

4.2 miRNAs in reproduction and sex differentiation

In vertebrates, but mostly in mammals, the role of miRNA in sex determination, 
gametogenesis, and sexual maturation has been revealed (see reviews of Robles 
et al., 2019; Salas-Huetos et al., 2019).

Particular miRNA-mRNA interactions are crucial for the development of 
the reproductive system in fish species. Primordial germ cells (PGCs) are origi-
nated during early embryogenesis and migrate to the future genital ridges to 
finally become gonocytes that are posteriorly differentiated to spermatogonia or 
oogonia (reviewed in Schulz et al., 2010). The interaction of Dead end (Dnd), an 
RNA-binding protein, with miR-430 is essential for the proper migration, main-
tenance, and survival of PGCs, where Dnd protects the 3′-UTR-binding sites of 
nanos, tdrd7, and hub genes from miR-430 (Kedde et al., 2007).

In fish, the miRNome of the female and male reproductive axis (brain, liver, 
and gonads) from different species has been characterized. Let-7 and miR-21 
were the most abundantly expressed in rainbow trout eggs, followed by miR-
24, miR-202, miR-148, miR-30, miR-10, miR-146, miR-25, and miR-143 (Ma 
et al., 2012), which provided a starting point for the better knowledge and un-
derstanding of the roles of miRNAs in fish reproduction, controlling egg quality 
and early embryogenesis in rainbow trout. In Atlantic halibut, the first insight 
into miRNA involvement in sexual development was provided through the 
identification of tissue and sexually dimorphic expression of several miRNAs, 
including miR-29a, miR-34, miR-143, miR-145, miR-202-3p, miR-451, and 
miR-2188 (Bizuayehu et al., 2012b). While miR-9 was highly expressed in the 
brain, miR-202 was abundantly expressed in gonads. Moreover, a comparative 
study of females and males as well as juveniles subjected to a masculinization 
process (with 17-α-methyltestosterone) identified the differential expression of 
miR-202-3p in gonads (downregulated in female juveniles when compared to 
males or masculinized juveniles), suggesting miR-202-3p might be involved in 
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fish sex differentiation and gametogenesis success. Similar results have been 
obtained in yellow catfish (Pelteobagrus fulvidraco) gonad tissues from XX 
female, XY male, and YY supermale (higher degree of testis maturity) speci-
mens, with low expression of several miR-200 family members in female go-
nads (Jing et al., 2014). Li et al. (2016) also identified miRNAs expressed in the 
tissues from the reproductive axis of male and female marine medaka (Oryzias 
melastigma). While miR-109 and miR-124 were highly expressed in the brain, 
miR-628 and miR-1060 were abundant in gonad tissues, although with higher 
expression in testes. A qPCR analysis of let-7 family members has shown dif-
ferential expression in ovary, pituitary, and brain tissues along with the ovary 
maturation in blunt snout bream (Lan et al., 2019), suggesting functional con-
servation of this miRNA in fish reproduction. Wider approaches (RNA-Seq) 
discovered other different miRNAs involved in gonad maturation. In Nile ti-
lapia, Wang et al. (2016) identified 76 differentially expressed miRNAs when 
comparing the miRNome of testes and ovaries from young specimens. Among 
them, miR-17-5p and miR-20a (highly expressed in the ovaries) were predicted 
to target dmrt1, which was found to be downregulated and suggested to in-
duce estrogen production. In contrast, in males, lower expression of miR-138, 
miR-338, miR-200a and miR-456 and miR-138 was consistent with the higher 
expression of their respective targets (cyp17a2 and amh), suggesting their key 
role in spermatogonial cell proliferation and spermatogenesis. In addition to 
let-7, miR-9, and miR-202 miRNA families, other sex-biased miRNAs were 
also found differentially expressed in gonads from males and females of dif-
ferent fish species such as Japanese flounder (Gu et  al., 2014), Nile tilapia 
(Xiao et al., 2014; Tao et al., 2016), dark sleeper (Odontobutis potamophila; 
Zhao et al., 2017), yellowfin seabream (Acanthopagrus latus; Li et al., 2020), 
discus fish (Symphysodon aequifasciatus; Fu et al., 2020), and tiger pufferfish 
(Takifugu rubripes; Yan et al., 2021). According to Bhat et al. (2020), let-7a-
5p, miR-143-3p, miR-181-5p, miR-202-5p, and miR-21-5p seemed to be the 
most important and conserved sex-biased miRNAs when the works performed 
in zebrafish, Japanese flounder, Nile tilapia, rainbow trout, and marine medaka 
were considered.

Regarding studies on gonad maturation, among the 8765 miRNAs identified 
in the miRNome from the gonad/ovary of the common carp (Cyprinus carpio), 
150, 628, and 431 miRNAs were specifically expressed in the primordial go-
nad, juvenile, and adult ovary (respectively; Wang et al., 2017b). In particular, 
miR-6758-3p, miR-3050-5p, and miR-2985-3p were highly expressed in the 
primordial gonad; miR-3544-5p, miR-6877-3p, and miR-9086-5p in the juve-
nile ovary; and miR-154-3p, miR-5307-5p, and miR-3958-3p in the adult ovary, 
enriching the set of miRNAs involved in fish female maturation. When compar-
ing the miRNome of small early vitellogenic (or stage IIIa; unable to undergo 
oocyte maturation) follicles and oocytes in mid- to late vitellogenic (stage IIIb; 
able to become mature upon luteinizing hormone stimulation) follicles of ze-
brafish, 11 miRNAs and 13 miRNAs were significantly up- and down-regulated 
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in the stage IIIb follicular cells, respectively (Zayed et al., 2019). More recently, 
10 miRNAs were found to be differentially expressed between mature and 
 immature female sharp snout seabream (Diplodus puntazzo) gonads (Papadaki 
et al., 2020). While miR-125c and miR-24 were upregulated in immature gonads, 
miR-451, miR-7a, miR-122-1, miR190a, miR129, ENSGACT00000029608, 
ENSGACT00000029489, and ENSGACT00000029667 were expressed at 
higher levels in mature gonads. Among them, only miR-451 and miR-190a 
were commonly found as differentially expressed in both studies, although in 
an opposite direction. Nevertheless, the mRNA targets predicted in Papadaki 
et al. (2020) were associated with oocyte development, such as steroidogenesis, 
proteolysis, and apoptosis, while the ones in Zayed et al. (2019) were related to 
MAPK signaling and endocytosis pathways.

A comparative analysis of the miRNome from immature, prepubertal, and 
pubertal Atlantic salmon (Salmo salar) testis linked specific miRNAs (miR-101, 
miR-137, miR-92b, miR-18a, and miR-20a) with testis maturation (Skaftnesmo 
et  al., 2017). Furthermore, these differentially expressed miRNAs were in-
versely correlated with the expressed targets corresponding with the progester-
one signaling and cell cycle pathways. Further complex analysis in zebrafish, 
including samples from five different developmental stages of male and female 
gonads, as well as samples of spermatozoa and unfertilized eggs, not only iden-
tified sex-biased miRNAs but also correlated with the miRNome of zebrafish 
gametes (Presslauer et al., 2017). Expression of particular miRNAs was also 
found to correlate with gamete quality. Ma et al. (2015) found that miR-193b-
3p, miR-203c-3p, miR-499-5p, miR-7550-3p, miR-nov-95-5p, and miR-nov-
112-5p showed significantly higher expression in aging rainbow trout eggs, this 
being the first association of the expression of particular miRNAs with egg qual-
ity. Regarding sperm quality, a different expression of let-7-d and miR-200a-
5p has been found in wild and reared in captivity Senegalese sole individuals, 
bringing new light on the potential causes of the dysfunctional reproduction 
of this species when reared in captivity (Riesco et  al., 2019). Moreover, the 
transgenerational inheritance of sex in pseudo males from half-smooth tongue 
sole has been associated with the lower expression of miR-26a-5p, miR-27b-
3p, miR-125b-5p, and miR-199a-5p in pseudo male sperm (Zhao et al., 2021). 
Nevertheless, although sex-, maturation-, and gamete quality-biased miRNAs 
were identified in several fish species, and an in silico prediction of miRNA tar-
gets provides the first evidence of their role in fish reproduction and sex deter-
mination, the functional characterization of both conserved and novel miRNAs 
is still an important research gap in this topic (Bhat et al., 2020). In this sense, as 
previously mentioned, the implementation of gene editing technologies and/or 
other approaches would be invaluable. For example, using medaka as a model, 
Gay et  al. (2018) confirmed the essential role of miR-202 in fish oogenesis. 
Females from a mutant line (using CRISPR/Cas9 genome editing) of the miR-
202 gene do not produce eggs or at least the reduced number of eggs produced 
cannot be fertilized, leading to no reproductive success.
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4.3 miRNAs involved in adaptation/response to different 
stressors and environmental signals

The molecular mechanisms underlying adaptive evolution have been histori-
cally centered on protein-coding sequence variation and/or DNA regulatory 
motifs (e.g., Kocher, 2004). However, more recent works suggest that miRNA 
sequences would also evolve (Franchini et al., 2019). Comparing the miRNA 
and mRNA sequences expressed at 1-day posthatch embryos of 5 cichlid spe-
cies (Amphilophus sagittae, Amphilophus amarillo, Amphilophus citrinellus, 
Amphilophus zaliosus, and Amphilophus astorquii) exhibiting different benthic/
limnetic behaviors, the authors found (1) many differentially expressed miRNA/
gene pairs as well as (2) novel miRNAs among these species, suggesting a func-
tional linkage among these pairs and novel genomic substrates, respectively, 
potentially leading to rapid phenotypic adaptation and divergence, even in the 
presence of gene flow. Similarly, when comparing sympatric species of the 
Japanese threespine stickleback (Gasterosteus aculeatus), the Pacific Ocean and 
Japan Sea sticklebacks, different expression patterns of small RNAs (miRNAs 
among others) were reported and considered the potential mechanism underly-
ing differential mRNA expression and transposon activity (Kitano et al., 2013), 
and probably speciation. In this sense, both the concomitant transgenerational 
variation of the miRNA sequence and the one of the binding sequences on the 
mRNA targets should contribute to species evolution and adaptation to chang-
ing environments (see also Chapter 10).

Temperature is a key factor in fish development, growth, metabolism, physi-
ology, and a signal triggering fish maturation and reproduction. Furthermore, 
considering the current context of climate change and global warming, studying 
how water temperature increase might affect fish is fundamental to perform a 
better risk assessment of this anthropogenic environmental alteration, as well as 
to define mitigating or correcting policies (IPCC, 2018). Increased water tem-
perature during embryogenesis altered sex ratios (Ribas et al., 2017; Valdivieso 
et al., 2020), skeletal development (e.g., Di Santo, 2019), and promoted faster 
development and increased fish size (Campos et al., 2013a). Such phenotypic 
outputs seem to be due to an altered DNA methylation profile (Campos et al., 
2013b; Valdivieso et al., 2020), among other processes. In particular, Campos 
et al. (2014) demonstrated that the previously reported greater fish growth un-
der increased water temperature (21 °C versus 15 °C) during embryogenesis of 
Senegalese sole was associated with a higher expression of some miRNAs (e.g., 
miR-17a, miR-181-5p, and miR-206) and the downregulation of the miR-181a-
3p. More recently, 25 liver miRNAs were found to be differentially expressed 
in common carp subjected to both cold (5 °C) and heat stress (30 °C) dur-
ing 18 days (Sun et al., 2019b). Among them, miR-122, miR-30b, miR-15b-5p, 
miR-20a-5p, miR-1, and miR-7b were found to be associated with the regula-
tion of glycolysis, targeting 12 genes involved in pathways related to pyruvate 
metabolism, glycolysis/gluconeogenesis, and the citrate cycle. In rainbow trout, 
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acute heat stress (temperature raised from 16 °C to 22.5 °C in 2 h and main-
tained for 48 h) altered the expression of several miRs (17 up- and 5 down-
regulated), some of which were predicted to regulate the metabolism and the 
immune response (Zhou et al., 2019). This study provides new clues on how 
producers might reduce the economic losses caused by heat waves, a naturally 
occurring extreme event in which the frequency and intensity are predicted to 
be increased with climate change (IPCC, 2018).

Another environmental parameter to which anadromous and catadromous 
fish species have to deal with along their lifecycle is salinity. For anadromous 
species such as salmonids, smoltification (adaptation to seawater) is a criti-
cal developmental period with strong physiological and biochemical changes. 
When the Atlantic salmon miRNome of the head kidney before, during smoltifi-
cation, and post seawater transfer was studied, 71 miRNAs were found to be dif-
ferentially expressed (Shwe et al., 2020). Furthermore, 42 mRNAs involved in 
hormone biosynthesis, stress management, immune response, and ion transport, 
also found differentially expressed in the same tissue, were predicted to be tar-
geted by these miRNAs, suggesting that posttranscriptional regulation of gene 
expression by miRNAs is important in smoltification and seawater adaption.

Different fish species can be adapted to highly diverging and extreme en-
vironments. This is the case of the shortfin molly (Poecilia mexicana) that can 
inhabit springs rich in toxic hydrogen sulfide (H2S). A large population of ma-
ture miRNAs from gills was differentially expressed in Poecilia mexicana when 
compared to locally adapted populations in contrasting habitats (rich versus 
nonsulfidic springs; Kelley et al., 2021). In silico identification of differentially 
expressed miRNA-mRNA pairs revealed that some downregulated miRNAs tar-
geted mRNAs involved in sulfide detoxification and cellular homeostasis, while 
upregulated miRNAs targeted specific mRNAs that act in the mitochondria (the 
main site of H2S toxicity and detoxification) of fish inhabiting sulfidic environ-
ment. These results indicate that miRNAs may contribute to Poecilia mexicana 
adaptation to sulfidic environments.

Different studies reported miRNAs as a central part of the mechanisms in 
the toxicological outcomes of different compounds in several tissues and organs 
(reviewed in Freeman et al., 2013; Ahkin Chin Tai and Freeman, 2020). Liver 
injury due to microcystin-LR (a toxin produced by cyanobacteria) exposure al-
tered the level of some miRs in different fish species (e.g., silver carp, whitefish 
(Coregonus lavaretus), or zebrafish) (Brzuzan et al., 2012; Li et al., 2013; Feng 
et  al., 2017; Qu et  al., 2018). Studies using a qPCR approach for particular 
miRNAs found that (1) miR-122 and let-7c were upregulated in whitefish liver 
exposed to microcystin-LR (Brzuzan et  al., 2012); (2) let-7b, miR-21, miR-
27b, miR-122, miR-125a, miR-143, and miR-148 have a dynamic expression 
along with time postmicrocystin-LR exposure in liver, spleen, and kidney of 
silver carp, although all of them showing an upregulation at specific sampling 
times (Feng et al., 2017); and (3) while miR-21 and miR-27b were upregulated, 
miR-122 and miR-148 were downregulated in zebrafish liver (Li et al., 2013).  
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Surprisingly, Qu et  al. (2018) did not identify those above-mentioned miR-
NAs as even expressed in silver carp liver exposed to microcystin-LR when a 
small RNA-Seq approach was applied. Differences in the concentration of the 
toxin injected, sampling time, fish species and size should account for these 
discrepancies.

Other research works using high-throughput approaches identified several 
miRNAs to be differentially expressed when fish were exposed to different pol-
lutants. For instance, exposure to acidic aluminum-rich water led to an altered 
expression of 18 miRNAs (14 up- and 4 downregulated) in Atlantic salmon 
muscle (Kure et al., 2013). Chronic exposure (3 weeks) to 100 nM of bisphenol 
A, an endocrine disruptor, altered the liver expression of 15 miRNAs which 
potentially targeted mRNAs involved in oxidative processes, defense response, 
transmembrane transportation, and cellular parts (Renaud et al., 2017). These 
results, combined with differential expression analysis of mRNAs in the same 
tissue, represented a signature associated with nonalcoholic fatty liver disease, 
oxidative phosphorylation, mitochondrial dysfunction, and cell cycle. Exposure 
to crude oil causes developmental cardiotoxicity in fish species. Characterization 
of the miRNome of exposed mahi-mahi (Coryphaena hippurus) larvae to oil 
predicted a disruption of cardiovascular system development due to an over-
expression of miR-133, which was correlated with the reduced expression of 
potassium voltage-gated channel subfamily H member 2 (kchn2; Diamante 
et al., 2017). Mutations in kcnh2 have been demonstrated to cause ventricular 
arrhythmias (Keating and Sanguinetti, 2001), supporting the alteration of miR-
133 expression in oil-exposed fish as one of the main mechanisms of abnormal 
cardiovascular development. In addition, upregulated miRNAs (miR-34a, miR-
15, and miR-23) were correlated with phosphatase and tensin homologue and 
neurogenic locus notch homologue protein 2 gene downregulation, which is 
involved in abnormal eye development and leads to cataracts and eye degenera-
tion (Diamante et  al., 2017). Furthermore, polycyclic aromatic hydrocarbons 
(PAHs) particularly present in crude oil can alter fish development. Larvae of 
red drum (Sciaenops ocellatus) exposed to different concentrations of specific 
water accommodated fractions (source oil (6.8, 13.7, and 35.9 μg/L total PAHs) 
and weathered slick oil (4.7, 8.1, and 18.0 μg/L total PAHs)) showed altered 
expression of miR-18a, miR-27b, and miR-203a across all exposure concen-
trations tested (Xu et al., 2019). In this case, targeted mRNAs were predomi-
nantly involved in the neuro-cardio system and nervous system developmental 
processes, consistent with the observed concentration-dependent morphological 
changes in the brain, iris, eye, and pericardial areas. Other endocrine-disrupting 
chemicals such as atrazine (widely used in agriculture) were also reported to 
affect larval development, altering the sex ratio of exposed common carp (Wang 
et  al., 2019b). Depending on the developmental stage where the exposure to 
atrazine occurred, the effects were observed at early ovary differentiation or in 
the formation of germ cells, with the sex ratio biased toward females. Indeed, 
the expression of some miRNAs known to play a key role in gonadal maturation 
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and sex differentiation in fish (let-7, miR-21, and/or miR-143) was found to be 
altered. Moreover, predicted targets of differentially expressed miRNAs were 
found to be related to several pathways involved in the reproductive process, 
namely Wnt signaling, Notch signaling, transforming growth factor-β signaling, 
p53 signaling, steroid hormone biosynthesis, and estrogen signaling pathway. 
In particular, atrazine can upregulate aromatase expression through the differ-
entially expressed miRNAs.

Interestingly, less extreme alterations of the environment can also alter the 
expression of miRNAs. High stocking density is known to be a stressful con-
dition in many farmed fish species. Rainbow trout stocked during 30 days at 
high density (40 kg/m3) showed an upregulation of miR-181a-3p/5p, let-7a-5p, 
miR-10d-5p, and miR-30e-5p/3p, and a downregulation of miR-181b-5p and 
miR-100-5p in the brain, when compared to those of specimens reared at low 
density (3 kg/m3; Gonçalves et al., 2020). This study reveals miRNAs as highly 
sensitive and suitable biomarkers of fish physiology and well-being, and with 
great potential to be industrially exploited. Similarly, dissolved oxygen con-
tent in rearing systems is another parameter that may affect fish physiology. 
In blunt snout bream exposed to hypoxia during 3 or 24 h, or to reoxygenation 
(24 h hypoxia followed by 3 h reoxygenation), 132, 120, and 174 liver miR-
NAs were differentially expressed when compared to fish under normoxia, most 
of them associated to oxidative stress (Sun et al., 2017a). Curiously, none of 
them was the miR-462/731 cluster, which has been shown to exhibit a modi-
fied expression as a response to hypoxia in the liver, spleen, gill, muscle, and 
brain of the same species (Huang et al., 2017). Differences in both experimen-
tal approaches (small RNA-Seq versus qPCR), fish size, exposure times, and 
oxygen levels might explain these discrepancies. Nevertheless, the deleterious 
effects of hypoxia on fish reproductive fitness through the disruption of the 
Brain-Pituitary-Gonad axis have been well documented. In marine medaka, 
among the 558 miRNAs found in the testis, 9 were up- and 5 downregulated 
by hypoxia (Tse et al., 2016). Bioinformatic analysis identified that many of 
the potentially targeted mRNAs were closely related to stress response, cell cy-
cle, epigenetic modification, sugar metabolism, and cell motion. Furthermore, 
the hypoxia epigenetic regulator of transgenerational reproductive impairment  
(euchromatic histone-lysine N-methyltransferase 2) was found to be targeted by 
the downregulated miR-125-5p, establishing the underlying epigenetic mecha-
nism of the transgenerational inheritance of reproductive dysfunction due to 
hypoxia on male fish. A similar approach has been conducted in marine medaka 
females, identifying 33 and 10 miRNAs up- and downregulated under hypoxia, 
respectively (Lai et al., 2016). A large number of hypoxia-suppressed miRNAs 
were predicted to target steroidogenic enzymes, including steroidogenic acute 
regulatory protein, aromatase and 17-alpha-monooxygenase, estrogen receptor 
2, and androgen receptor. These results reveal a novel pathway for female re-
productive impairment due to hypoxia. Certainly, future studies will enlarge the 
set of fish responses to different environmental cues involving miRNAs.
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4.4 miRNAs involved in fish immunocompetence and disease 
resistance

Several studies have focused on how miRNAs can promote the immune re-
sponse of fish against pathogens, but also how they allow bacteria or viruses 
to escape from the immune system. Indeed, the role that the miRNAs play in 
fish immunity is suggested to be mediated through targeting pattern recognition 
receptors and downstream signaling factors. For a detailed description of the 
miRNAs involved in fish antiviral and antibacterial immunity, and their related 
pathways, the recent reviews of Wang et al. (2018), Andreassen and Høyheim 
(2017), and Zhou et al. (2021) are highly recommended for interested readers. 
Instead, some examples of how relevant pathogens altered the expression of 
miRNAs in fish tissues will be here briefly presented.

Ordas et  al. (2013), applying a miRNA microarray to total RNA isolated 
from zebrafish embryos infected or not with Salmonella typhimurium and 
adults infected or not with Mycobacterium marinum, found the expression of 
miR-146a and miR-146b to be upregulated in infected fish. Furthermore, the 
induction of these miRNAs was demonstrated to be through the MyD88-Traf6 
pathway. Surprisingly, miR-146 knockdown in zebrafish embryos infected with 
Salmonella typhimurium does not have a major effect on the transcription of 
pro-inflammatory and transcription factor genes, but altered lipid metabolism. 
More recently, with the implementation of new sequencing technologies, 51 
and 16 differentially expressed miRNAs were found in grouper fin (GF-1) cells 
when infected or not with red-spotted grouper (Epinephelus coioides) nervous 
necrosis virus (RGNNV) at 3 and 24 h postinfection, respectively (Chen et al., 
2017). Furthermore, overexpression of four differentially expressed miRNAs 
(miR-1, miR-30b, miR-150, and miR-184) promoted the replication of RGNNV. 
Also, how the hepatic miRNome in Nile tilapia was altered by Streptococcus 
agalactiae infection in a longtime course (from 0 h to 7 day postinfection) was 
investigated (Gao et al., 2019b). A large number (from 21 to 50) of miRNAs 
involving apoptotic process, metabolic process, and immune responses were re-
ported to be differentially expressed, evidencing a highly dynamic expression of 
miRNAs during pathogen infection. More recently, the miRNA cargo packaged 
in extracellular vesicles (EVs) released from primarily “monocyte-like” and pri-
marily “macrophage-like” head kidney leukocytes from Atlantic salmon was 
characterized (Smith et al., 2020). A total of 19 differentially enriched miRNAs 
associated with macrophage differentiation and immune response were found, 
representing a first step toward the identification of EV biomarkers to monitor 
immune cell function, fish health, and/or response to disease.

Edwardsiella tarda is a severe fish pathogen with a broad host range. The 
expression of miRNAs from Japanese flounder kidneys was modulated at dif-
ferent stages of infection (Li et al., 2019). Ninety-six miRNAs differentially ex-
pressed were identified and their mRNA targets predicted, which at 12, 24, and 
48 h postinfection were related to T cell and B cell receptor signaling pathways, 
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among others. In addition, the sphingosine-1-phosphate receptor 1 (PoS1PR1) 
gene was negatively regulated by miR-182-5p. Furthermore, the overexpression 
of miR-182-5p promoted apoptosis and inhibited flounder cells’ viability, while 
knockdown enhanced Edwardsiella tarda invasion and dissemination in fish 
tissues. More recently, another three differentially expressed miRNAs (miR-
3p-2, miR-novel_547, and miR-novel_642) in Japanese flounder infected by 
Edwardsiella tarda were also functionally characterized (Guan et al., 2020; Li 
et al., 2020, 2021). The expression of p53 was negatively regulated by miR-3p-2, 
promoting autophagy (Guan et al., 2020). MiR-novel_547 repressed the expres-
sion of pten (phosphatase and tensin homologue) and promoted Edwardsiella 
tarda invasion via the AKT/mTOR pathway (Li et al., 2020). Overexpression of 
miR-novel_642 or interference with the expression of its target, the structural 
homologue of murine granulocyte colony-stimulating factor 3 (pocsf3-1), also 
promotes Edwardsiella tarda infection, most probably through the activation of 
autophagy (Li et al., 2021).

Vibrio anguillarum infection is also another relevant pathogen with impor-
tant outbreaks in different farmed fish species. The expression of miR-21 in 
miiuy croaker (Miichthys miiuy) spleen was upregulated under lipopolysac-
charide injection and Vibrio anguillarum infection (Chu et al., 2019). In vitro 
cell systems demonstrated that miR-21 suppressed inflammatory cytokine ex-
pression by targeting IL-1 receptor-associated kinase 4 (irak4) gene. Turbot 
(Scophthalmus maximus), an important commercial fish species in Europe and 
China, also suffers Vibrio anguillarum infection. Gao et al. (2019a) studied the 
expression profiles of miRNAs in the intestine at 1, 4, and 12 h postinfection, 
and 44 miRNAs were found to be differentially expressed, but miR-21 was not 
included among them. Potentially targeted mRNAs were involved in immune 
defense/evasion, inflammatory responses, RIG-I signaling pathway, and Toll-
like receptor signaling pathway. Korean lamprey (Lampetra morii) is a key 
fish species in evolution (between invertebrates and vertebrates). A generated 
microRNA expression atlas in leukocytes under Vibrio anguillarum infection 
revealed that miR-4561 potentially regulates its innate immunity via interaction 
with lamprey immune protein (LIP), an immune factor expressed in the supra-
neural body tissue (Ma et al., 2021). Since overexpression of miR-4561 also 
induced apoptosis in embryonic cells, it was suggested that it might have a role 
in embryonic development too.

Viral infection has also been reported to induce a miRNA response in 
Atlantic cod (Gadus morhua) macrophages. Treatment with polyriboinosinic 
polyribocytidylic acid (polyI:C), a viral mimic, induced a differential expres-
sion of 4 (miR-731-3p, miR-125b-3-3p, miR-150-3p, and miR-462-3p) and 2 
(miR-2188-3p and miR-462-3p) miRNAs at 24 and 72 h poststimulation, re-
spectively (Eslamloo et al., 2018). In the same study, other miRNAs known as 
immune responsive were also found to be differentially expressed.

All these studies open new avenues to better understand the molecular mech-
anisms of miRNA regulating the host-pathogen interactions in fish  species. 
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Furthermore, their detailed characterization might allow identifying pathogen-
specific signatures, allowing their use as reliable biomarkers of fish disease as 
well as the development of new immune therapies.

4.5 miRs involved in fish metabolism and nutrition

Feeding strategies and behavior in fish species are as much wide as can be 
expected from the most diverse taxonomic group. Depending on their mode 
of feeding (filter feeders, parasites, and predators as well as herbivorous and 
carnivorous) each one has an appropriately adapted digestive system, from a 
simple short tubular intestine to a more complete digestive system including a 
foregut (esophagus, stomach, and pylorus), midgut, and hindgut (Egerton et al., 
2018). Nutrition and feeding have a great impact on fish growth, reproduction, 
and health, accounting for the 40%–70% of the fish farm costs. Thus, under-
standing how food intake, digestion, absorption, and transport of nutrients to 
the various tissues are determined and promoted is vital for fish farmers from an 
economic perspective. Here, we will compile the knowledge gained in this issue 
during the last decades.

Fish, during their early development, pass from a first endogenous feeding 
phase (acquiring all the nutrients required for normal development and growth 
from the yolk sac reserves) to an exogenous feeding phase (nutrients are ab-
sorbed from the caught living/inert preys/diets), including a mixed feeding 
mode in between. The first report on how miRNAs might be involved in fish 
nutrition processes showed that particular miRNAs (as well as their predicted 
mRNA targets) altered their expression along with this feeding mode transition 
in rainbow trout (Mennigen et al., 2013). The authors found that the use of ex-
ternal feeds was associated with an increased expression of miRNA-143, con-
comitant with a decreased expression of the α/β hydrolasedomain 5 (abhd5) 
gene, a factor related to triglyceride hydrolysis, and suggesting a potential 
mechanism in the onset of lipid deposition. Similarly, muscle-specific expres-
sion of miR-1, miR-133, and myogenic differentiation 1 (myod1) decreased 
in exogenously feeding alevins, consistent with the intense muscle hypertro-
phy for promoting muscle growth at such stage. Posteriorly, Bizuayehu et al. 
(2016) demonstrated how the miRNome was modulated by the type/quality 
of food at first feeding in Atlantic cod larvae. It is long known how, at first 
feeding, fish larvae fed natural zooplankton (mostly copepods) outperform fish 
fed aquaculture live preys (enriched rotifers and Artemia salina). The authors 
found 8 miRNAs (miR-9, miR-19a, miR-130b, miR-146, miR-181a, miR-192, 
miR-206, and miR-11,240) differentially expressed between these two feed-
ing groups in at least one developmental stage of the six compared. Also, the 
predicted miRNA targets were found to be involved in metabolic, phototrans-
duction, and signaling pathways. These two nutrigenomic studies highlighted 
how miRNA expression can be modulated by nutrition and open a new nutrig-
enomic research line in farmed species.
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Different studies have advanced our knowledge on the potential role of 
miRNAs in fish nutrition and their potential to be used as reliable biomark-
ers (reviewed in Fernández et al., 2017; Zhou et al., 2021). Glucose and lipid 
contents have been shown to modulate the expression of several miRNAs. The 
dynamic expression of miR-122 and miR-33 in the liver of rainbow trout during 
fasting and refeeding time course was first associated with the insulin pathway 
(Mennigen et al., 2012). Afterward, the same group showed that injection of 
miRNA-122 inhibitor resulted in reduced expression of genes involved in he-
patic lipid metabolism and decreased lipid availability (Mennigen et al., 2014). 
This preliminary identification of miRNAs related to glucose metabolism was 
further extended (by RNA-Seq approach) to 79, 124, and 77 differentially ex-
pressed miRNAs in the intestine, liver, and brain (respectively) from blunt snout 
bream specimens fed high or normal starch dietary content, miR-34a being one 
of them (Miao et al., 2017). The same authors showed afterward how intraperi-
toneal injection of a miR-34a inhibitor in blunt snout bream fed a high starch 
diet induced an altered hepatic expression of genes involved in glucose/lipid 
metabolic and biosynthetic processes (Miao et al., 2018). In Nile tilapia, another 
miRNA (miR-1338-5p) was found to modulate growth hormone secretion and 
glucose utilization (Qiang et al., 2017). More recently, a combined approach of 
small RNA-Seq and mRNA-Seq to determine the rainbow trout postprandial 
response to diets rich or devoid in carbohydrates, showed that dietary-induced 
hyperglycemia resulted in (1) the upregulation of hepatic transcripts involved 
in the biogenesis of miRNAs (e.g., drosha, xpo5, and ago2) and (2) the al-
tered expression of up to 49 miRNAs (Kostyniuk et al., 2019). Furthermore, a 
comparative analysis of the hepatic miRNome in glucose tolerant (blunt snout 
bream) and intolerant (rainbow trout) species to high carbohydrate-rich diets 
revealed 11 hepatic miRNAs differentially regulated in common. The same 
research group, through a metaanalysis, suggested an evolutionary conserved 
(let-7, miRNA-27 family) and rewired (miRNA-30 family, miRNA-152 and 
miRNA-722) miRNA-metabolic target gene networks in salmonids (Kostyniuk 
and Mennigen, 2020).

A high-fat diet also induces hepatic regulation of different miRNAs (Zhang 
et al., 2014; Tang et al., 2019). In blunt snout bream fed high-fat versus normal-
fat diets, 12 miRNAs were differentially expressed (Zhang et al., 2014). Among 
them, miR-30c and miR-30e-3p were upregulated and miR-145 and miR-15a-
5p downregulated, having 6 putative lipid metabolism-related genes (fetuin-
B, Cyp7a1, NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit 2, 
3-oxoacid CoA transferase 1b, stearoyl-CoA desaturase, and fatty-acid syn-
thase) as targets. In Nile tilapia, miR-205-5p was suggested to be an important 
regulator of hepatic lipid metabolism, controlling the expression of acetyl-CoA 
carboxylase β (acacβ; Tao et al., 2018). Similarly, miR-122 was also demon-
strated to be involved in hepatic lipid metabolism in Nile tilapia, by targeting the 
stearoyl-CoA desaturase gene (Qiang et al., 2018). A downregulation of miR-
16, miR-33a, miR-30, and miR-122 was related to increased  hepatosomatic 
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index, serum high-density lipoprotein-cholesterol (HDL-C) level, and liver 
lipid content in grass carp (Ctenopharyngodon idella) fed high-fat diet, con-
comitant with increased expression of sterol regulatory element-binding tran-
scription factor 1 (srebp1), peroxisome proliferator-activated receptor gamma 
(pparγ), liver X receptor alpha (lxrα), and ATP-binding cassette transporter 
A1 (abca1; Tang et al., 2019). However, it should be noted that the interaction 
of miRNAs-mRNAs can be also the other way around. For example, the an-
chor protein repeat (Gankyrin) has been shown to upregulate the expression of 
miR-16, miR-27b, miR-122, and miR-126 in the zebrafish liver, promoting fat 
deposition (Her et al., 2011). Specific miRNAs have been reported to regulate 
the synthesis of long-chain polyunsaturated fatty acids (LC-PUFA). MiR-33 
has been reported to control the expression of two enzymes (Δ4 and Δ6Δ5 
fatty acyl desaturases) that are central to LC-PUFA biosynthesis, as well as 
the posttranscriptional regulation of insulin-induced gene 1 (Insig1), promoting 
LC-PUFA synthesis (Zhang et al., 2016; Sun et al., 2019a). MiR-146a inhibits 
LC-PUFA synthesis targeting elongation of very long-chain fatty acids protein 
5 gene (Chen et al., 2018), while miR-24 and miR-15/16 cluster increased LC-
PUFA production through insig1 and pparγ inhibition, respectively (Chen et al., 
2019; Sun et al., 2020).

In fish, glucose and lipid metabolism are closely interconnected, with lipo-
genesis acting as a glucose sink in most fish species, and particularly in less tol-
erant fish species such as the salmonids (reviewed in Hemre et al., 2002). In this 
nutritional interconnection, cholesterol is known to have a central role in lipid 
deposition, and some miRNAs have been shown to regulate it. MiR-122 was 
found to be responsible for altered glucose homeostasis in rainbow trout, and its 
inhibition further resulted in a 20% decrease in plasma cholesterol concentration 
(Mennigen et al., 2014). Further bodies of evidence were recently provided. In 
rainbow trout, the expression of miR-1, miR-33a, miR-122, miR-128, and miR-
223 was postprandially modulated in the liver, while the expression of miR-122, 
miR-128, and miR-223 in blood plasma was suggested as a potential biomarker 
of cholesterol metabolism in rainbow trout (Zhu et al., 2018). In  yellow catfish, 
miR-144 mediates the changes of cholesterol metabolism induced by high-fat 
diets, which are via the direct regulation of the CCAAT/enhancer-binding pro-
tein alpha (C/EBPα) in the liver (Chen et al., 2020).

Other nutritional conditions have been reported to alter the expression pro-
file of miRNAs. Feed additives such as probiotics can modulate the expres-
sion profile of miRNAs in rainbow trout brain, helping to cope with stressful 
conditions (Gonçalves et al., 2020) or improving grass carp growth by skeletal 
muscle increase (Li et al., 2017). Increasing levels of vitamin E in Nile tilapia 
diets increased the hepatic expression of miR-16, miR-21, miR-122, miR-125b, 
miR-146a, miR-155, miR-181a, and miR-223, which was related to the activity 
of superoxide dismutase (Tang et al., 2013). A comparative analysis of the liver 
miRNome of common carp fed diets formulated on different protein sources 
(animal and vegetable) that induce an altered redox status, also reported 5 
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 miRNAs (miR-137-3p, miR-143-3p, miR-146a-5p, miR-21-5p, and miR-125b-
5p) to be differentially expressed (Yang et al., 2019). The identification of com-
mon miRNA signatures related to redox status in different species and by using 
different (nutritional) approaches might reinforce the suitability and reliability 
of using miRNAs as potential biomarkers in fish physiology.

Considering the current shift on fish diet formulations to make aquaculture 
more sustainable, exploring the expression profile of some of those miRNAs 
involved in carbohydrate, lipid, and cholesterol metabolism might be useful to 
understand the potential effects of replacing fishmeal and fish oil with alterna-
tive raw materials and/or to define better alternatives to be considered. In this 
sense, Zhu et al. (2019) already reported how the hepatic expression of miRNAs 
related to cholesterol metabolism (miR-33a, miR-122, and miR-128) was af-
fected by total fishmeal and fish oil replacement by vegetable sources in rain-
bow trout. Furthermore, the altered expression of miR-33a by vegetable diets 
in rainbow trout was further confirmed afterward in Zhu et al. (2020), where 
the altered expression of miR-33a was also found in blood plasma, further con-
firming previous findings on the potential use of circulating miRNAs as a less 
invasive biomarker in fish physiology (Sun et al., 2017b; Fernández et al., 2019; 
see Section 5).

In general, the research effort of identifying, quantifying, and characterizing 
miRNAs in fish species (reviewed in Rasal et al., 2016; Fernández et al., 2017; 
Herkenhoff et  al., 2018; Zhou et  al., 2021; and here) opens new avenues to 
find, develop, and implement innovative solutions for old and recent bottlenecks 
in fish farming, but also to better understand how the miRNA system evolved 
within multicellular organisms.

5. Recent progress and future perspectives

In the present chapter, a recent overview of the biogenesis and the underlying 
mechanisms of miRNAs in different biological processes has been presented, 
particularly in fish species. The increased understanding of how miRNAs play 
a central role in gene posttranscriptional and DNA methylation regulation was 
only possible to the continuous development of analytical tools to identify, 
quantify, locate, predict, and validate the potential mRNA targets in a high-
throughput manner during the last two decades. Nevertheless, although the 
number of studies specifically performed on this topic in fish species has in-
creased, they are still far from representing the relevance that fish have from an 
ecological, evolutionary, and economic perspective.

Regardless of the great progress on the different approaches applied to gain 
knowledge on the biological significance of miRNAs in fish biodiversity, devel-
opment, and physiology, more reliable, high-throughput and cost-effective tools 
for identifying miRNAs, predicting mRNA targets and their functional char-
acterization are still needed (Forero et al., 2019; Kern et al., 2020). As pointed 
by Coenen-Stass et  al. (2018), small RNA-Seq remains challenging despite 
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 considerable improvements. In this sense, better and standardized miRNA isola-
tion methods, library preparation, and normalization procedures should help to 
reduce bias and identifying common miRNA signatures of biological processes 
in different fish species. Also, although computational prediction tools allow 
getting first evidence of potential underlying mechanisms toward prioritizing 
miRNA candidates for experimental validation, there is still a huge uncertainty 
whether predicted mRNA targets are just mere false positives. Thus miRNA tar-
get predictions should be used with caution (Pinzón et al., 2017). In this sense, 
both the implementation of machine learning algorithms (see Riolo et al., 2021) 
and technologies that would allow the discovery of the particular features for an 
effective miRNA-mRNA interaction in fish species (e.g., Yartseva et al., 2017) 
such as CLIP-Seq and CLASH combined with CRISPR/Cas9 gene editing, will 
improve the reliability of their outputs and enhance future miRNA biomarker 
discovery. For the successful implementation of CLIP-Seq and CLASH meth-
ods, one of the limitations when working with fish species is the availability 
of antibodies capable of efficiently precipitating the Ago proteins. Since most 
available antibodies have been specifically designed for mammalian species, the 
procedure depends on a successful generation of custom antibodies (Fridrich 
et  al., 2019), which is not always an easy task. Single-cell cosequencing of 
miRNAs and mRNAs also offers a great potential to infer the potential miRNA-
mRNA interactions at the single cell context and the differentially regulated 
RISC targetomes (Kern et al., 2020). Furthermore, despite the needed improve-
ments on the powerful high-throughput technologies, simple democratization of 
programs to design primers for the evaluation of miRNA expression by qPCR, 
particularly to study isomiRs in nonmodel fish species that are not currently 
targeted by commercially available methods (Forero et al., 2019), might be also 
advisable. Overcoming all these limitations would certainly help to increase our 
knowledge on how miRNA networks evolved in metazoans, and particularly in 
fish taxa. Most importantly, it will help to exploit the development and imple-
mentation of biotechnologies to expand the potential use of miRNAs either as 
biomarkers and/or therapies, not only to answer some scientific questions, but 
also to solve important industrial bottlenecks.

Fish is the most abundant and diverse animal taxa, considering the diverse 
set of ecological niches occupied, the feeding behaviors displayed, as well as 
their morphological adaptations and reproductive modes. The functional char-
acterization will increase our understanding of how miRNAs are also respon-
sible for phenotypic diversification. A recently conducted comparative analysis 
of miRNAs in four teleosts and one holostei species (Desvignes et al., 2021) 
reported poor evolutionary conservation of organ-enriched miRNAs in gonads, 
supporting the hypothesis that gonad miRNAs evolve with reproductive features 
in lineage-specific ways. This might explain the different (even opposed) profile 
of particular miRNAs during gonad maturation (see Section 4.2 regarding con-
tradictory results reported on miR-451 and miR-190a expression by Zayed et al. 
(2019) and Papadaki et al. (2020)).
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The significance of miRNAs studies in fish development and physiology is 
also beyond the key evolutionary branch that the fish species represents for a bet-
ter understanding of metazoan evolution. Fish farming is nowadays representing 
the most promising sustainable and healthy way to cope with the future needs 
of animal protein sources for human consumption. In this sense, major gains in 
aquaculture since 2000s (reviewed in Naylor et al. (2021)) have been possible 
to constant knowledge advances on fish immunity and disease resistance, repro-
duction control, fish growth, feed digestion efficiency and fish nutrition, among 
others (e.g., biological knowledge and husbandry practices of farmed species). 
Many studies reported how miRNAs are involved in all these processes in fish 
species, but also some of them open new avenues to develop new strategies to 
cope with the new challenges that wild fisheries and aquaculture are facing (e.g., 
climate change adaptation and boosting aquafeeds sustainability). In this sense, 
the recent implementation of biotechnologies already applied in biomedicine is 
opening new exciting opportunities to improve reproductive performance and 
aquafeed formulation. The identification and quantification of miRNAs within 
biofluids are becoming routine monitoring procedures in human health as good, 
reliable and integrative biomarkers (Viereck and Thum, 2017; Tomasetti et al., 
2019), but also recently translated into innovative therapies to treat diseases 
(Zhang et al., 2019b).

Very recently, the use of high-throughput studies in fish species has shown 
that nutritional and/or hormonal interventions induce an altered profile of par-
ticular circulating miRNAs from the blood plasma (Fernández et  al., 2019; 
Oliveira et  al., 2020). Nutritional supplementation of vitamin K (VK) in di-
ets for Senegalese sole broodstock males altered the expression of different 
isomiRs of the let-7 and miR-146 family members (up- and downregulated, 
respectively), which was at the same time related with different degrees of 
sperm DNA fragmentation (Fernández et  al., 2019). Bioinformatic analyses 
of predicted mRNA targets suggested different pathways might be involved in 
the underlying mechanism, particularly the gonadotropin-releasing hormone 
(GnRH) receptor pathway being one of them. GnRH acts centrally to mediate 
sexual behavior, as well as increasing gonadal steroids via the hypothalamic-
pituitary- gonadal (HPG) axis to elicit courtship behavior (McGuire et al., 2010). 
Curiously, Senegalese sole males reared in captivity do not display correctly 
this courtship  behavior. This study unexpectedly suggests an additional and 
complex regulatory mechanism of the reproductive performance by circulating 
miRNAs, where optimal dietary levels of VK might help to solve the reproduc-
tive dysfunction in Senegalese sole males. Posteriorly, the same research groups 
further confirmed how circulating miRNAs might be integrative biomarkers of 
reproductive status in Senegalese sole. Hormonal injection of Kisspeptin, acting 
upstream of the HPG axis, increased gonadotropins (Fsh and Lh) and testoster-
one plasma levels (Oliveira et al., 2020). Also, circulating let-7e, miR-199a-3p, 
and miR-100-5p were found to be differentially expressed in females, while 
miR-1-3p miRNA was upregulated in kisspeptin-treated males. In this case,  
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in silico prediction of mRNA targets revealed that Kisspeptin treatment might af-
fect paracellular transporters, regulate structural and functional polarity of cells, 
neural networks, and intracellular trafficking in Senegalese sole females. Both 
studies opened new research venues to understand how circulating mRNAs are 
involved in the fish HPG axis. Other studies of miRNAs in biofluids further sup-
ported their role in fish reproduction, particularly sperm maturation (Bizuayehu 
and Babiak, 2020), and/or extended the set of biological processes where differ-
ential expression of circulating miRNAs has been observed in fish species such 
as fish nutrition (Zhu et al., 2018) or response to pollutants (Ma et al., 2018).

In studies of miRNAs from biofluids, there are still some controversies and 
issues that need to be addressed (e.g., hemolysis; Blondal et al., 2013), as well as 
some limitations to overcome (e.g., methodological standardization or uncom-
pleted mechanistic understanding of miRNA release and uptake; Iftikhar and 
Carney, 2016). Nevertheless, they represent an interesting and ethical source of 
integrative biomarkers with important technical advantages. Biofluids can be 
easily obtained without the need for animal sacrifice, thus the same individual 
can be monitored over time, reducing the variability of the evaluated response 
when different individuals are compared. Also, miRNAs have shown greater 
stability than mRNAs against different conditions (temperature, pH, etc.). 
Certainly, in the near future, improvements in biotechnological approaches will 
pave the way to achieve further exciting discoveries regarding the biological 
relevance of miRNAs in biofluids.
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Chapter 5

Nutritional epigenetics

Kaja H. Skjærven, Anne-Catrin Adam, Saito Takaya, Rune Waagbø,  
and Marit Espe
Institute of Marine Research, IMR, Bergen, Norway

1. Introduction

Not only the quantity, but also the quality of feed, play key roles in develop-
ment, maintaining growth, and ensuring a robust health status for fish. Classic 
nutritional studies show that nutritionally imbalanced diets can cause changes 
in the metabolic homeostasis, chronic diseases, immune deficiency, increase 
susceptibility to infectious diseases, and poor growth (Halver and Hardy, 2002; 
Kiron, 2012; Lall and Lewis-McCrea, 2007; Trichet, 2010; Turchini et al., 2009; 
Waagbø, 2006, 2008). Nutrition-based studies on aquaculture-related fish spe-
cies have shown that fish have both species- and stage-specific as well as con-
ditional requirements for macro- and micronutrients, including vitamins and 
minerals (NRC, 2011; Hemre et al., 2016; Espe et al., 2020; Vera et al., 2017; 
Waagbø et al., 2020). In the early life stages, fish larvae with an underdeveloped 
and immature gastrointestinal tract, a higher number of nutrients are classified 
as essential compared to on-growing stages (Moren et al., 2011). Although it 
seems to be species-specific feeding strategies, broodstock fish also require 
increased levels for specific nutrients prior to and during sexual maturation 
(Izquierdo et al., 2001; Christiansen and Torrissen, 1997; Mæland et al., 2003; 
Waagbø et al., 1993; Skjaerven et al., 2016, 2018). This means that special care 
and attention to nutritional needs should be taken at all stages of aquaculture 
production, so deficiencies are avoided, and fish welfare is secured. Indeed, 
nutrition is focused as an attractive way to enhance the robustness in farmed 
fish species through functional feeds (Waagbø et al., 1993; Panserat et al., 2019; 
Sweetman et al., 2010; Waagbø and Remø, 2020; Andersen et al., 2016).

In recent times, there has been a growing interest in epigenetic gene regu-
lation as a central mechanism that connects the nutrients in the feed with the 
overall control of activity and signal flow in the various metabolic pathways. 
The field of nutritional epigenetics, with a particular focus on how metabolites 
are central to epigenetic regulation, has grown rapidly over the last 10 years, 
with the number of published articles increasing each year, mainly for mam-
malian species.
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New publications show that nutritional epigenetics is also highly relevant 
for fish and seems particularly important for robust domestication (Best et al., 
2018; Hou and Fuiman, 2020), but also in environmentally controlled evolu-
tion through a match between the developmental stage and prey availability 
(Skulason et  al., 2019). Understanding how epigenetic regulators respond 
and direct their signals in response to the chemical composition of the diet 
are key factors in aquaculture production to maintain healthy growth through 
generations.

2. Epigenetic regulators

Briefly, the three major mechanisms in epigenetic regulation are DNA methyla-
tion, histone tail modifications, and noncoding RNAs (ncRNAs) (Fig. 1). Both 
DNA methylation and histone modifications play key roles in regulatory control 
of DNA binding activities without changing the underlying DNA sequence. The 
ncRNAs, like piRNA, lncRNA, and microRNAs, cover a wide range of biologi-
cal functions, including epigenetic regulation. For a further detailed information 
on epigenetic mechanisms, please see also Chapter 3.

FIG. 1 Three main classes of epigenetic regulators. (1) Histone modifications are posttransla-
tional modifications of eight core histone proteins on their tails, including methylation (Me), acety-
lation (Ac), phosphorylation (P), and ubiquitination (Ub). Both nucleosomes and chromatins are 
key structures of DNA packing within chromosomes. Chromatin is a complex of DNA and pro-
teins with nucleosomes as basic repetitive unit. Nucleosome consists of core histone octamer coiled 
around by DNA. (2) Cytosine methylation at a CpG site is the most common DNA methylation in 
higher eukaryotes. (3) Noncoding RNAs (ncRNAs) are a class of RNAs that are transcribed by RNA 
polymerase II and III, but avoid translation by ribosome, resulting in no protein output. ncRNAs are 
further categorized by their lengths into short ncRNAs (< 200 nt) and long ncRNAs (> 200 nt).The 
figure was created using BioRender.com.
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Epigenetic regulators share common aspects among vertebrates, but the di-
vergence of functionality is widespread outside vertebrates (Lewis et al., 2020). 
Prokaryotes have no histones, and most insects and fungi have different types 
of DNA methylation from vertebrates (Antequera et al., 1984; Bewick et al., 
2017). The difference of ncRNA profiles between plants and metazoans is also 
considerably divergent (Yu et al., 2019).

Nutrition has been traditionally well studied in aquaculture-related fish 
species and in addition is a major external factor that influences epigenomes. 
Therefore nutritional epigenetic research in fishes may gain a unique position 
since they have all three epigenetic regulators similar to those of mammals, the 
nutritional requirement levels for several species are known and can be con-
trolled at fine-tuned levels, and for some species, their relative short generation 
time makes it possible for experiments to continue over several generations.

This chapter will specifically focus on DNA methylation and DNA/histone 
complexes. These epigenetic modifications, located on the genome, operate 
to control gene expression through the structure of the chromatin (Atlasi and 
Stunnenberg, 2017) and these structural changes result from the activity of spe-
cific enzymes which utilize nutrients directly or as intermediate metabolites in 
the process (Ducker and Rabinowitz, 2017; Finkelstein et al., 2015; Wang et al., 
2018).

2.1 DNA methylation

In brief, DNA methylation is the most examined epigenetic mechanism and is 
implicated in cell proliferation, determination, and differentiation. Most verte-
brates, including mammals, reptiles, and fishes, have their CpG sites (cytosine 
followed by guanine) extensively methylated (Fig. 1). The DNA can be meth-
ylated at cytosines to generate 5-methylcytosine. Cytosine (C) methylation, at 
CpG sites, is usually symmetric, as a CpG site is methylated when the CpG site 
of the opposite strand is methylated. Cytosine methylation in higher eukary-
otes occurs exclusively in CpGs, but it does not need to be within CpG islands 
(clusters of high frequent CpG sites). CpG islands in promoter regions tend to 
have low DNA methylation levels. The definition of a CpG island is simply a 
CpG-rich region.

DNA methyltransferases are the enzymes that transfer methyl groups to cy-
tosines utilizing S-adenosylmethionine (SAM) as the methyl donor. The molec-
ular networks that adjust the SAM availability can thereby modify the genome 
accessibility, and recent studies have demonstrated that the nutrient availability 
and quality have a much broader role in mediating the cellular response (Dai 
et al., 2020). For fish, the cellular concentration of SAM depends on the feed 
ingredients and the micronutrient concentration in fish diets (Espe et al., 2014; 
Wischhusen et al., 2020a; Adam et al., 2021). DNA methylation is strongly as-
sociated with several histone tail modifications; hence, it can be used as strong 
markers to indicate gene activities. Moreover, DNA methylation is reversible, 
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which requires several steps from methylated C to unmethylated C via hydroxy-
methylated C (Kriaucionis and Heintz, 2009). Cytosine hydroxymethylation is 
increasingly seen as an important epigenetic modification and part of the cells’ 
signaling cascade. DNA methylation and demethylation involves several micro-
nutrients and other metabolites in the signaling cascade (see below, Section 3 
and Fig. 3).

DNA methylation plays a key role to establish spatiotemporal patterns of 
gene expression (De Paoli-Iseppi et al., 2017). DNA methylation status is re-
set or “washed out” in preblastula stages and during germ cell specification 
as most methylated cytosine sites turn demethylated (Smallwood and Kelsey, 
2012; Lokk et al., 2014). Thereafter, diverse spatiotemporal patterns are gradu-
ally established as cytosine sites are progressively methylated (Andersen et al., 
2012b).

DNA methyltransferases (DNMTs) are the enzymes that transfer a methyl 
group to DNA. For vertebrates there are both maintenance (dnmt1) and de novo 
methyltransferases that establish DNA methylation patterns (Jones and Liang, 
2009). The main difference is that dnmt1 is responsible for maintenance of 
DNA methylation during cell replication, whereas the de novo methyltransfer-
ases can methylate new methylation patterns depending on cell type or function 
(Goll and Bestor, 2005). Teleosts (and other vertebrates) generally have one 
single-copy gene of dnmt1 (except that two copies are identified in rainbow 
trout (Oncorhynchus mykiss) and Atlantic salmon (Salmo salar) (Liu et  al., 
2020)), however several paralogs of de novo methyltransferases have arisen 
from evolutionary genome duplication events (Liu et al., 2020; Campos et al., 
2012; Skjaerven et al., 2014). Teleostei have two dnmt3a-type genes and three 
main dnmt3b-type genes, but the nomenclature can be confusing probably due 
to the complexity around the genome duplication events combined with the 
variations between the species. Several names have been proposed for the tele-
ost de novo methyltransferases. The Ensembl names for dnmt3a are dnmt3aa 
(also called dnmt8) and dnmt3ab (also called dnmt6) whereas for the dnmt3b 
genes are called dnmt3bb.1 (also called dnmt4), dnmt3bb.2 (also called dnmt3), 
dnmt3bb.3 (also called dnmt5), and dnmt3ba (also called dnmt7). Assessment of 
the genomic loci of the dnmt3b-type genes suggests that the dnmt3bb.1 and the 
dnmt3b paralogs (dnmt3bb.2 and dnmt3ba) are tandemly duplicated (Skjaerven 
et al., 2014). The actinopterygian dnmt3bb.1 and dnmt3bb.2 are tandem dupli-
cates, but teleosts encode the third gene (dnmt3ba) on a separate linkage group. 
This tandem arrangement is conserved throughout the teleost lineage, but with 
different species such as zebrafish (Danio rerio) encoding extra gene copies of 
dnmt3bb.2 called dnmt3bb.3, whereas both trout and salmon have extra copies 
of both the dnmt3bb.1 and dnmt3ba (Liu et al., 2020). Based upon the locus and 
phylogenetic clustering, teleost dnmt3b orthologs are the product of the teleost-
specific whole genome duplication (WGD) event at the root of dnmt3bb.2 and 
dnmt3ba, as the spotted gar (Lepisosteus oculatus) contains both dnmt3bb.1 
and dnmt3ba. Similarly, the dual paralogy of the teleost dnmt3aa and dnmt3ab 
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genes in relation to the single spotted gar dnmt3a orthologs is further telling that 
the extra dnmt3ab gene copy is the product of WGD (Skjaerven et al., 2014).

The primary function of promoter vertebrate DNA methylation is silencing 
(Watt and Molloy, 1988; Boyes and Bird, 1991). Repeated sequences, such as 
transposons originated from ancient viruses, are extensively methylated as ba-
sic defense mechanisms in early development stages (Slotkin and Martienssen, 
2007). In gene bodies, CpG sites in exons of highly expressed genes tend to be 
methylated especially for those remotely located further from the transcription 
start site (TSS), which presumably assures the prevention of irregular transcrip-
tion initiation (Maunakea et al., 2010). In enhancers, a single methylated site is 
enough to alter DNA binding affinity of transcription factors when they have a 
CpG site in their binding motifs (Zhu et al., 2016).

Conversely, unmethylated CpG sites are useful markers for the identification 
of active gene regulation. Promoter regions of active genes, especially around 
TSS, often avoid DNA methylation to bypass the potential disruption of regula-
tory elements caused by DNA methylation. Also, highly expressed genes, such 
as house-keeping genes, tend to have unmethylated CpG islands in their pro-
moter regions.

The most widely used methods to detect DNA methylation are bisulfite 
treatment-based technologies (Chatterjee et al., 2012). Bisulfite treatment con-
verts unmethylated cytosine (C) to uracil (U) while methylated cytosine re-
mains unaffected. Converted uracil is replaced by thymine (T) in the subsequent 
library preparation processes. Whole genome bisulfite sequencing (WGBS) is 
genome-wide DNA sequencing for bisulfate treated DNA, whereas reduced 
representation bisulfite sequencing (RRBS) uses restriction enzymes to tar-
get only CpG-rich regions in the genome prior to sequencing (Meissner et al., 
2005). Read aligners of bisulfate sequencing need to handle C-T conversion 
before performing actual alignment. Bismark (Krueger and Andrews, 2011) 
and Bisulfite Sequence Mapping Program (BSMAP) (Xi and Li, 2009) are two 
popular and highly cited bioinformatic algorithm-based tools specialized for 
aligning bisulfate sequencing reads on the genome.

Once reads are aligned, differential methylation calling can be performed 
to compare two or multiple groups, aiming to identify differentially methyl-
ated CpG sites (DMCs) and differentially methylated regions (DMRs). DMCs 
and DMRs are labeled as either hypermethylated or hypomethylated when the 
differences of methylation are, respectively, positive and negative based, com-
pared to the control group. Instead of performing parameter estimation of nega-
tive binomial (distribution of read counts) and/or beta-binomial (distribution of 
methylation rates), the logistic regression that models odds ratio of methylation 
rates can be used to calculate p-values of DMCs and DMRs as in methylKit 
(Akalin et al., 2012).

Apart from WGBS and RRBS, bisulfate treatment has been applied to various 
technologies, including PCR, microarray, and or pyrosequencing (Tost and Gut, 
2007). Moreover, as alternative to bisulfate treatment, MeDIP-seq (methylated 
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DNA immunoprecipitation sequencing) uses an immunoprecipitation approach 
with an antibody targeting methylated cytosine sites (Weber et al., 2005). Both 
WGBS and MeDIP-seq provide genome-wide pictures of the methylation status, 
whereas RRBS gives limited information represented by only part of the genome. 
Genome-wide approaches can be useful when no prior knowledge is available re-
garding the overall methylation patterns for the target species. An evident disad-
vantage of the whole genome approaches is the high sequencing cost. Furthermore, 
they tend to generate a large amount of data, which makes the subsequence bio-
informatics analysis difficult. RRBS can target cytosine methylation in CpG-rich 
regions that are most likely linked with a range of important genetic and epigenetic 
regulations. A potential disadvantage of RRBS is that the patterns and distributions 
of CpG islands are often species-specific (Cuadrado et al., 2001), therefore it can 
be difficult to find optimal restriction enzymes to target CpG-rich regions.

2.2 Histone tail modifications

As chromosomes in most eukaryotes contain millions of base pairs, DNA needs 
to be tightly packed inside the nucleus into small structural units called nu-
cleosomes (Kornberg and Lorch, 1999). DNA can be protected when it is com-
pactly packed; nonetheless, the accessibility of DNA binding proteins is also 
restricted. Epigenetic regulation provides a dynamic alternation of regional ac-
cessibility within chromosomes by remodeling chromatin structures and shift-
ing nucleosome positions.

Chromatin is a complex of DNA and proteins that has nucleosomes as the 
basic repetitive unit. The nucleosome consists of eight core histone proteins 
(two each from H2A, H2B, H3, and H4) with DNA coiled around. The histones 
differ due to molecular weight and amino acid composition but are almost iden-
tical in all eukaryotes and specifically conserved in the amino acid profile for 
H3 and H4. Histones are very rich in the basic amino acids arginine and lysine. 
N-terminus tails of core histones are under the influence of posttranscriptional 
modifications (PTMs) like other regular proteins (Rothbart and Strahl, 2014). 
Each one of the histones can be modified posttranslationally; specific amino 
acid residues may be enzymatically methylated, acetylated, phosphorylated, 
and/or ubiquitinated to modify the shape and electric charge of the histones 
(Mohammed et al., 2020). Most well studied histone tail PTMs are methylation 
on lysine (K) and arginine (R), and acetylation. Also, methylation can be mono-, 
di-, or tri-methylation. Different histone modifications depend on various me-
tabolite intermediates such as nicotinamide adenine dinucleotide (NAD+), 
which is an essential cofactor for some histone deacetylases; SAM for histone 
methylation; and β-hydroxybutyrate which inhibits many zinc-dependent his-
tone deacetylases (HDAC) (Fig. 3) (Aon et al., 2016). Protein machinery that 
interacts with histone tail PTMs can be divided into three categories: erasers, 
readers, and writers (Gillette and Hill, 2015). Both erasers and writers are en-
zymes that are responsible for the deletion and addition of PTMs, respectively. 
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Epigenetic molecular readers recognize PTMs and take part in various biologi-
cal roles, such as recruitment of transcription factors and other regulatory pro-
teins. Histone marks represent different states of histone tail PTMs that strongly 
associate with various gene regulatory activities as well as chromatin remodel-
ing and nucleosome positioning (Kouzarides, 2007).

Histone marks are usually denoted as core histone + residue + PTM. 
For instance, H3K9Me1 represents mono-methylation at the ninth lysine 
residue (K9) from the N-terminus of histone H3. In promoters, H3K4me3 
represents active genes. Specifically, genes that are actively transcribed or 
ready for transcription tend to have H3K4me3 on their promoters (Sims 3rd 
et al., 2003). Moreover, genes that have strong gene expression, like house-
keeping genes, have enriched H3K4me3 markers. Conversely, H3K27me3 
indicates gene silencing when it occurs in promoters (Ferrari et al., 2014). 
The promoter marked by H3K27me3 is often targeted by polycomb group 
proteins, which play important roles in gene silencing during development 
(Aranda et al., 2015).

In enhancers, both H3K4me1 and H3K27ac indicate active genes (Rada-
Iglesias, 2018; Chapuy et al., 2013). H3K27ac often occurs at proximal regions 
around TSS of active genes. Also, H3K27ac-rich regions indicate super- 
enhancers, where multiple enhancers are simultaneously involved in gene 
regulation (Chapuy et al., 2013). Some marks appear in both promoters and en-
hancers, like H3K4me2 that also implies active genes (Creyghton et al., 2010). 
H3K4me2 can be used as effective screening of active genes in combination 
with other markers.

In gene bodies, H3K36me3 potentially serves as speed bumps of transcrip-
tion when appeared in exons (Schwartz et al., 2009). The speed of transcrip-
tion could go faster in introns that are usually H3K36me3 free and error prone. 
Some markers appear genome wide. H3K9me3 are repressive markers often 
found in heterochromatin (closed chromatin). Interestingly, H3K9me3 appears 
temporarily in repeated sequences, which potentially promote DNA methyla-
tion for long-term suppression (Zhao et al., 2016).

Chromatin immunoprecipitation sequencing (ChIP-Seq) is the most widely 
used method to detect histone modifications (Park, 2009). Prior to immuno-
precipitation, DNA binding proteins are crosslinked with DNA, and the linked 
complexes are fragmented by sonication thereafter. Subsequently, a specific an-
tibody is used to pull down target complexes for sequencing. Mapped reads are 
stacked and summarized to peaks, followed by peak calling procedures that aim 
to find significant signals (target histone marks) compared to the background 
noise. A number of algorithms exist for peak calling, such as model-based 
analysis of ChIP-Seq (MACS) (Zhang et al., 2008), Quantitative Enrichment 
of Sequence Tags (QuEST) (Valouev et al., 2008), and Bayesian Change Point 
(BCP) (Xing et al., 2012).

One of the alternative methods to ChIP-seq is CUT&RUN sequencing 
(Skene and Henikoff, 2017), which utilizes micrococcal nuclease (MNase) that 
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digests DNA in a sequence-dependent manner. CUT&RUN sequencing skips 
the sonification step required in ChIP-seq, which potentially promote improved 
signal/noise ratio than that of ChIP-Seq.

2.3 Bioinformatics workflow of high-throughput sequencing 
data

A wide range of quantitative and qualitative methods, including microarray, 
DNA sequencing, microscopic, and mass spectrometry, have been developed 
to analyze epigenetic regulators. Among them, the second-generation high-
throughput sequencing technologies have been successfully applied to numer-
ous studies in epigenetics.

The output data from sequencers are sequence readouts, or simply “reads,” 
that are either single end or paired ends. A single end read represents a region of 
DNA or RNA in fixed length, whereas a set of two paired end reads represents 
a region with variable lengths flanked by one read from 5′ and the other read 
from 3′.

The most widely used tools for read quality control are FastQC (FastQC, 
2015) for the library level and MultipleQC (Ewels et al., 2016) for summary of 
the experiment. Quality controlled “clean” reads are aligned and mapped to the 
genome or the transcriptome often by using an index-based algorithm, such as 
bowtie (Langmead and Salzberg, 2012) and Burrows-Wheeler Aligner (BWA) 
(Li and Durbin, 2009) that are based on suffix array or suffix tree algorithms 
(Shrestha et al., 2014).

After quality control of sequence reads, workflows of bioinformatic anal-
ysis are usually divergent, depending on multiple factors, such as target spe-
cies, types of experiments, and sequencing technologies. For example, the 
identification of differentially methylated sites between two groups (treat-
ment vs. control) using RRBS can consist of three bioinformatics modules: 
preprocessing, differential methylation analysis, and postprocessing (Fig. 2). 
For nutritional epigenetics studies with fish, the treatment group can be a 
group of fish that are fed diets with different levels of nutrition (Skjaerven 
et al., 2018; Adam et al., 2019; Saito et al., 2020; Wischhusen et al., 2020b). 
The aim of preprocessing of the RRBS workflow is to produce quality- 
controlled input for differential methylation analysis (Fig. 2). Read trimming 
and genome mapping are usually RRBS-specific processes due to the usage 
of restriction enzymes, whereas methylation call and clustering analysis are 
common processes between RRBS and WGBS. Clustering analysis is for 
finding overall methylation patterns as well as detecting batch effects and 
potential outliers.

In differential methylation analysis, most of the processes can be com-
monly used between RRBS and WGBS. The main purpose of this module 
is to calculate methylation differences between two groups with p-values 
to identify differentially methylated CpG sites (DMCs) and differentially 
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methylated regions (DMRs). The definition of DMRs can vary (Akalin et al., 
2012; Muller et al., 2019), but they are often regions with around 100 nucleo-
tides. It is important to consider multiple testing correction for both DMCs 
and DMRs, hence p-values should be adjusted, or alternatively, q-values 
should be calculated. For subsequent postprocessing, defining differentially 
methylated genes (DMGs), which are the genes that overlap with at least one 
DMC or DMR, can be useful.

In postprocessing, the main aim is to represent the result in a user-friendly 
manner, such as using a genome browser and tabular-format files. Multiomics 
analysis finds overlaps among different types of omics data from other high-
throughput technologies, such as RNA-seq and ChIP-seq, to investigate the 
genetic and epigenetic interactions at different levels. Functional annotation 
provides biological insights to DMGs by using curated databases, such as Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000) and 
Gene Ontology (GO) (Boyle et al., 2004).

FIG. 2 An example of bioinformatics workflow to analyze differentially methylation sites with 
RRBS. A workflow diagram shows bioinformatics modules that are necessary to analyze DNA 
methylation data produced by RRBS sequencing. The flow assumes two groups of DNA samples 
(treatment vs. control) with multiple biological replicates that are extracted prior to sequencing. The 
main purpose of the analysis is to find differentially methylated loci/genes affected by the samples 
in treatment compared to the samples in control. The workflow contains three main modules for 
bioinformatics analyses: preprocessing, differential methylation analysis, and postprocessing. The 
processes in preprocessing are mainly responsible for quality control and preparation of the data 
for the subsequent analysis by aligning reads to the target genome and calculating methylation rates 
on the mapped CpG sites. In differential methylation analysis, the mapped CpG sites first need to 
be united to form a set of unique CpG sites that are commonly identified across all the samples 
from each experimental group. The prime aim of this module is to identify differentially methyl-
ated CpG sites (DMCs) and differentially methylation regions (DMRs) with statistical confidence. 
DMCs and DMRs can be associated with genes to define differentially methylated genes (DMGs) 
once corresponding genomic regions are determined. In postprocessing, the results are visualized 
and formatted in a user-friendly manner. Multiple omics data can be combined to investigate po-
tential interactions with different levels of genetic and cellular components. Functional annotation 
with annotated databases, such as Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene 
Ontology (GO), can give biological insights to a set of DMGs.
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3. Nutrients and metabolites influencing the epigenetic 
regulators

Some aquaculture species have defined requirement levels for each macronutri-
ents and micronutrients (NRC, 2011). The chemical composition, the bioavail-
ability of nutrients, and the presence of antinutrients in the feed will modulate 
the absorption over the intestine and together alter the homeostasis in both in-
tra- and intercellular spaces. The feed or diet, along with other environmental 
factors such as temperature or stress, will set a baseline for cellular functions, 
and interact with the genome by adjusting the epigenetic regulators (Gut and 
Verdin, 2013). Chromatin-modifying enzymes utilize key epigenetic nutri-
ents and metabolites from intermediary metabolism as cofactors or substrates 
(Fig. 3). Key epigenetic nutrients and metabolites participate in protein, carbo-
hydrate, lipid, 1C metabolism, and glutathione pathways, all involved in energy 
balance with tricarboxylic acid (TCA) cycle as the central hub, linking catabolic 
and anabolic pathways (Fig. 3A). Important key intermediate metabolites are 
SAM and acetyl-CoA. SAM is produced through the 1C metabolism, while 
acetyl-CoA is synthesized either through the catabolism from certain amino ac-
ids or from pyruvate through glycolysis and β-oxidation of fatty acids. Acetyl-
CoA and SAM can be utilized directly as substrates for methyltransferases and 
acetylases which alter DNA methylation or histone tail modifications (Fig. 3B). 
Interestingly these pathways also involve α-ketoglutarate (α-KG), NAD+, flavin 
adenine dinucleotide (FAD), and adenosine triphosphate (ATP). Thus fluctua-
tions in these metabolites result from dietary changes and may thereby affect 
the epigenetic regulators.

3.1 Folate and methionine cycles constitute the 1C 
metabolism

The full list of nutrients that interact and influence the epigenetic regulators 
is constantly increasing. However, some nutrients have a more direct involve-
ment, as for instance the B-vitamins (Wang et al., 2018). The folate cycle, to-
gether with the methionine cycle, constitutes the 1C metabolism (Ducker and 
Rabinowitz, 2017; Xu and Sinclair, 2015). The 1C cycle has a clear association 
with the epigenetic methylation reactions through SAM (Fig. 3A). Folate (vita-
min B9) converts the methyl group from the amino acid serine (vitamin B6 and 
B2 dependent) to homocysteine to remethylate it to methionine. Remethylation 
of methionine depends on vitamin B12 (also named cobalamin), as the cofac-
tor for methionine synthase that operates at the intersection between the folate 
cycle and methionine cycle. This enzyme catalyzes the conversion of a methyl 
group from 5-methyl-tetrahydrofolate to homocysteine, generating tetrahydro-
folate (THF) and methionine (Ducker and Rabinowitz, 2017).

In the methionine cycle, the enzyme methionine adenosyltransferase 
(MAT, also known as the S-adenosylmethionine synthetase) generates SAM 
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FIG. 3 Key nutrients, pathways, and metabolites in epigenetic regulation. (A) Protein, carbohydrate, 
lipid, 1C metabolism, and glutathione synthesis and their link to the tricarboxylic acid (TCA) cycle 
and its intermediate metabolism fundamental to the nutritional influence of epigenetic regulators. (B) 
Epigenetic writers and erasers mediating methylation or acetylation of DNA or histone tails and their 
nutritional substrates or cofactors for enzymatic activity. Dark gray boxes: key epigenetic nutrients. 
Red boxes/font: key epigenetic metabolites. Numbered enzymes: 1: serine hydroxymethyltransferase, 
2: methylenetetrahydrofolate reductase, 3: methionine synthase, 4: methionine adenosyltransferase, 
5: cystathionine beta synthase, 6: cystathionine gamma lyase, 7: methyltransferases, 8: glutathione 
reductase, and 9: malate dehydrogenase. Abbreviations: ala: alanine, cys: cysteine, gly: glycine, glu: 
glutamate, ser: serine, thr: threonine, trp: tryptophan, tyr: tyrosine, lys: lysine, phe: phenylalanine, ile: 
isoleucine, leu: leucine, met: methionine, AA: amino acids, CoA: coenzyme A, NAD+: nicotinamide 
adenine dinucleotide, FAD: flavin adenine dinucleotide, HMG-CoA: β-hydroxy β-methylglutaryl-
CoA, β-OHB: β-hydroxybutyric acid, TCA cycle: tricarboxylic acid cycle, 2-OHG: 2-hydroxyglutaric 
acid, ATP: adenosine triphosphate, α-KG: α-ketoglutarate, Se: selenium, GSH/GSSG: glutathione 
(reduced/oxidized), B6: vitamin B6 (pyridoxine), B9: vitamin B9 (folate), B12: vitamin B12 (cobala-
min), THF: tetrahydrofolate, SAM: S-adenosylmethionine, SAH: S-adenosylhomocysteine, DNMTs: 
DNA methyltransferases, TETs: ten eleven translocation enzymes, KATs: lysine acetyltransferases, 
Vit C: vitamin C, SIRTs: sirtuins, HDACs: histone deacetylases, Fe2 +: iron, Zn: zinc.
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from  methionine and ATP (Wang et  al., 2018). SAM transfers a methyl 
group to biological methylation reactions including DNA methylation and 
histone tail methylation (Fig.  3). After methyl group transfer, SAM con-
verts to S-adenosylhomocysteine (SAH). SAH level can directly influence 
its own production as SAH inhibits methyltransferases (Fig. 3B). In case of 
low folate or vitamin B12 levels, homocysteine can be converted to gluta-
thione (the main cellular redox scavenger) via a multistep reaction in which 
vitamin B6 is an enzymatic cofactor in the transsulfuration pathway and 
thereby increasing the cellular antioxidant capacity (Fig. 3A) (Ducker and 
Rabinowitz, 2017).

In addition to the above-mentioned nutrients, the 1C metabolism is also in-
fluenced by other dietary components like choline/betaine, serine, glycine, thre-
onine, selenium, and zinc. Signal transduction pathways, like AMPK-mTOR, 
are also linked to the 1C metabolism via serine availability.

3.2 Acetyl-CoA and α-ketoglutarate regulate epigenetic 
writers and erasers

Several metabolic intermediates that are central for the cellular respiration 
and energy expenditure influence the epigenetic regulators. Among them are 
 acetyl-CoA and α-KG, which are both intermediates in the TCA cycle (Fig. 3). 
The conversion of NAD+ to NADH, and FAD to FADH2 is required to produce  
α-KG and ATP through the TCA cycle that is fueled by acetyl-CoA (Fig 3A). 
The TCA cycle is central for the cellular metabolism and can utilize metabolites 
from all three macronutrients as lipids (the metabolism of fatty acids through  
β-oxidation yield acetyl-CoA), carbohydrates (through the metabolism via 
glycolysis producing pyruvate, which can be converted to acetyl-CoA), and 
proteins (through deamination of several L-amino acids to α-keto-acids and 
glutamate that converts to α-KG utilizing the active form of vitamin B6 as a 
cofactor for aminotransferases).

α-KG serves as cosubstrate and Fe2 + as cofactor for both the ten-eleven 
translocation (TET) enzymes that demethylate DNA and the histone demeth-
ylase enzymes that demethylate lysine residues on histone tails (Fig.  3B). 
α-KG and NADH can be transformed into 2-hydroxyglutarate (2-OHG) and 
NAD+ using malate dehydrogenase. TET and histone demethylase activity 
can be inhibited by 2-hydroxyglutarate, fumarate, or succinate. Vitamin C 
and Fe2 + can also directly affect TET enzymes and histone demethylases 
through stimulating demethylation of both DNA and histones. Furthermore, 
histone acetyltransferases (KATs) utilize acetyl-CoA to acetylate lysine resi-
dues on histone tails, whereas deacetylation is maintained by zinc- dependent 
histone deacetylases (HDACs) and diverse NAD+ dependent sirtuins 
(SIRTs) that generate nicotinamide. In addition, HDACs can be inhibited 
by the ketone body β-hydroxybutyrate (β-OHB) synthesized from circulat-
ing fatty acids or by acetyl-CoA through β-hydroxy β-methylglutaryl-CoA  
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(also known as HMG-CoA). All together this points  toward an active inter-
action between nutrient adjusted metabolites, the epigenetic regulators and 
chromatin accessibility.

4. Transfer of cell memory utilizing the epigenetic 
regulators

The location and type of epigenetic regulator can be modified by the cellular 
milieu via the nutrients in the feed. The epigenetic changes will alter the control 
of active metabolic pathways leading to acquired phenotypes. These phenotypes 
can be transmitted through cell divisions from mother cells to daughter cells (in-
tragenerational), from parental nutrition to offspring (intergenerational), or per-
sist in offspring from the great-grandparents diet (transgenerational) (Fig. 4A). 
So far, it is still unknown if the feed given to great-grandparents may lead to 
persistent epigenetic marks transmitted through meiosis in fish; however, recent 
research has shown that offspring DNA methylation is altered due to paren-
tal nutrition (Skjaerven et  al., 2018; Adam et  al., 2019) or salinity exposure 
(Heckwolf et al., 2020).

As with other nonmammalian animals, the yolk in fish eggs ensures a 
 nutrient-dependent development as the embryonic development proceeds 
through the embryonic stages. Firstly, the maternal and paternal haploid germ 
cells merge to one zygote containing one genome (Lubzens et al., 2010, 2017). 
Thereafter, the cleavage stage, characterized by rapid synchronous mitotic divi-
sions of egg cytoplasm on top of an enormous yolk, which sequentially reduces 
the cell size while increasing the cell number. At the blastula stage, the embryo 
contains about 1 K cells whereby most of them are yet undifferentiated plu-
ripotent cells. Thereafter, the cells start to differentiate alongside coordinated 
cell and tissue movements with the following zygotic gene activation with ac-
tive translation during the gastrula stage. Major tissue morphogenesis occurs 
during the organogenesis stage which eventually results in hatching and the 
free- swimming larvae stage (Fig. 4B). Throughout this developmental period, 
the yolk plays a pivotal role influencing the metabolism by nourishing the pro-
liferating and differentiating cells of the growing embryo until hatch, adjust-
ing the interior milieu and contributing to establish the cell- and tissue-specific 
epigenomes already prior to hatching (Fig.  3B). Interestingly, micronutrients 
such as folate, vitamin-B6, -C, and -E are transferred from the yolk and into the 
larval body at different developmental rates in Atlantic halibut (Hippoglossus 
hippoglossus) (Mæland et al., 2003; Rønnestad et al., 1997, 1999).

A few fish nutrition experiments, focusing on DNA methylation (Table 1) 
and/or histone modifications (Table 2), have provided new perceptions for nutri-
tional epigenetics in fish. They revealed that feed composition or dietary micro-
nutrient levels can adjust epigenetic regulators and alter the metabolic activity 
in specific pathways in a spatiotemporal pattern and thereby establish persistent 
phenotypes.



FIG. 4 (A) Transfer of epigenetic cell memory from acquired phenotype to persistent phenotype. Intragenerational inheritance: from mother 
cell to daughter cells during cell replication. Intergenerational inheritance: from parental diets to offspring. Transgenerational inheritance: from 
great-grand parental diets to future generations (F3). (B) Nutrient-dependent development due to yolk nutrient content throughout embryonic 
cleavage, blastula, gastrula, and organogenesis stages. The newly fertilized egg contains one genome, which through developmental cell 
proliferation and differentiation acquires several cell-specific epigenomes whereby the yolk contributes via availability of central epigenetic 
nutrients and metabolites (Fig. 3). Photos for illustration, pelagic eggs from Atlantic cod (Gadus morhua) with diameter approximately 1.4 mm 
(Skjaerven et al., 2014).Panel (A) of the figure was created with BioRender.com.



TABLE 1 Studies reporting global and locus-specific DNA methylation changes between nutritional treatments in different fish species.

Authors (year)
Type of study
Species/tissue

Nutritional treatment 
window, stimulus or 
challenge Method

Methylation 
measure

Methylation 
difference 
magnitude

Effect and phenotype 
reported

Skjaerven et al. 
(2018)

Intergenerational (F1)
Zebrafish (Danio rerio) 
liver

Parental life cycle feeding. 
Parental methionine 
and B-vitamin 
supplementation in a 
plant-based diet

RRBS 2869 DMCs ≥ 25% Reduced liver lipid 
inclusion, mRNA 
expression, no growth 
effects

Adam et al. 
(2019)

Intergenerational (F1)
Zebrafish (D. rerio) 
liver

Parental life cycle feeding. 
Parental arachidonic acid 
supplementation in a 
plant-based diet

RRBS 2142 DMCs ≥ 25% mRNA expression, no 
growth effects

Dhanasiri et al. 
(2020)

Intragenerational
Zebrafish (D. rerio) 
intestine

Parental adult feeding. 
Plant protein-based diets 
(30% pea, soy, or wheat)

RRBS 1739, 3607 
and 3568 
DMCs

≥ 25% Mild inflammation in 
mid-intestine (histology), 
no nutritional analyses

Marandel et al. 
(2016)

Intragenerational
Rainbow trout 
(Oncorhynchus 
mykiss) liver

Juvenile feeding. 
Carbohydrate-enriched 
diet

ELISA, targeted 
next generation 
bisulfite 
sequencing

Global, 2 
DMGs

≤ 10% 
(global), n/a 
(DMGs)

Global hypomethylation, 
hypomethylation of 2 
DMGs, hyperglycemic 
phenotype

Panserat et al. 
(2017)

Intragenerational
Rainbow trout (O. 
mykiss) liver

Larval feeding. Vitamin 
supplementation at first 
feeding

ELISA Global ≤ 10% (global) Global hypomethylation, 
no growth effects

Veron et al. 
(2018)

Intergenerational (F1) 
Rainbow trout (O. 
mykiss) fry

Parental adult and fry 
feeding. Parental and fry 
methionine deficiency 
stimulus (combined 
effect with hypoxia)

Targeted next 
generation 
bisulfite 
sequencing

2 DMGs ≤ 10% No growth effects

Continued
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species—cont’d

Song et al. 
(2019)

Intragenerational
Rainbow trout (O. 
mykiss) muscle

Larval feeding. High 
dietary carbohydrate 
(low protein) stimulus at 
first feeding

LUMA Global ≤ 10% (global) Global hypomethylation, 
glucose metabolism

Wischhusen 
et al. (2020b)

Intergenerational (F1) 
Rainbow trout (O. 
mykiss) swim up fry 
liver

Parental adult feeding, 
supplementation with 
two selenium sources in 
plant-based diets

RRBS 6535 and 6890 
DMGs

≥ 20% 1C metabolism and 
transsulfuration pathway

Vera et al. (2017) Intragenerational
Atlantic salmon 
(Salmo salar) liver, 
triploid

Larval and juvenile 
feeding. Plant-based 
dietary stimulus at first 
feeding

HPLC Global ≤ 10% (global) Improved growth and 
nutrient utilization

Irvine et al. 
(2019)

Intragenerational
Atlantic salmon (S. 
salar) liver

Juvenile feeding. 
Increased dietary fish oil 
levels

Sodium bisulfite 
pyrosequencing

4 DMGs ≤ 10% No growth effects, weak 
methylation difference 
on single CpGs

Saito et al. 
(2020)

Intragenerational
Atlantic salmon (S. 
salar) liver

Juvenile to adult 
feeding. Micronutrient 
supplementation in 
three (L1 − 3) plant-
based diets

RRBS 2521 (L2) and 
2555 (L3) 
DMCs

≥ 20% Methylation follows 
dietary levels in a dose-
dependent manner, 
improved growth

Perera and Yufera 
(2017)

Gilthead sea bream 
(Sparus aurata) larvae

Larval feeding. SBM-
enriched diet at first 
feeding

ELISA Global ≤ 10% (global) Global hypomethylation, 
reduced larval growth 
when feeding SBM 
beyond 14 days post hatch

Authors (year)
Type of study

Species/tissue

Nutritional treatment 
window, stimulus or 
challenge Method

Methylation 
measure

Methylation 
difference 
magnitude

Effect and phenotype 
reported
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Turkmen et al. 
(2019)

Intergenerational (F1)
Gilthead sea bream (S. 
aurata) liver

Parental adult and juvenile 
feeding. Parental diet 
enriched with vegetable 
oil (high α-linolenic acid) 
and juvenile fish oil 
challenge diet

Bisulfite 
pyrosequencing

1 DMG ≤ 10% Reduced growth, lipid 
metabolism

Perera et al. 
(2020)

Intergenerational (F1)
Gilthead sea bream (S. 
aurata) liver

Adult feeding. Parental 
diet enriched with 
vegetable oil (high 
α-linolenic acid) and 
juvenile challenge diet

Bisulfite 
pyrosequencing

1 DMG ≤ 10% DMG promoter 
hypermethylation and 
inverse correlation with 
expression, reduced 
liver fat deposition

Cai et al. (2020) Intragenerational
Grass carp 
(Ctenopharyngodon 
idellus) liver

Adult feeding. 
Carbohydrate-enriched 
diet

WGBS 21,542 DMGs n/a Decrease in weight gain 
and food intake

Xu et al. (2014) Intragenerational
Japanese seabass 
(Lateolabrax 
japonicus) liver

Juvenile feeding. Varying 
lipid sources and LC-
PUFA levels in the diets

BSP 1 DMG ≤ 10% Fatty acid metabolism, 
inverse correlation of 
promoter methylation 
and gene expression

Liao et al. (2015) Intragenerational
Large yellow croaker 
(Larimichthys crocea) 
liver

Adult feeding. Dietary 
olive and perilla oil 
levels

Bisulfite-PCR 
pyrosequencing 
of mtDNA

3 DMGs ≤ 10% Liver lipid content, no 
growth effects

Liao et al. (2016) Intragenerational
Large yellow croaker 
(L. crocea) liver

Adult feeding. Dietary 
crude lipid levels

Bisulfite-PCR 
pyrosequencing 
of mtDNA

2 DMGs ≤ 10% Liver weight, no specific 
growth rate effects

BSP, bisulfite genomic sequencing PCR; DMC, differentially methylated CpG site; DMG, differentially methylated gene in a CpG context; ELISA, enzyme-linked immunosorbent assay; 
HPLC, high-performance liquid chromatography, LC-PUFA: long chain polyunsaturated fatty acids; LUMA, luminometric methylation assay; mtDNA, mitochondrial DNA; RRBS, 
reduced representation bisulfite sequencing; SBM, soybean meal; WGBS, whole genome bisulfite sequencing.



TABLE 2 Studies reporting global histone modification measures and site-specific histone modification changes between nutritional 
treatments in different fish species.

Authors 
(year)

Type of study 
Species/tissue

Nutritional treatment 
window, stimulus or 
challenge Analysis

Type of histone 
modification Effect

Phenotype 
reported

Perera 
and Yufera 
(2017)

Intragenerational 
Gilthead sea bream 
(Sparus aurata) larvae

Larval feeding. SBM-
enriched diet at first 
feeding

Fluorometric 
assay, ELISA

H3 and H4 
acetylation and 
methylation

Global H3 
hyperacetylation, 
treatment duration 
dependent

Reduced larval 
growth when 
feeding SBM 
beyond 14 days 
post hatch

Marandel 
et al. 
(2016)

Intragenerational
Rainbow trout 
(Oncorhynchus 
mykiss) liver

Juvenile feeding. 
Carbohydrate-enriched 
diet

Western blot H3K4me3, 
H3K9me3, H3K9ac 
and H3K36me3

Global H3K9 
hypoacetylation

Hyperglycemic 
phenotype

Panserat 
et al. 
(2017)

Intragenerational
Rainbow trout (O. 
mykiss) liver

Larval feeding. Vitamin 
supplementation at first 
feeding

Western blot H3K4me3, 
H3K9me3, H3ac and 
H4ac

Global H3K4 
hypomethylation, global 
H3 hypoacetylation

No growth effect

Seite et al. 
(2019)

Intragenerational
Rainbow trout (O. 
mykiss) liver

Fry and juvenile feeding. 
Methionine deficiency 
at first feeding and as 
juvenile challenge

Western blot H3K4me3, 
H3K9me3 and 
H3K36me3

H3K4me3 
hypermethylation

No growth effect 
in fry, increased 
growth after the 
challenge

You et al. 
(2020)

Intragenerational
Mandarin fish 
(Siniperca chuatsi) 
liver

Juvenile feeding. 
Carbohydrate-enriched 
diet

Western blot, 
ChIP assay

H3K4me3 H3K4me3 
hypermethylation

Decreased 
feed intake 
(anorexia), 
hyperglycemia

Terova 
et al. 
(2016)

Intragenerational
European sea bass 
(Dicentrarchus labrax) 
liver

Juvenile feeding. Sodium 
butyrate supplementation 
in a plant-based diet

Western Blot Histone acetylation H4K8 Hyperacetylation No growth effect

ChIP, chromatin immunoprecipitation; ELISA, enzyme-linked immunosorbent assay; SBM, soybean meal.
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4.1 Intragenerational inheritance from cell to cell during 
growth

For each cell cycle during growth periods, the cell will notice rapid metabolic 
fluxes and changes in the metabolites and decide for either further prolifera-
tion, differentiation, or growth (Gut and Verdin, 2013). The epigenetic pat-
tern of the cell types will be maintained through the enzymatic activity of, 
for instance, DNA methyltransferases and histone methyltransferases, which 
respond to intracellular SAM levels (Mentch and Locasale, 2016). For pluripo-
tency versus differentiation of mammalian embryonic stem cells, this sensing 
of the cell metabolome has shown that the SAM:SAH ratio determined by 
threonine via glycine and THF (Fig. 3A) can specifically alter the methylation 
of histones (Gut and Verdin, 2013). However, even postmitotic cells will gov-
ern dynamic changes in DNA methylation depending on metabolic stimuli. As 
such, throughout fish development and life course, the nutrients and metabo-
lites available within each tissue type will establish the foundation for cellular 
functions through epigenome-diet interaction and intragenerational inheritance 
(Fig. 4A).

Nutritional programming, an expanding approach in fish nutrition research, 
has been applied to various fish species, including farmed and model fish such 
as zebrafish. The early growth period with their remarkable plasticity serves as 
open sensitive windows to prime fish through nutritional cues to better adapt to 
diets or environments at later developmental stages.

In intensive aquaculture production, the quantity and quality of fish feed used 
have direct effects on fish growth and thereby improved profitability for the in-
dustry. As such, huge efforts have been made to establish requirement levels in 
practical diets to avoid either a deficiency or addition of unnecessary high levels 
of cost-expensive vitamins or proteins (Panserat et al., 2019). Furthermore, to 
make the sector utilize sustainable feed ingredients, both to reduce the depen-
dency on limited wild fish resources (fishmeal and fish oil) and to increase 
the volume of available protein and lipid sources for an increasing aquaculture 
industry, the requirement levels need continuous reconsideration to sustain opti-
mal fish growth and welfare (Hemre et al., 2016; Espe et al., 2020; Taylor et al., 
2019). For Atlantic salmon, this transfer from marine- to plant-based diets led 
to a new evaluation of the micronutrient package. The micronutrient package 
included 1C nutrients as well as other vitamins and cholesterol and was evalu-
ated throughout the whole life cycle for aquaculture production (www.arraina.
eu). More specifically, addition of the micronutrient package in double amounts 
(L2) or approximately four times of the amounts (L3) recommended in NRC 
2011 (L1) increased the growth and welfare but concluded that the L2 level 
fulfilled the requirements. In terms of DNA methylation, the addition of the mi-
cronutrient package revealed 2521 DMCs for L1:L2 and 2555 DMCs for L1:L3 
in promoter regions in liver tissues when setting a cutoff of 20% difference in 
methylation level between the diets compared (Saito et al., 2020). Furthermore, 
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some DMCs show the same response in terms of methylation when fed either 
the L2 or L3 diet, others reveal higher methylation in L2 than L3, and others 
lower in L2 than L3. This suggests that the epigenetic changes are indepen-
dently regulated for each gene promoter, while others are directly regulated in a 
dose-dependent manner (Saito et al., 2020). The genes epigenetically regulated 
by the micronutrient package are involved in several cell signaling pathways or 
regulatory mechanisms including immune functions, phosphorylation, both the 
folate and methionine cycle in the 1C metabolism, epigenetic writers and eras-
ers mediating methylation or acetylation of DNA or histone tails, transcription 
factors, and fatty acid synthesis (Saito et al., 2020). These findings show that 
nutrients given in the feed induced a wave of alterations in DNA methylation 
level in salmon genome promoters regulating gene accessibility and potential 
for gene expression. Firstly, several genes are controlled in a dose-dependent 
manner (L3 > L2 > L1), and secondly, some of the DNA methylation changes 
affect the liver transcriptome directly like for acaca, while others like cd28 were 
not transcriptionally altered in the liver. Future studies are needed to determine 
if they are controlling gene expression in other tissues, developmental stages, 
or time points.

A stimulus of surplus vitamins or increased amounts of carbohydrates at 
first feeding changed global DNA methylation, global histone acetylation, and 
methylation in rainbow trout (Panserat et al., 2017; Marandel et al., 2016; Song 
et al., 2019). Rainbow trout fed carbohydrate-enriched diets displayed hepatic 
global DNA hypomethylation and hypoacetylation of histone H3K9 (Marandel 
et al., 2016). Studies performed in gilthead sea bream (Sparus aurata) larvae, 
mandarin fish (Siniperca chuatsi) liver, and rainbow trout liver also reported 
global histone modification changes due to different larval and juvenile feed-
ing strategies using various plant-based sources or supplementing diets with 
either vitamins or carbohydrates (Table 2). Varying sources of lipids or dietary 
fatty acid amounts affected liver lipid metabolism associated with hepatic DNA 
methylation changes observed in gilthead sea bream (Turkmen et  al., 2019), 
Atlantic salmon (Irvine et al., 2019), and Japanese seabass (Lateolabrax japoni-
cus) (Xu et al., 2014).

Methionine is a central metabolite in the 1C metabolism (Fig.  3A) and 
thereby acts as a potential epigenetic modulator of nutritional programming 
in fish. Nutritional studies performed in Atlantic salmon, rainbow trout, and 
zebrafish showed that DNA methylation is sensitive to dietary levels of me-
thionine (supplementation or deficiency), alone or in combination with other 
important micronutrients such as B-vitamins (Skjaerven et  al., 2018; Veron 
et al., 2018). Together with the studies presented in Tables 1 and 2, the above-
mentioned feeding trials demonstrate the contribution of epigenetic regulators 
in nutritional epigenetics due to feed ingredients given to larval, fry, and/or adult 
fish. These trials increase the understanding of the importance of nutrients in 
molecular events and intermediary metabolism for improved health, growth, 
and reproduction in farmed fish.
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4.2 Nutritional intergenerational inheritance from broodstock 
to offspring

Among vertebrate embryos, it is known that the gene regulatory networks are 
highly conserved and tightly structured, as these networks control fundamental 
developmental processes. Karl Ernst von Baer was one of the foremost em-
bryologists in the early 18th century and apart from his discovery of the mam-
malian egg, he noticed the striking similarities between vertebrate embryos. 
These common features are regulated by the expression of the same genes or 
gene networks during development, but also during oogenesis. There is a high 
number of orthologous genes linked to key processes in cellular energy metabo-
lism, which exhibit similar expression profiles in evolutionary distant vertebrate 
species (Charlier et al., 2012). However, the zebrafish offspring fine-tune the 
gene expression profiles to encounter environmental exposures, and parental 
micronutrient status is one of the environmental signals that results in a massive 
altered gene expression profile at the organogenesis stage, which is an evo-
lutionary conserved developmental stage among vertebrates (Skjaerven et al., 
2016).

As for insects, reptiles, and birds, the egg volume of fish eggs is primar-
ily yolk. The large yolk content is an evolutionary adaptation that enables em-
bryonic development through organogenesis and establishment of most critical 
physiological organismal processes in the absence of external food resources. 
The yolk syncytial layer (YSL) will function as the embryo’s “intestinal epi-
thelium” and the nutrients enclosed in the yolk will be transferred through 
YSL and into the perivitelline space and later via the embryonic circulatory 
system. The yolk contains all the amino acids, proteins, lipids, carbohydrates, 
calcium, vitamins, and metals that the egg needs to develop from a single cell 
to a free-swimming larvae ready to nourish itself (Lubzens et al., 2017; Brooks 
et al., 1997). Lipids and proteins are the most important nutrients to provide 
energy for the growing embryo (Izquierdo et al., 2001), but their amount and 
ontogenetic profile depend on the species considered (Finn and Fyhn, 2010). 
Vitellogenins, the major precursors to the egg yolk proteins, are produced in the 
liver and secreted as large 350–600 kDa phosphoglycerolipoprotein dimer taken 
up by receptor-mediated endocytosis in the growing oocyte to provide nutrients 
for the early embryo. The lipids in the vitellogenins are mainly phospholipids, 
whereas yolk proteins include lipovitellin (both heavy chain and light chain), 
phosvitin, β-component, and a C-terminal peptide and other complexes which 
vary depending on the species (Finn, 2007a, 2007b).

Early development and its physiological processes are mostly regulated via 
maternally loaded mRNAs, and the paternal and maternal DNA methylation 
patterns present in the oocyte and sperm haploid pronucleus become largely 
demethylated (Wang and Bhandari, 2019). After fertilization, fish eggs undergo 
meroblastic discoidal cleavage whereby the cleavage furrows do not penetrate 
the yolk all the way to the vegetal pole. The blastomeres develop on top at the 
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animal pole of the egg. Cleavage cells maintain open connections so that 17-
kDa metabolites can pass from the yolk but also between the blastomeres. The 
cleavage stage is characterized by rapid, synchronous cleavage of cells leading 
to increased cell number as the cell size decreases (Fig. 4B).

At mid-blastula transition, the embryo will start a major transcriptional wave 
of zygotic gene activation, transcribing its own DNA (Tadros and Lipshitz, 
2009). The blastula cells have the lowest levels of DNA methylation as the ma-
jority of the blastula cells are pluripotent cells that can become any of the cells 
in the body. Several promoters are unmethylated and increase their methyla-
tion status as the cells start to differentiate during gastrulation (Andersen et al., 
2012a, b).

Around the tenth cleavage (1024 cells), the embryonic cells become motile, 
the cell divisions will lose their synchrony, and the gastrulation starts (Lubzens 
et al., 2017; Carvalho and Heisenberg, 2010). The first movement is the epiboly 
of the blastoderm cells, whereby the blastoderm will undergo differentiation to 
the three germ layers and early lineage commitment. The cells do not appear 
phenotypically different from its uncommitted state, but there are overt changes 
in cellular biochemistry followed by functional changes. As the embryonic cells 
start to transcribe their own DNA, producing their own mRNAs and proteins, 
then DNA methylation increases to create cell-type specific DNA methylation 
profiles (Fig 4B). Progenitor cells generally have less methylation than the dif-
ferentiated cells (Bock et al., 2012). The nuclei that form the YSL can be seen 
as a ring underlining the blastoderm (Carvalho and Heisenberg, 2010). The YSL 
nuclei will form a connection with the enveloping layer (the top cell sheath of 
the blastula). During gastrulation the cells will envelop the yolk content com-
pletely at 100% epiboly (Carvalho and Heisenberg, 2010).

During organogenesis, the cells of the three germ layers acquire specialized 
functions organized into organs. The DNA methylation landscape, its genes and 
expression patterns follow the specialized cell type.

Embryonic development is also the time for the primordial germ cells to 
migrate from the position where they are formed toward the site for gonad de-
velopment where they differentiate into sperm and oocytes (Raz, 2003) that will 
give rise to the next generation. This means that also for fish, the next generation 
(F2) is influenced by the parental nutrient status via the yolk content (Skjaerven 
et al., 2016).

The broodstock diet has tremendous effects on fecundity, fertilization, de-
formities, hatching rate, and robustness of the larvae. Defining requirement 
levels for broodstock fish in various species has been problematic due to high 
running costs of intergenerational broodstock feeding trials. The solution has 
generally been to make a broodstock feed which is rich in essential fatty acids, 
vitamins, and minerals (Izquierdo et  al., 2001). An enriched broodstock diet 
is expensive and may not be beneficial, as we know that too high surplus of 
vitamins might be energetically expensive and thereby reduce growth (Espe 
et al., 2020). Broodstock diets should also be reevaluated to fulfill nutritional 
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requirements for different production regimes (Skjaerven et al., 2020). The yolk 
includes a variety of transcripts that accumulate during oocyte growth which 
have specific functions during oocyte maturation or during embryonic develop-
ment (Lubzens et al., 2017).

During the embryonic nutrient-dependent development, studies have shown 
that the expression profile of the genes encoding epigenetic erasers and writers is 
highly conserved among vertebrates, but also dynamic in terms of environmen-
tal adjustments like temperature and nutrients (Campos et al., 2012; Skjaerven 
et al., 2014; Wang and Bhandari, 2019; Skjaerven et al., 2020). For both medaka 
(Oryzias latipes) and Atlantic cod (Gadus morhua), newly fertilized eggs reveal 
high levels of dnmt1, most likely maternally loaded to the eggs, but depleted as 
the cells divide during cleavage stage. During gastrulation several of the de novo 
methyltransferases, which methylate previously unmethylated regions, are ac-
tively transcribed in a stage and cell type specific controlled manner (Andersen 
et al., 2012a). However, this group of genes responds to changes in yolk nutrient 
composition (Skjaerven et al., 2020), and as such, these genes are especially 
interesting to study in terms of long-term nutritional programming.

Fish nutrition studies applying nutritional programming through maternal 
and/or larval (offspring) periods have investigated mechanisms particularly 
through DNA methylation (Table 1), However, to date, no studies have explored 
histone modifications in an intergenerational perspective. Zebrafish was used 
to elaborate effects of a parental life cycle plant-based diet low in the micro-
nutrients methionine, folate, choline, vitamin B6 and B12 that gave a fatty-
liver-like phenotype, downregulated mRNA levels of lipid related genes, and 
gene-specific changes in DNA methylation in adult offspring liver (Skjaerven 
et al., 2018). Another study reported hepatic DNA methylation changes in adult 
offspring when parental fish were fed on a diet with only one altered nutrient, 
using an arachidonic acid-enriched diet (Adam et al., 2019). Rainbow trout fed 
a methionine-deficient diet for 6 months altered DNA methylation in offspring 
(Veron et al., 2018). Selenium-enriched diets given to rainbow trout broodstock 
with two different selenium sources produced changes in offspring fry liver 
DNA methylation at a high number of DMGs in the 1C metabolism that were 
associated with parental diet (Wischhusen et al., 2020b). The DNA methylation 
patterns of selected genes expressed in gilthead sea bream liver were changed 
when α-linoleic acid-rich oils were supplemented in the parental diet (Turkmen 
et al., 2019; Perera et al., 2020).

4.3 Transgenerational inheritance of meiotically stable marks 
through generations in fish

Direct environmental changes, exposure or stimuli, can influence the epigenetic 
status of somatic cells of an individual (F0), but meiotically stable epigenetic 
changes to the F0 germline are necessary to pass on epigenetic status on to the 
next generations via the progeny’s primordial germ cells (F1 and F2, Fig. 4A). 
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If those epigenetic changes become permanently programmed and transferred 
to the subsequent F3 generation that is not exposed to the direct environmental 
change, then this can be characterized as transgenerational epigenetic inheri-
tance. Transgenerational effects can manifest in F2 generation given the male 
F0 is exposed, and in F3 generation when F0 females due to the maternal contri-
bution of the egg yolk content that strikes the development of both F1 and the 
primordial germ cells constituting the emerging F2 generation.

In fish, most of the transgenerational epigenetic research has focused on 
aquatic toxicology due to changing oceans, environmental burdens, and stress-
ors that can show effects of a changing environment over generations (Baker 
et al., 2014; Bhandari, 2016; Munday, 2014; Carvan et al., 2017; Olsvik et al., 
2014). Nutritional alterations such as caloric restriction or high fat diets have 
epigenetic transgenerational and phenotypic effects across generations in mam-
mals (Pentinat et al., 2010; Dunn and Bale, 2011; Waterland et al., 2008). If 
nutrition triggers transgenerational epigenetic inheritance across many genera-
tions (F2 or F3) in fish, it would be an interesting line of research for future 
advancement in the aquaculture sector in terms of both growth and health.

5. Where do we go with nutritional epigenetics?

For fish, and for domestication of animals in general, several questions remain 
unsolved for the field of nutritional epigenetics. The field is complex and cross-
disciplinary between the fields of reproductive physiology, developmental and 
molecular biology, and nutrition. Fundamental criteria to consider for nutri-
tional epigenetics studies are the experimental design of feeding experiments 
(minimum triplicate tanks per group), sample type (choice of organism, tissue, 
or cells), sample collection, sample analysis, feed formulation, nutritional anal-
yses of feed and tissues, molecular methods, statistics, and bioinformatics meth-
ods applied. Awareness must be taken to reveal best comparisons and thresholds 
to encounter true differences and to reduce false positive assumptions between 
group epigenetic differences. Because of the cross-disciplinary nature of nu-
tritional epigenetic research, the importance of the reviewers of peer-reviewed 
papers is crucially valuable to move the field carefully forward for aquaculture.

The intergenerational approach to nutritional epigenetics is of great rele-
vance for aquaculture. Attention toward maturity-dependent nutritional needs 
for broodstock and the link toward the offspring’s phenotypic plasticity for 
beneficial traits are likely to increase the robustness of the next generation. 
Modifying feeding strategies, feed ingredients, macro- and micronutrients, min-
erals, or their amounts to adjust the aquaculture production toward a persistent 
phenotype based on nutritional epigenetics is a challenge, but also an opportu-
nity for increased robustness and growth of the industry. Domestication of wild 
fish changes the methylome within just one generation of captivity (Podgorniak 
et al., 2019). We have seen that the feed given to broodstock will change the 
mature offspring phenotype, adjust gene expression and DNA  methylation 
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(Skjaerven et al., 2018). Nutritional epigenetics can be viewed as an evolution-
ary potential for quick adaptation through acquired phenotypes from parental 
feed or during early life stages, which might act as a domino effect for fu-
ture growth potential. Optimum cellular nutrient status from first cell divisions 
might provide a nutritional programming boost in a beneficial metabolic direc-
tion and avoid that it becomes a metabolic burden for later life stages or even 
future generations.
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Chapter 6

Methods for mapping genomic 
variants associated with 
production traits in aquaculture 
species

Clémence Fraslin, Ross D. Houston, and Diego Robledo
The Roslin Institute, University of Edinburgh, Edinburgh, United Kingdom

1. Introduction

Most production traits of relevance to aquaculture are heritable but polygenic 
in nature, which means that they are controlled by many genetic variants, most 
of them with a very small effect. These traits (e.g., growth, feed efficiency, fil-
let quality, disease resistance, or sexual maturation) can be improved via fam-
ily based breeding programs, which have successfully achieved high rates of 
genetic gain for several aquaculture species (Gjedrem and Rye, 2018). The 
aquaculture industry has also been forward looking in the uptake of genom-
ics technologies to support breeding, beginning with the use of molecular ge-
netic markers for parentage assignment in the 1990s (Vandeputte and Haffray, 
2014). In parallel to technological progress, genomics has begun to be applied 
more routinely in aquaculture genetics, for example to discover variants associ-
ated with production traits that can be incorporated in selection programs via 
marker-assisted or genomic selection (Houston et al., 2020; Zenger et al., 2019). 
However, the discovery of functional variants impacting production traits, fre-
quently termed “causative variants”, remains a major challenge, with few suc-
cess stories to date.

A causative variant refers to variation in the genome sequence between the 
individuals of a population or a species that is directly responsible for a differ-
ence in a trait of interest. This variation in the genomic sequence can be caused 
by a single nucleotide polymorphism (SNP) or other types of variation such as 
indels or larger structural variants. The causative variants cause a difference at 
the molecular level (i.e., changes in gene expression or protein sequence) with 
a direct impact on the biology of the animal and the trait of interest. Finding 
the causative variants underlying our traits of interest may lead to an improved 
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rate of genetic gain for aquaculture traits compared to use of linked nonfunc-
tional markers. On one hand, causative variants can be directly incorporated 
into marker-assisted or genomic selection, potentially leading to improved se-
lection accuracy and therefore genetic gain in a breeding program. On the other 
hand, causative variants help us understand the functional basis of variation 
in traits of interest. This basic knowledge enables or facilitates the design of 
strategies to improve production and welfare of aquaculture animals, targeting 
the relevant molecular pathways, for example using functional feeds or immu-
nostimulants. Furthermore, a potential future application of the identification 
of causative variants is genome editing, which can be used to rapidly increase 
or fix favorable alleles, or to introduce a beneficial variant in a population, and 
even to transfer the variant across species (Gratacap et  al., 2019). The iden-
tification of causative variants has been a long-lasting objective of biological 
research over the past 20 years. In this chapter, past and current methods for 
mapping causative variants are discussed in detail, along aquaculture examples, 
while a step-by-step example pipeline for genome-wide association analysis is 
also provided.

2. Finding causative variants through QTL mapping 
approaches

Regions of the genome that contribute to genetic variation in traits of interest 
are known as quantitative trait loci (QTL). Most production traits are explained 
by many QTLs, each of which explains only a very small proportion of the 
genetic variation in the trait. Finding these QTLs among the 500 million to 
3000 million bases that typically form the genome of an aquaculture species 
would in theory require sequencing the genomes of hundreds or thousands of 
animals. Yet, we can detect QTLs (relatively large ones) with just hundreds of 
genetic markers, and this is possible because the closer two genetic markers are 
in the genome, the more likely they are to be inherited together from parents to 
offspring and stay together across generations (Fig. 1). This is a direct conse-
quence of recombination, where meiotic crossovers tend to occur once or twice 
per chromosome pair, and therefore large stretches of the parental chromosomes 
are inherited without changes by the next generation. As generations pass, loci 
in close proximity tend to remain together because the likelihood of a crossover 
occurring between them is low. Consequently, we will detect a statistical as-
sociation with a trait of interest for any loci in close proximity to a causative 
variant, which means there is no need to interrogate the actual causative loci 
to detect association. Linkage and linkage disequilibrium are two different but 
closely related concepts to frame the nonrandom association between genetic 
markers, and each of them is the conceptual basis for a type of QTL detection 
methods (explained in the next section). Linkage is defined as the physical as-
sociation between two genetic markers in the same chromosomal segment, in-
herited directly from a previous generation, while linkage disequilibrium refers 
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to the statistical association between two allelic variants at the population level, 
which is frequently also due to their physical proximity in the genome (Fig. 1). 
Most studies use anonymous genetic markers evenly spread across the genome 
to associate a genomic region with a trait of interest, exploiting linkage and link-
age disequilibrium through different statistical methods.

The basis of QTL analysis is to detect a statistical association between an 
anonymous genetic marker (with a known position on the genome) and the phe-
notypic variation in a measured trait (caused by an unknown causative variant). 
Different approaches can be used to detect QTLs according to the number of 
markers, number of animals, and population structure.

2.1 Linkage analysis and interval mapping approaches

QTL detection using linkage analysis (LA) is typically performed in experi-
mental designs composed of families and is based on the transmission of large 
genomic fragments from parents to offspring, taking into account the recombi-
nation rate between anonymous genetic markers and the unknown causal mu-
tation. This approach relies on the hypothesis that, if there is a difference in 
the performance of offspring groups based on the genotype at a given marker, 
this difference is due to a segregating QTL in linkage with this marker. This 
approach has been commonly applied to aquaculture species, which benefit 

FIG. 1 Illustration of linkage and linkage disequilibrium. Two genetic markers with possible al-
leles Aa and Bb are used to illustrate linkage and linkage disequilibrium in a diploid organism. In 
linkage, alleles A and B are located closely in a chromosome, while a and b are on the other copy 
of the chromosome; this proximity means that it is unlikely that a crossover will occur between the 
two genetic markers, and therefore A and B will be transmitted together to the offspring F1 of this 
individual F0 (and a and b will also tend to be coinherited). In linkage disequilibrium, alleles A and 
B are observed together more frequently than expect by chance, and the same is true for alleles a and 
b; this statistical association observed at the population level is irrespective of the genomic position 
of the two genetic markers, but is commonly observed for markers in close proximity.
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from large nuclear families (Fraslin et al., 2020b; You et al., 2020). One main 
 advantage of this approach is that it does not require a high genetic marker 
density (i.e., ~ 200 markers can be sufficient), as the segments of the genome 
tracked from parents to offspring are relatively large. However, there are draw-
backs that the resolution of the mapping is low, and that markers discovered in 
these experimental families do not necessarily have the same association with 
the trait in the wider population, so a separate validation step is required in in-
dependent families and populations.

One of the most common LA approaches is called interval mapping 
(Lander and Botstein, 1989), which basically divides the genome in evenly 
spaced intervals (e.g., 1 centimorgan intervals), and tests the hypothesis H0 
“no QTL” versus H1 “one QTL”. At each interval, a likelihood ratio test (like-
lihood of HO/likelihood of H1) is performed to assess the presence or ab-
sence of a QTL (Elsen et al., 1999; Knott et al., 1996). The main advantage 
of interval mapping is that it requires both a relatively low number of genetic 
markers and relatively low number of animals (typically both in the hundreds 
rather than thousands), and it is a robust QTL detection method (low type 
I error rate) with the detection power mainly depending on the QTL effect 
and the population size, and not on marker density (Darvasi et  al., 1993). 
The main caveat of these methods is that the position of the QTL is often 
imprecise, with large confidence intervals covering often tens of Mb that can 
even span whole chromosomes in some cases. Since it is performed indepen-
dently in each family, and large portions of the chromosomes are inherited 
from parents to offspring, the ability to narrow the QTL depends directly on 
the recombination rate in the parents. In fish species, recombination rates can 
vary massively between sexes (Sardell et al., 2018; Singer et al., 2002), which 
greatly affects the length and density of the constructed linkage maps (Tsai 
et al., 2016; Wang et al., 2017) and thus the accuracy of QTL localization. In 
salmonids, female recombination rate is significantly higher (around 5 and up 
to 16.8 times more than in males of Atlantic salmon (Salmo salar) depending 
on the chromosome), and recombination is relatively evenly spread across the 
chromosomes, whereas male recombination tends to be restricted to subtelo-
meric regions (Danzmann et al., 2005). In contrast, a positive aspect is that 
large full- and half-sib families can easily be obtained in most aquaculture 
species; this increases the number of crossovers and therefore contributes to 
narrowing QTL positions (Darvasi and Soller, 1997). Furthermore, the dispa-
rate recombination rates between sexes can facilitate a two-stage mapping ap-
proach, whereby the low recombination in male parents is used to detect QTL, 
and the higher recombination in female parents subsequently used to confirm 
and fine-map the QTL (Hayes et al., 2006; Houston et al., 2008). Prior to the 
advent of Next Generation Sequencing, interval mapping was widely used in 
aquaculture to detect QTLs affecting disease resistance and growth-related 
traits (Table 1).



TABLE 1 Examples of QTL mapping studies using linkage analysis (LA) and genome-wide association studies (GWAS) in various 
fish species for disease resistance and growth-related traits.

Fish species Experimental design Traits
QTL 
approach QTL detect. Publication

Linkage analysis (LA)

Atlantic salmon (Salmo 
salar)

584 fish (10 FS) ~ 100 
microsatellites loci

Resistance to infectious 
pancreatic necrosis

Interval 
mapping

3 QTL Houston et al. (2008)

Gilthead sea bream 
(Sparus aurata)

409 fish (10 HS) 74 
microsatellite loci

Growth-related traits Interval 
mapping

4 QTL Loukovitis et al. (2012)

Turbot (Scophthalmus 
maximus)

758 fish (4 FS) 211 
microsatellites loci

Resistance to 
scuticociliatosis

Interval 
mapping

5–10 QTL Rodríguez-Ramilo et al. 
(2013)

Rainbow trout 
(Oncorhynchus mykiss)

300 DH fish 2130 SNPs Resistance to bacterial 
cold-water disease

Interval 
mapping

15 QTL Fraslin et al. (2018)

Largemouth bass 
(Micropterus salmoides)

150 progeny and 2 
parents (F1 FS family) 
6857 SNPs

Growth-related traits Composite 
interval 
mapping

32 QTL Dong et al. (2019)

Genome-wide association studies (GWAS)

Atlantic salmon (Salmo 
salar)

4662 fish (118 FS) 
116,594 SNPs

Growth-related traits Bayes C Polygenic 
architecture

Yoshida et al. (2017)

Atlantic salmon (Salmo 
salar)

2345 fish (96 FS) 968 
SNPs with imputation to 
~ 46K SNPs

Resistance to salmon 
rickettsial syndrome

GBLUP Polygenic 
architecture

Moraleda et al. (2021)

Continued



TABLE 1 Examples of QTL mapping studies using linkage analysis (LA) and genome-wide association studies (GWAS) in various 
fish species for disease resistance and growth-related traits—cont’d

Fish species Experimental design Traits
QTL 
approach QTL detect. Publication

Nile tilapia 
(Oreochromis niloticus)

5866 fish phenotypes 
(74–89 FS) including 
1130 fish genotyped for 
43,3127 SNPs

Growth-related traits wssGBLUP Polygenic 
architecture

Yoshida et al. (2019)

Coho salmon 
(Oncorhynchus kisutch)

2606 fish (33 FS) 764 
fish genotyped for 9389 
SNPs

Resistance to salmon 
rickettsial syndrome

GBLUP, 
ssGBLUP, 
wGBLUP

18 QTL Barría et al. (2018)

European sea bass 
(Dicentrarchus labrax)

1538 fish (FS) 9195 SNPs Resistance to viral 
nervous necrosis

wGBLUP 4 QTL Palaiokostas et al. 
(2018a)

Large yellow croaker 
(Larimichthys crocea)

220 fish 27,227 SNPs Growth related traits Marker-by-
marker: GLM

Up to 44 QTL Zhou et al. (2019)

Rainbow trout 
(Oncorhynchus mykiss)

706 fish (30 HS) 30,600 
SNPs

Resistance to bacterial 
cold-water disease

MLMA, 
wssGBLUP

5 QTL Fraslin et al. (2019)

Rainbow trout 
(Oncorhynchus mykiss)

4987 fish (100 FS) 
1044 fish genotyped for 
35,397 SNPs and 6308 
pedigree records

Resistance to infectious 
hematopoietic necrosis

ssBMR, 
wssGBLUP

10 QTL Vallejo et al. (2019)

DH, doubled haploid; FS, full-sib family; GLM, general linear model; HS, half-sib family; MLMA, mixed linear model association; SNP, single nucleotide polymorphism; 
ssBMR, single-step Bayesian multiple regression; ssGBLUP, single-step genomic best linear unbiased prediction (GBLUP); wGBLUP, weighted GBLUP.



Methods for mapping genomic variants Chapter | 6 199

2.2 Genome-wide association studies

In the past decade, the development of Genotype-By-Sequencing (GBS) ap-
proaches such as restriction site-associated DNA sequencing (RAD-Seq) and 
the design of SNP arrays in various fish and shellfish species have made possible 
to obtain > 10 K markers reliably in hundreds of aquaculture species (Houston 
et  al., 2020; Robledo et  al., 2017a). Consequently, the research community 
moved to QTL mapping methods that better exploit high-density genotypes in a 
large number of families: genome-wide association studies, commonly known 
as GWAS. In recent years, numerous examples of GWAS to study the genetic 
architecture of growth and resistance to different diseases have been published 
in various aquaculture species, with varying degrees of success (Table 1).

GWAS is based on similar principles to linkage mapping, being a hypothesis- 
free approach to test the statistical association between markers spread along 
the whole genome and the variation of a target trait. However, GWAS typi-
cally uses thousands of markers and relies on the linkage disequilibrium (LD) 
that exists between anonymous markers (usually SNPs) and the causative vari-
ant. GWAS allows the detection of QTLs in a population without prior knowl-
edge on the pedigree or the population structure (relatedness in the population). 
While increased relatedness among the individuals increases LD in the popula-
tion and therefore facilitates the detection of QTLs (also likely to be shared by 
a significant proportion of the animals if relatedness is high), increased LD will 
also make more difficult to narrow the genomic location of the QTL to a small 
region. Additionally, in a structured population, the chance of having a spuri-
ous association between a SNP and the phenotype due to population stratifica-
tion is high (Lander and Schork, 1994). Consequently, GWAS typically uses 
relationship matrices implemented as a random polygenic effect in the model 
(Meuwissen et  al., 2002) to account for the relationship between individuals 
and reduce the chance of false positives. To do so, GWAS approaches rely on 
pedigree (A), genomic (G), or a combination of both (H) relationship matrices 
(depending on what information is available for the population under study). 
The additive genetic relationship matrix (A) uses only the pedigree information 
to estimate the relationship between two individuals and is typically applied in 
linear animal models. The quality of this estimated relationship relies on the 
quality and depth of the pedigree records. If the pedigree is well known for 
many generations the estimates are realistic; however, any error in the pedigree 
will result in a biased estimate, and if the pedigree is only recorded for a few 
generations (e.g., 1–5) the relationship may be underestimated. The genomic 
relationship matrix (GRM) G relies on genetic markers (usually SNPs) to es-
timate the genomic similarity between pairs of individuals, where the number 
of alleles shared by any two individuals (i.e., how similar their genomes are) 
is a direct estimate of their relatedness. The relationship between pairs of indi-
viduals estimated by the G matrix can be more accurate than the one estimated 
by the A matrix as genetic markers can capture variation in relatedness within 
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families (important in the large full-sibling families of aquaculture species) and 
uncover ‘hidden’ relationships in the pedigrees. Finally, the H matrix is used 
when both pedigree and genotyping information are available, and those analy-
ses are termed “single-step” (Aguilar et al., 2010).

2.3 GWAS and genome complexity

Many aquaculture species have complex genomes. All teleosts have an addi-
tional whole-genome duplication compared to tetrapods, and some groups such 
as salmonids or sturgeons underwent yet another whole-genome duplication 
(Glasauer and Neuhauss, 2014). As a consequence, it is common to observe 
paralogous regions with very high sequence similarity within the genomes of te-
leost fish species. This feature complicates genome assembly efforts, increasing 
their fragmentation and the chances of misassemblies (although these risks are 
minimized by the use of long-read sequencing technologies in the latest genome 
assemblies (Lu and Luo, 2020)). These misassemblies can have an impact on 
downstream association analyses, leading for example to the detection of two 
putative QTLs in paralogous regions when in reality there is a single QTL in 
one of the two regions. Further, while most fish species are diploid (for species 
of different ploidy there are specialized GWAS packages, such as GWASpoly; 
Rosyara et al., 2016), in species with recent whole-genome duplications the re-
ploidization process is still ongoing, and there might be recombination between 
paralogous regions (Waples et al., 2016), generating aberrant genotypes that can 
lead to spurious results. A further complication for certain shellfish species is 
the very high level of heterozygosity and extensive repetitive DNA sequences 
(Potts et al., 2021). Again for these species the extensive use of long-read se-
quencing technologies such as Oxford Nanopore and Pacific Biosciences has 
helped to offset some of these challenges. Nonetheless, stringent quality control 
is fundamental to reduce the potential impact of genome complexity in GWAS 
analyses, but in any case the nature of the genome and quality of the genome 
assembly should be taken into account when interpreting association results.

3. Detailed description of state-of-the-art methodology: 
Step by step on how to perform GWAS

Here we describe a typical GWAS pipeline for an aquaculture species, which in-
cludes format conversion and quality controls on genotyping data and a GWAS 
with two free, user-friendly and commonly used software: PLINK (Chang et al., 
2015) and GCTA (Genome-wide Complex Trait Analysis, Yang et al., 2011). 
Several other software are available, and these two are used for the purposes 
of giving an example pipeline for analysis. PLINK is commonly used for data 
management, quality control, and to recode genotyping files, which can be eas-
ily handled and modified to be used as inputs for other data analysis software. 
GCTA has been developed mainly to perform GWAS to investigate disease 
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 resistance traits in humans. This software performs a marker-by-marker GWAS 
with a correction for population structure using a genomic relationship matrix 
(GRM, calculated directly from the genetic markers for the GWAS) to help 
prevent false positive association due to population stratification (Yang et al., 
2014).

The basic GWAS approach implemented in GCTA is a maximum linear 
model association (MLMA) described by Eq. (1):

(1)

With yi being the observed phenotype for the ith individual, μ the overall 
mean in the population, βi the fixed effect or covariate, aj the additive effect of 
the reference allele of the candidate SNP (j) to be tested as fixed effect for asso-
ciation and xij the reference allele count (0, 1, or 2) for the SNP j for individual i, 
ui is the random polygenic effect of all SNPs for individual i, and εi the residual 
effect for individual i. The vector of residual effects is normally and indepen-
dently distributed ε ~ N(0, Iσe

2) with σe
2 being the residual variance. The random 

vector of polygenic effects follows a normal distribution u ~ N(0, Gσg
2) with σg

2 
being the estimated genetic variance and G the GRM calculated using all SNPs.

3.1 Genotype files and format conversion

3.1.1 PLINK inputs files: PED and MAP format
Most genotyping software will be able to export the results in PLINK format, 
generally as .ped and .map files (Fig. 2). These files are relatively simple and 
can be produced manually from other genotype formats.

The .ped file contains one row per genotyped individual and (6 + 2N) col-
umns, N being the number of genotyped markers (SNPs) in the dataset. Columns 
are separated by a white-space character (tabulation or space). The first 6 col-
umns of the .ped file are in this order: Family ID, Fish ID, Sire ID, Dam ID, 
Sex, Phenotype. If the pedigree is unknown, Family ID can be replaced by the 
Fish ID (in that case, the first two columns are identical), and then both Sire and 
Dam IDs should be columns of 0 as all fish will be assumed to be founders. Sex 
is coded as 1 for male and 2 for female, anything else is treated as unknown. By 
default, individuals with unknown sex have their phenotype automatically set as 
missing by PLINK. If some fish have unknown sex but still need to be used in 
the dataset the “--allow-no-sex” option should be used to disable this automatic 
setting. This file must contain only one phenotype (column 6), which can be 
either a quantitative trait (use a period to separate decimals) or a qualitative trait, 
but both types must be recorded as numeric values. Missing values are coded 
as “-9” by default but the option “--missing-phenotype NEW_VALUE” can be 
used to set a new numeric missing value. From column 7 and onward, the file 
contains the genotypes for each SNP, with the two alleles of each marker in two 
different columns. All markers should be biallelic and can be defined by any 

y a x ui i j ij i i� � � � �� � �
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FIG. 2 Pipeline to perform GWAS using PLINK and GCTA. The results shown in the Manhattan 
plot were obtained from Martínez et al. (2021), and those data can be used as training dataset for 
the step-by-step pipeline described later. The GWAS for turbot (Scophthalmus maximus) sex was 
performed using the MLMA approach with weight as covariate. In the Manhattan plot, the red 
line is the 5% genome-wide significance threshold and the blue line is the 5% chromosome-wide 
significance threshold (calculated using the Bonferroni correction). The abbreviations in the figure 
correspond to CHR, chromosome; MID, marker ID; M, Morgan (genetic position); bp, base-pair 
(physical position); FID, family ID; IID, individual ID; SID, sire ID; DID, dam ID; P, phenotype; 
Freq, frequency of A1; b, SNP effect; se, standard-error; p, p-value.



Methods for mapping genomic variants Chapter | 6 203

value except 0 which is the default for missing genotypes (can be changed using 
the option “--missing-genotype”) (Fig. 2).

The first 6 columns are considered mandatory by default, but if one or more 
are missing it is possible to use options to indicate it instead of having to modify 
the file. For the pedigree, the “--no-fid” option indicates that there is no Family 
ID (thus, the first column of the input file is the Fish ID, and in the output files 
the family ID will be set to be identical to the Fish ID) and the “--no-parents” 
option indicates that there is neither Sire nor Dam ID (they will be set as 0 and 
all fish will be considered as funders). The “--no-sex” option indicates that there 
are no sex records, and this option must be followed by the “--allow-no-sex” 
option. Finally, the “--no-pheno” option indicates that there are no phenotype 
records.

The .map file contains the genomic position of every genetic marker in the 
.ped file (N rows), and in the same order (which does not necessarily have to be 
ordered according to their position in the genome). The file has four columns: 
(1) chromosome name, (2) marker ID, (3) genetic (Morgan), and (4) physical 
(bp) positions (only one of the two positions is required) (Fig. 2). Chromosome 
names must be coded from 1 to the actual number of chromosomes (or linkage 
groups) known in the studied species, and markers that are placed in scaffolds 
not assigned to any chromosome can be coded as chromosome number 0 (or 
alternatively removed from the dataset). As PLINK was initially developed for 
human genetics it assumes that the number of autosomes is 22, but it can be 
changed using the “--chr-set” option.

It is important to avoid errors during data formatting, since this will un-
doubtedly result in problems downstream. Typical errors include duplicated 
sample names (if a sample was genotyped in duplicate, rename one of them), or 
the use of special characters in the IDs (families, fish, chromosomes, or mark-
ers). Avoid spaces, tabulations, *, and # in names (# indicates a commented line 
that will not be read by the software). Use a dot “.” to separate decimals (and 
not a comma). Check carefully that the number of markers is consistent between 
files, and that markers in the .map file are in the same order as in the .ped file.

3.1.2 Binary format
PLINK can transform, using the “--make-bed” option, the .ped and .map geno-
type files into binary files that are used as input for GCTA. The resulting files 
are a .bed file with the genotypes (binary), a .fam file with the 6 first columns 
of the .ped file, and a .bim file that contains the information in the .map file plus 
the identity of the two alleles of the SNP.

3.2 Quality controls using the PLINK software

Having a dataset which is filtered to be as free from errors as possible is im-
portant to conduct analyses in a GWAS. All quality controls that are usually 
performed in fish GWAS are explained later, along with their recommended 
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standard thresholds. These thresholds should be modified based on the particu-
larities of the analysis and the characteristics of the dataset, such as popula-
tion structure. All standard quality controls performed on call rate, minor allele 
frequency (MAF), and Hardy-Weinberg Equilibrium (HWE) can be performed 
using a single command line with the PLINK software. The removal of any 
potentially duplicated loci has to be performed beforehand and can be based on 
parameters such as excess heterozygosity.

3.2.1 Duplicated samples
Sampling errors might lead to a sample being genotyped twice (same DNA 
sample in two different tubes, assigned to two different IDs), and those samples 
have to be detected and removed from the dataset. To do so, the genetic similar-
ity between two samples can be estimated, and two samples with nearly identi-
cal genotypes can be considered as duplicates and removed (usually both of 
them, unless the correct genotype-phenotype pair can be determined or both 
samples share the same phenotypic value). In PLINK, the “--genotype” option 
is used to estimate IBD (identity by descent) values for each pair of individuals, 
and the estimates in the output file PI_HAT (proportion IBD) can be used to 
discard duplicated samples, with a recommended threshold of 0.90.

3.2.2 Individual and genotyping call rate
After discarding all duplicated samples from our dataset, the next step is discard-
ing individuals and markers with low call rates. Individuals can be filtered using 
the “--mind X” command on PLINK, with X being the exclusion threshold. An 
individual call rate exclusion threshold of 0.02 is commonly used, meaning that 
all individuals with less than 98% of their SNPs genotyped will be removed 
from the dataset. This threshold is rather conservative and it can be lowered to 
0.05 or even 0.1 depending on the quality of the genotyping. Likewise, SNPs 
can be filtered using the “--geno Y” option, Y being the SNP exclusion thresh-
old for missing values. The usual exclusion threshold for removing SNPs with a 
low call rate is 0.05, corresponding to a 95% call rate.

3.2.3 Minor allele frequency
The next quality control step is to discard SNPs with a low minor allele fre-
quency (MAF) as they increase the probability of detecting association when 
there is none (spurious association). The threshold often used is to exclude 
SNPs with a MAF below 0.05. This can be performed using the “--maf Z” op-
tion, Z being the inclusion threshold, along with the “--nonfounders” option to 
include all individuals in the MAF calculation.

3.2.4 Hardy-Weinberg equilibrium
SNPs that depart from Hardy-Weinberg Equilibrium (HWE) should also be re-
moved, as this deviation can be due to genotyping errors, inbreeding, population 
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structure, or selection pressures, and they can also lead to spurious association. 
A chi2 test can be performed to exclude SNPs deviating from HWE with the 
PLINK command “--hwe W” option, being W the inclusion threshold, along 
with the “--nonfounders” option to include all individuals in the HWE calcula-
tion. However, SNPs truly associated with the trait of interest can frequently 
deviate slightly from HWE, thus only strongly deviating SNPs are usually dis-
carded (10− 5 to 10− 9). In fish species, the most commonly used rejection thresh-
old in GWAS is p < 10− 6.

3.3 GWAS with GCTA

The input files required to run a GWAS in GCTA are the binary files produced 
by PLINK, a performance file (containing traits of interest), and a file with fixed 
effect and another one with covariates if there are potential confounding vari-
ables that should be considered in the GWAS (e.g., sex or tank effect). Those 
three last files should have no header and the two first columns should be (1) 
family ID and (2) fish ID (both matching the .fam file). In the performance file, 
the third column is the phenotype records with missing values coded as -9 or 
NA. If the performance file contains records for more than one trait (4 columns 
or more), by default GCTA performs the GWAS on the first trait (column 3) 
unless the option “--mpheno x” is used to specify that it should be performed 
on the xth trait (4th column for the second trait and so on). Both fixed effect and 
covariate files can contain multiple columns for quantitative and discrete vari-
ables, respectively (Fig. 2).

3.3.1 GRM construction
The first step of the analysis is to build the GRM to correct population structure. 
The GRM can be obtained either prior to the GWAS, saving the GRM in a file 
for all future analyses, or, if the dataset is of a manageable size (e.g., a typical 
medium density SNP array of circa 50K SNPs for a few thousand fish), simulta-
neously with the GWAS. To build the GRM, the GCTA option is “--make-grm” 
or “--make-grm-gz” to save the GRM in a compressed text file to save disk 
space.

3.3.2 Estimation of genetic parameters
The second step is the use of the “--reml” option of GCTA software to estimate 
genetic parameters as the trait heritability (h2), the genetic variance explained 
by all SNPs, as well as the phenotypic and residual variances. These genetic pa-
rameters can be used to estimate the proportion of variance explained by a SNP 
(or a QTL) using the equation described as follows (Eq. 2):
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With pj and qj the allele frequencies for the jth SNP, gj the estimated effect  

of the jth SNP, and σg
2 the total genetic variance � g j j jj

n
p q g2 2

1
2�� ��� . GCTA 

performs a restricted maximum likelihood (REML) analysis using average in-
formation (AI-REML) by default. This analysis is carried out iteratively un-
til a predefined maximum number of iterations is reached (100 in GCTA, can 
be changed with the “--reml-maxit” option), or until the difference in log- 
likelihood (measure of the goodness of fit of the current model to the data) be-
tween consecutive iterations is sufficiently small (10− 4 in GCTA). In the latter, 
we say that the algorithm has reached convergence and the analysis stops. This 
step can be performed together with the construction of the GRM. Results of the 
AI-REML analysis can also be found in the log file of the GWAS.

3.3.3 GWAS
The final step of the analysis is to perform the GWAS. Different marker-by-
marker GWAS approaches can be implemented in GCTA. The simplest ap-
proach is the MLMA analysis, which estimates the effect of each candidate 
SNP using the previously built GRM to correct for population structure. This 
GWAS can be performed with the “--mlma” option. The LOCO (leave one 
chromosome out) approach is similar to the MLMA, but it constructs a new 
GRM without the chromosome carrying the candidate SNP. This approach is 
a little bit more time consuming than the regular MLMA approach as a new 
GRM has to be constructed for each chromosome analyzed. However, as the 
SNP effect is no longer fitted twice in the model (in the GRM as a random 
effect, and as the target SNP as a fixed effect), this approach is potentially 
more powerful. The LOCO analysis can be performed using the “--mlma-
loco” option.

Results are saved in .mlma or .loco.mlma files. These contain a header 
and then one row per SNP with 9 columns: chromosome, SNP ID, position 
(bp), reference allele (which effect has been estimated), the alternative al-
lele, the frequency of the reference allele, SNP effect, standard error, and 
p-value.

3.4 Visualization of results: Manhattan plots

GWAS results are usually visualized in a type of figure called Manhattan plot 
(Fig. 2), which consists of plotting the SNP position along the genome on the x 
axis, and the − log10(p-value) of each SNP on the y axis. Each SNP is typically 
plotted as a dot, and each peak of dots is a putative QTL. Several options exist to 
draw Manhattan plots, generally implemented in different R packages or codes. 
For users not familiar with R we recommend the use of the QQMAN package 
(Turner, 2018) since its “manhattan” function is simple and the GCTA output 
can be easily used as input.
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3.5 Significance thresholds

The significance of candidate QTL is generally assessed using statistical thresh-
olds, determining genome-wide significance based on p-value, and sometimes 
less-stringent suggestive or chromosome-wide thresholds. When using marker-
by-marker approaches, all genotyped SNPs are tested for association with the 
trait, and therefore the p-values must be corrected for multiple testing to limit 
the number of false positives. The Bonferroni correction threshold is often used 
to determine the genome-wide and chromosome-wide significance of detected 
QTL at an α level (typically 5%, p-value of 0.05):

Genome wide threshold number of SNP

Chromosome w

-

-
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The Bonferroni correction is very conservative as it assumes that each as-
sociation test (for each SNP) is independent of all other tests (all other SNPs), 
which is untrue due to the LD that exists between SNPs. Due to its conservative 
nature, the number of false negatives (type II error) is high and real QTLs of 
small effect may well be declared as nonsignificant. Consequently, SNPs and 
putative QTLs below the Bonferroni-corrected significance threshold are fre-
quently considered as tentative or suggestive QTLs. In any case, a Manhattan 
plot at the genome level can provide a broad idea of the trait architecture, and 
then Manhattan plots at chromosome levels (and with HD panels at QTL levels) 
can be drawn to better interpret the results. Any outlier SNP that is above the 
threshold should be carefully considered since it might be a false positive (when 
that SNP is the only one with a significant p-value in a genomic region, i.e., no 
“peak” is observed). However, when one or two SNP detach from a small peak, 
they might be true candidate SNPs in close LD with the causative variant. A 
graphical representation of the deviation of the observed p values from the null 
hypothesis can be represented by a QQ plot: the observed p values for each SNP 
are sorted from largest to smallest and plotted against expected values from a 
theoretical χ2-distribution. Major deviation from the theoretical distribution can 
point to issues in the data such as population structure or other sources of bias.

4. Pipeline

Here we describe a step-by-step pipeline to perform a GWAS. The code is also 
available in GitHub (https://github.com/Roslin-Aquaculture/GWAS_GCTA), 
along with the turbot dataset used to generate Fig.  2. The pipeline uses the 
PLINK software for quality control and formatting of genotyping data, the 
GCTA software to estimate genetic parameters and perform the GWAS, and 
the R package “QQMAN” is to produce a Manhattan plot. The three software 
packages used in this pipeline are freely available and user-friendly. For more 
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detailed information on the options available for each software, you can re-
fer to the PLINK (http://zzz.bwh.harvard.edu/plink/ for version 1.07 or https://
www.cog-genomics.org/plink/ for version 1.09) and GCTA websites (http://
cnsgenomics.com/software/gcta/). The QQMAN package is available from 
CRAN (https://cran.r-project.org/web/packages/qqman/vignettes/qqman.html) 
or GitHub (https://github.com/stephenturner/qqman).

(1) Optional: Merge datasets
If using genotyping performed on multiple SNP arrays (chip1 and chip2 
here), you should merge PED files from all arrays with the “--merge” 
option:

 plink --chr-set CHR --file mydata-chip1 --merge mydata-
chip2.ped mydata.map --recode --out mydata

Before merging files, you should check if the map files are identical or use 
two different map files, and verify that alleles are coded equally (i.e., ATGC or 
1234). If genotypes are coded differently, the options “--allele1234” or “--al-
leleACGT” have to be used before merging the datasets.

(2) Format conversion
This first command transforms .ped and .map data in binary files:

 plink --ped mydata.ped --map mydata.map --chr-set CHR -- 
make-bed --out newdata

You can add all the following options depending on your dataset “--allow-
no-sex --nonfounders --no-fid --no-parents --no-sex --no-pheno --recode-
allele refile.txt.”

The “--recode-allele” option is not mandatory but is useful to keep track of 
the reference alleles and make sure that alleles in future files are consistently 
coded. Indeed, PLINK recodes alleles according to the minor allele count (by 
default, the minor allele is A1 and the major allele is A2 in PLINK outputs), 
and as frequency of alleles might change between populations it is important to 
force a specific allele to ensure that the results are comparable. “refile.txt” is a 
two-column file where the first column is the SNP ID and the second column 
the allele to be used as reference allele (i.e., A1). The reference allele is typi-
cally the allele/nucleotide that appears in the reference genome sequence for the 
species of interest.

Once your files are merged and/or in binary format you can start performing 
quality control. The command line to load binary files is --bfile.

(3) Removal of duplicated samples
This command is used to estimate pairwise IBD to detect duplicated samples:
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 plink --bfile newdata --genome --chr-set CHR --out tempdata

A file named tempdata.genome will be created with the IBD values of each 
pair of individuals in column 10. To remove duplicated samples, an extra step 
is necessary to select fish to be removed based on a threshold (IBD_thr = 0.90):

 gawk -v IBD_thr = 0.90 ' NR > 1 { if ($10 > IBD_thr) 
{ print $1" " $2 " " $3 " " $4 }}' tempdata.genome > 
duplicated_ID.txt
 gawk '{print $1 " " $2}' duplicated_ID.txt > ID_to_remove.txt
 gawk '{print $3 " " $4}' duplicated_ID.txt >> ID_to_re-
move.txt

Those three lines of awk are used to create a file that contains the Family_ID 
and the fish_ID of duplicated samples to be removed from the dataset using the 
following plink line:

 plink --bfile newdata --remove ID_to_remove.txt --make-
bed --out noduplicdata

(4) Quality control
This command is used to perform all other quality controls on the dataset:

 plink --bfile noduplicdata --chr-set CHR --geno 0.05 --mind 
0.05 --hwe 0.000001 --maf 0.05 --nonfounders --make-bed --out 
finaldata

(5) GWAS
The following commands first create the GRM, perform the AI-REML 
analysis, and run a GWAS with no fixed effect and no covariates using the 
MLMA approach:

 gcta64 --bfile finaldata --autosome-num CHR --make-grm --out 
GRM_data --thread-num 10
 gcta64 --reml --grm GRM_data--pheno TRAIT.pheno --out reml_TRAIT
 gcta64 --mlma --bfile finaldata --grm GRM_data --autosome-
num CHR --pheno TRAIT.pheno --out gwas > gwas.log

In the reml_TRAIT.hsq (output for --reml) file you will find estimates of h2, 
genetic and phenotypic variances. In the gwas.log file you can check that the REML 
analysis converged (typically AI-REML should converge in less than 20 iterations).

If you want to perform a GWAS using a model with fixed effect and covari-
ates, you can use the following command, this time we used the LOCO approach:
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 gcta64 --mlma-loco --bfile finaldata --grm GRM_data --pheno 
TRAIT.pheno --qcovar FixedEffet.qcovar --covar Covariate.
covar --autosome-num CHR --out gwas-fixed-cov --thread-num 
10 > gwas-fixed-cov.log

(6) Manhattan plot
The following R commands use the QQMAN package to plot Manhattan 
plots from .mlma or .loco.mlma files:

install.package(“qqman”)

library(qqman)

NCHR=number of chromosomes # you have to set the number

# loading the file

gwasResults = read.table(“gwas.mlma”, header = TRUE)

# Threshold 1: 5% at the genome-wide level

Thrgen = -log10(0.05/nrow(gwasResults))

# Threshold 2: 5% at the chromosome-wide level

Thrchr = -log10(0.05/(nrow(gwasResults)/NCHR))

manhattan(gwasResults, chr = "Chr", bp="bp", snp ="SNP", p="p", main = "Manhattan 
Plot", col = c("blue", "orange", “forestgreen”, “purple”), suggestiveline = Thrchr, 
genomewideline = Thrgen)

You can also use the qq function of the QQMAN package to plot the QQplot 
(quantile-quantile) of observed versus expected − log10(p-values):

qq(gwasResults$p, main = "Q-Q plot of GWAS p-values")

5. The next generation of association mapping methods: 
Multimarker models

Single-marker models interrogate the association between a trait and a particular 
SNP at a time, ignoring LD between the markers. While single-marker models are 
still the most frequently used association test, multimarker models that fit several 
SNPs simultaneously can potentially be more robust and powerful, especially re-
garding false positives and rare alleles (Kim et al., 2010; Wang et al., 2007, 2012b).

5.1 GBLUP and single-step GBLUP

The most common multimarker model for GWAS in aquaculture species 
is the GBLUP (Genomic BLUP), which estimates the effect of all markers 
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 simultaneously (assuming every marker has an effect of the same size) using 
the genomic relationship matrix G (VanRaden, 2008), constructed only with the 
records of genotyped individuals. A variation is the single-step GBLUP (ssGB-
LUP), which allows including related animals with phenotypic records but that 
have not been genotyped, using the H matrix that combine both pedigree (A) 
and genetic (G) relationship matrices. This model can increase the power and 
the accuracy of detection of the GWAS (Aguilar et al., 2010; Wang et al., 2012a) 
and is useful when a significant number of animals have phenotypic records but 
not genotypes. Both GBLUP and ssGBLUP models can be described using 
Eq. (3):

(3)

Where yi being the observed phenotype for the ith individual, μ the overall 
mean in the population, βi the fixed effect or covariate for the ith individual, gj 
the random effect of the SNP j and xij the genotype of the ith fish for the SNP 
j (coded 0, 1, or 2 depending on the number of reference alleles), and εi the 
vector of residual effects for the ith fish. The effect of the SNP gj is defined as 
g ~ N(0, GRMσg

2), where σg
2 is the estimated genetic variance, and GRM is G in 

the GBLUP approach (the genetic relationship matrix) and H in the ssGBLUP 
approach (relationships based on both pedigree and genotypes).

The GBLUP and ssGBLUP models have been implemented within the 
BLUPF90 programs (Misztal et  al., 2015), using the POSTGSF90 options 
(Aguilar et  al., 2014) (http://nce.ads.uga.edu/wiki/doku.php), and they have 
been widely used in aquaculture genetics studies (Table 1).

5.2 Bayesian stochastic search variable selection approaches

Bayesian approaches are based on the assumption that not all SNPs have the 
same effect on the trait, which is closer to the reality than the GBLUP models 
where all SNPs are assumed to have an effect of the same size. The under-
lying principle of Bayesian approaches is to adapt the GBLUP model to bet-
ter estimate the genetic variance explained by SNPs with the hypothesis that 
only a proportion (π) of SNPs have an effect on the trait and each SNP has its 
own estimated genetic variance. In order to estimate the effect of all SNPs, 
Bayesian approaches are performed iteratively typically using Markov chain 
Monte Carlo (MCMC) methods. Different approaches have been proposed: 
BayesA, BayesB, BayesC, BayesCπ, (Habier et al., 2011), BayesR (Erbe et al., 
2012) and Bayesian Lasso (Park and Casella, 2008). The two main algorithms 
used nowadays are BayesC and BayesCπ, which present a good compromise 
between computing time and model complexity. Both BayesC and BayesCπ 
consider, at each iteration, only a proportion π of SNPs that are assumed to 
have an effect on the trait. Thus, at each iteration, the number of SNP effects to 
be estimated is typically lower than the number of phenotypic records, unlike 
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with the GBLUP approaches. In BayesC, π is fixed whereas in BayesCπ, π is 
estimated based on an a priori value given by the user. In both models, at a given 
iteration, all retained π SNPs have the same variance.

Different software can be used to perform GWAS using Bayesian ap-
proaches. GS3 (Legarra et al., 2010) software can be used for Bayesian Lasso 
or BayesCπ, and BESSiE software (Boerner and Tier, 2016) can be used to 
perform BayesA, BayesB, BayesCπ, and BayesR.

6. Implementation of QTLs and causative variants into 
breeding programs

Numerous GWAS have been performed to map QTL affecting commercially im-
portant traits in aquaculture species over past two decades (e.g., Table 1). The most 
impactful one is arguably the discovery of a major QTL for resistance to IPN, 
where a single locus confers full resistance to the disease (Houston et al., 2008; 
Moen et al., 2009). This encouraged many other association studies on resistance 
to diseases in fish and shellfish species, which have revealed that most disease re-
sistance traits have a polygenic architecture (Fraslin et al., 2020b). GWAS studies 
have also been amply used to understand the genetic basis of sex determination 
in fish species (e.g., Fraslin et al., 2020a; Palaiokostas et al., 2015; Wilson et al., 
2014), assisting in the discovery of the sex determining genes in species with ma-
jor sex determination QTL (e.g., Lin et al., 2021; Martínez et al., 2021).

The discovery of QTLs for traits of interest allows their implementation 
into aquaculture breeding programs. Marker-Assisted Selection (MAS) uses 
markers in LD with the causative variant to indirectly select the animals with 
favorable alleles. In practice, this is done only for major QTLs that have a large 
effect over the trait, since the benefit of MAS for QTLs of small effect is neg-
ligible compared to standard family based selection. Consequently, despite the 
high number of QTL mapping studies performed in aquaculture species, only a 
few major QTLs have been incorporated into commercial breeding programs, 
with the aforementioned IPNV resistance QTL in Atlantic salmon being a 
good example that has resulted in a major drop in the incidence of the disease 
(Houston et  al., 2020). However, due to the polygenic nature of most traits, 
genomic selection (Meuwissen et al., 2001) is typically the most effective route 
to implementing genetic markers into aquaculture breeding programs. Genomic 
selection involves the recording of genotype and trait data in a reference popula-
tion which are then used to predict breeding values for selection candidates for 
which (typically) only genotype data are available. In the most common form 
of genomic selection, GBLUP, the relationships between animals are estimated 
based on the similarity between their genotypes giving the same weight to ev-
ery genetic marker. Nonetheless, the possibility of increasing the accuracy of 
genomic selection through the prioritization of QTLs or causative variants is 
a vibrant area of research, and different methods for the incorporation of this 
information into breeding programs are likely to arise in the coming years.
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7. Funneling candidate variants toward causality

Despite the evolution of QTL mapping methods, the discovery of causative vari-
ants remains a cumbersome task with a relatively low success rate. In fact, up to 
date, only two putative causative variants have been found in aquaculture, both 
in Atlantic salmon: (1) two missense mutations in the vgll3 gene control sexual 
maturation age (Ayllon et al., 2015), and (2) another missense mutation in cdh1 
that has been suggested to partly explain the major QTL affecting resistance to 
IPNV (Moen et al., 2015). However, both of these putative causative variants/
QTLs have a major effect, explaining a large percentage of the variation of those 
traits; no causative variants have been proven for QTLs of purely quantitative 
traits controlled by a large number of causative variants with small effect. While 
the progressive availability of larger datasets with high-density genotypes or 
even whole-genome sequencing data will increase our ability to detect QTLs of 
small effect, the underlying causative variant will likely remain elusive. The rea-
son is that, while linkage and LD are key to find QTLs, they also link together 
many variants in the same region, making it almost impossible to distinguish 
the causative one just through association analyses. Furthermore, the effect of 
the causative variant may vary substantially according to genetic background 
(epistasis), and it is plausible that different causative variants underlie the same 
QTL in different families/populations. Therefore other strategies are necessary 
to distinguish the mutations underlying a QTL from linked markers without any 
direct effect on the trait.

Current strategies rely on adding different layers of information to pro-
gressively narrow the number of candidate variants in a region to a number 
(< 10) that allows testing their causality directly, perhaps through genome edit-
ing. A first, simple layer of information would be the annotation of the candi-
date variants based on the annotation of the genome, classifying the variants 
in intergenic, intronic, synonymous, etc. (e.g., Palaiokostas et  al., 2018b). A 
major caveat of this approach is that current aquaculture genome assemblies 
are poorly annotated, missing most noncoding genes and regulatory regions. 
Consequently, while SNP annotation might help prioritize some candidates with 
putative functional relevance (i.e., missense SNP or stop mutations), it should 
not be used to discard mutations that are apparently not functional according 
to the current annotation (i.e., intergenic SNPs could fall in as-yet-unidentified 
regulatory elements). As more complete genome annotations become available 
from ongoing global initiatives such as FAASG (Functional Annotation of All 
Salmonid Genomes; Macqueen et  al., 2017), the prioritization value of SNP 
annotations will increase.

Understanding the biology underlying differential phenotypes through func-
tional genomics experiments, for example between fast- and slow-growing or 
between disease resistant and susceptible animals, can also assist in the pri-
oritization of candidate variants (Robledo et al., 2017b, 2018). The rationale is 
that this information can be used to prioritize genetic markers falling in genes 
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that are related to the biological processes responsible for the phenotypic dif-
ferences. A more direct approach would be to prioritize candidate variants that 
fall in genes showing differential expression between disparate phenotypes (or 
in close proximity to those genes; i.e., Robledo et al., 2019, 2020); if there is 
no candidate mutation affecting a protein or noncoding gene sequence, then the 
causative variant must act through the regulation of the expression of the gene 
in the QTL region. This is directly connected to a third layer of information, 
which is to directly associate candidate variants with molecular phenotypes 
such as expression or methylation (i.e., eQTL or metQTL), which can provide 
direct evidence of the functionality of a genetic marker. While these fields are 
relatively underdeveloped in aquaculture species, community efforts aimed to 
generate these resources are likely to arise in the coming years, similarly to the 
long-standing Genotype-Tissue Expression (GTEx) project in human research 
(GTEx Consortium, 2013).

While adding different layers of information can help establish a “ranking 
of probability of causation,” conclusive evidence of the connection between ge-
netic markers and traits can only be obtained through direct manipulation of the 
genome, currently mostly performed through Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR)-Cas mediated genome editing (Edvardsen 
et al., 2014; Hwang et al., 2013). In many cases, particularly for disease resis-
tance traits, candidate variants can be tested first in cell lines, which can be 
easier, cheaper, and faster. However, this in vitro editing relies on the ability to 
obtain relevant cellular phenotypes, which can be troublesome for many com-
plex phenotypes such as feed efficiency or resistance to multicellular parasites 
such as sea lice. Whether an in vitro step is possible or not, the final step of the 
causality funnel is genome editing in vivo, which is the only step that will actu-
ally confirm the functionality of the putative causative variants, i.e., that they 
have a real effect on the trait in the animal. However, genome editing is still in 
its relative infancy in aquaculture, and while the field is developing rapidly there 
is a current lack of resources (e.g., appropriate cell lines) and methods (low effi-
ciency of in vivo editing). Tackling these limitations to realize the full potential 
of genome editing in the different species will underpin the successful discovery 
of causative variants in aquaculture in the coming years.

8. Conclusions

The aquaculture industry has swiftly incorporated molecular tools into their 
breeding programs to speed up genetic improvement of quantitative traits. The 
rate of genetic gain of these breeding programs can be further increased through 
the incorporation of markers linked to QTLs or, even better, the causative vari-
ants underlying these QTLs. However, the number of QTL-linked markers and 
causative variants available in aquaculture species is limited, and to date suc-
cess stories are based on (i) marker-assisted selection for major-effect QTL, 
or (ii) use of all markers to predict breeding values using genomic selection. 
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Here, we have described and discussed historical and current methodologies 
to detect association between genomic regions and traits of interest, along with 
a detailed step-by-step workflow using state-of-the-art software and methods. 
While these methods enable the efficient detection of QTLs, and increased 
power achieved through larger genotyping efforts will lead to the identification 
of important numbers of QTLs of increasingly small effect in the near future, 
causative variants are likely to remain elusive due to the LD between numerous 
genetic markers in the QTL region, and in aquaculture further complicated due 
to the complex nature of the genomes of many species. Genome annotation, 
functional genomics, and association of genetic variants with molecular traits 
can narrow the number of candidate mutations in a QTL region; however, final 
proof of the association between a genetic marker and a phenotype can only 
be achieved through functional tests using techniques such as genome editing. 
As such, the development of CRISPR-Cas technologies in aquaculture species 
is expected to underpin the identification of causative variants in the coming 
years. These causative variants may be applied in breeding programs to increase 
selection accuracy and therefore genetic gain, or potentially via direct genome 
editing of broodstock or multiplier animals (Jin et  al., 2021). In both cases, 
identification and use of causative variants for production traits will ultimately 
improve the sustainability of the industry and global food security.
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1. The importance of gaining knowledge about the 
neuroendocrine system

Neuroendocrinology is the field of biology that studies the interaction between 
the endocrine and the nervous system. External (temperature, photoperiod, so-
cial interactions, and food availability, among others) and internal (for example, 
metabolic state and stress) information are integrated within the brain and trans-
duced into neural and neuroendocrine signals that control the different organs, 
leading to the maintenance of homeostasis in vertebrates. The hypothalamic– 
pituitary axis is the key system that rules all processes in an organism. Thus, the 
study of this axis is fundamental to address how different environmental factors 
modify neuropeptide levels and how these neuropeptides interact between them 
to regulate metabolic functions.

Since fish development, growth, reproduction, and behavior are especially 
susceptible to environmental conditions (such as photoperiod, temperature, wa-
ter quality, crowding, and food quality), neuroendocrine studies could provide 
important clues on how they impact fish physiology, as well as information 
to improve aquaculture rearing practices by developing new techniques and 
strategies for better fish welfare. A classic example of the potential application 
of neuroendocrine studies in aquaculture is the case of gonadotropin-releasing 
hormone (Gnrh), the main factor that triggers reproduction. From the first report 
that demonstrated that Gnrh stimulates gonadotropin secretion (Breton et al., 
1972), to the continuous characterization of Gnrh isoforms in fish (Sherwood 
et al., 1983; Tostivint, 2011; Roch et al., 2014; Muñoz-Cueto et al., 2020) and 
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their regulation by environmental conditions (Maitra and Hasan, 2016; reviewed 
in Volkoff, 2016), the study of the Gnrh system was fundamental to adequate 
protocols that substantially improved ovulation, spermiation, and/or spawning 
performance in species in which spontaneous reproduction was difficult in cap-
tivity (Muñoz-Cueto, 2009).

Besides possible aquaculture applications, it is worth to investigate the neu-
roendocrine system from the viewpoint of comparative endocrinology, to get a 
picture of the complex evolution of this system through the vertebrate’s history. 
In this sense, fish neuroanatomy makes them exceptional models for studying 
the function and evolution of this system (Golan et al., 2015), as they conserve 
the major factors that regulate the same functions as in tetrapods.

2. Neuroendocrine system

The vertebrate’s pituitary gland (or hypophysis) constitutes the functional link 
between the nervous and the endocrine system. It is comprised of two lobes that 
are distinguished by their embryonic origin, cellular composition, and func-
tion: the neurohypophysis (NH) and the adenohypophysis (ADH). Although the 
entire pituitary derives from the ectoderm, it has a dual origin: an evagination 
of the ventral hypothalamus (neural ectoderm) gives rise to the NH, while the 
ADH derives from the adenohypophyseal placode (epidermic ectoderm) that 
then invaginates and subsequently separates from the stomodeum (Baker and 
Bronner-Fraser, 2001). Hence, the NH represents the neurohemal part and the 
ADH the glandular part. The NH is divided into pars nervosa and median emi-
nence, whereas the ADH is subdivided into three regions: pars distalis (PD), 
pars tuberalis (PT), and pars intermedia (PI), the former being the largest of the 
three regions and the site where the most pituitary hormone-producing cells are 
localized. The PT, present only in tetrapods, is mainly related to photoperiod 
and reproductive processes (Shinomiya et al., 2014). The PI is absent in hag-
fishes and birds, and it is reduced or even absent in mammals (Norris and Carr, 
2013). In vertebrates, three classical anatomical models of pituitary-central reg-
ulation are described: portal system via the median eminence (tetrapods), direct 
innervation (teleosts), and diffusion (agnathans) (Sower, 2015).

Particularly in teleost fish, NH consists of an infundibular stem suspended 
from the ventral region of the hypothalamus. This stem contains an extension 
of the third ventricle called the infundibular recess, and in its distal part it inter-
digitates, like tree branches, in the three regions of the ADH: the most anterior 
named rostral pars distalis (RPD), the middle portion named proximal pars 
distalis (PPD), and the most caudal, the PI. Interdigitations in PI are deeper and 
more elaborate than in RPD and PPD (Ball and Baker, 1969). The whole PI and 
NH are known as the neurointermediate lobe. The anterior NH is considered 
homologous to the middle eminence and innervates the RPD and the PPD (Peter 
et al., 1990). Interestingly, in teleosts, although with variations in some species, 
different cell types in the ADH are usually localized inspecific regions, like 
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countries on a map. The cells that produce prolactin (Prl) and adrenocortico-
tropin (Acth), lactotropes and adrenocorticotropes, respectively, are mainly dis-
tributed in the RPD. In the PPD, most of the somatotropes, the cells that produce 
growth hormone (Gh), are bordering the NH, whereas thyrotropes, the cells that 
produce thyrotropin hormone, are localized in the PPD and RPD. In the case of 
fish, two types of gonadotropes can be distinguished in the middle portion of 
the PPD, one that produces luteinizing hormone (Lh) and the other, producing 
follicle-stimulating hormone (Fsh), whereas, in tetrapods, one single cell type 
secretes both gonadotropins (Levavi-Sivan et al., 2010). Finally, the PI is the 
region where melanotropes, the cells that express α-melanophore-stimulating 
hormone (Msh), and somatolactotropes, the cells that produce somatolactin 
(Sl), are localized (Fig. 1A). Other nonendocrine pituitary cell type, poorly in-
vestigated in fish, is the stellate cells, similar to the mammalian folliculostellate 
cells. These cells were mainly studied in Nile tilapia (Oreochromis niloticus) 
and are functionally interconnected by gap junction into a continuous network 
in the PPD and the PI, suggesting that this arrangement would allow that certain 
signals are conveyed to distant pituitary regions (Golan et al., 2016).

The pituitary innervation originates from neurons mainly localized in the 
preoptic and hypothalamic area. Nevertheless, it has been reported that other 
neurons from extra hypothalamic regions such as the olfactory bulbs, the ven-
tral telencephalon, the suprachiasmatic nucleus, the thalamus, or the mesence-
phalic tegmentum may also innervate it (Johnston and Maler, 1992; Anglade 
et al., 1993; Zohar et al., 2010; Muñoz-Cueto et al., 2020). While it is largely 
assumed that teleost pituitary cells are directly innervated, different types of 
associations between nerve terminals and pituitary cells could be observed: (1) 
direct synaptic contact between the neurosecretory terminals and the endocrine 
cells; (2) presence of a single or double basal membrane interposed between 
the neurosecretory ends and the endocrine cells (reviewed in Cerdá-Reverter 
and Canosa, 2009; Zohar et al., 2010; Trudeau and Somoza, 2020); and (3) a 
neurovascular mode of delivery, as a new alternative scenario recently proposed 
in transgenic zebrafish, where a close apposition of gonadotropin-releasing hor-
mone 3 (Gnrh3) fibers and permeable blood vessels at the hypothalamic level 
has been demonstrated by Golan et al. (2015) (Fig. 1B).

It is important to remark that in nonteleost fish, the hypothalamic neurons 
release their secretory products into a portal system (Lagios, 1968; Kah and 
Adrio, 2018), and subsequently delivered to the ADH. Also, a rudimentary por-
tal system was described in few teleosts species such as in the Indian mayor 
carp (Labeo rohita; Jose and Sathyanesan, 1977) and the Indo-Pacific tarpon 
(Megalops cyprinoides; Baskaran and Sathyanesan, 1992).

It is worth noting that the innervation presents a certain degree of plasticity, 
which means that it could vary during the development or according to par-
ticular physiological situations. For example, in the Indian mayor carp and the 
South American cichlid Cichlasoma dimerus, it is possible to observe pituitary 
innervation of gonadotropin inhibitory hormone (Gnih) during development, 



224 Cellular and molecular approaches in fish biology

but not in adults, suggesting that the mode of action of Gnih on pituitary cells 
may differ between life stages (Biswas et  al., 2015; Di Yorio et  al., 2018). 
Moreover, sexual stage-dependent plasticity (i.e., number of neurosecretory 
granules and microvesicles in nerve terminals or variations in the degree of in-
nervation) was also reported in goldfish (Carassius auratus; Kaul and Vollrath, 
1974; Canosa et al., 2011).

FIG. 1 Scheme of teleost’s pituitary and the different types of associations between nerve ter-
minals and pituitary cells. (A) Distribution of adenohypophyseal cell types in a pituitary sagittal 
section. Cell types are represented by different colored symbols associated with the hormone they 
produce. (B) Schematic representations of possible associations between the central nervous system 
terminals and adenohypophyseal cells: (1) Synaptic contact between the nerve terminal and the ad-
enohypophyseal cell. (2) Presence of a single or double basal membrane between the nerve terminal 
and the adenohypophyseal cell. Neuropeptides diffuse through the extracellular space reaching pitu-
itary cells. (3) At the hypothalamic level, the nerve terminal releases neuropeptides into the vascular 
system that in turn are delivered to the adenohypophyseal cell (Golan et al., 2015). White square: 
lactotropes, cells producing prolactin (Prl); gray square: somatotropes, cells producing growth hor-
mone (Gh); black square: somatolactotropes, cells producing somatolactin (Sl); black star: adreno-
corticotropes, cells producing adrenocorticotropin (Acth); white star: melanotropes, cells producing 
α-melanophore-stimulating hormone (Msh); white circle: thyrotropes, cells producing thyrotropin 
hormone; gray and black circles: gonadotropes, cells producing luteinizing hormone (Lh) or follicle 
stimulating hormone (Fsh), respectively. BM, basal membrane; Hpt, hypothalamus; IR, infundibu-
lar recess; Pit, pituitary.
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The fact that the different pituitary cells are localized in specific regions, 
plus the direct innervation, allows using simple strategies that evidence pos-
sible associations. In this context, the more cited technique in the literature is 
the double-labeling immunofluorescence. Besides, the use of genetically mod-
ified fish models, such as transgenic zebrafish (Danio rerio), medaka (Oryzias 
latipes), and tilapia, with labeled neuropeptides or pituitary cells, represents an 
excellent system to study neuroendocrine relationships (Trudeau and Somoza, 
2020). The use of these novel genetic techniques combined with confocal mi-
croscopy allows us to gain knowledge in the hypothalamic–pituitary relation-
ship and will introduce new concepts on fish neuroendocrinology. Although 
genomic tools are increasingly available for other fish species (Japanese puff-
erfish (Takifugu rubripes), spotted green pufferfish (Tetraodon nigroviridis), 
Atlantic cod (Gadus morhua), and little skate (Leucoraja erinacea), among 
others), they are still not representative of all taxa, as teleost fish present a great 
phenotypic complexity due to their specific 3R genome duplication (Meyer 
and Van de Peer, 2005). Thus it is important to consider that neuroendocrine 
studies in nonmodel species might help to build a full picture. In this sense, the 
strategies that we present in this chapter could provide new insights, especially 
in nonmodel species.

3. Double-labeling immunofluorescence

In this section, we will present and discuss a simple, cheap, and reliable tech-
nique for approaching neuroendocrine studies in fish: the double-labeling 
immunofluorescence. As the name indicates, this methodology involves the 
immune recognition of two different peptides with the subsequent detection 
by fluorochromes. As previously described, although there is a great conser-
vation in hypothalamic nuclei and adenohypophyseal hormones localization 
in fish, each species could present unique characteristics that are necessary 
to study. A simple way to start these studies is by performing immunohisto-
chemical techniques in serial histological sections, one for the neuropeptide 
of interest and the other for the adenohypophyseal hormone. In this way, we 
could visualize if the innervated region is close to the specific site of the pro-
ducing cells.

Immunohistochemistry (IHC) is a widely used technique for cellular- or 
tissue-specific antigen localization by using antigen–antibody recognition. 
The site of antibody binding can be identified by direct labeling of the first 
antibody (named direct IHC) or by using a secondary (or additional steps) 
labeling method, which enables amplifying the signal (named indirect IHC) 
(Kabiraj et al., 2015). In those cases where a fluorophore is used as a label-
ing method, the technique is called immunofluorescence (IF). Coons et al. 
(1941) described for the first time a mammalian tissue constituent using an 
antibody directly labeled with a fluorescent dye, and more than a decade 
later, indirect immunofluorescence was introduced by Weller and Coons 
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(1954) (Sanderson et al., 2018). Nowadays, this technique has improved con-
siderably, being a widely used tool in laboratories worldwide. The IF, as well 
as the IHC, with the employment of two primary antibodies that recognize 
different antigens in the same cell culture or histological section, is known 
as double-labeling IF or double-labeling IHC, respectively. However, before 
performing the double-labeling techniques, the simple IF/IHC must be fine-
tuned separately.

3.1 General immunofluorescence protocols

The first and very important step in IF is the fixation, consisting of stabilization 
of tissue proteins and preservation of cell morphology and molecules as close 
as possible to the living stage. Besides, fixation stops cell metabolism, inacti-
vates lysosomal enzymes, and eliminates microorganisms (Martín-Lacave and 
García-Caballero, 2012). As cell death causes rotting and autolysis, for optimal 
preservation, fixation should be performed immediately after organ dissection. 
This is crucial in organs with high blood irrigation, such as brain and pituitary.

The most common fixing procedure used in neuroendocrinology studies 
is the immersion of the sample in a fixative liquid like additive fixatives, as 
formaldehyde and paraformaldehyde, both diluted to 4% (v/v) in phosphate 
buffer, or fixative mixtures such as Bouin’s liquid (75% saturated picric acid: 
25% formaldehyde: 5% glacial acetic acid). Both types provide a good pres-
ervation of morphology and fast penetration. It must be considered that form-
aldehyde presents a health risk given its toxicity and carcinogenicity. Fixation 
is always a compromise between time, volume, sample size, and temperature. 
The volume of the fixative must be close to 40 times higher than the sample 
volume, which at the same time must be small because, instead, fast pres-
ervation of the inner part of the sample is not ensured. It is recommended 
to perform the first fixative hour at room temperature (RT) to accelerate the 
fixative’s diffusion inside the sample and then continue at 4 °C for 18–24 h. 
To avoid hardening of the organs and loss of antigenicity, the fixation must 
not exceed 24/48 h when using these fixatives. As will be discussed later, for 
IF it is recommended to perfuse the samples in order to remove blood cells. 
However, this is not always possible because of the fish size studied or the 
laboratory facilities.

Fixation is an irreversible process, and the resulting complexes differ from 
undenatured proteins. Because of the chemical properties of certain antigens, 
when formalin fixation and the paraffin processing are performed (Kabiraj 
et al., 2015), some epitopes are more likely to suffer modifications that generate 
the nonrecognition of the protein by the antibodies. As will be discussed later, 
some strategies have been developed to overcome this epitope masking.

After fixation, the tissue samples are usually embedded in paraffin (with 
a previous dehydration process in a series of increasing ethanol solutions) or 
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 frozen, and then sectioned. The protocols commonly used for double-labeling 
IF for samples embedded in paraffin include the following steps:

1. DEPARAFFINIZATION OF TISSUE SECTIONS by an organic solvent, 
usually xylene or benzene, for an hour with a change of the solvent in the 
middle. It is important to make sure to extract all the paraffin from the tis-
sues to allow the posterior antibody diffusion.

2. TISSUE SAMPLE REHYDRATION by the immersion in decreasing gradu-
ations of ethanol down to phosphate buffered saline (PBS). The maintenance 
of the pH buffer at 7.4 for this step and the following ones is essential for the 
correct tissue preservation.

3. ANTIGEN RETRIEVAL. This step is only recommended in those cases 
where the antigen is masked by the chemical processes involved in fixa-
tion and may require optimization. If it is not necessary, do not perform 
it because it could damage the tissue. Different strategies are described 
later.

4. BLOCKING OF NONSPECIFIC BINDING SITES. This is usually done 
by incubating the sample with bovine serum albumin (BSA), nonfat dry 
milk, or animal serum. When primary antibodies are raised in rabbit or 
mouse, nonfat dry milk and BSA are normally used. However, when an-
tibodies are raised in goat, sheep, or horse, the use of these blockers may 
lead to an increased background. Thus, it is recommended to block with 
animal serum that is dependent on the host of your primary or secondary 
antibody. For example, when using antisera derived from goat, block with 
goat serum.

5. FIRST PRIMARY ANTIBODY INCUBATION. This antibody must rec-
ognize and bind with the corresponding antigen (Fig. 2A). The antiserum 
could be diluted in PBS or the blocking solution previously used, this de-
pends on the antibody specificity. The incubation time, as well as the di-
lution used, must be set in each case. However, a good beginning is an 
information reported in the bibliography for IF or ICH performed in the 
same tissues of closely related species. It is recommended to test different 
concentrations leaving the time fixed, usually 24 h at 4 °C, or less time at 
room temperature (RT) (be aware of the possible antiserum solution evapo-
ration), or to test a concentration modifying the incubation time or tem-
perature. The lowest concentration, with a clear immunostaining (without 
a background), should be chosen. These criteria are applied to secondary 
antiserum or amplification steps. Generally, as the first antibody is not la-
beled, one of the molecules in the following steps must be coupled with a 
fluorochrome label:
 5.1 BINDING WITH A SECONDARY ANTIBODY that recognizes the 

first primary antibody. It could be labeled with fluorochrome or bioti-
nylated (Fig. 2B and C). This antiserum is regularly used at high con-
centration for 1–2 h of incubation at RT.
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5.1.1  ADDITION OF ANOTHER AMPLIFICATION STEP. If the 
secondary antibody is biotinylated, incubation with strepta-
vidin or streptavidin-biotin complex, coupled with a fluoro-
chrome is performed (Fig. 2C). This step helps to improve the 
detection as it amplifies the signal, but it should be important 
to avoid it or improve the blockage when tissue has a high con-
centration of endogenous biotin-containing proteins, lectins or 
avidin conjugates because of the unwanted nonspecific bind-
ing. Generally, this step is performed at high concentration for 
1–2 h at RT.

6. Repeat step number 5 for the other protein of interest. In this way, the 
 double-labeling technique is sequential. If the primary antibodies are pro-
duced in different animals (see later), they could be incubated simultane-
ously, so the 5th step is performed for recognition of both antigens.

7. MOUNTING. This step is usually done with a solution of glycerol:PBS 
(1:1). However, it is recommended to use a commercial antifade mounting 
medium for preserving fluorescence.

If the tissue is correctly preserved at 4 °C, the double-labeling IF is a tran-
sient methodology that lasts a few weeks, because of the loss of fluorescence by 
quenching and conservation of the sample in a hydrophilic solution.

In Fig. 3, the readers will find some recommendations for double-labeling IF 
of paraffin-embedded tissue, which could help them to start a new protocol that 
must be optimized to their species of interest and/or conditions.

FIG. 2 Schematic representation of possible detection strategies for an immunoassay. (A) Use of 
a primary antibody coupled with a fluorochrome. (B) Use of a secondary antibody coupled with 
a fluorochrome that recognizes the primary antibody. (C) Use of streptavidin (amplification mole-
cule) coupled with two or more fluorochromes that recognizes the biotin of the secondary antibody. 
Ab, antibody; F, fluorochrome.
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FIG.  3 Schematic protocol to perform double-labeling immunofluorescence (IF) based on 
Pérez Sirkin et al. (2012), Di Yorio et al. (2015), and Di Yorio et al. (2019a) in paraffin-embedded 
tissues.



230 Cellular and molecular approaches in fish biology

If an IHC is performed, some steps are different from the earlier mentioned 
protocol. First, before blocking nonspecific binding sites, quenching of endog-
enous enzymes activity must be done, otherwise they react with detection re-
agents giving false-positive results. Alkaline phosphatases and peroxidases are 
examples of endogenous enzymes. This is usually done with H2O2 (diluted in 
PBS or methanol) or free avidin. Second, the detection method is performed by 
the addition of the specific chromogen substrate for the alkaline phosphatases 
or peroxidases that are coupled with the secondary antibody or the additional 
amplification step. The detection method generates a colored precipitate that 
could be visualized by light microscopy. Later, a counterstaining step is useful 
because it allows recognizing the context of the tissue where the immunostain-
ing is. Finally, dehydration in an increasing grade of ethanol up to xylene and 
mounting on a hydrophobic medium must be performed.

Although there is a wide range of variants and problems that could affect 
these protocols, antigen–antibody recognition and visualization or detection 
systems are key stages that deserve special attention.

3.2 Antigen–antibody recognition

Antibodies present specificity and high affinity for their antigens and, for that 
reason, they have been a valuable and indispensable tool in research. The asso-
ciation between an antibody and its antigen is comprised of noncovalent interac-
tions, where amino acid residues on the antigen-binding site, the epitope, and 
on the antibody-binding site, the paratope, intimately contribute to the energet-
ics needed for the antigen–antibody complex stabilization (Kapingidza et al., 
2020).

As mention before, in a double-labeling IF, two specific primary antibodies 
are used. The secondary antibodies recognize a conserved region of the pri-
mary antibody that is specific to the animal in which it has been generated. 
Thus the different primary antibodies must be raised in different animals (e.g., 
rabbit, mouse, sheep, and guinea pig, among others) to avoid cross-reactivity. 
However, a double-labeling technique with two primary antibodies raised in 
the same animal could be performed when the immune marks are different and 
easily distinguishable from each other, for example, immunoreactive fibers and 
immunoreactive cells (Fig. 4) (Pérez Sirkin et al., 2012).

3.2.1 Monoclonal versus polyclonal antibodies
Monoclonal antibodies, derived from a single β-cell clone and produced by the 
hybridoma technique, provide excellent specificity because the antibody binds 
to a single epitope. On the other hand, polyclonal antibodies, as they derive 
from immunoglobulin-rich serum of animals immunized with a purified spe-
cific molecule bearing the antigen of interest, have a lower specificity (as they 
contain antibodies to a wide range of antigens), but a higher affinity and wide 
reactivity because they are more likely to identify multiple epitopes. So, the use 
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of the latter is usually recommended when no species-specific primary antibod-
ies (heterologous) are applied (Ramos-Vara et al., 2008; Kabiraj et al., 2015).

3.2.2 Homologous versus heterologous antibodies
Homologous antibodies refer to monoclonal or polyclonal antibodies generated 
against the specific fish species epitope, either obtained by protein purification 
or synthesis. On the other hand, heterologous antibodies refer to the antibody 
generated against a specific epitope of other species, such as another fish species 
or, as it is mostly commercially available, against human or mouse epitope. In 
nonmodel teleost species, the use of a homologous antibody is less common, so 
researchers normally use heterologous ones. However, some precautions must 
be considered. For example, before performing the IHC or IF technique with a 
heterologous antibody, a western blot control is recommended to corroborate 
if the antibody recognizes a protein with the expected molecular weight. As 
mentioned before, one advantage of teleost fish is that pituitary cell types are 

FIG. 4 In this figure, a representative confocal microphotograph of a double-labeling IF showing 
melanin concentrating hormone (Mch) fibers (red) and growth hormone (Gh) cells (green) is pre-
sented. (A) Coronal sections at the proximal pars distalis (PPD) level of C. dimerus pituitary. Note 
that Gh-immunoreactive (-ir) cells are localized in PPD as it was represented in Fig. 1. Scale bar: 
200 μm. (B) Higher magnification showing high quantities of Mch-ir fibers in the neurohypophysis 
at the PPD region of the pituitary (red). Mch fibers are in close association with Gh-ir cells which 
are surrounding the neurohypophysis. Scale bar: 50 μm (C) Detail of Mch-ir fibers and Gh-ir cells 
contact (white arrows). Scale bar: 5 μm. HPT, hypothalamus; PIT, pituitary; NH, neurohypophysis; 
ADH, adenohypophysis.(Adapted from Pérez Sirkin et al., 2012).
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localized in specific regions of the ADH, so, when testing for the first time a 
heterologous antibody, the region where the immune mark appears will help to 
infer its specificity.

3.2.3 The masking effect of fixative
Usually, negative results are obtained when the antigens have been masked 
by the chemical processes. There are different methodologies for recovering 
the antigenicity (reviewed in Shi et al., 2011; Ramos-Vara and Miller, 2014). 
However, the mechanism of how antigen retrieval works on formalin-fixed tis-
sues is not clear (Kabiraj et al., 2015). Among several methods, the ones that im-
ply heating the sections are the most used due to the simplicity of the procedure, 
and all require a chelating buffer, such as citrate or ethylene-diamine-tetraacetic 
acid, to keep the tissue moist and stabilize the antigens. Sections can be heated 
in a microwave oven, pressure cooker, or water bath (between 95 °C and 99 °C), 
the latter being the one that provides better consistency of the results (Kabiraj 
et al., 2015).

3.2.4 Negative controls
The specificity of antigen–antibody recognition must be validated for both anti-
bodies used. If primary antibodies are polyclonal, one of the most used methods 
as a negative control to differentiate specific from nonspecific signal is the re-
placement of these antibodies by the antiserum preadsorbed with a highly puri-
fied antigen (or synthetic peptide). However, it is often difficult for nonmodel 
fish species to possess the specific antigen. Alternatively, to assess the degree 
of cross-reactivity of the primary antiserum, a preimmune antiserum could be 
used. If the primary antibodies are monoclonal, the use of another irrelevant 
monoclonal antibody is probably the best negative control (Boenisch, 2002).

Besides, it should be considered that additional controls to assess the degree 
of nonspecific binding by the labeling (secondary) antibody or the detection 
system must be performed. For example, the omission of the primary or second-
ary antibody is commonly carried out, replacing them by the antibody diluent 
(Ramos-Vara et al., 2008).

3.3 Immunofluorescence visualization

For visualizing the results, the selection of the fluorophore dyes will depend 
on the filters or laser available in the microscope. The most common fluoro-
chromes are FITC (fluorescein isothiocyanate, green dye), rhodamine (red 
dye) and the synthetics Alexa Fluor. The former presents rapid photobleach, 
so it is strongly recommended to use an antifade agent. The colors used to 
present the results could be manipulated. Journals recommend not using green 
and red colors in the images because it is difficult to interpret the results for 
color blind people.
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3.3.1 Autofluorescence background
Autofluorescence is the major source of nonspecific background throughout 
the fluorescence spectrum. Sources of autofluorescence include aldehyde fixa-
tives; tissue components with endogenous fluorescence (including extracellu-
lar matrix proteins, red blood cells, and macrophages); and lipofuscin, which 
consists of granules of oxidized proteins and lipids that build up in the lyso-
somes of aged cells. It is generally recommended by the technical service of the 
antibody’s companies to include an unstained tissue control to determine the 
level of autofluorescence in the sample. Many treatments have been reported 
to reduce autofluorescence, including quenching of aldehydes with ammonium 
sulfate and Tris, bleaching with sodium borohydride, and quenching of auto-
fluorescence with blue or black dyes. Besides, when technically possible, it is 
highly recommended to perform the fixation by perfusion to remove blood cells 
to avoid this source of autofluorescence, as previously mentioned.

3.3.2 Fluorescence microscopes
The implementation of IF requires the use of a fluorescence microscope, one 
of the most widely used imaging methods in biology (Huang et al., 2008). The 
combination of immunofluorescence with confocal laser-scanning microscopic 
analysis permits a detailed analysis of larger tissue volumes and at a higher 
resolution than with conventional fluorescence microscopy (Holmqvist and 
Ekström, 1997). Besides, the confocal microscope decreases the photobleach-
ing effect because of the use of laser instead of lamps. The double-labeling 
IF results can be visualized by their examination under both type of micro-
scopes, depending on the biological question being addressed by this method 
(Joshi and Yu, 2017). However, the confocal system allows observing only 
the fluorescence that comes from a focal plane and presents a greater reso-
lution than a conventional fluorescence microscope. Resolution is defined as 
the shortest distance between two distinct points that can still be distinguished 
as discrete objects. The resolution of optical devices depends on two factors: 
the wavelength and the numerical aperture of the objective lens (Fouquet et al., 
2015). The spatial resolution could be divided into axial resolution (along the  
z-dimension or optical axis) and lateral resolution (in the x,y plane). Two im-
munoreactive points could seem to be in contact; however, due to the limited 
low spatial resolution that this tool presents, about 200–300 nm in the lateral 
direction and 500–700 nm in the axial direction (Huang et  al., 2009), the in-
terpretation could be mistaken. For this reason, confocal microscopy is widely 
used to moderately enhance spatial resolution (Pawley, 2006). By combining a 
focused laser for excitation and a pinhole for detection, confocal microscopy 
can, in principle, have a factor of √ 2 improvement in spatial resolution (Huang 
et al., 2009). However, as this is still a problem for a colocalization purpose, 
confocal microscopy with a later computational study of intensity is required. 
To improve the confocal limitations, several “super-resolution” fluorescence 
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microscopy  techniques have been developed to overcome the diffraction barrier. 
Some examples are the stimulated emission depletion (STED) microscopy, the 
reversible saturable optically linear fluorescence transitions (RESOLFTs), and 
the saturated structured-illumination microscopy (SSIM), as well as techniques 
that are based on the localization of individual fluorescent molecules, such as 
the stochastic optical reconstruction microscopy (STORM), the photoactivated 
localization microscopy (PALM), and the fluorescence photoactivation local-
ization microscopy (FPALM) (reviewed in Huang et al., 2009). The description 
of these techniques is beyond the objectives of the chapter, but it is important 
to know their limits and how to improve them. Beyond these resolution ad-
vantages, one of the most important technical advantages of confocal micros-
copy and “super-resolution” fluorescence microscopy is decreasing the loss of 
fluorescence of fluorophore dyes by illuminating discrete points instead of the 
entire sample at the same time. Other advantages are that a three-dimensional 
reconstruction can be performed, as well as optical sections.

3.3.3 Immunofluorescence interpretation
As mentioned in Fig. 1, there are different mechanisms by which specific hy-
pothalamic nuclei regulate the adenohypophyseal cells. If direct contacts oc-
curred, specific association dots are expected to be detected when the images 
obtained from the two fluorophores are merged, as it is observed in Fig. 4. It is 
important to remember that computational studies of intensity are required due 
to the spatial resolution. However, if specific association points are not obtained 
but there is a close association between the two immunomarks, diffusion of the 
neuropeptide could be considered. For this reason, in the next section, we pres-
ent methodologies that could be carried out to study the possible regulation over 
the adenohypophyseal cells.

4. Going deeper on the pituitary hormone regulation

After confirming an association or a close association by double-labeling IF, it is 
important to go further using other approaches to provide evidences about pos-
sible regulation of neuropeptide over pituitary hormone/s. Some techniques that 
could be useful in this analysis are as follows: (i) in vitro assessments to inves-
tigate if the neuropeptide exerts some effect (inhibition/stimulation) over pitu-
itary hormone synthesis and/or release; (ii) immunolabeling, in situ hybridization 
(ISH), or radiolabeled-ligand binding, combined with immunocytochemistry or 
IF, to assess if one or more cell types could express receptors for the neuropeptide, 
which enables them to transduce its signal, meaning a direct regulation (Fig. 5).

4.1 In vitro assays

In these assays, static or perifuse culture of the whole pituitary, or an enriched 
fraction or multiple populations of the pituitary cells, could be performed in the 
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presence of different concentrations of the neuropeptide. Two fundamental as-
pects that must be considered in the experimental design are the sex and gonadal 
stage (especially in females) of the animals used for the experiments since there 
are sex-specific receptor expression patterns that could vary according to the 
reproductive cycle as it was reported in the European sea bass (Dicentrarchus 
labrax; González-Martínez et al., 2004), the pejerrey (Odontesthes bonariensis; 
Guilgur et  al., 2009), and the orange-spotted grouper (Epinephelus coioides; 
Wang et al., 2015).

For whole pituitary culture, these glands must be rapidly dissected out 
and then individually placed in multiwell plates or perifusion chambers with 
culture medium, pH around 7.2–7.4, usually containing fetal bovine serum 
(FBS) and/or BSA, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) buffer, antibiotics, and antimycotics. Before challenging pituitaries 
against the neuropeptide, a preincubation period is needed for the stabiliza-
tion of hormone secretion. This and the following incubations are usually 
carried out at 27–28 °C (Levavi-Sivan and Yaron, 1992; Astola et al., 2004; 
Cánepa et al., 2008).

FIG. 5 Outline of the possible steps to follow on a study about a new neuropeptide candidate to 
regulate pituitary cell function. ELISA, enzyme-linked immunosorbent assay; IF, immunofluores-
cence; IHC, immunohistochemistry; ISH, in situ hybridization; qPCR, real-time quantitative PCR; 
RIA, radioimmunoassay.
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In pituitary cell culture, pituitaries are removed from animals and washed 
with sterile-antibiotic-containing media to remove surface contaminants before 
processing. Then, they are diced into fragments of approximately 1 mm3 and 
treated with collagenase type V or trypsin–EDTA solution to digest connective 
tissue and gently agitated to disperse cells. Note that trypsin-based digestion is 
faster compared to that of collagenase. It must be considered that big fragments 
result in a decrease of cell viability, while smaller in an increase of cell damage 
because of trypsin treatment. The duration and temperature during enzyme in-
cubation are critical in cell yield and its viability. After inhibiting enzymatic di-
gestion, partially digested tissues could be separated by centrifugation. Between 
the last two steps, most protocols include DNase to prevent cell clumping due 
to the DNA released from broken cells. Then, cell viability is usually deter-
mined with trypan blue dye exclusion and cell number counted. Viability of the 
recovered cells less than 85% prior to culture is usually not useful for hormone 
release response studies. Cells are plated in multiwell pates or perifusion cham-
ber/columns with the same culture medium for whole pituitary culture (Levavi-
Sivan and Yaron, 1992; Amano et al., 2006; Moussavi et al., 2012; reviewed in 
Chang and Jobin, 1994).

In line with this, there are some techniques to separate heterogeneous pitu-
itary cell populations into functionally homogeneous groups. Some of them are 
based on differences in density among cell types, allowing separating each other 
by gravity or centrifugation over density gradients, consisting of materials such 
as dextran, albumin, and Percoll. For example, De Leeuw et al. (1984) obtained 
a better than 95% enriched population of gonadotropes from dispersed pituitary 
cells of the African catfish (Clarias lazera) by using a discontinuous density 
gradient prepared with a Percoll suspension. Finally, the cell sorting methodol-
ogy after IF labeling with antibodies against the pituitary hormones of interest 
could be performed in fish, as it has been applied in mammals (Thorner et al., 
1982; Flaws and Suter, 1993).

4.1.1 Whole pituitary vs pituitary dispersed cells
There are advantages and disadvantages to applying one of these methodolo-
gies. In whole pituitary cultures, indirect effects could not be ruled out because 
neuropeptide action may be mediated by the release of remaining factors pres-
ent in nerve terminals given the impossibility of removing them, since NH 
interdigitates with the whole ADH. Besides, possible indirect effects through 
interaction among different pituitary cell types, i.e. a paracrine regulation, can 
occur. Instead, in cell culture no terminal innervation is present. However, sev-
eral culture conditions could affect the responsiveness and attachment of the 
dispersed pituitary cells, including temperature, serum products, cell density, 
culture surface, as well as the type of medium used (reviewed in Chang and 
Jobin, 1994). It is important to note that, with trypsin-based digestion, GAP 
junctions are lost, so a possible effect through the interaction by homotypic 
cell coupling could be lost as it was reported for gonadotropes in zebrafish and 
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tilapia by Golan et al. (2016). Taken together, enriched cell cultures could be 
useful to explore specific questions. For example, to study the direct effect of a 
neuropeptide over a population, an agonist or antagonist of a certain receptor, 
and/or the signal transduction mechanisms. Instead, multiple cell and pituitary 
explant cultures, as they are more integrative, they are recommended for more 
realistic studies because of possible indirect effect given the presence of nerve 
terminals, or the interaction between different cell types, including stellate cells 
(Zhou et al., 2004; Golan et al., 2016).

Besides these issues, dispersed cell culture (multiple or homogeneous popu-
lations) could be useful to localize the receptors of neuroendocrine factors by 
labeled-ligand receptor-binding studies (see later) because it reduces nonspe-
cific binding as connective tissue and neuronal tissues have been removed. In 
this case, it is important to consider that nerve terminals could contain “auto-
receptors” or “uptake” mechanisms. Moreover, signal transduction pathways 
can be accurately determined using these cultures, especially intracellular Ca2 + 
levels that can be measured by monitoring Fura-2 fluorescence in suspensions 
of dispersed pituitary cells (Johnson et al., 1999).

4.1.2 Static vs perifuse culture
Static incubation is a suitable method for rapid screening that allows testing 
effects of various neuropeptides or multiple doses of the same neuropeptide 
over pituitary hormone release/synthesis without generating a large number of 
samples. Also, a neuropeptide-cumulative effect over the hormone secretion can 
be observed. It is noteworthy that to detect a cumulative secretion, less sensitive 
methodologies could be applied, such as western blot, since there is a high con-
centration of the adenohypophyseal hormone in the culture medium. However, 
slight differences among treatments could not be detected because of the sen-
sitivity of this technique, and sometimes long-term exposure to certain stimuli 
could lead to response desensitization and thus, a loss of detectable cumulative 
response.

Instead, perifusion experiments allow detecting a time-dependent response 
(the phasic nature of hormone secretion), allowing to infer saturating or refrac-
tory responses to neuropeptide action. Moreover, given the episodic nature of 
neuroendocrine factor release, this procedure can emulate it. However, there are 
some disadvantages. Perifusion studies generate a large number of samples and 
they are often of long duration. Also, it needs a more sensitive detection meth-
odology as the hormone released is more diluted.

An appropriate example of the earlier mentioned comparison between static 
and perifuse pituitary cell cultures has been shown in goldfish by Moussavi 
et al. (2014). The authors found that in the 12 h static culture of dispersed pitu-
itary cells, Gnih stimulated Gh secretion, while in the perifuse culture of these 
cells, Gnih reduced Gh basal release followed by a rebound increase in Gh re-
lease upon Gnih removal. Differences between those results could be explained 
because the 12 h treatment period could produce the down-regulation of Gnih 
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receptors, or their desensitization, leading to a decrease of Gnih effects with the 
subsequent manifestation of the “rebound increase” of Gh and thus, an overall 
increase of accumulated Gh in the static culture media.

4.1.3 Neuropeptide action over synthesis and release
The effect of a neuropeptide over synthesis and release can be examined with 
either of the above-mentioned methodologies. Usually, when those effects are 
over hormone secretion, the duration of neuropeptide exposure lasts a long time, 
while the neuropeptide action over the synthesis is within minutes or hours, de-
pending on the culture’s characteristics. It is worth mentioning that a direct cor-
relation between the effects over mRNA levels and protein synthesis or release 
should not be assumed (Liu et al., 2016; Moussavi et al., 2014), neither between 
protein levels and its release.

Differences in hormone release can be determined by radioimmunoassays 
(RIA), enzyme-linked immunosorbent assay (ELISA), or western blot using 
specific antibodies. In this last technique, it is important to use a suitable load-
ing control to perform normalization, since loading the same amount of total 
protein is not a proper choice. An interesting way to overcome this problem was 
proposed in Cánepa et al. (2008) where authors normalized against a 148 kDa 
protein, visualized by Ponceau S in the nitrocellulose membrane, present only 
in the culture medium in order to avoid possible loading errors in the SDS-
PAGE. Another possibility is to validate the use of quantitation of Ponceau S 
staining before antibody probing as a loading control method (Romero-Calvo 
et al., 2010; Thacker et al., 2016). Differences in hormone mRNA levels can 
be measured by quantitative real-time PCR (qPCR) of the whole pituitary or 
culture cells. Another possibility is to use more specialized techniques such as 
laser-captured microdissection or cell sorting, followed by qPCR when study-
ing a specific cell/cell-type response. Moreover, pituitary cell dispersed cultures 
allow to apply laser-captured microdissection and then perform a powerful tech-
nique as whole-transcriptome analysis.

4.2 Receptor studies

Neuropeptides exert their actions through binding to their specific receptors. 
Thus, another way to assess possible direct regulation over hormones is to de-
termine the presence of the respective receptor in the specific pituitary cells.

One possibility to explore this is to perform double-labeling IF in the case 
you have an antibody against the receptor, previously validated in the species of 
interest (Ogawa et al., 2016). Another methodology is to combine immunolabel-
ing for pituitary hormones and ISH to detect RNA of the receptor. To perform 
this methodology, it is essential to have at least a partial sequence (300–900 bp) 
of the receptor because it is necessary to synthesize sense and antisense ribo-
probes, and then labeling them with digoxigenin-16-uridine-5′-trifoliate. The 
hybridization signals are often visualized using a DIG Nucleic Acid Detection 
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Kit. Every procedure should be performed in a sterile-RNase free environment 
(Parhar et al., 2002; Biran et al., 2014). Besides, if the studies are performed in 
pituitary culture, laser-captured microdissection could be used to corroborate 
the results by analyzing the expression of the receptor by qPCR (Parhar et al., 
2005).

Finally, another possibility to detect the presence of receptors in pituitary 
cells is to use a labeled ligand. Some studies performed in fish species have used 
radiolabeled ligands (Wong et al., 1993; Stefano et al., 1999). Generally, this as-
say is performed in pituitary cell cultures, the ligand is labeled with iodine [125I] 
or tritium [3H], and nonspecific binding is determined by displacement with 
an excess of unlabeled ligand. After an incubation period, cells are fixed, and 
then pituitary cell types are identified by IHC. Finally, autoradiograms are per-
formed to detect the radioactive signal. Nowadays, it is possible to synthesize 
 fluorophore-labeled ligand to perform these assays, and then perform immuno-
labeling for pituitary hormones to analyze cell types that express the receptor 
(Wong et al., 1993; Stefano et al., 1999).

5. How to approach this kind of neuroendocrine study 
in fish?

In this section, we will introduce some examples of how, through the different 
approaches described in the earlier sections, we tried to answer questions re-
garding the neuroendocrine control of two pituitary hormones. In particular, we 
will focus on results obtained regarding two lines of research of our laboratory: 
one about the “enigmatic Sl” so-called by Trudeau and Somoza (2020), and the 
other about Gh, the hormone involved in somatic growth, differentiation, and 
reproduction in teleost fish. As the first step for these studies, we have charac-
terized the localization of the different pituitary hormones in C. dimerus, our 
experimental model. By simple IHC using heterologous antisera, we observed 
that, as it was expected, Sl is expressed in cells of the PI, mainly in those that 
are close to the NH. Instead Gh is expressed in cells that are surrounding the 
NH at the PPD (Pandolfi et al., 2001). As previously mentioned, the different 
hypothalamic neurons that innervate these regions could regulate these pituitary 
hormones. Considering this, we pursued the following research lines.

5.1 Regulation of somatolactin (Sl) release by melanin 
concentrating hormone (Mch) and gonadotropin-releasing 
hormone (Gnrh)

For those who do comparative endocrinology, Sl is an extremely interesting 
hormone, since it has been only reported in fish and its function has not been 
clarified yet. Sl, along with Gh and Prl, belongs to a family of cytokine pi-
tuitary hormones that are similar in structure, function, and gene organiza-
tion (Kawauchi and Sower, 2006). It was discovered in Japanese flounder 
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(Paralichthys olivaceus; Ono et al., 1990) and Atlantic cod (Rand-Weaver et al., 
1991) and then identified in all Actinopterygii fish examined and in the African 
lungfish (Protopterus annectens; Amemiya et  al., 1999; May et  al., 1999; 
Benedet et al., 2008). In teleost, two types of Sl with a highly conserved amino 
acid sequence are present, Sla and Slb. They are encoded by two genes that 
are a result of the specific teleost 3R whole-genome duplication (Jaillon et al., 
2004; Meyer and Van de Peer, 2005; Ocampo Daza and Larhammar, 2018), but 
the slb gene has been lost in Acanthomorpha (Ocampo Daza and Larhammar, 
2018). The neuroendocrine regulation of Sl has been poorly studied, restricted 
to a few neuropeptides that have been proposed as possible candidates to regu-
late Sl release (Jiang et al., 2008a,b, 2011; Azuma et al., 2009). Several works 
suggested that Sl is involved in many processes such as reproduction, stress 
responses, Ca2 + homeostasis, acid–base balance, growth, metabolism, and im-
mune responses (reviewed in Kawauchi et al., 2009). Later, a function related 
to the regulation of skin pigmentation has been proposed for this hormone in 
teleosts (Zhu and Thomas, 1996, 1997, 1998; Zhu et al., 1999; Cánepa et al., 
2006, 2012; Fukamachi et al., 2004, 2009).

It has been known that Mch is a neurohormone related to the background 
color adaptation (Baker and Bird, 2002) that directly regulates Msh (Van der 
Salm et al., 2004), a hormone produced in PI cells that is also related to skin 
color changes (Fujii and Oshima, 1986). In the first reports, we detected by 
simple IHC that Mch innervates the three regions of the ADH, especially the 
PI (Pandolfi et al., 2002, 2003) where Sl-producing cells and melanotropes are 
localized (Pandolfi et al., 2001) (Fig. 1A). Besides, we also focused on Gnrh 
possible regulation because Sl could be related to reproduction, and in a previ-
ous study performed in pejerrey, a close association between Gnrh fibers and Sl 
cells had been detected by double IHC (Vissio et al., 1999). Moreover, through 
studies conducted in primary pituitary cell cultures of pejerrey, we had dem-
onstrated the presence of specific GnRH binding sites in Sl-expressing cells 
by autoradiography of an iodinated superactive Gnrh agonist ([125I]Gnrh-A) 
followed by IHC for Sl (Stefano et al., 1999). This result was later confirmed in 
Nile tilapia using laser-captured microdissection of single digoxigenin-labeled 
Sl cells coupled with qPCR of endogenous Gnrh receptors (Parhar et al., 2005). 
Considering this, we studied the immunoreactive Gnrh fibers’ distribution in our 
fish model, finding that they innervated the three regions of the ADH, mainly 
the PPD (Pandolfi et al., 2002). Based on all these results, we hypothesized that 
Mch and Gnrh fibers were morphologically and functionally related to Sl cells 
in C. dimerus. To test this, we first performed two double-labeling IFs: one for 
Mch and Sl, and another for Gnrh and Sl. In this case, the antibodies used were 
a rabbit anti-Sparus aurata Sl (Astola et al., 1996), a rabbit antisynthetic rat 
MCH and a monoclonal antibody for Gnrh called LRH13 that recognized all the 
Gnrh variants. Note that in the case of double IF between Sl and Mch, the two 
primary antibodies were raised against the same animal, but as the immunomark 
was different and easily distinguishable (cells and fibers) from each other, it did 
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not represent a problem. In all cases, a clear morphological association between 
Sl cells and both Mch and Gnrh fibers was observed (Cánepa et al., 2008). In 
detail, high densities of Mch fibers were found reaching Sl cells. On the con-
trary, a smaller number of Gnrh fibers reached Sl cells. To validate a possible 
regulation by these neuropeptides, we analyzed the effect of Mch and Gnrh 
(0.1–10 μM) for 24 h on Sl release by performing in vitro pituitary cultures of 
C. dimerus males and females separately and then analyzed the Sl released into 
the culture medium by western blot. A sex-dependent response was observed 
since Mch and Gnrh caused a dose-dependent release of Sl in males’ pituitar-
ies, but no differences in females were observed. These results suggest that Sl 
is involved in diverse physiological processes, including background adaptation 
and reproduction (Cánepa et al., 2008), under the control of the main neuropep-
tides involved in those physiological functions. Posterior studies provided more 
evidence about the role of Sl in background adaptation (Cánepa et al., 2012; 
Delgadin et al., 2020).

5.2 Regulation of growth hormone (Gh) by melanin 
concentrating hormone (Mch), neuropeptide Y (Npy),  
and gonadotropin inhibitory hormone (Gnih)

We are interested in studying the neuroendocrine control of growth and repro-
duction in fish, two processes that highly depend on external factors, such as 
food availability, photoperiod, and other environmental conditions. Thus, one of 
the key-studied hormones is Gh. As it was already said, this hormone is mainly 
produced by cells located in the PPD, and its neuroendocrine control is multi-
factorial, with different inhibitors and stimulators (Canosa et al., 2007). In this 
context, we decided to evaluate the effect of neuropeptides that respond to food 
availability, as it is the case of Npy, the main orexigenic factor in vertebrates 
(Kalra et al., 1999; Valassi et al., 2008; Volkoff, 2016; Matsuda et al., 2012); to 
background color as it is Mch, that is also involved in fish food intake (Kawauchi 
et al., 1983; Baker et al., 1986; Baker, 1991; Takahashi et al., 2004; Yamanome 
et al., 2005); and Gnih, that is related to photoperiod signal transduction (re-
viewed in Di Yorio et al., 2019b). All these conditions are highly relevant in fish 
physiology, and particularly, in aquaculture. In all these cases, following the line 
of argument outlined in this chapter, we first performed double-labeling IFs and 
then static pituitary cultures in C. dimerus, evaluating Gh mRNA levels and/or 
secretion. A clear association was found between Mch and Npy fibers with Gh 
cells (Pérez Sirkin et al., 2012; Di Yorio et al., 2015). A different scenario was 
observed with Gnih since during the ontogeny, Gnih innervates the pituitary 
associated to somatotropes (Di Yorio et al., 2018), but this innervation was not 
detected in adults (Di Yorio et al., 2016), suggesting that this neuropeptide could 
differently act in larvae and adults.

In a second step, we developed in vitro cultures of intact adult’s pituitary, 
and we evaluated the effect of these neuropeptides on Gh synthesis and release 
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by qPCR and western blot, respectively. The stimulation with Npy produced no 
changes in gh mRNA levels. However, an increase in Gh release to the culture 
medium at 2 nM for males and 20 nM for females was observed, suggesting that 
males’ pituitaries were more sensitive to Npy than female ones (Di Yorio et al., 
2016). Respect to Mch, 10 μM doses significantly increased both gh mRNA lev-
els and Gh release (Pérez Sirkin et al., 2012). In the case of Gnih, although no 
Gnih innervation is detected in adults, this neuropeptide stimulates Gh release 
in a dose-dependent manner in pituitary cultures (Di Yorio et al., 2016). These 
last results suggest that the indirect effects may prevail concerning the regula-
tion of Gh by Gnih, or that a sexual stage-dependent plasticity in the GnIH-
pituitary innervation could occur. Unfortunately, because of C. dimerus larval 
size, we cannot obtain pituitaries from this developmental stage to test the Gnih 
effect during ontogeny.

Based on these results, we moved forward with other questions. For exam-
ple, in the case of Mch, we decided to manipulate the tanks’ background color 
(white or black) to influence Mch levels and analyze whether mch and/or gh ex-
pression and somatic growth were affected. As expected, fish exposed to a white 
background presented a greater number of Mch neurons with a larger nuclear 
area and higher mch transcript levels than those fish exposed to a black back-
ground. Furthermore, fish reared in a white background showed a greater body 
weight and total length, suggesting that Mch might regulate somatic growth in 
C. dimerus, in concordance with the in vitro results. No differences were ob-
served in gh mRNA levels. However, it is important to consider that Gh has a 
multifactorial regulation, and therefore in vivo results might not follow the same 
pattern as in vitro (Pérez Sirkin et al., 2012).

6. Summary

The maintenance of homeostasis in fish is crucial for their welfare, both in nat-
ural and captivity conditions. The field of neuroendocrinology has advanced 
enormously in recent years, providing fundamental knowledge to understand 
how external and internal signals are integrated within the brain and transduced 
via the pituitary to regulate different organs and systems. This knowledge al-
lows improving different strategies to overcome some problems that arise in 
aquaculture. Besides, although some characteristics are exclusive of teleosts, 
most of the main components and functions of the tetrapods’ hypothalamic– 
pituitary axis are conserved. These characteristics represent a great advantage to 
carry out neuroendocrinology studies, since it greatly simplifies the techniques 
used and thus, fish is an excellent model for evolutionary studies.

The use of double-labeling IF provides relevant information about new regu-
latory factors and pathways that directly control vital functions in an organism. 
Moreover, the development of groundbreaking technical approaches gives us 
more detailed information on this possible regulation. This simple tool, com-
bined with in vitro assays, gives us a full scenario of the physiological action 
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of a neuropeptide, and allows us to propose new actors in the regulation of the 
pituitary function in teleost fish.
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Chapter 8

Mucosal immunology in fish

Francisco A. Guardiola, Alberto Cuesta, and María Ángeles Esteban
Immunobiology for Aquaculture Group, Department of Cell Biology & Histology, Faculty of 
Biology, University of Murcia, Murcia, Spain

1. A brief introduction to the immune system  
in teleost fish

Immunology arose as an academic discipline in its own right out of medical 
microbiology (Kaufmann and Winau, 2005). The study of immunology started 
in the last quarter of the nineteenth century, after two major milestones. The 
first finding was the identification of phagocytic cells (which engulf and destroy 
invading pathogens) by Metchnikoff, which laid the basis for innate immunity 
(Kaufmann, 2008). The second discovery was the identification of antibodies 
(which neutralize microbial toxins) by Behring’s and Ehrlich’s studies, and this 
became the basis for acquired immunity (Kaufmann, 2008, 2017). These find-
ings also led to the distinction between cellular and humoral immunity. Before 
1950, fish were studied only from the angle of comparative anatomy, physiol-
ogy, taxonomy, and fish diseases (Van Muiswinkel, 2008). It was mistakenly 
assumed that fish would have a very simple immune system that would help 
people understand more complex ones, including the human immune system. 
However, all of the results that began to be obtained indicated otherwise. That 
is, as with all the other vertebrates, fish have a very sophisticated immune sys-
tem, showing specificity and memory (Manning, 1998). In fact, fish are the first 
group of animals displaying a complete immune system, which attracted the 
attention of many researchers to deepen and understand the evolution of verte-
brate immunity. In this sense, fish lack bone marrow, the main lymphohemopoi-
etic tissue being the head-kidney, which produces all the blood cells. Another 
interesting issue is the evolution of immunoglobulins, with the teleosts having 
IgM, IgD, and IgT/IgZ in contrast to the five classes of mammalian species. The 
great number and variability of fish species and a large evolution history, around 
450 million years, generates a diversity of peculiarities in the immune tissues, 
cells, molecules, regulation, and host-pathogen interactions that bring the inter-
est of immunologist. Furthermore, fish immunity has many particularities not 
present in mammals, such as the importance of skin mucosal immunity.



252 Cellular and molecular approaches in fish biology

At present, a considerable body of work exists on the immunology features 
of several teleost fish species, and they are concentrated on species of commer-
cial importance. The reason for this is that the success of modern aquaculture 
is based on the proper management of the biology of farmed species. The most 
important studied fish species are Atlantic salmon (Salmo salar), rainbow trout 
(Oncorhynchus mykiss), channel catfish (Ictalurus punctatus), carp (Cyprinus 
carpio), tilapia (Oreochromis mossambicus), European sea bass (Dicentrarchus 
labrax), gilthead seabream (Sparus aurata), Atlantic cod (Gadus morhua), 
turbot (Scophthalmus maximus), Atlantic bluefin tuna (Thunnus thynnus), and 
European eel (Anguilla anguilla), among others (FAO, 2020).

During the last four decades, aquaculture has developed, diversified, and 
registered notable technological and scientific advances. However, farmed fish 
are still confined in restricted spaces, and cultivation has been intensified with 
a view to increasing productivity per unit volume of water. This overcrowd-
ing can lead to impoverished water quality, which would negatively affect the 
physiological conditions of the specimens in culture; therefore, maintaining the 
health and welfare of the animals is one of the priorities of the sector. Our 
research group (before named “Fish Innate Immune System Group” and now 
named “Immunobiology for Aquaculture”) emerged by focusing its attention 
on the study of the immune system of marine fish of commercial interest in our 
region (Murcia, Spain) and in the Mediterranean area, mainly gilthead seabream 
and European sea bass. We focus our research efforts on the immune system 
because it is key for the survival and maintenance of homeostasis as well as the 
health of the specimens, which has great interest in both basic and evolutive 
knowledge and practical applications in aquaculture. The immune system can 
be defined as the set of organs, tissues, and especially cells and proteins that col-
laboratively work to defend organisms against any aggression that the body un-
derstands as potentially dangerous. It is the so-called sixth sense, since it acts as 
a detector for the presence of “foreign substances” (antigens) and reacts to them 
with great sensitivity and specificity (Blalock and Smith, 2007). The evolution 
of our research line has paralleled the advances in knowledge of fish immunity.

The great interest evolving through hard work in the field of fish immunol-
ogy for many years has given rise to the fact that, at present, the volume of avail-
able data is very high. This makes it almost impossible to resume the available 
information. With the sole purpose of giving the reader a brief introduction to 
the subject, some reviews are listed, and they focus on aspects that we consider 
important. While some of them are general (e.g., Lieschke and Trede, 2009; 
Biller-Takahashi and Urbinati, 2014), others are focused on specific topics, 
such as the biology of some immune cells (Scapigliati, 2013; Hodgkinson et al., 
2015; Grayfer et al., 2018), different humoral immune parameters (Russell and 
Lumsden, 2005; Secombes et al., 2011; Ye et al., 2013; Bengtén and Wilson, 
2015; Boudinot et al., 2016), innate immunity (Rebl and Goldammer, 2018), 
adaptive immunity (Secombes et al., 2005; Flajnik, 2018), or mucosal immunity 
(Salinas et al., 2011; Esteban, 2012; Gómez et al., 2013).
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2. Historical perspective and relevance  
of immunological studies in gilthead seabream

Our study model, the gilthead seabream, is an euryhaline and hermaphroditic 
protandrous fish species. It is very interesting from the immune response point 
of view that among circulating or tissue granulocytes, acidophilic granulocytes 
are the most abundant and phagocytic cells (Esteban et  al., 1989; Meseguer 
et al., 1993), being considered functional equivalents to neutrophils in the rest 
of vertebrates. In addition, the innate cell-mediated cytotoxic activity is played 
by a heterogeneous population of lymphocytes, monocyte-macrophages, and 
acidophilic granulocytes (Cuesta et  al., 1999). From the production point of 
view, gilthead seabream is one of the most important cultured species in the 
Mediterranean area, and particularly in our region, with high consumer demand 
and economic value. Therefore studies on its biology, including immunity, have 
helped to improve the production and productivity by fish farmers thanks to the 
implementation of solutions to warrant the reproducibility of the production 
along the years, reduce the stress or mortality by diseases, or perform breeding 
programs for selection, among others. Therefore basic and evolutionary aspects 
as well as applied importance led us to deepen the characterization of the gilt-
head seabream immune response.

The first works on the fish immune system were basically morphological 
studies that were crucial for the study of cellular immunity. This is also how we 
started studying the primary organs of the immune system microscopically and 
the places where their cells are formed, specifically, the head-kidney, which is 
the main hematopoietic organ (equivalent to the bone marrow of mammals) in 
fish species. We carried out an exhaustive description of all the hematopoietic 
series (erythropoiesis, thrombopoiesis, lymphopoiesis, monopoiesis, as well as 
neutrophilic, acidophilic, and basophilic granulopoiesis), as well as the reticular 
stroma characteristic of the lymphoid organs and the melano-macrophages, a 
peculiar type of macrophage-like cells that are capable of accumulating huge 
amounts of pigments (especially melanin), and that frequently associate in 
melano-macrophage centers (Esteban et al., 1989; Meseguer et al., 1990, 1991, 
1994). We also studied the mature immune cells present in blood and perito-
neal exudates from gilthead seabream (López‐Ruíz et al., 1992; Meseguer et al., 
1993).

After this basic stage, we continued studying the biological function of the 
main immune cells. We began to fine-tune cell isolation techniques that are typi-
cal of cell cultures, and thus achieved the isolation of leucocytes and their study 
with the use of flow cytometry. This achievement opened up enormous possi-
bilities for us to advance in the study of the physiology of the immune system of 
gilthead seabream. We studied the phagocytosis mechanism by which large par-
ticles are internalized by immune cells in order to be processed and degraded. 
After this, the resulting materials may be recycled in cellular metabolism or, if 
it is a microorganism that performs antigenic presentation—a key stage of the 
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innate immune response against pathogens—it may promote the initiation of the 
adaptive immune response that is mainly carried out by lymphocytes (Esteban 
et al., 1998). Then we continued with cytotoxicity, a mechanism by which fish 
cells—known as natural cytotoxic cells (equivalent to natural human killer cells, 
natural killer or NK cells)—are capable of recognizing and killing tumor cells 
or cells infected by viruses or bacteria (Cuesta et al., 1999). Eosinophilic granu-
lar cells, which are considered functionally equivalent to the mast cells of higher 
vertebrates, since they can be degranulated experimentally (Noya and Lamas, 
1996) are another type of immune cells. At present, we are studying gilthead 
seabream inflammation, an intricate reaction of the innate immune system that 
affects all tissues and is frequently involved in different diseases. Usually, this 
reaction is initiated as a response to a stimulus (e.g., presence of pathogens or 
irritants, injury, or trauma). Such stimuli trigger a series of cascading reactions, 
consisting of alerting cells to prepare effective immune responses and initiating 
wound repair and healing processes to resolve the situation, and to help recover 
physiological homeostasis (Chen and Nuñez, 2010).

Our research line continued with the characterization of important proteins 
for the gilthead seabream immune system that are present in blood (humoral 
immunity), such as those of the complement system (a set of proteins whose 
direct function is the recognition and destruction of pathogens when they invade 
an organism), lysozyme (an enzyme capable of causing the rupture of bacterial 
walls), or immunoglobulin M (or IgM, a plasma protein synthesized by mature 
B lymphocytes and which was the only type of immunoglobulin described in 
fish at that time; Ortuño et al., 1998). At this point, after carrying out the main 
cellular and humoral activities described so far in the same fish, we could al-
ready know its immune status regarding innate immunity (main branch of the 
fish immune system) at the systemic level, that is, at the level of the organism.

Coinciding with the takeoff of polymerase chain reaction (PCR) techniques, 
we began to study some receptors as well as effector and modulatory molecules 
involved in the previously listed cell reactions, and we thus began the study of 
certain cell markers involved in the function of immune cells, as well as the 
expression of many genes of interest related to varied physiological processes 
such as growth, cell metabolism, antioxidant status, or intercellular junctions 
(Cerezuela et  al., 2013a; Esteban et  al., 2013; Cordero et  al., 2016a). These 
initial studies have led us to recently apply some transcriptomic (RNA-seq) and 
proteomic analyses, increasing our global knowledge of key immune molecules 
as well as the cross-relation and interaction between immunity and other sys-
tems (Chaves-Pozo et al., 2017, 2019; Cordero et al., 2015, 2016a; Jurado et al., 
2015).

3. Fish mucosal immunology

The immune systems in vertebrates, including those present in fish, are made 
up of many interdependent components. Each component has its own inherent 
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protective value, and it is their final combination that results in a successful 
immune response. Knowing how to study the immune system of fish, we set 
out to study the immune system at tissue level. We started by studying intes-
tine immunity, since when supplying dietary additives (with immunostimulant 
aims, detailed later), we did not know whether we were producing any negative 
impact on its mucosa. The lymphoid tissue associated with the digestive mu-
cosa was studied and, curiously, it is not as developed as that of mammals. The 
lymphocytes did not appear organized in Peyer’s patches but rather in diffuse 
accumulations along the intestinal submucosa (Cerezuela et al., 2012a; Lazado 
and Caipang, 2014).

The study of the intestine increased the interest in other mucosal surfaces 
in fish since they are the first line of defense against any threat. They act as 
a physical, chemical, and biological barrier that serves to protect the animal 
and which also functions as a very active immune tissue. In teleosts, four 
 mucosa-associated lymphoid tissues (MALT) have been established according 
to their anatomical locations: gut-associated lymphoid tissue (GALT), skin- 
associated lymphoid tissue (SALT), gill-associated lymphoid tissue (GIALT), 
and  nasopharynx-associated lymphoid tissue (NALT) (Salinas, 2015).

Mucosal immunology is the study of the immune responses that occur at 
mucosal surfaces. The mucosal surfaces of the fish body are closely associ-
ated with the external environment and are particularly vulnerable to infection. 
They are thin and permeable barriers to the interior of the body due to their 
physiological activities in food absorption (GALT) and in protection, but also in 
many other functions, such as communication, sensory perception, locomotion, 
respiration, ion regulation, and excretion (SALT), in gas exchange (GIALT), 
and in sensory activities (SALT and NALT). The mucosal immune system must 
provide protective immunity to pathogens and yet remain tolerant to nonharm-
ful environmental substances. For the last two decades, mucosal immunology 
has been attracting increasing attention in medicine and veterinary sciences, not 
only for its critical role in explaining some essential aspects of how immune 
homeostasis is maintained, but also for its involvement in trying to find vac-
cines against the many infectious diseases that gain access to the body through 
mucosal surfaces (Das and Salinas, 2020). All mucosal surfaces in fish consist 
of an epithelium, which contains intercalated mucous cells (the main are the 
goblet cells). These mucus cells produce a mucus secretion that pours onto the 
apical surface of the epithelial cells forming a continuous layer surrounding 
the fish body. Mucus on the fish and on mucosal surfaces has evolved to have 
potent mechanisms that trap, immobilize, and inactivate pathogens before they 
can come into contact with the epithelial surface. Furthermore, the mucus in 
most fish species is continually secreted and replaced, and this washing-out 
effect prevents the stable colonization of potential infectious microorganisms 
and the invasion of parasites. The main molecules present in mucus are high 
molecular weight and highly glycosylated glycoproteins called mucins. In fact, 
these mucins are responsible for their adhesive, viscoelastic, and rheological 
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properties. They exert a mechanical barrier by serving as filters for pathogens 
and preventing pathogen adherence to the underlying tissues (Guardiola et al., 
2015a). These mucins form a matrix in which a diverse range of immune mol-
ecules can be found. Therefore fish skin (including both mucus and epider-
mis) acts as a repository of numerous immune components (of both innate and 
acquired immune system) such as glycoproteins, lysozyme, immunoglobulins 
(IgM and IgT), complement proteins, lectins, C-reactive protein, flavoenzymes, 
cytokines, proteolytic enzymes, and antimicrobial peptides (Nigam et al., 2012; 
Cone, 2009; Shephard, 1994; Salinas, 2015; Valero et al., 2020), which exert in-
hibitory or lytic activity against different type of pathogens (Subramanian et al., 
2008; Whyte, 2007), contributing to fish well-being. For a detailed study of fish 
mucosal surfaces, there is a very complete book edited by Beck and Peatman 
(2015) entitled “Mucosal health in aquaculture”, highly recommended for fur-
ther interested readers.

3.1 Intestine mucosal immunology

Some studies were first addressed to identify the structure and immune param-
eters of the fish intestine. Fish intestine mucosa contains enterocytes, goblet 
cells, and lamina propria leucocytes (macrophages, granulocytes, lymphocytes, 
and plasma cells), as well as intraepithelial leucocytes (IELs, mainly B and T 
lymphocytes; reviewed by Salinas and Parra, 2015). The secreted and external 
mucus layer protects the intestine from external insults in the digestive tract and 
consists mainly of mucins, but also contains a wide range and variety of im-
mune molecules [antimicrobial peptides (AMPs), complement, lysozyme, pro-
teases, antiproteases, peroxidase, immunoglobulins, etc.]. Gilthead seabream 
intestine leucocytes have been isolated, and they contained high numbers of 
granulocytes with nitro-blue tetrazolium activity (Salinas et al., 2007). In fact, 
intestine mucus production and mucin-glycosylation patterns were altered upon 
infection of gilthead seabream with the parasite Enteromyxum leei in an effort to 
washout and reduce the adhesion and colonization of the intestine by this patho-
gen (Redondo and Alvarez-Pellitero, 2010; Estensoro et al., 2013). Most of the 
studies focusing on intestine mucosal immunity are limited to routine or clas-
sical histological methods due to difficulties in obtaining the intestinal mucus 
(mainly in small fish, as it was previously commented) as well as the very scarce 
number of available antibodies to identify leucocyte populations or cytokines.

3.2 Skin mucosal immunology

Fish skin is formed by an external mucus layer, epidermis and dermis. In con-
trast to mammals, the dermis is entirely formed by live cells along with some 
mucous cells that produce the mucus. Similar to the intestine, leucocytes, in-
cluding lymphocytes, plasma cells, macrophages, and granulocytes, are dis-
seminated in the skin. In contrast to the intestine, application of histological 
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procedures to gilthead seabream skin is difficult due to the presence of calci-
fied scales, and this fact makes it difficult to obtain perfect sections in order to 
study the tegument and mucous layers. However, the isolation of mucus and 
its study is very simple and effective. Thus gilthead seabream skin extracts or 
mucus contain many immune factors whose activity or presence can be deter-
mined, including proteases, peroxidases, antiproteases, phosphatase alkaline, 
lysozyme, complement, AMPs, immunoglobulins, or lectins, among others, as 
well as bactericidal activities (Guardiola et al., 2014a, b). The epidermal thick-
ness is not homogeneous in all fish body. In gilthead seabream, the thickness 
of the skin above the lateral line is higher than that of below the lateral line, as 
demonstrated by image analysis using light microscopy, while the expression 
of immune-related genes is similar in both skin locations, as demonstrated by 
real-time PCR. In addition, scanning electron microscopy pointed to a greater 
cell size and area of microridges in the apical part of the dorsal epidermal cells 
when compared with the epidermal cells from the skin below the lateral line 
(Cordero et al., 2017a).

3.3 Skin mucosal immunology during wound repair  
and healing

Fish are continuously exposed to external skin lesions and injuries, which are 
maximized during intensive culture in farms. Thus lesions, as already men-
tioned, are an entry portal for pathogens, and the wound healing process is 
crucial in overcoming this rupture of the protective layer. Confirming the skin 
asymmetry identified before, a higher ratio of wound healing was observed in 
the gilthead seabream ventral region, where wounds were closed after 15 days, 
compared to the dorsal region of skin, where wounds were closed after 21 days 
(Cordero et al., 2017a). The expression profile also supports this finding since 
genes related to cell and matrix-cell interactions or cytoskeletons were more 
up-regulated in the ventral than in the dorsal region (Ceballos-Francisco et al., 
2017; Tapia-Paniagua et al., 2018; Chen et al., 2020a, b). In addition, wounds 
provoke a general decrease in skin mucus immune activities (protease or an-
tiprotease activities) and greatly modifies the expression of immune-related 
genes [myeloperoxidase (mpo), colony stimulating factor 1 receptor (csf1r), 
interleukin-1 beta (il1b), interleukin-8 (il8), tumor necrosis factor alpha (tnfa), 
and immunoglobulins M (igm) and T (igt)] (Table 1) in the skin, favoring the 
healing process and the refraction to pathogens (Ceballos-Francisco et al., 2017;  
Tapia-Paniagua et  al., 2018; Chen et  al., 2020a, b). In addition, a proteomic 
study of the wound area showed a decreased presence of important immune 
proteins such as complement component 3 (C3), apolipoprotein A (Apoa1), his-
tones (H2A, H2B, H4), and IgM (Cordero et al., 2017b). Very surprisingly, only 
the presence of a wound in the skin is enough to alter the intestinal morphology 
and expression of the immune and cell junction genes that suggest inflammation 
(Chen et al., 2020b). Therefore loss of skin integrity during a time shift creates 
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TABLE 1 Summary of the main effects in the mucosal immunity of gilthead seabream (Sparus aurata) under different conditions.

Treatment Intestine tissue Skin tissue Mucus References

Probiotics L. delbrueckii 
lactis + B. subtilis

↑ Acidophilic granulocytes 
and Ig+ cells

  Salinas et al. (2008)

B. subtilis ↑ Gene expression of il8, 
cox2, ocl, and tf

↑ Gene expression of 
il1b, nkefa, cox2, csfr1, 
tcrb, hep, and def

↑ IgM levels
 ↑ PER and PRO activities

Cerezuela et al. (2013b, 
2016) and Esteban et al. 
(2014)

S. putrefaciens ↑ Gene expression of il10, 
tgfb, lyz, hep, sod, and fbl
 ↓ gene expression of rbl

↑ Gene expression of lyz ↑ IgM levels
 ↑ PER and PRO activities
 ↑ C3, leucocyte elastase inhibitor, 
NCCRP1, F-type lectin, NKEFB, and 
LYZ proteins

Cerezuela et al. (2016), 
Guardiola et al. (2016b), 
Cordero et al. (2016c), and 
Chen et al. (2020a),

K. lactis   ↑ Bactericidal activity vs V. 
parahaemolyticus, V. harveyi, and V. 
anguillarum
 ↑ PRO activity
 ↑ Nitrite levels

Guluarte et al. (2019)

S. halophilus ↑ Gene expression of il1b, 
tnfa, igm, c3, and lyz

↑ Gene expression of 
il1b, tnfa, igm, c3, and 
lyz

↑ IgM levels
 ↑ PRO, ANTIPRO, PER, and LYZ 
activities

Reyes-Becerril et al. (2017)

T. chuii ↑ Gene expression of il8 
and ocl

  Cerezuela et al. (2013b)

P. tricornutum ↑ Gene expression of il8   Cerezuela et al. (2013b)

Prebiotics Inulin ↑ Gene expression of il8, 
actb, ocl, and tf

  Cerezuela et al. (2013b)
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Plants Moringa oleifera  ↑ Gene expression of 
antioxidant, immune, 
and tight junction genes
Restores impact of H2O2

↑ PHOS, PER, and LYZ activities
 ↑ IgM levels
Restores impact of H2O2

Mansour et al. (2020)

Phoenix dactylifera = Gene expression of sod, 
gr, and cat
 ↑ Gene expression of fbl
 ↓ Gene expression of rbl 
and hep

↑ gene expression of gr ↑ IgM levels Esteban et al. (2014), 
Cerezuela et al. (2016), and 
Guardiola et al. (2016b)

Origanum vulgare   ↑ IgM levels
 ↑ Bactericidal activity vs P. damselae
 = Total antioxidant activity

García-Beltrán et al. (2020)

Trigonella foenum 
graecum

  ↑ PER and PRO activities Guardiola et al. (2017)

Amino acids Arginine  ↑ Gene expression of 
mpo, il8, tgfb, tnfa, igf1, 
colxa, cat, and gr

↑ IgM levels Chen et al. (2020b)

Tryptophan   ↑ Bacteriostatic activity vs V. harveyi Azeredo et al. (2017)

Heavy 
metals

MeHg, Cd, As   ↑ FBL levels and glycosylation
 ↑↓ LYZ, PRO, ANTIPRO PER, ALP, and 
CP activities

Guardiola et al. (2015c)

Sediments  ↓ Gene expression of gr, 
il1b and cox2

 Ben Hamed et al. (2017)

Microplastics PVC ↑ Gene expression of nrf2
 ↑ Goblet cell density, villus 
thickness

 ↑ IgM levels
 ↓ PER activity

Espinosa et al. (2017, 2019)

Stress Crowding, 
anesthetics, 
hypoxia

  ↑ ACH and PRO activities
 ↓ IgM levels
 ↑↓ PRO activity

Guardiola et al. (2016a, 
2018a)

Hypoxia ↑ Gene expression of lyz, 
c3, igm, hsp70, tnfa, il6, 
tgfb, cox2, il1b, and il10

↑ Gene expression of 
lyz, cox2, il1b, and il10

↑ IgM levels Khansari et al. (2018)

Continued
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Wounds Experimental 
wounds and ulcers

↑ Gene expression of mpo, 
csf1r, il1b, and tnfa

↑ IgM levels
 ↑ gene expression of 
mpo, il8, tnfa, il1b, igm, 
and igt

↓ C3, APOA1, Histones, and IgM 
proteins
 ↑ PER and EST activities
 ↓ PRO and ANTIPRO activities

Ceballos-Francisco et al. 
(2017), Cordero et al. 
(2017b), Tapia-Paniagua 
et al. (2018) and Chen et al. 
(2020a, b)

Pathogens 
and vaccines

P. damselae ↓ Gene expression of nkefa  ↑ IgM and specific IgT levels
 ↓ ANTIPRO activity

Piazzon et al. (2016) and 
Azeredo et al. (2017)

V. 
parahaemolyticus

 ↑ Gene expression of 
il1b and c3

 Reyes-Becerril et al. (2017)

E. leei ↑ Gene expression of igm 
and igt

  Piazzon et al. (2016)

LCDV  ↑ Gene expression of ifn, 
irf3, mx, mhc2a, csfr1, 
tcra, and igm

 Cordero et al. (2016b)

Oral P. damselae 
vaccine

↑ Gene expression of igm 
and igt

 ↑ Specific IgT levels Piazzon et al. (2016)

Immersion V. 
anguillarum 
vaccine

↑ Gene expression of c3 
and tgfb

↑ Gene expression of c3, 
hsp70, and cox2

 Khansari et al. (2018)

↑: significant increase; ↑: significant decrease; ↑↓: either increase or decrease; =: nonchanges; vs: versus. Activities and proteins: IgM: immunoglobulin M; PER: Peroxidase activity; PRO: Protease 
activity; C3: Complement component 3; NCCRP1: Nonspecific cytotoxic cell receptor protein 1; NKEFB; Natural killer enhancing factor B; LZY: Lysozyme activity; ANTIPRO: Antiprotease activity; 
PHOS: Phosphatase activity; ALP: alkaline phosphatase activity; CP: Ceruloplasmin; ACH: hemolytic complement activity; APOA1: Apolipoprotein A; EST: Esterase activity; IgT: immunoglobulin T. 
Genes: il8 (interleukin-8); cox2 (ciclooxygenasse 2); ocl (occluding); tf (transferrin); il10 (interleukin-10); tgfb (transforming growth factor beta); lyz (lysozyme); hep (hepcidin); sod (superoxide dismutase); 
fbl (fucose binding lectin); rbl (rhamnose-binding lectin); il1b (interleukin-1 beta); tnfa (tumor necrosis factor alpha); igm (immunoglobulins M); c3 (complement component 3); actb (beta-actin), gr 
(glutathione reductase); cat (catalase); nrf2 (nuclear factor erythroid 2-related factor 2); hsp70 (heat shock protein 70); il6 (interleukin-6); mpo (myeloperoxidase); csf1r (colony stimulating factor 1 
receptor); nkefa (natural killer enhancing factor A), igt (immunoglobulins T); tcrb (T cell receptor beta chain); def (defensin); igf1 (insulin growth factor 1); colxa (collagen Xa), ifn (interferon type I), irf3 
(interferon regulatory factor 3); mx (myxovirus resistance protein); mhc2a (major histocompatibility complex II alpha); and tcra (T cell receptor alpha chain). Organisms: L. delbrueckii lactis (Lactobacillus 
delbrueckii lactis); B. subtilis (Bacillus subtilis); S. putrefacients (Shewanella putrefaciens); K. lactis (Kluyveromyces lactis); S. halophilus (Sterigmatomyces halophilus); T. chuii (Tetraselmis chuii); P. 
tricornutum (Phaeodactylum tricornutum); P. damselae (Photobacterium damselae); V. parahaemolyticus (Vibrio parahaemolyticus); E. leei (Enteromyxum leei); LCDV (lymphocystis disease virus); V. 
anguillarum (Vibrio anguillarum); and V. harveyi (Vibrio harveyi).

TABLE 1 Summary of the main effects in the mucosal immunity of gilthead seabream (Sparus aurata) under different conditions—cont’d

Treatment Intestine tissue Skin tissue Mucus
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a general microenvironment that might favor the entry of pathogens before the 
wound is healed and the immune system fully restored, though some immune 
parameters are still present and very active during this period to control the 
opportunistic pathogens. All these results demonstrate that intricated intercon-
nections exist among different MALT and that very little is known about them.

3.4 Mucosal immunity during infection or vaccination

As the external line of defense, mucosal surfaces are directly exposed to patho-
gens, and the integrity and immunity of these tissues is crucial to clear or reduce 
the pathogen burden. Thus, apart from the previously cited alterations in the in-
testine upon E. leei infection (Redondo and Alvarez-Pellitero, 2010; Estensoro 
et al., 2013), an increment in the gilthead seabream intestinal expression of the 
igm and igt genes was observed (Piazzon et al., 2016). Regarding bacterial patho-
gens, infection with the pathogenic Photobacterium damselae subsp. piscicida, 
strain PP3, resulted in increased IgM levels, decreased antiprotease activity in 
the skin mucus, and reduced gene expression of the natural killer enhancing fac-
tor A (nkefa) in the European sea bass intestine (Azeredo et al., 2017), while the 
infection with Vibrio parahaemolyticus resulted in the up- regulation of il1b and 
c3 genes in the gilthead seabream skin (Reyes-Becerril et al., 2017). In addition, 
gilthead seabream vaccination against P. damselae subsp. piscicida increased the 
total skin mucous levels of IgM and of specific IgT, and up-regulated the cor-
responding genes in the intestine (Piazzon et al., 2016). Similar tendencies were 
observed after the administration by immersion of the V. anguillarum vaccine, 
which induced the intestine, gill, and skin expression of immune genes including 
c3, transforming growth factor β (tgfb), heat shock protein 70 (hsp70), or cyclo-
oxygenase 2 (cox2) in gilthead seabream (Khansari et al., 2018). Interestingly, 
the lymphocystis disease virus (LCDV), which produces lesions in the skin, in-
duces a sharp down-regulation of immune genes [interferon type I (ifn), inter-
feron regulatory factor 3 (irf3), myxovirus (influenza) resistance protein (mx), 
major histocompatibility complex II α (mhc2a), csfr1, T cell receptor alpha chain 
(tcra), and igm] in the skin of gilthead seabream (Cordero et al., 2016b). In gen-
eral, disruption of the physical barrier of immunity is used for pathogens’ entry 
and dissemination into fish tissues, leading to infection. Therefore understanding 
mucosal immunity and its interaction with pathogens is of major importance 
from the aquaculture perspective.

3.5 Mucosal immunity during exposure to contaminants

Aquaculture practices and management may lead to immunodepression. The 
negative impact of pollutants on fish mucosal surfaces has received little atten-
tion, even considering the great amount of surface in contact with the toxicant. 
We have observed that waterborne exposure to heavy metals, such as methyl-
mercury (MeHg), cadmium (Cd), or arsenic (As) alters the protein profile of the 
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gilthead seabream skin mucus, terminal carbohydrate composition, and some 
of the immune-related parameters that were measured (protease, antiprotease, 
phosphatase, peroxidase, or bactericidal activities and IgM levels) (Guardiola 
et al., 2015c). Interestingly, the presence of skin mucus fucose binding lectin 
(FBL) was increased upon waterborne exposure to As or Cd, as determined 
by western blotting. In addition, gilthead seabream exposed to heavy metal-
contaminated sediments displayed a reduction in the skin expression of genes 
related to metal detoxification [metallothionein A (mta)], antioxidants [gluta-
thione reductase (gr)], cellular stress (hsp70 and hsp90), and immunity (il1b), 
while the expression of the immune-related gene cox2 was up-regulated and 
no histological variations were observed in the skin (Ben Hamed et al., 2016, 
2017). Recently, plastic debris (micro and nanoplastics) has emerged as novel 
pollutants. It was demonstrated that feeding gilthead seabream with a diet con-
taining polyvinylchloride (PVC) microplastics resulted in an increase of IgM 
level and peroxidase activity in the skin mucus (Espinosa et al., 2017).

3.6 Mucosal immunity during stress

Fish farm management and intensive culture provokes stress, which is known 
to reduce the immune response at chronic stages, though acute stress situations 
generate an alert state in the animal that also might improve physiological pro-
cesses, including immunity. Thus acute stress engendered by high densities, 
anesthesia, or hypoxia produced an increment in the gilthead seabream skin 
mucus activities of the complement system and in peroxidase, while an increase 
or reduction of the IgM level and protease activity was recorded (Guardiola 
et  al., 2016a, 2018a; Khansari et  al., 2018). In general, short hypoxia expo-
sure induced the expression of important immune genes [lysozyme (lyz), cox2, 
il1b, il6, il10, or tgfb] in both the skin and the intestine (Khansari et al., 2018). 
Conditions that are considered negative are known to increase susceptibility 
to disease but, as mentioned before, individual immune parameters might be 
increased for a short time in order to counterbalance the animal’s physiology, 
though if prolonged they might result in immunity exhaustion, disease, and fi-
nally fish death.

4. How to alter or strengthen the fish mucosal  
immune system

Knowing the immune status of fish, our research group focused on improving 
or strengthening this immunity. Two great maxims guided this new challenge: 
we would use natural substances (to contribute to a more safe, sustainable, and 
eco-friendly aquaculture) and we would administer them in the diet (in order 
to avoid the use of extra or specialized handling of fish). Thus we began an 
exciting search for which would be the best immunostimulants for our fish of 
interest.
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After the evaluation of a long list of immunostimulants (vitamins, probiot-
ics, prebiotics, hormones, plants, etc.), depressors (pollutants, stressors, etc.), 
and pathogens/vaccines, along with their effects on the serum or head-kidney 
tissue from gilthead seabream and European sea bass, we started to look at the 
immune parameters in mucosal surfaces, mainly in the intestine and skin. The 
immune response of mucosal surfaces in fish can be determined at two levels: 
(1) the mucosa itself by either histochemistry, gene expression, protein profiles, 
and activities in protein extracts or (2) in the secreted mucus. First attempts 
aimed to evaluate the intestine structure by histology; histochemistry for goblet 
cells and its secreted mucus as well as immunohistochemistry, though few stud-
ies have focused on the intestine mucus characterization (only for IgM or IgT 
determinations), mainly due to the interest of this tissue after dietary adminis-
tration of immunostimulants or vaccines. In the last decade, greater attention 
has been received by the evaluation of the mucosal immunity of the skin, mainly 
by the determination of immune factors present in the mucus due to its easy, in-
expensive, and noninvasive sampling and thus, contributing to the 3Rs strategy 
(Replacement, Reduction, and Refinement). Unfortunately, the mucosal immu-
nity at gills still remains scarcely explored.

Mucosal surfaces, mainly the fish skin, represent the first and largest physi-
cal and chemical barrier and are vital for health and welfare. Thus skin lesions 
are a perfect portal for pathogens to enter the fish body. The mucosa integrity 
can be disrupted by low or inappropriate production of mucus, loss of epithelial 
integrity (wounds, ulcers, loss of cell- or matrix-cell interactions), nutritional 
deficiencies, stress, and/or the active penetration by pathogens, among others. 
Thus, apart from the precise immune cells and molecules, the knowledge of 
processes involved in mucus production, mucin carbohydrates, cell-cell interac-
tions, cytoskeleton integrity, or antioxidant status is directly related to mucosal 
integrity, immunity, and health. Therefore we have started to identify the local 
and mucosal immunity components, and the ways in which they are influenced 
by pathogens and stressors, to finally identify how to strengthen them and pre-
vent or restore their disruption to avoid their use to the pathogens’ profit. The 
most important findings in the mucosal immunity of the Mediterranean gilthead 
seabream are summarized in Table 1.

4.1 Dietary improvement of mucosal immunity

It is well known that animal health and welfare, including in fish, are intimately 
linked to nutrition (Oliva-Teles, 2012). Thus a balanced diet containing the 
right nutrients, both in kind and in proportion, tends to favor nutritional bal-
ance and good health. Apart from the nutritive value, there are many substances 
that promote or increase immune status, which results in better health and dis-
ease resistance: they are called immunostimulants. They have long been known, 
and classical studies evaluate their impact on immune tissues, mostly those of 
the head-kidney and in blood. However, the evaluation of MALT has gained 
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 attraction since they are the first line of defense. In addition, the search for im-
munostimulants has moved from the use of pure and difficult-to-obtain or pro-
duce immunostimulants to the use of easy, cheap, and eco-friendly alternatives. 
In this sense, many studies have searched for probiotics, prebiotics, and plants 
as immunostimulant sources, including the evaluation of these immunostimu-
lants on the mucosal immunity of fish.

4.1.1 Probiotics
Probiotics are usually live (sometimes dead) microorganisms, administered by 
feeding, that compete with intestinal microbiota, provide nutritive compounds, 
and improve intestinal health by promoting mucus production, renewal, and 
immunity (Nayak, 2010; Lazado and Caipang, 2014). Although the list of pro-
biotics used in fish is large, the first studies focused on human lactic bacteria. 
Thus we first evaluated the use of Lactobacillus delbrueckii lactis and Bacillus 
subtilis (Salinas et  al., 2005). Afterward, we extensively used a Shewanella 
putrefaciens strain isolated from healthy gilthead seabream skin (Pdp11) with 
many beneficial effects (Díaz-Rosales et al., 2006) (Table 1). They have been 
supplemented in the gilthead seabream commercial diet alone or combined with 
other immunostimulants. Thus bacterial inclusion in the gilthead seabream diet 
increased the intestinal number of acidophilic granulocytes and Ig+ cells in the 
mucosa, suggesting enhanced MALT functioning (Salinas et al., 2008). Later 
on, dietary supplementation with either B. subtilis or Pdp11 showed important 
alterations in the intestine structure (goblet cells density and composition, high 
intestinal wall, villus area, IELs, etc.), restricted to the mucosa (Cerezuela et al., 
2013a), but this was not linked to greater resistance to the challenge with the 
pathogenic P. damselae (Cerezuela et al., 2012b). These probiotics induce the 
up-regulation of intestine genes related to immunity [il8, caspase 1 (casp1) 
and cox2], cell junctions [beta-actin (actb), occludin (ocl)], or iron metabo-
lism [transferrin (tf)] (Cerezuela et  al., 2013b). Nonetheless, dietary feeding 
with either B. subtilis or Pdp11 also affects the skin—they tend to increase 
the antioxidant potential of the skin mucosal tissues of gilthead seabream—
and also in gills, but not in the intestine (Esteban et al., 2014). At gene level, 
they up-regulate immune-related genes including il1b, lyz, mpo, tcra, hepcidin 
(hep), and csf1r1, among others, in the skin, indicating a higher presence of im-
mune cells and/or their activation (Cerezuela et al., 2016; Cordero et al., 2016c). 
Regarding the skin mucus, the presence of IgM and the protease and peroxidase 
activities were also increased by the two probiotics. Very interestingly, gilthead 
seabream fed Pdp11-supplemented diets showed increased protein levels in 
skin mucus including C3, leucocyte elastase inhibitor (Lei), nonspecific cyto-
toxic cell receptor protein 1 (Nccrp1), F-type lectin, natural killer enhancing 
factor B (NkefB), or lysozyme (Cordero et al., 2016c). Pdp11 also restores the 
negative impact of the stress caused by crowding in the skin mucus proteome 
(Cordero et al., 2016c) and alleviates the effects caused by wounds (Chen et al., 
2020b). In our hands, the combination of B. subtilis or Pdp11 bacteria with 
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other  immunostimulants, such as prebiotics, plants, or plant extracts (see later), 
has not shown any synergistic effect of importance in the mucosal immunity of 
gilthead seabream.

Other microorganisms—apart from bacteria—were also useful as probiotics 
for gilthead seabream. For instance, the supplementation of diets with microal-
gae (Tetraselmis chuii or Phaeodactylum tricornutum) showed little alteration 
in the intestine regarding the expression of genes related to immunity (il8), cell 
junctions (ocl), the cytoskeleton (actb), or iron metabolism (tf), which were 
also increased by inulin supplementation (Cerezuela et al., 2013b). In the case 
of yeast cells, the dietary inclusion of Kluyveromyces lactis in the gilthead 
seabream diet increased the bactericidal and protease activities in the skin mucus 
and the nitric oxide production (Guluarte et al., 2019) while Sterigmatomyces 
halophilus increased the IgM level and protease, antiprotease, peroxidase, and 
lysozyme activities in the skin mucus. It also up-regulated genes related to im-
munity (il1b, tnfa, igm, c3, and lyz) in the skin and intestine (Reyes-Becerril 
et al., 2017). All these studies demonstrated the beneficial effects of probiotics 
in gilthead seabream mucosal immunity, although precise dietary formulations 
and administration times need to be optimized, since prolonged administration 
of immunostimulants fails to increase immune status and consumes a lot of 
energy.

4.1.2 Prebiotics
Prebiotics are another interesting immunostimulant source for fish (Song 
et al., 2014). They consist of nondigestible polymers in the food that facilitate 
intestinal transit and are used by the intestinal microbiota, leading to direct or 
indirect benefits in fish well-being. They are common and easy to obtain; they 
are cheap and do not pose environmental issues. Among them, the most used 
in fish are inulin, fructooligosaccharides (FOS), or mannan oligosaccharides 
(MOS). Supplementation of the gilthead seabream diet with inulin resulted in 
an increased expression of intestine genes related to immunity (il8), cell junc-
tions (actb, ocl), or iron metabolism (tf), and this was not greatly influenced 
by the coaddition of B. subtilis (Cerezuela et al., 2013b). Supplementation of 
the European sea bass diet with MOS showed improved intestine morphol-
ogy, a higher number of lymphocytes and eosinophilic granulocytes, greater 
production of prostaglandins, and an up-regulated trend of important immune 
genes [major histocompatibility complex I (mhc1), cluster of differentiation 
4 (cd4), cd8, cox2, or tnfa] in the intestine (Torrecillas et al., 2013, 2015). In 
addition, in the European sea bass, MOS restored the negative impact pro-
duced by the fish oil replacement with soybean oil (Torrecillas et al., 2015) 
and increased the survival of anally infected specimens with pathogenic  
V. anguillarum (Torrecillas et al., 2012). Care must be taken when prebiotics 
are administered, since some observations point to intestinal inflammation 
or enteritis. For this, the correct application with probiotics and a balanced 
microbiota needs to be considered.
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4.1.3 Plants and herbs
Plants, and their extracts (phytogenics), are nowadays extensively investigated, 
and they are also promising immunostimulants for fish aquaculture (Galina 
et  al., 2009; Awad and Awaad, 2017). Gilthead seabream specimens fed 
Moringa oleifera leaves supplemented diets showed improved skin mucosal 
immunity, including increases in phosphatase, peroxidase, and lysozyme activ-
ities and IgM levels in the skin mucus, as well as the expression of antioxidant 
[superoxide dismutase (sod) and catalase (cat)], encoding tight junction pro-
teins [ocl and zonula occludens 1 (zo1)], and immune (tgfb, c3, and igm) genes 
in both the skin and gills (Mansour et al., 2020). In addition, mucosal surfaces 
showed better mucosal immunity and lower stress indicators after exposure 
to H2O2 in moringa-fed specimens. In the case of Origanum vulgare, an aro-
matic herb, dietary supplementation improved the skin mucus IgM levels and 
bactericidal activity in gilthead seabream, though it failed to alter the antioxi-
dant status (García-Beltrán et al., 2020). The inclusion in the diet of Trigonella 
foenum graecum seeds increased the protease activity of skin mucus in gilt-
head seabream, while coadministration with the probiotics B. licheniformis,  
L. plantarum, or B. subtilis also increased some immune parameters, including 
IgM level and bactericidal activity (Guardiola et al., 2017). Date palm fruits or 
seeds from Phoenix dactylifera, administered via the diet, provoked increased 
levels of IgM in the skin mucus of gilthead seabream and the increased ex-
pression of the antioxidant gene gr, while in the intestine, it failed to alter the 
antioxidant system at gene level, up-regulating fbl and down-regulating the 
rhamnose-binding lectin (rbl) and hep immune genes (Esteban et  al., 2014; 
Cerezuela et al., 2016; Guardiola et al., 2016b). Thus plants have also arisen as 
an eco-friendly alternative for dietary supplementation with promising benefits 
for fish immunity and well-being, but further efforts are still needed to care-
fully select and characterize them.

4.1.4 Amino acids
Amino acids are essential nutrients, though some have also been demon-
strated to play immunomodulatory roles (Oliva-Teles, 2012; Andersen et al., 
2016). Thus gilthead seabream diet supplementation with arginine increased 
the skin mucus IgM levels and the expression of immune, antioxidant, 
growth, or skeletal genes [mpo, il8, tgfb, tnfa, insulin growth factor 1 (igf1), 
collagen Xa (colxa), cat, gr] in the skin (Chen et al., 2020a). Although me-
thionine failed to show immunostimulatory effects, the addition of tryp-
tophan increased the bacteriostatic activity of the gilthead seabream skin 
mucus (Azeredo et al., 2017). Interestingly, arginine supplementation facili-
tated the healing process and immunity upon experimental wounds (Chen 
et al., 2020a). Much more efforts are needed regarding the use of free amino 
acids as fish-feed additives.
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5. Methodologies to collect and preserve fish mucus

The necessity for permeability of the surface lining of these mucosal surfaces 
creates obvious vulnerability to infection, and it is not surprising that the vast 
majority of infectious agents invade the fish body through these routes. A brief 
description of the most used mucus sample collection methodologies is now 
described. Special care should be taken in the way of processing and storing the 
mucus samples before analyzing them.

In the case to work with fish and mucus infection models, a biosecurity level 
(BSL1) laboratory is enough, but some pathogens would require BSL2 or even 
BSL3 laboratories. However, for the mucus sample collection is not mandatory 
to work at BSL1, 2, or 3 but before starting any procedures, the work surface, 
surrounding areas, and equipment should be disinfected routinely with 70% 
(v/v) ethanol. All the steps described later must be performed under controlled 
temperature or below 4 °C in order to minimize the effect of temperature on pro-
tein concentration and functions of biologically active molecules. Only healthy 
fish should be considered for mucus collection, since fish with lesions could 
lead to contamination of the samples. In all cases, fish handling and manage-
ment during research must adhere to general and national regulations regarding 
the bioethical issues of animals in research.

5.1 Intestine mucus

In order to reduce and minimize contamination in the collection of mucus from 
the intestine, fish should be fasted for at least 12–24 h, although some authors 
have stipulated longer times (7 days) (Hatten et al., 2001). The methods found 
in the literature are described later (Fig. 1).

5.1.1 Method 1
Intestinal tissue needs to be carefully dissected from each fish and the midgut 
and hindgut separated (if applicable) (Hatten et al., 2001). Each intestine part 
must be opened longitudinally, while being kept on ice, and the lumen surface 
gently rubbed against a sterile plastic Petri dish. Subsequently, 10 mL of 50 mM 
Bis-Tris, pH 6.4 and Complete protease inhibitor must be added into Petri dish, 
transferred to a sterile tube with a plastic or glass Pasteur pipette, and placed 
on ice. Collected gut mucus must be shaken slowly for 60 min and centrifuged 
at 2000 × g at 4 °C for 60 min. The supernatant can be filtered (0.22 or 0.45 μm 
pore size) before being stored at − 20 °C or − 80 °C.

Recommendation: The authors use a volume of 10 mL of buffer to dilute the 
gut mucus from Atlantic salmon of 900–1000 g, which should be adjusted ac-
cording to the weight and size of the sampled fish. The use of protease inhibitors 
makes the samples unavailable for the determination of protease or antiprotease 
activities of the mucus.
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5.1.2 Method 2
Intestines must be kept on ice, opened longitudinally, and cut into small pieces 
of 3–4 mm. Subsequently, secreted luminal mucus must be isolated with isola-
tion buffer (Schroers et al., 2009). Briefly, the intestine pieces are incubated for 
20 min in 100 mL of isolation buffer containing protease inhibitors [phosphate 
buffer saline (PBS) with 1% (w/v) dithiothreitol, 0.03% Amphotericin B, 1% 
sodium pyruvate, and 0.6% Hepes]. Once the tissue is removed from the isola-
tion buffer, the buffer is centrifuged at 12,000 × g for 30 min, and the superna-
tant collected is frozen at − 20 °C or − 80 °C.

Recommendation: Although the authors do not specify any temperature 
value, we would recommend to centrifuge at 4 °C.

5.1.3 Method 3
Intestines must be placed in a Petri dish on ice, longitudinally dissected, and 
washed in 0.9% (w/v) saline solution to remove undigested food (Khan and 
McGeer, 2013). Afterward, the intestinal mucosal surface must be scraped with 
a glass coverslip (Glover and Hogstrand, 2002), and this mucus scraping must 
be transferred into a sterile tube and stored at − 20 °C or − 80 °C.

Recommendation: Glass coverslip should be replaced by a less aggressive 
material, such as a sterile cell scraper or silicone spatula, since epithelial cells 
will probably contaminate the mucus.

FIG. 1 Methodologies to collect and preserve intestine mucus (Hatten et al., 2001; Schroers et al., 
2009; Khan and McGeer, 2013).
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5.2 Skin mucus

5.2.1 Sample collection
Skin mucus collection must be done before taking any other parameter, fluid 
or tissue (e.g., weight, length, blood, skin, etc.) from the animals in order to 
avoid any possible contamination and loss of mucus (Fig. 2). First, fish must be 
starved for at least 12 to 24 h to minimize the contamination of the sample by 
intestinal excretions. Second, fish should be caught individually from the tank 
with a scoop net and transferred to the anesthesia bath for a few minutes.

Recommendation: Systematic washing of the scoop net with distilled water 
between each sampled animal should be mandatory.

Method 1

Once the animal is anesthetized, it must be hooked with toothed dissecting for-
ceps from the mouth and drained for a few seconds to the air in order to re-
move the excess water. Subsequently, the skin mucus must be collected by gently 
scraping the dorsolateral surface of animals using a sterile cell scraper or sili-
cone spatula (Guardiola et al., 2018b). This procedure must be done with enough 
care to avoid contamination with blood, urine-genital, and intestinal excretions. 
Therefore the cell scarper should evade the area next to the anus or any small 
wound that could be seen in the body surface. During gentle scraping, the animal 
must be maintained upside down and held with the toothed  dissecting forceps to 

FIG. 2 Methodologies to collect and preserve skin mucus (Guardiola et al., 2018a; Subramanian 
et al., 2008).
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avoid any pressure on the animal’s belly with the consequent excretion of urine, 
feces, eggs, or semen. This methodology should be done on top of a glass jar (e.g. 
glass slide staining jar) or any other glass container kept on ice (to maintain the 
collected mucus at low temperature). Subsequently, the collected skin mucus can 
be transferred to a sterile tube with a plastic or glass Pasteur pipette, and it must 
be preserved on ice until stored at − 20 °C or − 80 °C.

Recommendations

‒ Once each sample is collected from each fish, the glass jar must be washed 
with distilled water and dried in order to avoid contamination between 
animals.

‒ Anesthetized fish should not be caught by the operculum with hand or 
toothed dissecting forceps due to the fact that gills can be damaged, causing 
a hemorrhage, with probable contamination of the sample.

‒ In the case of teleost fish characterized by elongated bodies (i.e. order 
Anguilliformes), it is advisable to replace the toothed dissecting forceps with 
dry cellulose paper to secure the head of the animal and with a cell scraper or 
spatula while wearing sterile gloves for wiping the skin of each fish.

‒ Regarding flatfish, such as Senegalese sole (Solea senegalensis), it would 
be recommended to collect the skin mucus from the ocular and blind sides 
separately due to the activity levels of some innate immune-related param-
eters, depending on the place of collection (Escribano et al., 2020). The re-
sults reported by these authors seem to suggest that a diverse role exists in 
the mucosal immune response among the ocular and blind sides, which may 
be due to the fact that the ocular side would be more exposed to invading 
pathogens than the blind side.

Method 2

To slough off the skin mucus, individual anesthetized fish must be introduced 
into a sterile polyethylene bag containing 5 or 10 mL (depending on the spe-
cies, size, etc.) of 50 or 100 mM NaCl for freshwater and seawater fish species, 
respectively, according to Subramanian et al. (2008). The fish must be gently 
moved back and forth inside the polyethylene bag for approximately 1–2 min, 
in order to obtain as much mucus as possible. Once the fish is removed from the 
bag, it must be placed on ice, and the skin mucus sample can be transferred into 
sterile tubes with a Pasteur pipette and stored at − 20 °C or − 80 °C. In a similar 
approximation, when the plastic bags contain 5 mL of 100 mM ammonium bi-
carbonate (NH4HCO3, pH 7.8) and when the fish are removed from the bag, an 
additional 5 mL of this buffer is added in the case of Atlantic salmon (according 
to Ross et al., 2000).

Recommendations

‒ This method must be carried out individually to avoid injuries on the fins of 
the animals.
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‒ A drawback of this method could be related to the possible excretion of 
urine, feces, eggs, or semen, which would contaminate the mucus sample 
and could invalidate the subsequent analyses.

‒ Another disadvantage would be the difficulty for the selective collection 
of mucus samples from a specific area, such as collecting samples from 
the dorsal or ventral zones (Cordero et al., 2017a) or from around a wound 
(Ceballos-Francisco et al., 2017).

5.2.2 Sample processing and storage
Regardless of the method used from those described before, the processing and 
storage of the collected skin mucus samples must be carefully followed. Briefly, 
skin mucus samples must be vigorously shaken and centrifuged at 2000–4000 × g 
at 4 °C for 10–15 min (Palaksha et al., 2008; Ross et al., 2000; Guardiola et al., 
2017) in order to remove scales, insoluble particles, microorganisms, or other 
foreign material. Subsequently, the supernatant should be aliquoted and stored at 
− 20 °C or − 80 °C until used (Cordero et al., 2016d). Optionally, the supernatant 
can be filtrated (0.22 or 0.45 μm pore size) before being aliquoted and stored to 
ensure better sterility conditions of the samples. This step is advisable when the 
skin mucus comes from fish challenged with pathogens (bacteria or parasites) 
mainly by bath exposure (Guardiola et al., 2019; Escribano et al., 2020).

5.3 Gill mucus

Studies about GIALT mucosal immunity in fish are still scarce, but this topic 
has gained attraction in recent years. However, the isolation of gill mucus is dif-
ficult and very limited in quantity and quality (Fig. 3).

5.3.1 Method 1
Once the fish is anesthetized, the gill mucus samples can be obtained using the 
method described by Costa et al. (2011) in the case of Atlantic salmon. For this, 
two sterile cotton swabs are used to gently remove the gill mucus of all left 
and right gill arches, and each swab must be transferred into a tube contain-
ing 400 μL of PBS that must be preserved immediately on ice. This procedure 
must be done with enough care to avoid contamination by blood from the gills. 
Removal of gill mucus from each swab needs to be achieved by vigorously 
shaking the tube for 10 s, followed by squeezing each swab against the side of 
the tube (Vincent et al., 2006). The collected mucus from both tubes must be 
transferred to a single tube and stored at − 20 °C or − 80 °C until used.

Modifications: PBS can be replaced by another buffer [e.g. Tris-buffered 
saline (50 mM Tris-HCl, 150 mM NaCl), pH 8.0] (Marcos-López et al., 2017).

Recommendation: In order to minimize the risk of blood contamination, the 
fish could be euthanized and bled as described in Method 2 with the obvious 
nonrecovery of the animal.
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5.3.2 Method 2
To apply this methodology, the fish must be euthanized prior to gill mucus col-
lection (Valdenegro-Vega et al., 2014). In this case, the fish must be bled from 
the caudal vein using syringes or sectioning the peduncle in order to minimize 
blood contamination in the gill mucus. After that, to remove any remaining 
blood from the organs, perfusion of the organs via puncture of the bulbous ar-
teriosus needs to be performed with 0.9% (w/v) physiological saline containing 
1 IU of heparin mL−1 until the gills are white. The operculum must be carefully 
removed from the fish and four gill arches (2nd and 3rd gill arches from left and 
right sides) must be placed into tubes containing 20 mL of mucus extraction buf-
fer [2 mM PMSF (Phenylmethylsulfonyl fluoride), 10 mM EDTA, 0.02% (w/v) 
sodium azide in 0.85% (w/v) saline with 10 μL antiprotease cocktail] and pre-
served immediately on ice. On the same day, gill mucus samples must be cen-
trifuged at 15,000 × g for 60 min at 4 °C, and the collected supernatant frozen at 
− 20 °C or − 80 °C before it can be used.

Recommendation: The volume of mucus extraction buffer depends on the 
species. Our research group has standardized the volume at 5 mL for gill mucus 
from gilthead seabream (266.35 ± 33.91 g weight and 24.32 ± 0.62 cm length) 
(unpublished data).

Both methods have advantages and disadvantages. Method 1 is a less in-
vasive methodology since it would not be necessary to sacrifice the animal. 
Nevertheless, the risk of contamination by serum proteins can be considered 

FIG. 3 Methodologies to collect and preserve gill mucus (Costa et al., 2011; Valdenegro-Vega 
et al., 2014).
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high. In the case of Method 2, euthanasia of fish is necessary to collect the 
whole tissue while the blood contamination would be minimized by the ap-
plied procedure. A disadvantage of Method 2 would be the required size of the 
animals, taking into account that the perfusion procedure is complicated when 
working with fish around or smaller than 50–60 g.

5.4 General considerations

‒ Before storing the mucus samples, the protein concentration of each sample 
should be determined. For instance, the protein concentration can be deter-
mined by the dye binding method of Bradford (1976) using bovine serum 
albumin as the standard.

‒ Considering the shipment of mucus samples, the samples can be sent fresh 
(4 °C), frozen (− 20 °C or − 80 °C), or lyophilized (room temperature). 
However, according to the results of a study conducted by our research 
group (Cordero et al., 2016d), the levels of total proteins, sugar residues, 
and some immune-related enzymes are higher in fresh skin mucus samples 
than in samples after storage following freezing or lyophilization. In the case 
of samples stored before determining enzymatic activities, the authors sug-
gest that freezing skin mucus samples is a more suitable methodology than 
lyophilization. Therefore, to ensure sample integrity, it is recommended that 
the mucus samples be shipped on dry ice (− 80 °C).

‒ Taking into account that, for specific logistical reasons, the samples must be 
lyophilized to be preserved or shipped, one should consider the following in-
dications. Once the mucus samples have been centrifuged, the collected su-
pernatant can be lyophilized and stored at room temperature. Subsequently, 
the mucous powder must be dissolved with the same volume of Milli-Q 
water (to avoid increasing the content of salts in the sample), vigorously 
shaken, and centrifuged as described before (2000–4000 × g at 4 °C for 
10–15 min), and then the undissolved mucus portion should be isolated by 
centrifugation.

‒ If the quantity of sample collected is not enough for the analysis raised, 
the samples can be homogenized with one to six volumes (considering the 
total protein concentration) of sterile Tris-buffered saline (50 mM Tris-HCl, 
150 mM NaCl, pH 8.0) (Guardiola et al., 2014a, b; Mabrok et al., 2016) or a 
pool of supernatants should be done (not recommended).

‒ If the total protein concentration is too low for the requirements of any 
specific analysis, the supernatant of samples can be concentrated by ultra-
filtration, for instance, using an Amicon YM3 (3 kDa) column (Palaksha 
et al., 2008; Schroers et al., 2009). For instance, the total antiprotease ac-
tivity in the skin mucus of gilthead seabream was undetected unless pro-
tein concentrations higher than 2 mg mL−1 were used (Guardiola et  al., 
2014a, b).
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5.5 Some examples of downstream analysis  
with mucus samples

Fish mucus surfaces are dynamic matrices generally composed of structural 
proteins, enzymes, immune-related proteins, metabolism-related proteins, sec-
ondary metabolites, and other molecules. The mucus composition varies among 
fish species and can be influenced by endogenous (e.g., sex and developmental 
stage) and exogenous factors [e.g., stress, environmental changes (salinity, water 
temperature, pH, etc.) and infections] (Esteban, 2012). Under stress conditions 
(e.g., handling stress, confinement, food deprivation, crowding, and exposure to 
toxic substances), the fish mucus can change their production and composition 
compromising fish health and increasing the fish susceptibility to pathogens. 
Therefore, and considering the important role of the mucus layer in fish health, 
the sampling and analysis of skin mucus-associated biomarkers have become 
an issue of interest as noninvasive indicators of fish status. For instance, several 
studies have investigated the quantification of fish cortisol levels in skin mucus 
as reliable acute stress biomarkers (Bertotto et al., 2010; Guardiola et al., 2016a; 
Carbajal et al., 2019; Franco-Martinez et al., 2019). The results provided evi-
dence that skin mucus is a suitable matrix for measuring cortisol levels, acting 
as good stress indicators in fish exposed to several stress conditions. Similarly, 
classic indicators associated with the fish stress response, such as the levels of 
glucose and lactate, have also been detected in skin mucus after physiologi-
cal challenges (Fernandez-Alacid et  al., 2018, 2019). Similarly, the potential 
of the epidermal mucus as a noninvasive target for evaluating fish antioxidant 
status has been studied (Guardiola et al., 2018b). More concretely, the hydroxyl 
radical scavenging, hydrogen peroxide scavenging, ABTS [2,2′-azino-bis 
 (3-ethylbenzothiazoline-6-sulfonic acid] cation scavenging, lipid peroxidation, 
and linoleic acid autoxidation were identified as good biomarkers for evaluating 
the antioxidant potential of dietary supplementation (Guardiola et al., 2018b). 
Similarly, several chemical attractants such as pheromones, sex steroids, prosta-
glandins, or related metabolites have also been detected in fish skin mucus (re-
viewed by Reverter et al., 2017) suggesting that it is valuable for reproduction 
and chemical communication studies.

Recent progress in “omics” technologies such as genomics, transcriptomics, 
proteomics, and metabolomics, integrated between them or combined with bio-
chemical parameters, could provide the resources and tools needed to make 
significant progress in our understanding of the role of mucosal immunity and 
for biomarker discovery. For instance, recent studies published by Saleh et al. 
(2019) and Xiong et  al. (2020) explored the proteome of fish skin mucus in 
response to pathogens, using label-free LC MS/MS approach, revealing differ-
entially expressed proteins that likely related to a defense strategy in response to 
microbial infection. Other studies sequenced the DNA (microbiome character-
ization, microbiomics) of fish skin mucus evidencing their role as natural niches 
for mucosal pathogen evolution (Carda-Dierguez et al., 2017) and their use to 
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monitor the impacts of pollution through analysis of the bacterial communities 
(Montenegro et al., 2020). The integration of transcriptomics and proteomics 
approaches to investigate the regulation of fish mucosal immune response to 
bacterial, viral, and parasitic infection has also been applied recently (reviewed 
by Ye et al., 2018). These technologies include high-throughput transcriptomics 
(e.g., microarray and RNA-Seq approaches) and RT-PCR, and proteomics 
analysis of gene expression products through shotgun proteomic technology, 
two-dimensional gel electrophoresis, western blotting, and mass spectrometry. 
To date, only some studies have developed metabolomic approaches in fish mu-
cus, providing a snapshot of the state of an organism under specific conditions 
(Reverter et al., 2017). In fact, the results obtained reveal metabolomics as an 
extremely useful tool for understanding the processes and functions in which 
fish mucus is involved. In summary, the potential use of skin mucus as an easy, 
noninvasive, and reliable method to monitor fish welfare has been reported, 
verified, and validated through new and conventional experimental approaches. 
New uses as a noninvasive way to analyze fish status will be demonstrated in the 
short future when other biomolecules might be identified in skin mucus or new 
techniques applied for other purposes.

6. Main questions still to be addressed

The fish immune system is progressively seen as a highly diffuse organ com-
prising several organs (head-kidney, spleen, thymus, and MALT) that are inter-
connected by circulating leucocytes and soluble mediators. Little is still known 
about how fish immune cells are imprinted by their organ of residence to adjust 
to special regional needs. Similarly, we do not know the impact that immune 
cells have on their organs of origin or on their organ(s) of destiny. Future efforts 
should be directed toward understanding the peculiarities of the immunocytes 
originated in each of these organs, as well as their functions, both in those and 
other organs. Studies focused on fish immunology should integrate this cross-
talk at all levels (organs, tissues, cells, and molecules).

Moreover, the human microbiome is viewed as an organ vital to health and 
disease, and it is tightly intertwined with the immune system (Zheng et al., 2020). 
Similarly, the relationships between fish microbiota and mucosal surfaces should 
be deeply studied. Fish mucosal surfaces are colonized by commensal microor-
ganisms that live in symbiosis with their host. These bacteria have begun to be 
studied mostly in terms of presence or abundance. However, very little is known 
about the many ways in which their presence is beneficial to their host.

Advances in high-throughput multiomics technologies and bioinformatics 
will allow for the development of studies regarding the fish immune system 
on multiple levels. They will provide a huge amount of data which will finally 
result in the building of molecular multinetworks of the immune responses un-
der normal (physiologic) and disease (pathological) conditions, which will be 
translated into better aquaculture practices.
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Further, tools are necessary to evaluate and understand mucosal immunity 
in fish, such as cell lines or antibodies. This will allow the use of cell cultures 
of the mucosal surfaces to better understand their role, and it will also allow for 
control of the integument integrity and mucus production, which would help 
to reduce the use of fish specimens in experimentation and to adhere to the 
3Rs guidelines. In addition, the availability of specific antibodies would help 
to identify, localize, and quantify the cells and molecules involved in mucosal 
surfaces, since only routine (hematoxylin-eosin, Mallory’s trichrome, Giemsa, 
etc.) or carbohydrate-semi-specific (periodic acid of Schiff, Alcian blue, or lec-
tin binding) microscopy techniques are available so far. Strikingly, mucus has 
been mostly used, but the exact role of immune-related molecules within it is 
not completely understood. Therefore when these molecules are present and if 
their function is related to protection, which cells produce them and how they 
are regulated are important questions to be addressed in the near future. Once 
the tools and methodologies to do so are improved for each fish species, the 
ways in which they are affected by the fish management during the aquaculture 
cycle and the different ways to strengthen them are key points of focus in order 
to use the mucosal surfaces as a way to improve and guarantee fish health and 
well-being.

Concerning the main protocols for collecting mucus from fish that have been 
summarized in this chapter, the need to standardize the methodologies is high-
lighted, as well as evidencing the importance of choosing a mucus sampling 
protocol regarding the intended purpose of each experiment. In fact, all data 
generated from fish mucus should be critically reviewed, taking into consider-
ation both the strengths and weaknesses of the selected sampling methodology.

All these approaches will provide not only a better knowledge of fish immu-
nity, but also a far more comprehensive perspective of vertebrate immunology, 
which will generate new ideas for the prevention and treatment of fish diseases. 
Through the improvement of immunity of fish, we will improve the perfor-
mance of growing fish in farms in an eco-friendly and sustainable way.
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Chapter 9

Characterization of the 
neuroendocrine stress status 
as part of the multiparametric 
assessment of welfare in fish

Manuel Gesto
Section for Aquaculture, National Institute of Aquatic Resources, Technical University of 
Denmark, Hirtshals, Denmark

1. Animal welfare

The concept of “animal welfare” refers to the physical and psychological well-
being of animals and the focus on its study has been mostly developed during 
the last three or four decades. Humans have reared and domesticated animals 
for millennia for a variety of purposes (food, clothing, agricultural work, pets), 
but the research focused on animals as sentient beings, able to suffer, was only 
initiated during the second half of the 20th century, probably due to our better 
understanding about the animals’ motivation, cognition, and behavioral com-
plexity (Broom, 2011). Research on animal welfare was initially focused on 
livestock and laboratory animals, mostly birds and mammals, but has been now 
extended to cover fish and other vertebrates and even certain invertebrate groups 
such as cephalopods, crustaceans, and others (Benn et al., 2019; Branson, 2008; 
Carere and Mather, 2019; Diggles, 2019; Ponte et al., 2019). This has resulted 
from the increasing body of evidence pointing that those animals have complex 
cognitive abilities and might be also sentient (Vila Pouca and Brown, 2017). In 
fish, the increased awareness about fish sentience, together with the extensive 
current use of fish by humans for food (from fisheries and aquaculture) and 
other purposes (research, domestic pets, and/or exposition in zoos and aquaria), 
might explain the growing interest in fish welfare research (Fig. 1). Still, in spite 
of this recent interest, research studies published on fish welfare represent less 
than 10% of the studies dealing with animal welfare.

Different definitions of welfare exist (Huntingford and Kadri, 2014) and 
actually, the exact implications of welfare, and the measures to take to keep the 
animals in good welfare conditions, will depend on the specific definition of 
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welfare that is adopted. Most definitions of welfare belong to one of three broad 
categories (Huntingford et al., 2006): (1) the feelings-based definitions consider 
that good welfare exists only when the animals feel well; (2) the function-based 
definitions consider that good welfare exists if the animal is in a good physi-
ological state, and all biological functions perform well; and (3) nature-based 
definitions assume that animals need to be able to live a “natural life,” develop-
ing the same patterns of behavior that they would have in the wild. These three 
categories are not mutually exclusive and definitions that combine aspects of the 
different approaches are common (Sneddon et al., 2016).

No matter the definition considered, the welfare of fish intended for hu-
man use is critically important for several reasons (Seibel et al., 2020). In rela-
tion to fish farming, welfare is critical for economic reasons since productivity 
traits such as fish growth are highly dependent on the welfare status of the fish. 
Besides, avoiding unnecessary animal suffering when capturing, rearing, and 
slaughtering fish is important according to current ethics standards on the use of 
animals. Finally, national and international regulations on the use of fish, cur-
rently increasing in number and strictness as a result of both ethical standards 
and available information on fish physiology and behavior, constitute important 
legal reasons to maintain fish welfare at adequate standards.

FIG.  1 Number of publications found in Scopus.com by searching the keywords “animal  
AND welfare.” The corresponding share of “fish AND welfare” publications is marked in dark gray.
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1.1 Current knowledge gaps related to fish welfare

While fish welfare is a hot research topic, there are important gaps in our 
knowledge about the subjective life quality of both captive and wild fish. 
Furthermore, practical measures, procedures, and strategies to quantify fish 
welfare are still under development and under debate. Different sets of rec-
ommendations or guidelines to promote and evaluate the welfare of common 
aquaculture species have been recently released. Those include guidelines 
published by research entities (Noble et al., 2018, 2020) or even by charities 
such as the RSPCA (Royal Society for the Prevention of Cruelty to Animals) 
in the United Kingdom, among others (Kristiansen and Bracke, 2020; RSPCA, 
2018). The protection of fish by national regulations is uneven (Kristiansen 
and Bracke, 2020) but increasing, and those kind of guidelines might well 
end up being the basis of new regulations for fish welfare monitoring under 
captivity.

Current and future research will help to better answer questions that 
might seem simple, but have no clear answer such as, for example: Which 
are the most adequate variables to quantify/evaluate the welfare of wild and 
farmed fish? What levels of those variables could be considered “good wel-
fare”? What levels should be considered realistic and ethically and legally 
acceptable in fish farms? How can we compare the welfare state of fish from 
different sites, farms, and/or environmental conditions, or even from differ-
ent species? The answers to these questions are in fact very complex due to 
the highly diverse (inter- and intraspecific) responses of fish to their envi-
ronment. Just comparing, for example, the welfare of wild versus captive 
fish is extraordinarily complex: have wild fish a better welfare than farmed 
fish? Life in captivity can provide very positive conditions for fish perfor-
mance and survival, when compared to the wild environment, but it comes at 
the cost of different constraints, including captivity itself, lack of control of 
the social environment, and reduced environmental diversity, among others. 
Also, the severity of those constraints varies with the levels of adaptation 
and, for example, it is believed to decrease with domestication. In general, 
getting a clear idea of the subjective view of the fish about their environment 
and their life is extremely complicated, if not impossible, and therefore, ef-
forts to find indirect indicators about their state are currently the basis of fish 
welfare research.

Among the main difficulties of evaluating fish welfare, finding reliable in-
dicators is one of the most critical. Generally, acute welfare problems might be 
relatively easy to detect, but things get more difficult when the fish are exposed 
to prolonged or chronic disturbances of low severity. In those situations, com-
promised welfare is not always conspicuous. As commented in the following 
section, stress indicators are often used to evaluate the welfare status in fish, but 
again, most common stress indicators are not always reliable in conditions of 
prolonged or chronic stress and/or poor welfare.
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1.2 Evaluation of fish welfare

For the evaluation of fish welfare, particularly in the case of farmed fish, most 
guidelines suggest a double, complementary approach, including the assess-
ment of both the environmental conditions surrounding the fish (do the fish 
have what they need?) and the actual state of the fish (are the fish doing/feeling 
ok?). Different environmental or fish-based welfare indicators can be quantified 
(Stien et al., 2020) and the ones to be used will depend on the purpose and re-
sources available as well as on the fish species. For example, on-farm methods 
for assessing welfare should be practical and relatively inexpensive, while a 
more complex and precise approach might be needed and/or possible when con-
ducting research on fish welfare in the laboratory. In this regard, the indicators 
are generally classified as operational welfare indicators (OWIs, those that can 
be directly measured on-farm or in the wild) (Martins et al., 2012) and labora-
tory welfare indicators (LABWIs, those that require that samples are sent to a 
laboratory) (Noble et al., 2018).

Environmental indicators include variables related to water quality  
(e.g., temperature, pH, salinity, oxygen content, turbidity) and to the charac-
teristics of the rearing units and their locations (e.g., shape, size, and color of 
rearing tanks, fish stocking density, lighting conditions, feeding regimes, social 
environment). Animal-based indicators include variables related to the exter-
nal appearance (condition indices, external damage in eyes, snout, skin, gills, 
or fins) and to the physiology, metabolism, and behavior of the fish, individu-
ally or collectively (the latter referring to group-based variables such as the 
quantification of hormones/metabolites in fish rearing water or the evaluation 
of fish group behavior). Among fish-based indicators, variables related to stress 
are commonly used, including the levels of the so-called stress hormones, and 
other parameters related to their induction (e.g., brain serotonergic activity and 
intermediary hormones such as corticotropin-releasing hormone—CRH or ad-
renocorticotropic hormone—ACTH) or to their effects on the organism (e.g., 
increase of plasma glucose and reduction of liver glycogen).

2. The neuroendocrine stress response and its relation 
to welfare

The concepts of stress and welfare are closely related (Sneddon et al., 2016) 
and therefore, precise information about the stress status of a fish constitutes 
important information for assessing its welfare (Iwama, 2007). There exist dif-
ferent definitions of stress (Schreck and Tort, 2016). In general, the term refers 
to a disturbed state after perception of an external or internal event (a “stressor”) 
and to the physiological alterations that take place in the organism when trying 
to avoid or overcome the threat. Usually, when fish are exposed to a disturbance, 
they develop an integrated response to stress that involves a series of altera-
tions at different levels of organization in different tissues (Wendelaar Bonga, 
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1997). The integrated stress response results in effects that have been classified 
as primary, secondary, or tertiary (Pickering and Pottinger, 1995) (Fig. 2). Also, 
recently discovered effects of breeders’ stress on their progeny, such as altered 
gene expression or altered stress responses, have been referred to as “quater-
nary” effects of stress (Faught et al., 2020), which are probably mediated by 
genetic and epigenetic mechanisms (Faught et al., 2020; Ryu et al., 2018; Vera-
Chang et al., 2018). Primary responses include the activation of the stress neu-
roendocrine axes and the release of stress hormones to circulation. Secondary 
responses include stress hormone-induced changes in different tissues, gener-
ally directed to facilitate a quick evasive or aggressive response and to reinstate 
homeostasis once the stressor has disappeared. Tertiary responses can become 
evident if the stressor is too severe or if the exposure to the stressor is persis-
tent. In those cases, the animals might not be able to adequately cope with the 
stressor, and those tertiary effects might appear, including growth, immune, and 
reproduction inhibitions, and often a reduced ability to tolerate further stressors 
(Wendelaar Bonga, 1997).

FIG. 2 Main neuroendocrine pathways involved in the fish stress responses and their effects. The 
two neuroendocrine routes are indicated by dotted blue (the brain-sympathetic nervous system-
chromaffin cells axis, BSC) and green solid lines (the hypothalamus-pituitary-interrenal cells axis, 
HPI). 5HT, serotonin; A, adrenaline; ACTH, adrenocorticotropic hormone; AVT, arginine vasoto-
cin; CRH, corticotropin-releasing hormone; H, hypothalamus; NA, noradrenaline; P, pituitary; 
T, telencephalon.(Based on Faught, E., Hernandez-Perez, J., Wilson, J.M., Vijayan, M.M., 2020. 
Stress in response to environmental changes. In: Climate Change and Non-Infectious Fish Disorders, 
pp. 136–162. https://doi.org/10.1079/9781786393982.0136; Mommsen, T.P., Vijayan, M.M., Moon, 
T.W., 1999. Cortisol in teleosts: dynamics, mechanisms of action, and metabolic regulation. Rev. Fish 
Biol. Fish. 9, 211–268. https://doi.org/10.1023/A:1008924418720; Schreck, C.B., Tort, L., 2016. The 
concept of stress in fish, In: Fish Physiology, pp. 1–34. https://doi.org/10.1016/B978-0-12-802728-
8.00001-1; Wendelaar Bonga, S., 1997. The stress response in fish. Physiol. Rev. 77, 591–625.)
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Describing stress as a disturbance might lead us to think that stress is inher-
ently negative for fish welfare. However, the relationship between stress and 
welfare is not as straightforward as one might think. Exposure to stressors is 
part of the normal life of fishes: encounters with a predator, a competitive fight 
with a conspecific, or entering an area with poor oxygen content, for exam-
ple, are challenges that fish experience during their lives. Some of these events 
might constitute relevant opportunities for learning and even increase their ca-
pacity to cope with the same or other stressors in the future. In this regard, it 
has been proposed that both highly stressful and low-challenging environments 
(hypostimulation) might have negative effects on fish welfare (Korte et  al., 
2007; Schreck and Tort, 2016; Sneddon et al., 2016). A certain level of expo-
sure to acute stressors that are not severely threatening homeostasis might be 
considered “eustress” (in contrast to “distress”) and be positive (or at least not 
negative) for the fish in the long term (Schreck, 2010; Schreck and Tort, 2016; 
Vindas et al., 2016). In general, stressors that are severe, repeated or maintained 
in time, and unpredictable are more likely to constitute a welfare problem for 
fish, while punctual exposure to acute stressors, particularly if those are predict-
able, is more easily tolerated (Balasch and Tort, 2019). Particularly, the duration 
of the exposure to a stressor is of critical importance for fish welfare. A stressor 
that is of very low severity when occurring punctually might cause some of the 
tertiary effects described before when occurring at high frequencies or when 
prolonged in time. This is of particular relevance in fish under captivity, since 
the fish are contained in closed environments and cannot escape or avoid being 
exposed to whatever disturbance they might encounter in their rearing units. 
Different anatomical, behavioral, and physiological indicators, related to pri-
mary, secondary, and tertiary stress effects, are generally used as stress mark-
ers (Sopinka et al., 2016) and, taking into consideration the context of those 
responses, they might be also informative when assessing fish welfare.

2.1 General considerations on the use of stress indicators  
for welfare evaluation

Different stress variables can be used as indicators of the subjective perception 
of the fish of its current situation. However, as commented before, that cur-
rent situation could be temporary and maybe short-lived, so the interpretation 
of the link between stress and potential negative welfare should be done with 
caution. In general, primary and secondary stress indicators are good mark-
ers for acute stress, but their value as indicators of prolonged or chronic stress 
is limited (Laberge et al., 2019). In a prolonged stressful situation, the use of 
tertiary indicators would be more informative when assessing stress and wel-
fare in fish (Sopinka et al., 2016). In the case of indication of acute stress, the 
context should be taking into consideration with caution when evaluating the 
welfare situation of the fish. Acute stress might pose a risk for fish welfare or 
not, depending on the frequency and severity of the stressor and/or the ability of 
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the fish to habituate to it (which is species- and stressor-specific). However, the 
occurrence of tertiary effects (e.g., reduced growth, higher prevalence of infec-
tions and disease, or poor external condition) is in general a clear indicator that 
the welfare condition of the animals is compromised.

Furthermore, the levels of stress indicators might depend on many differ-
ent factors (age, strain, population, species, reproductive stage, time of the day, 
among others), and therefore, the comparison among populations, farms, spe-
cies, etc. might be problematic. To a large extent, the relevance of using stress 
indicators as welfare indicators comes from a comparative framework: compar-
ing the actual indicator values to the “expected” values for stress-free animals. 
These reference values could vary depending on the rearing facilities and en-
vironmental conditions and therefore, it is important to have a proper control 
group of reference to precisely determine if a fish group/population is stressed 
or not. In other words, absolute values of a stress indicator (e.g., cortisol) are 
not enough to determine to what extent the fish are stressed. In controlled ex-
periments, it can be relatively easy to establish a proper control group, but this 
might be complicated when sampling wild fish or fish from a farm to evaluate 
their welfare. In those cases, historical information about the stress indicators in 
the same ecosystem or farm/rearing units would be needed to precisely detect 
any disturbance with respect to conditions considered “basal.” In summary, the 
evaluation of stress in fish is in itself a difficult task. The difficulties associated 
to this evaluation are beyond the scope of this chapter and interested readers 
might refer to the chapter published by Sopinka and collaborators (2016), who 
provided a complete review on the topic of stress evaluation in fish.

3. A proposed method to determine the stress status  
of fishes as part of the assessment of their welfare

The method proposed here combines indicators at different levels of the stress 
neuroendocrine cascade to obtain a precise view of the activation of the stress 
pathways in fish. A schematic summary of the work pipeline for the proposed 
method is shown in Fig. 3. The method is intended to characterize the fish 
stress status in the context of stress- or welfare-related research. The method 
can provide relevant fish-based information about welfare, but it is not in-
tended to be used to characterize fish welfare for practical purposes, for ex-
ample, for monitoring welfare in a fish farm, due to the relative complexity 
of sampling and analysis, as well as to their associated costs. As described 
later, the method requires the sacrifice of the sampled fish. However, the vari-
ables included in the proposed method are just a suggestion, and depend-
ing on the intention of the stress/welfare assessment or the rationale of the 
experiments, other alternative and/or complementary variables can be used. 
Nonlethal sampling is possible if the user is not specifically interested in the 
brain monoaminergic data, for example: For relatively large fish (> 15–20 g), 
a nonlethal blood sample would be enough to quantify the blood variables 
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described later. Furthermore, the main stress hormone (cortisol) and other 
stress-related metabolites can be measured noninvasively, using other tissues 
(mucus, scales) or even in rearing water (Aerts et al., 2015; Bertotto et al., 
2010; Ellis et al., 2004). Each option has its own advantages and drawbacks 
(Sadoul and Geffroy, 2019) that have to be taken into consideration when 
interpreting the data for assessing fish stress and/or welfare status. The use 
of different stress indicators as potential welfare indicators in fish (and in 
salmonids in particular) has been reviewed before (Noble et al., 2018, 2020; 
Sopinka et  al., 2016). Interested readers can refer to those publications for 
alternative ways to assess fish stress and welfare.

The variables suggested in this chapter to investigate the neuroendocrine 
stress status, explained later in more detail, are basically primary and secondary 
acute stress indicators. Whenever possible, the complementary use of tertiary 
indicators (e.g., growth, condition factor, and/or external appearance) is highly 
recommended. The main applications of characterizing the acute stress status of 
the fish for welfare assessment are as follows:

(1) The evaluation of the stressful potential of specific events, conditions, or 
protocols in fish maintained in captivity. Experimentally exposing fish to 
the factor of interest and evaluating their stress status postexposure allows 
determining the severity of the disturbance for the fish (if any) and whether 
the factor is to be considered as a threat for fish welfare.

FIG. 3 Summary of the work pipeline for the proposed method to evaluate stress status as part of 
welfare assessment in fish.
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(2) The evaluation of the acute stress status during stress-challenge trials. When 
welfare conditions are poor, the ability of fish to cope with (further) stress-
ors is often altered (Barton, 2002). Exposing the fish to controlled/standard-
ized acute stressors and evaluating their stress response is informative about 
the ability of fish to cope, and therefore, about their welfare status (Bonier 
et al., 2009).

(3) The evaluation of the acute stress indicators in generic fish (i.e., not exposed 
to specific stressors, or part of a stress/welfare experiment) might provide 
some information related to welfare. For example, basal cortisol levels can 
be slightly elevated in chronically stressed fish. However, the responses of 
acute indicators to prolonged or chronic stress are often inconsistent, due 
to multiple regulatory factors affecting the release of stress hormones, their 
receptor levels, etc. (Barton, 2002). Therefore, in chronically stressed fish, 
acute stress indicators might or might not show increased levels, and the 
complementary use of the more integrative tertiary indicators, or the use 
of stress-challenge trials to assess the stress-coping ability of the fish, is 
recommended.

It is important to highlight that a single-point evaluation of acute stress in-
dicators is usually not enough to fully characterize the fish acute stress re-
sponse and status, particularly in the case of points (1) and (2) described 
before. This is because acute stress indicators have a specific time-response 
profile upon stress exposure, and both the magnitude of the response (how 
much the indicators increase/decrease upon stress exposure) and the dura-
tion of the response (for how long the indicators remain altered—or, in other 
words, their recovery time) are of relevance when assessing the stress/wel-
fare status. Often, fish in good welfare condition show a response of high 
magnitude that recovers fast, while fish in poor welfare might show lower 
peaks of the indicators but extended recovery times (Barton et  al., 2005; 
Gesto et al., 2018b; Jeffrey et al., 2014).

3.1 Proposed variables

The proposed method involves the determination of different acute stress indi-
cators in the fish, including the plasma levels of cortisol, glucose, and lactate 
and the serotonergic activity in the telencephalon. External condition observa-
tions (e.g., growth/size, external tissue damage, and/or condition factor) should 
be included in the assessment whenever possible (Fig. 3), particularly if the ob-
jective of the assessment is just characterizing the general stress/welfare status 
of the fish individual(s).

The cortisol concentration in the plasma is, most probably, the most com-
monly used stress indicator in fish. However, its production and release are af-
fected by different endogenous and exogenous factors, so its use as the sole 
stress indicator is not recommended. Furthermore, using cortisol alone as wel-
fare indicator has even further limitations due to the nonstraightforward link 
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between stress and welfare (Ellis et  al., 2012). Therefore, the combined use 
of cortisol along with other physiological stress indicators is strongly recom-
mended. Among them, brain serotonergic activity provides information about 
the level of activation of the central nervous system (CNS) upon exposure to a 
certain stressor. That activation can be viewed as a primary subjective indica-
tor about how the fish perceives the stressor. Acute stress induces a consistent 
and fast activation of serotonergic transmission in certain areas of the brain 
(Emerson et al., 2000; Gesto et al., 2013), and the serotonergic system is be-
lieved to have a prominent role in the organization and control of the vertebrate 
stress response (Crawford et  al., 2010; Gesto et  al., 2013; Jørgensen, 2007). 
The telencephalon, located in the anterior part of the brain, has a key role in 
the control of the teleost stress response, and serotonergic activity in this region 
has been consistently observed to change after stress (Gesto et al., 2013; Vindas 
et al., 2017). While the response of serotonin (5-hydroxytryptamine or 5-HT) 
to acute stress is transient and usually recovers after the stressor is no longer 
present, prolonged and/or repeated stress can also induce adjustments on the 
serotonergic system in the long term (Backström and Winberg, 2017; Winberg 
and Thörnqvist, 2016).

Besides primary stress indicators, it is important to have an indication of 
how the fish physiology and metabolism are actually being affected, so the de-
termination of secondary stress indicators such as the plasma levels of glucose 
and lactate is recommended. Glucose concentration provides information about 
its level of mobilization from glycogen stores, or as newly synthetized glucose, 
to fuel muscle and other tissues to help the fish to overcome the threat gener-
ated by the stressor. Glucose levels increase after acute stress due to the action 
of both catecholamines and cortisol (Wendelaar Bonga, 1997). Lactate levels 
in plasma often increase after acute stress as an indication of the increased an-
aerobic metabolism in fish tissues. This is due to certain level of tissue hypoxia 
resulting from an imbalance between the demand and the delivery of oxygen 
to the tissues, which is increased when the stressor generates a behavioral re-
sponse requiring increased exercise/muscle activity, or in particular cases where 
the stressor involves hypoxia in itself (exposure to air or to hypoxic water) 
(Milligan and Girard, 1993; Omlin and Weber, 2010). Therefore, contrary to 
cortisol or glucose, whose response to stress is generally unspecific, the induc-
tion of lactate depends on the type of stressor and how it affects fish behavior 
and oxygen uptake from the environment.

While not described here as part of the proposed method, the determination 
of plasma osmolality and the plasma concentration of ions such as Mg2 +, Na+, 
and Cl− could be good complementary variables, since both catecholamines and 
cortisol are known to acutely affect osmoregulation, particularly at the level of 
the gill (McDonald and Milligan, 1997; Sopinka et al., 2016). In addition, the 
use of tertiary indicators is advised whenever possible as complementary to any 
other stress indicator. Tertiary indicators, including external tissue damage (in 
skin, eyes, gill, and/or fins), growth data, condition indices, energetic variables 
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(glycogen levels in muscle and liver), among others, integrate information about 
stress and welfare during recent events. Therefore they provide more reliable 
information about the long-term state of the animal than acute stress indicators 
(Madaro et al., 2020; Sopinka et al., 2016).

3.2 Technical considerations for experimental design  
and sampling

3.2.1 Experimental design
Stress experiments, or even simple protocols for stress or welfare assessment, 
require well-planned design and sampling protocols to avoid (1) exposing the 
fish to uncontrolled factors that could induce stress and (2) disturbing the fish 
before or during sampling. Having a good control of all potential factors that 
can induce undesired alterations in the stress indicators during an experiment, 
or when capturing fish is complicated, particularly for inexperienced workers/
researchers. Fish should be allocated to rearing units where the environmen-
tal conditions (e.g., noise, light, water quality, and/or stocking density) are not 
stressful and are equivalent for all rearing units. Readers interested in poten-
tial stressors for fish in captivity can refer to published literature on the topic 
(Ashley, 2007; Biswas et al., 2006; Eissa and Wang, 2016; Smith et al., 2004; 
Stevens et al., 2017). Factors differentially affecting the different rearing units 
should be avoided, if possible (e.g., some rearing units might be more exposed 
to people passing by than others). Furthermore, performing stress experiments 
in a noisy open area, where many people pass by, is not advisable. On the other 
hand, isolating fish rearing units in a too-protected environment might make 
the fish more “stressable” during processes such as tank cleaning or capture for 
sampling. It is important to have fish under conditions at which it is possible to 
observe basal levels of the stress indicators in control, nonstressed fish. In this 
regard, it is of critical importance to provide enough time for the acclimation 
of fish to new tanks and/or environmental conditions: stress experiments often 
require reallocating fish from rearing units to experimental units. This realloca-
tion is stressful in itself, and it is generally recommended to wait at least 2 weeks 
(the time might vary depending on the species) before starting any experimental 
protocol with the fish (unless the reallocation is considered part of the experi-
mental protocol).

3.2.2 Sampling design
Regarding fish capture for sampling, the nature of the response of stress indica-
tors, which often increase fast after stress exposure, requires careful consider-
ation of the way the fish should be captured and the number of fish that will 
be simultaneously captured. Just as an example: if 10 individuals need to be 
sampled, it should be considered if all 10 fish should be captured together (tak-
ing into account that there are some requirements about the time taken for tissue 
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collection, as commented later) or, alternatively, in batches. If the latter is the 
case, it might not be adequate capturing fish more than once from the same rear-
ing unit, since the fish remaining in the unit after the capture of the first batch 
would be stressed to some extent. In general, from the start of the fish capture 
to the completion of the tissue collection, the process should be as fast as pos-
sible and avoiding capturing fish repeatedly from the same units, unless at least 
several hours have passed in between.

3.2.3 Procedures for tissue collection
As part of the proposed method, both blood and a brain region, the telencepha-
lon, are to be collected. As commented before, the sampling has to be done 
in a way that does not compromise the samples taken. During sampling, the 
capture and anesthesia procedure of the fish is in itself stressful and would in-
duce a secondary increase in the stress indicators in a matter of a few minutes. 
Therefore, both blood and telencephalon samples should be collected fast after 
capturing and anesthetizing the fish, in order to avoid as much as possible an 
effect of those processes in the assessed variables. Most usually, a blood sample 
is collected first, and then, fish is beheaded for the collection of the telencepha-
lon—the fish must be already dead from an anesthetic overdose before this step. 
The capture of the fish, for example, by netting, should be swift and the fish 
should be immediately introduced to the anesthesia (most often in the form of 
an anesthetic bath of MS-222, benzocaine, clove oil, or any other appropriate 
anesthetic for fish). The use of one or another anesthetic would depend on the 
species and on the researcher’s preferences, but also on the applicable national 
and international regulations in each case. In the case of salmonids, it is usually 
better to keep total sampling time (from the start of the capture process until the 
completion of tissue collection) under 3–4 min. When possible, certain strate-
gies can be used to minimize capture- and sampling-related stress: One would 
be using high anesthetic doses (relative strength of the dose depends on the 
anesthetic and on the fish species), reducing the anesthesia time, and therefore, 
total sampling time. High, lethal doses of anesthetic may be used if the fish is 
not expected to recover. Another useful strategy is in-tank anesthesia, adding 
the anesthetic directly to the tank, so the fish do not need to be captured, or even 
disturbed, before anesthetized, which highly reduces the sampling-associated 
stress. In-tank anesthesia is normally only used when all the fish in the rearing 
unit are to be sampled at the same time.

An anticoagulant solution (e.g., ammonium heparin) should be used to rinse 
the syringes before blood collection, to avoid blood clotting in the syringe or in 
the collection tubes. It is better to keep the blood on ice after collection and cen-
trifuge the blood (recommended: 10 min at 2500 × g and 4 °C) for obtaining the 
plasma as soon as possible. Even if cortisol is stable for several hours at room 
temperature, glucose and lactate levels will be altered if the samples are let for 
a few hours at room temperature, particularly in the presence of blood cells. 
In general, both glucose and lactate levels should be stable for at least 30 min 
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in blood and at least 2 h in plasma, when the samples are kept on ice (personal 
observation). Plasma samples can be aliquoted and stored at − 20 °C or below 
until analysis. The amount of plasma needed for the analyses would depend on 
the techniques or commercial kits used for the different analyses, but in most of 
the cases, a total of 60 μL of plasma should be more than enough for assaying 
all glucose, lactate, and cortisol in duplicate. Some other biological matrices 
can also be used for the determination of one or more of these variables, such 
as whole-body homogenates or skin mucus (for cortisol, glucose, and lactate), 
gill filaments and scales (for cortisol), or fish rearing water (cortisol) (Aerts 
et al., 2015; Gesto et al., 2015a; Herrera et al., 2020). There are different pros 
and cons associated to each tissue, and the choice will depend on the objective 
of the study, the size of the fish, or on whether the fish is expected to survive the 
sampling or not, among other factors.

The telencephalon should be also sampled as quickly as possible. Once the 
fish has been killed by an anesthetic overdose, it can be beheaded, and the roof 
of the skull can then be easily removed with a scalpel, exposing the brain. Then, 
the two telencephalic lobes can be collected with a pair of fine forceps after ver-
tically severing their anterior and posterior connections with some fine tipped 
scissors. Most often, the telencephalon can be easily recognized as a paired-
lobed region located anterior to the optic tectum, which is generally comprised 
of two larger lobes. However, brain anatomy varies considerably among fish 
species and for some, recognizing the different brain areas might not be so 
straightforward. The chapter by Butler (2000) on the anatomy of fish nervous 
system might be helpful in this regard for interested readers. Once collected, the 
tissue should be immediately snap frozen and then stored at − 80 °C. 5-HT and 
its main metabolite 5-hydroxyindoleacetic acid (5-HIAA) is relatively labile. 
It is very important to be very precise when dissecting out the telencephalon: 
Monoaminergic cell bodies are grouped forming clusters and therefore, brain 
tissue is not homogeneous in terms of monoaminergic content. This means that, 
since the calculated concentration of the compounds will be normalized by tis-
sue mass (see later), small differences in the piece of tissue collected can result 
in very important differences in the final calculated concentrations per unit of 
tissue.

3.3 Analytical procedures

Most usually, the plasma levels of glucose and lactate are quantified without the 
need of any sample preparation. The analysis is usually performed by means of 
enzymatic assays where, through a series of coupled enzymatic reactions, a col-
ored product is formed in amounts that are directly related to those of the com-
pound of interest in the plasma sample. Using the originally described protocols 
is possible (see e.g., Bergmeyer, 1974), but diverse analytical kits are now com-
mercially available. Kits are easy to use and assays can be performed with very 
little previous experience or expertise, just following the kit manual, but they 
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are relatively expensive. The requirements in terms of equipment are relatively 
low, and are mostly restricted, besides basic laboratory equipment, to a spec-
trophotometer (using cuvettes or microplates), which is needed to quantify the 
absorbance at particular wavelength of each reaction tube or microplate well.

Cortisol is most often quantified using immune assays such as 
RadioImmunoAssay (RIA) or Enzyme-Linked ImmunoSorbent Assay (ELISA). 
There are different types of immune assays that work in different ways, but all 
are based on the use of specific antibodies against the analyte (cortisol, in this 
case). At the end of the assay, a chemical label will be present in the reaction 
tubes or wells. The type of label will be radioactivity (in the case of RIA) or an 
enzyme (in the case of ELISA), and the amounts of the label in every case will 
be directly or inversely linked to the amount of cortisol in the original sample. 
The intensity of the signal can then be measured with a radioactivity detector in 
RIA. In the case of ELISA, the amount of the enzyme label can be calculated af-
ter adding a reagent that the enzyme is able to transform into a detectable prod-
uct (most often a colored or luminescent product). Both RIA and ELISA have 
different advantages and drawbacks. RIA is cheaper, but most usually requires 
specific allowance and facilities to work with radioactive compounds, depend-
ing on the corresponding national regulations. In any case, the development 
and setup of RIA or ELISA techniques requires specific expertise. However, 
as commented before for glucose and lactate, there are nowadays many com-
mercially available kits (RIA and ELISA based) that are easy to use, even by 
inexperienced users. Again, the convenience and easy-to-use characteristics of 
the kits most often result in a more expensive analysis. Kits of different brands 
have been used in fish stress experiments, and depending on the kit used, some 
kind of sample preparation, usually in the form of a preextraction step, might 
be required. It is worth mentioning that cortisol levels can vary substantially 
depending on the species, and this can determine the sensitivity required for the 
analytical kit. Just as an example, salmonids are considered to have interme-
diate cortisol levels (Barton, 2002), while other species tend to display much 
higher levels, such as the case of the European seabass (Dicentrarchus labrax) 
(Alfonso et al., 2019). On the opposite side of the spectrum, sturgeons tend to 
show lower plasma levels of cortisol (Barton, 2002; Hoseini et al., 2016).

The most common and convenient way to analyze brain monoamines, in-
cluding 5-HT and its main oxidative metabolite 5-HIAA, is by means of HPLC 
with electrochemical (EC) detection. HPLC equipment is relatively common 
in physiology or biology laboratories, but the use of EC detectors is not so 
frequent. There are plenty of HPLC protocols available in the literature for 
the simultaneous quantification of monoaminergic neurotransmitters, such as 
5-HT, dopamine, noradrenaline, and their metabolites, from animal tissue sam-
ples (Gesto et al., 2006; Höglund et al., 2000; Jakubovic et al., 1987; Mefford, 
1981; Reinhoud et  al., 2013). Monoaminergic neurotransmitters have a wide 
array of functions in the control and regulation of brain processes, including 
 behavior-controlling processes such as the regulation of mood, attention, arousal, 
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 motivation, novelty-seeking, aggression, anxiety, or appetite (Abbey-Lee et al., 
2018; Messias et al., 2016; Winberg and Thörnqvist, 2016). Furthermore, the 
activity of these neurotransmitters, particularly the serotonergic activity, pro-
vides information about stress signaling in the fish brain (Gesto et al., 2013; 
Puglisi-Allegra and Andolina, 2015). It is important to highlight that the mere 
quantification of neurotransmitters from homogenized tissues is not very infor-
mative in terms of the neuronal activity, since it does not allow discriminating 
between active (released) or inactive neurotransmitters, still packed in vesicles 
in the presynaptic neurons. In order to have an estimation of the rate of re-
lease of neurotransmitters into the synapses (i.e., the neurotransmitter activity), 
the ratios between the main oxidative metabolite and the parent neurotrans-
mitter are often used (Shannon et al., 1986; Winberg and Nilsson, 1993). The 
rationale behind the use of these ratios is as follows: the neurotransmitters are 
usually stored in vesicles in the presynaptic neurons. When released, they are 
partially reintroduced into the presynaptic neuron by specific transporters and 
are partially catabolized by monoamine oxidase and other enzymes. Therefore 
the more they are released, the more metabolites will be formed and the ratio 
will increase. In teleosts, the main metabolite of 5-HT is 5-HIAA (Lepage et al., 
2002), and the ratio 5-HIAA/5-HT is used as a proxy of “serotonergic activity.” 
The analysis of monoamines in tissues requires a homogenization step that is 
usually carried out by using mechanical grinders or ultrasonic disintegrators. 
Then, after centrifugation (recommended: 10 min at 12000 × g and 4 °C), the di-
luted supernatant can usually be injected directly into the HPLC. It is important 
to note that the homogenization step can induce the degradation of labile com-
pounds such as 5-HT and 5-HIAA and therefore, the homogenization protocol 
should be well standardized (in terms of duration, intensity, temperature, and 
any other relevant factor). As a rule of thumb, intensity and duration of the ho-
mogenization should be kept at the minimum that allows a proper disintegration 
of the tissue, and the samples should be kept refrigerated at all times. Refreezing 
should be avoided and samples should be prepared and injected into the HPLC 
after first thawing. Once analyzed, the amounts of monoamines in the tissue 
are usually normalized by tissue mass, so the telencephalon should be weighed 
at some point, either after collection, or during/after thawing (recommended), 
prior to homogenization.

3.4 Interpretation of the data

Most often, acute stress induces transient increases in the variables described: 
plasma cortisol, glucose and lactate, and telencephalic 5-HIAA/5-HT ratio. To 
which extent this increase is related to poor welfare must be interpreted tak-
ing into consideration the context of the study or the situation. If the fish is 
exposed to disturbance for an extended period, some of the proposed variables 
might remain elevated for some time, sometimes for days or weeks. That is not 
always the case. As explained before, several indicators can be attenuated with 



300 Cellular and molecular approaches in fish biology

time even if the stress persists. The fish can habituate to the stressor or simply 
be unable to keep their acute stress pathways activated the same as after acute 
exposure. As suggested before, tertiary indicators will be needed in those cases 
to better understand the welfare status of the fish. Those indicators will help 
to distinguish situations in which the fish are doing fine (i.e., not stressed any-
more, maybe indicating habituation), accommodating a load (i.e., affected, but 
able to cope after physiological adjustments), or just being unable to cope well 
with their situation (and then showing inhibited growth, higher prevalence of 
infections and diseases, higher mortalities, among other potential effects). It is 
important to note that most of the results of experiments focused on stress and 
welfare open new questions related to the welfare of the fish. In those cases, 
further research is needed in order for us to be able to predict how the welfare of 
the fish will be affected by the tested condition. In this regard, for a given poten-
tially disturbing factor, it is fundamental to consider the key role of the exposure 
timing in relation to welfare: The exposure time and the frequency of exposure 
to a stressor, together with the stressor severity/intensity, will determine how 
relevant the stressor is for fish welfare. A factor that is acutely stressful might 
or might not be a threat to welfare, depending on exposure time and frequency 
and/or on the fish ability to habituate to the specific stressor. On the contrary, 
an acute stressor of low severity, or even a factor that is not stressful at all upon 
acute exposure, might turn into a stressful factor if the exposure is prolonged, 
repeated, or chronic. Therefore studies demonstrating that a fish is acutely af-
fected (or not) by a given condition or event will require a further research ef-
fort to investigate the long-term consequences of the same condition or event, 
which, in general, cannot be predicted from the acute responses.

3.5 Examples of application of the proposed method

The same or similar approaches to the one suggested here have been applied to 
assess the stress condition of fish under different circumstances. For example, 
it has been used to evaluate the stressor potential of different factors, including 
handling by chasing (Conde-Sieira et al., 2018b; Gesto et al., 2013), alterations 
of water quality (Gesto et al., 2020), presence of pollutants (Gesto et al., 2006, 
2009; Tintos et al., 2007, 2008), and formation of social hierarchies (Xu et al., 
2020), among others. It has also been used for basic research on the function 
and regulation of the teleost stress response (Gesto et al., 2013, 2014, 2015b).

It is worth mentioning that, since stress responses are triggered under spe-
cific conditions/stimuli, just assessing stress variables in resting fish is not very 
informative. Assessing the ability of fish to respond, physiologically and be-
haviorally, in standardized stress-challenge tests, is usually more relevant. The 
magnitude and duration of the stress response after a standardized stressor pro-
vides a better picture of status of a fish; it provides information about stress re-
activity, but also about the metabolic capacity to mount an efficient organismal 
response (physiological and behavioral) to a threat. The ability of the fish to 



Characterization of the neuroendocrine stress status Chapter | 9 301

respond to acute stressors is affected by different factors. In this regard, the sug-
gested protocols have been used on different occasions to assess the effects of 
different factors on the fish stress response to specific stressors. Among those 
factors were the diet/nutritional status (Azeredo et  al., 2017; Carvalho et  al., 
2019; Conde-Sieira et  al., 2018a; Hundal et  al., 2021), early developmental 
time (Gesto et al., 2017, 2018b), the presence of pollutants (Gesto et al., 2008, 
2018a; Melnyk-Lamont et al., 2014), and the presence of stress-relieving com-
pounds (Conde-Sieira et al., 2014; Gesto et al., 2016; López-Patiño et al., 2013), 
among others. In many occasions, those factors have effects that only become 
apparent in the “stressed” state (e.g., in the magnitude and/or the duration of the 
stress response), but have no influence on the basal levels of the stress mark-
ers. Finally, the proposed approach has been also used in research about fish 
personality, which is usually defined based on the animal’s stress-coping styles 
(Alfonso et al., 2019; Gesto, 2019). Those studies contributed to characterize 
the stress responses of reactive and proactive fish, being the extent of the differ-
ences dependent on fish species and on the degree of domestication.

4. Conclusions and future perspectives

The presented technical approach allows for a precise assessment of the im-
mediate stress status of fish, which is relevant as part of the assessment of fish 
welfare in captive fish, and helps as well in identifying procedures and situ-
ations that can threat fish welfare in the long term. This approach is used in 
fish stress research, since the assessment of welfare in fish farms is generally 
based on the so-called OWIs, which are required to be simple, inexpensive, and 
less invasive. Because of those requirements, OWIs are mostly based on either 
the monitoring of environmental variables (e.g., water quality, currents, stock-
ing density) or in the monitoring of external fish-based variables (e.g., growth, 
condition, malformations, integument damage) (Noble et al., 2020). Detailed 
research on fish stress is important to investigate how current and future OWIs 
correlate with the real psycho- and physiological status of the individual fish. 
Interestingly, there are ongoing efforts to incorporate the use of stress hormones 
as OWIs in the form of biosensors that can be used to easily quantify fish cor-
tisol levels. Hopefully, those sensors would be used in the future as diagnostic 
tools to monitor stress hormones in the water of fish rearing tanks, providing 
real-time information about the stress status of the fish in the farms (Wu et al., 
2017, 2019).

An important drawback in the use of stress variables for welfare monitoring 
is that there are no clear immediate markers of chronic stress. Chronic stress, 
resulting from sustained suboptimal conditions during fish rearing, is one of the 
main determinants of poor welfare in captive fish. Since acute stress variables 
might be unreliable when assessing chronic stress, its detection usually relies 
on tertiary effects (such as growth or immune inhibition). However, those ef-
fects can also occur without stress, and therefore, an unambiguous indicator 
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of chronic stress is still elusive. Recently, the assessment of cortisol deposited 
and accumulated in the scales has been developed as a potential indicator of 
the stress a fish has suffered during its life (or at least during a relatively long 
period). Though promising, how this deposition of cortisol in the scales (and 
maybe in other tissues?) is affected by different environmental factors or in dif-
ferent fish species is unknown, and future research should clarify how precise 
and reliable is this deposition in relation with the stress experienced by the 
animals during their life.

The recent implementation of metabolomics and other omics approaches 
might constitute a good opportunity for finding new markers of stress and 
welfare in fish (Raposo de Magalhães et al., 2020). New indicators would be 
particularly helpful in relation to the detection and management of sustained 
suboptimal stress/welfare conditions in captive fish, which would certainly con-
tribute to a more sustainable and ethical fish farming.
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1. Introduction

In this chapter, “fish” refers to the ray-finned fish clade (Actinopterygii), 
which split from the lobe-finned fishes (Sarcopterygii, including tetrapods) ap-
proximately 450 million years ago (mya). The issue of what defines a “fish” is 
considered elsewhere (see Helfman et al., 2009), but for clarity, this chapter ex-
cludes cartilaginous fishes (chimaeras, sharks, rays, and skates), jawless fishes 
(lampreys and hagfishes), and nontetrapod sarcopterygian fishes including coel-
acanths and lungfishes.

The Actinopterygii is noted for its remarkable species richness and phe-
notypic diversity, concentrated within the extant teleost group (Fig. 1). Fishes 
are ubiquitous in aquatic habitats, having adapted morphologically and physi-
ologically to most conceivable environments, finding niches in the deepest 
oceans, underground caves, highest altitudes, and near hydrothermal vents (e.g., 
Helfman et al., 2009). The diversity among fishes has not only long fascinated 
biologists interested in adaptation and evolution, but is also heavily exploited by 
humans, as we rely on many different species from various taxa for food—har-
vested from the wild or cultivated through aquaculture (Houston et al., 2020).

The term “genome” encompasses the complete genetic material (i.e., the 
inherited DNA packaged within the nuclei of each cell) that encodes for and 
regulates the expression of molecules (i.e., proteins and RNAs) that influence 
phenotypes developed during life, which are selected across generations. We 
define “epigenome” as the collection of possible variable biochemical states im-
pacting a genome sequence independent of DNA sequence variation, including 



FIG. 1 Genetic diversity of fish genomes highlighted on a time-scaled tree. The phylogenetic time tree was generated from a Newick file provided 
within Hughes et al. (2018). We retained species to the level of genera within families, where we could identify a reference genome sequence in 
NCBI, as well as information on genome assembly size, repeat content, predicted number of protein coding genes, and the number of chromosomes 
(haploid representation). We used ggtree (Yu et al., 2018) to update the original tree by retaining a single representative species in instances where a 
family had multiple species, leading to 252 tips being removed from the original tree. We used ggplot (Wickham, 2016) to generate the shown barplots 
(data were missing for some genome features in a small number of species). WGD events in teleost evolution are marked on the tree.
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DNA methylation and histone posttranslational modifications, which together 
modify how DNA is packaged into nucleosomes and available for transcription 
under different biological conditions (discussed in Section 7.3).

During the last 15 years, our knowledge of fish genomes has advanced dra-
matically. We have recently moved from a situation where a handful of fish 
genome sequences were available to having high-quality genome sequences for 
hundreds of species (e.g., Fig. 1; Section 2), and in some cases numerous indi-
viduals per species (e.g., Bertolotti et al., 2020). Consequently, fish researchers 
benefit from an abundance of data to investigate how evolutionary changes in 
the genome are linked to biological traits of interest.

There are many ways to study the evolution of genomes. This includes com-
paring different individuals or populations within the same species (i.e., mi-
croevolutionary scales). In this chapter we focus mainly on long-term genome 
evolution (i.e., macroevolutionary scales), approached by comparing different 
species or distinct regions within the same genomes. The latter is important as 
fish have experienced multiple rounds of whole genome duplication (WGD) 
during their evolutionary history, where the entire genetic code was doubled 
(Fig. 1; Section 3). Such events have allowed the retention of duplicated fea-
tures, including genes encoding proteins and noncoding RNAs, as well as regu-
latory sequences controlling transcription, creating new variation and potential 
for adaptation and change. As expanded later, causative links between WGD 
and fish diversity have long been proposed, but this is an area of ongoing de-
bate. Importantly, recent advancements in molecular biology are enabling us 
to annotate the functional molecules and epigenomic features harbored within 
fish genomes at increasing resolution and breadth, driving forward new levels 
of understanding.

Therefore the great biological and genetic diversity within fishes makes 
these animals an exceptional system for studies of genome evolution. The ob-
jective of this chapter is to introduce key advances and tools relevant to such in-
vestigations, providing a reference for the status and directions in the field. The 
reader is directed to several excellent reviews for broader or more exhaustive 
information on many of the themes explored (Roest Crollius and Weissenbach, 
2005; Volff, 2005; Glasauer and Neuhauss, 2014; Braasch et  al., 2015; Best 
et  al., 2018; Ravi and Venkatesh, 2018). Additionally, we provide a method-
ological primer, guiding the reader on how to perform a reliable study into the 
evolution of microRNAs (miRNAs, Section 8).

2. Resources to study fish genome evolution

The second vertebrate genome sequenced and assembled (closely following 
our own species) was a fish, Takifugu rubripes, selected as a study system for 
its small genome size by vertebrate standards (Aparicio et al., 2002) (Fig. 1). 
During the 2000s, several other fish species had their genome sequenced 
and made available to researchers, including the green-spotted pufferfish 
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(Tetraodon nigroviridis) in 2004 (Jaillon et  al., 2004), the zebrafish (Danio 
rerio) in 2005 (Howe et al., 2013), and the medaka (Oryzias latipes) (Kasahara 
et  al., 2007) and three-spined stickleback (Gasterosteus aculeatus) (Jones 
et al., 2012) in 2006. These consortium efforts provided major up-steps in our 
understanding of fish genome evolution, for instance compelling evidence of a 
long-proposed ancestral WGD event in teleosts (Section 3) and major genomic 
reorganizations that followed in the ancestors to pufferfish, medaka, and ze-
brafish (Jaillon et al., 2004; Kasahara et al., 2007).

The 2010s saw an increase in the uptake and democratization of next- 
generation sequencing in fish biology. What followed was an increasing rate of 
release of genome sequences for many species of commercial, ecological, and 
evolutionary interest. For instance, 2011 saw the first release of the genomes of 
Atlantic cod (Gadus morhua) (Star et al., 2011) and Atlantic salmon (Salmo sa-
lar) (Lien et al., 2016). Notably, the same year saw the first release of a genome 
for a nonteleost member of Actinopterygii, the spotted gar (Lepisosteus ocula-
tus), of key evolutionary significance due to its membership to the Holostei (ex-
tant gar species and bowfin), the sister group to teleosts (Braasch et al., 2016). 
Moving into the 2020s, the recent trend has not only been for an increase in the 
number of genomes for different species (668 different fish species have ge-
nome assemblies in the NCBI database as of August 2021; ~ 90% being depos-
ited since 2016), but also increased representation of species within key families 
and genera of interest (e.g., salmonids; Fig. 1).

For many species, improved genome assemblies are being released regularly 
with higher completeness and more accurate annotations of protein coding and 
noncoding genes (Section 7), supported by technological improvements in se-
quencing (e.g., long-read sequencing; Amarasinghe et al., 2020) and methods to 
join assembled genome fragments (contigs) across larger distances into whole 
chromosomes (e.g., Hi-C), representing the current field standard (e.g., Ghurye 
and Pop, 2019; Fan et al., 2020). Such advancements, matched by many power-
ful bioinformatic tools, enable the accurate assembly of fish genomes, even for 
species showing genetic complexities that challenge this task, e.g., highly simi-
lar duplicated regions retained after WGD events in cyprinids (e.g., Chen et al., 
2019; Luo et al., 2020), sturgeons (Du et al., 2020), and salmonids (Macqueen 
et al., 2017) (Section 3). Looking ahead, fishes feature heavily in large cross-
national initiatives to sequence vertebrate genomes en masse including the 
Genome 10 k effort (Fan et al., 2020), as well as the Earth BioGenome Project, 
aiming to sequence all eukaryotic species during the next decade (Lewin et al., 
2018).

There have also been major advancements in high-throughput functional 
genomic technologies to study how sequences in the genome are expressed, 
regulated, and interacting. This includes RNA sequencing (RNA-Seq) methods 
(Stark et al., 2019), but also a range of approaches providing insights into the 
epigenomic status of tissues and cells, which are likely to be increasingly used 
to address evolutionary questions (Section 7). Today's student of fish genome 
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evolution thus benefits from an abundance of data and different data types, and 
the increasing challenge is how to exploit it meaningfully. Several online frame-
works support comparative and evolutionary analyses of fish genomes. The 
Ensembl genome browser (Yates et al., 2020) offers a powerful set of resources 
and tools to compare the genomes of different animal species, with the latest 
release including > 80 fish species. Genomicus is another online set of tools 
supporting studies of fish genome evolution, allowing visualization and analysis 
of genes and chromosomes in a positional context (Nguyen et al., 2018).

3. Overview of fish genome evolution

Fish genomes have diversified during evolution to an extent rivaling the pheno-
typic and ecological diversity mentioned earlier, leading to substantial variation 
in genome size, gene number, and chromosome number (Fig. 1). It is not our 
intention to review all aspects of fish genomic diversity in detail, rather we 
outline some of the most important features to consider in evolutionary studies.

3.1 WGD events—Introduction

WGD events are a pervasive feature of fish genome evolution. WGD is a class 
of gene duplication, the main way new genes are created from existing ones 
via several mechanisms (reviewed by Zhang, 2003). Duplication events cre-
ate two gene copies that initially share the same function. While duplicated 
genes often quickly return to single copy during evolution, they can typically 
diverge as independent loci, allowing new or specialized functional roles and 
expression patterns to evolve (Section 7.4). Alternatively, selection can act to 
maintain ancestral functions or expression after retention of both duplicated 
copies. Gene duplication may affect sections of genes, entire genes, chromo-
somal regions containing many genes, or all chromosomes (and hence all genes 
in concert) after WGD, leading to higher ploidy levels. Duplicated genes can 
reside in proximal locations on the same chromosome (i.e., tandem gene dupli-
cates) or on different chromosomes after WGD and potentially gene retrotrans-
position events (Zhang, 2003). Duplicated genes within the same genome are 
termed “paralogues,” in contrast to “orthologues,” which are the same genes 
found in the genome of different species (i.e., genes that have been separated 
during speciation events) (Koonin, 2005). “Ohnologue” is often used to refer 
specifically to paralogues retained from WGD events (Wolfe, 2000), honoring 
the contribution of Susumu Ohno in this area (discussed later). Bioinformatic 
tools exist to support the inference of such homology relationships among large 
gene sets, including “Orthofinder” (Emms and Kelly, 2019) and related tools 
(Kapli et al., 2020), in addition to annotations available through the Ensembl 
genome browser.

While many duplicated genes are initially polymorphic within a species (i.e., 
as structural variants, e.g., Bertolotti et  al., 2020), across  macroevolutionary 
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scales, gene duplication is a key driver for the expansion and functional di-
versification of gene families across species. Examples include opsin genes, 
which have diversified during the adaptation of fish visual systems to different 
environments (e.g., Lin et  al., 2017; Liu et  al., 2019), globin genes involved 
in oxygen transport and oxygen-based metabolic reactions (Storz et al., 2013; 
Gallagher and Macqueen, 2017), and immune gene families involved in defense 
to pathogens (e.g., Stein et al., 2007).

Returning to WGD, these events have impacted fish genome evolution on 
multiple evolutionary timescales (Fig. 1). It is important to remember that ev-
ery ancient WGD event initially arose in one or a small number of individuals 
within a species, and much like DNA mutations, may change in frequency lead-
ing to populations with different ploidy levels, e.g., as seen in some sturgeons 
(Vasil’ev, 2009). In species where all members share an ancestral WGD event, 
the initial genome doubling was fixed during evolution, either replacing the 
ancestral ploidy state, or potentially by creating a new lineage.

3.2 Types of WGD event—Auto vs. Allo

WGD comes in two main “flavors”—the doubling of the same genome within 
a species or of two genomes following or concurrent to hybridization of differ-
ent species (Fig. 2). These two main routes to WGD, autopolyploidization and 
allopolyploidization, respectively, classically lead to either four identical chro-
mosome sets that can initially pair randomly during meiosis (Fig. 2A), or two 
distinct sets of chromosomes that pair independently during meiosis (Fig. 2B) 
(also see Otto, 2007). Studies of multiple taxa including fishes have shown that 
major changes in the genome inevitably follow both types of WGD, implying 
selection for a more diploid state. A suite of processes are involved, together 
termed rediploidization (Wolfe, 2001), involving a range of physical and tem-
poral scales. We will return to rediploidization in Section 4.

The term “paleopolyploid” is widely used to refer to lineages that have com-
pleted, or are in an advanced stage of rediploidization process, i.e., they un-
derwent an WGD event in the past, but there may be few obvious traces of the 
originally duplicated chromosome sets—in such cases, the retention of ohno-
logues may be one of the main remaining clues. Many fish genomes, including 
most shown in Fig. 1, despite being diploid in their complement of chromo-
somes and inheritance patterns, are paleopolyploid due to ancient WGD events 
at the stem of vertebrate or teleost evolution (Sections 3.3 and 3.4).

3.3 WGDs with deep vertebrate origins

There exists a long history of research into WGD events that occurred at the 
stem of the vertebrate clade, which students of fish genome evolution should 
delve into deeply; we cannot cover all this literature here. Briefly, Ohno and 
colleagues were the first to argue that one or more WGDs occurred at an early 
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FIG.  2 Cytological rediploidization after WGD and its phylogenetic outcomes. (A) 
Rediploidization following autopolyploidization, involving spontaneous doubling of the same ge-
nome, exemplified by the salmonid Ss4R WGD. We emphasize different rates of rediploidization in 
different regions of the genome, meaning some loci may remain tetraploid for long periods of evolu-
tion. We have depicted the evolutionary scenario observed in salmonids, where speciation occurred 
in advance of cytological rediploidization in large genomic regions. Subsequently,  lineage-specific 
rediploidization occurred, leading to lineage-specific ohnologue resolution (LORe). The phylo-
genetic expectation of LORe for ohnologue pairs in sister species is contrasted against genomic 
regions where rediploidization was ancestral. (B) Rediploidization following classical allopoly-
ploidization, involving genome doubling following the hybridization of two species, exemplified by 
the WGD event shared by common carp and goldfish. Here, cytological rediploidization is resolved 
immediately, leading to two subgenomes on different evolutionary paths from the outset. In a phy-
logenetic analysis, the two subgenomes will branch more closely to their parent species of origin 
(or its lineage) than one another. As mentioned in the text, after segmental allopolyploidization, the 
pattern of evolution shown in part A is possible.
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“fish” stage of vertebrate evolution, promoting evolutionary innovations impos-
sible without large-scale gene duplication (Ohno et al., 1968; Ohno, 1970). This 
hypothesis has gained increasing support through the years as more genomic ev-
idence has accumulated (key references include Garcia-Fernández and Holland, 
1994; Dehal and Boore, 2005; Putnam et al., 2008).

Though specific details about the timing and mechanisms involved are 
the subject of continued debate, it is widely accepted that at least one WGD 
round occurred in the common vertebrate ancestor (Smith et  al., 2018), 
with strong evidence for an additional round either in the common verte-
brate ancestor (Sacerdot et al., 2018) or in the ancestor to jawed fishes (i.e., 
including cartilaginous and bony fishes) after the divergence from jawless 
fish (Simakov et al., 2020). The two WGD events in jawed vertebrate evo-
lution are often referred to as “2R” (two WGD rounds) and are shared by 
all Actinopterygii members. These events have left an indelible imprint in 
all vertebrate genomes through the retention of ohnologues with functions 
biased toward development, transcriptional regulation, and intracellular sig-
naling (e.g., Putnam et al., 2008), allowing the evolution of novel complexity 
in the regulation of gene expression when compared to chordates lacking 2R 
(Marlétaz et al., 2018).

3.4 WGD in the teleost ancestor

Additional WGD events within fish evolution are well established. A highly 
studied WGD event occurred in the common ancestor to teleosts ~ 300–350 mya 
(Jaillon et al., 2004; see reviews by Volff, 2005; and Glasauer and Neuhauss, 
2014) (Fig. 1). As this event, often called Ts3R (i.e., “teleost-specific 3rd WGD 
round”), was followed by the apparent diversification of teleosts, it is often 
speculated to be causatively linked to species radiation and the evolution of 
phenotypic novelty. The underlying rationale here is logical, considering the 
known retention of duplicated molecular pathways that have evolved new func-
tions and expression, perhaps offering increased scope for adaptation (e.g., 
Section 7.4; Glasauer and Neuhauss, 2014). Certainly, there are good examples 
of Ts3R ohnologues that have contributed to teleost-specific innovations, e.g., 
in cardiac function (Moriyama et al., 2016). Further, as for 2R, there is clear 
evidence that Ts3R ohnologues are (i) biased in their retention toward functions 
that imply molecular complexity and (ii) have frequently evolved novel/special-
ized expression patterns (e.g., Kassahn et al., 2009).

However, when viewed through a nongenomic perspective, it has been shown 
that (i) while species diversification rates increased immediately after Ts3R, more 
substantial species radiations in teleost evolution were detached from Ts3R by 
many tens of millions of years (Santini et al., 2009; Sallan, 2014; Davesne et al., 
2021) and (ii) immediately following Ts3R, phenotypic diversification occurred 
at a similar rate in teleosts and their sister group Holostei (lacking Ts3R) (Clarke 
et al., 2016). Such studies remind us that ideas about WGD causing immediate 
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bursts of evolutionary diversification must be considered with due caution. On 
the other hand, such studies do not rule out that the increased variation provided 
by WGD events leads to increased adaptive potential that need not be realized 
until ecological opportunities arise, prompting diversification tens of millions of 
years later (e.g., Macqueen and Johnston, 2014; Robertson et al., 2017), though 
such ideas have been questioned (Laurent et al., 2017). Scientific debate about 
the role of WGD events in the evolutionary diversification of fishes and other 
organisms will rightly continue long into the future.

3.5 Further WGDs in fish evolution

Several independent WGD events occurred in actinopterygians outside tele-
osts, and indeed a range of WGD events are found nested within the teleost 
clade (Fig. 1). A recent study presented a high-quality genome for the sterlet 
(Acipenser ruthenus), a representative of the sturgeons (Acipenseriformes; also 
including paddlefishes), with strong evidence for an autopolyploidization event 
~ 180 mya (discussed further in Section 4) (Du et al., 2020) (Fig. 1). Additional 
independent WGD events are suspected in sturgeon (Ludwig et al., 2001) and 
paddlefish (Cheng et  al., 2021) evolution. As pointed out by others (Sallan, 
2014), the Acipenseriformes are extremely species poor and correspondingly 
less diverse compared to teleosts, despite their history of repeated WGD events, 
again arguing for caution when linking WGD to the evolution of biological 
diversity.

Another autopolyploidization event occurred in the ancestor to the sal-
monid family (Salmonidae), a group of high societal value and scientific in-
terest (Houston and Macqueen, 2019). This event, often termed Ss4R (i.e., 
“ salmonid-specific 4th WGD round”), occurred ~ 80–100 mya (Berthelot et al., 
2014; Macqueen and Johnston, 2014) (Fig.  1). Despite being recognized for 
well over 50 years (Ohno et al., 1968; Allendorf and Thorgaard, 1984), the re-
cent characterization of the Atlantic salmon genome (Lien et al., 2016) provided 
new insights into Ss4R and its impact on genetic and biological diversity. One 
of the main findings concerned how the rediploidization process occurred fol-
lowing autopolyploidization, which is further explored in Section 4, and we will 
return to Ss4R in several additional sections.

Allopolyploidization is a common mode of WGD in cyprinid fishes 
(Cypriniformes, Cyprinidae) with strong evidence for both recent (i.e., popu-
lation level) (e.g., Luo et al., 2014) and ancient events including a concentra-
tion of independent WGDs ~ 15 mya (Li and Guo, 2020) (e.g., Fig. 1). These 
WGDs were proposed to have promoted adaptation and species diversity, and 
were possibly stimulated by climate change (Li and Guo, 2020). An allopoly-
ploidization that occurred around this time in the ancestor to common carp 
(Cyprinus carpio) and domestic goldfish (Carassius auratus) has been recently 
studied in a series of detailed genomic analyses (i.e., Chen et  al., 2019; Xu 
et al., 2019; Luo et al., 2020). These studies collectively provide insights into 
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the ancestral lineages that hybridized before WGD, in addition to rediploidiza-
tion (Section 4) and gene expression evolution after allopolyploidization. An 
additional suspected allopolyploidization occurred in the common ancestor of 
suckers (Catostomidae) (Ferris, 1984), another Cypriniformes family. A new 
genome assembly for a representative catostomid species indicated this WGD 
event occurred ~ 25 mya (Krabbenhoft et al., 2021).

4. Evolutionary consequences of rediploidization—No 
“one size fits all”

Until recently, there was insufficient data to establish the extent of variabil-
ity in the rediploidization process across different WGD events. This is an 
important topic considering the large impact of WGD events on fish genome 
evolution. Recent analysis of the genomes of fish species with independent au-
topolyploidization and allopolyploidization events is creating valuable insights 
in this area.

4.1 Rediploidization begins at the chromosomal level

Rediploidization is intricately linked to the pairing of duplicated chromosome 
sets during meiosis. This differs most depending on whether a WGD event 
 resulted from autopolyploidization or allopolyploidization, with consequences 
for ongoing genome evolution. After autopolyploidization, this level of redip-
loidization involves an evolutionary transition from a tetraploid mode of pairing 
(with random pairing of four chromosome sets) to a preferred bivalent pairing 
of two pairs of chromosome sets (Fig. 2A). Studies of the Atlantic salmon ge-
nome suggest that genetic changes, particularly large chromosomal rearrange-
ments such as inversions (i.e., the flipping of DNA on different strands, which 
suppresses recombination), were drivers for this process after Ss4R (Lien et al., 
2016). The important outcome is a switch from a tetraploid mode of inheritance 
where four alleles are maintained by recombination, to a diploid mode of inheri-
tance, marking the “birth” of ohnologues that can genetically diverge from each 
other as two nonrecombining loci on distinct chromosomes (Fig. 2A).

From a functional perspective, because major evolutionary changes in ohno-
logue function and expression are expected to require significant genetic diver-
gence (Section 7.4), the importance of this mode of cytological rediploidization 
after autopolyploidization is emphasized. The same transition does not occur 
following classical allopolyploidization events, when the two hybridizing spe-
cies have distinct genomes that immediately pair preferentially as two sets dur-
ing meiosis (Fig. 2B). It is likely that WGD in such cases resolves the lack of 
sufficient homology between the two hybridizing species genomes, allowing vi-
able meiosis and sexual reproduction (Ohno, 1970). However, it should be noted 
that when two hybridizing species are very closely related, and chromosomes or 
chromosomal regions are insufficiently divergent to form preferential pairings, 
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an autopolyploid mode of cytological rediploidization is possible (Otto, 2007). 
This is often termed segmental allopolyploidization.

After classic allopolyploidization events, the term “subgenome” (e.g., 
subgenome A and B) is often used to refer to the two genomes in the hybrid-
izing “parent” species (Fig. 2B). Following the ancestral carp/goldfish (i.e., 
15 mya) and catostomid (i.e., 25 mya) WGDs, the two subgenomes can be 
distinguished along entire chromosomes in genomic analyses (e.g., Xu et al., 
2019; Kon et al., 2020; Luo et al., 2020; Krabbenhoft et al., 2021). Further, 
a potential ancestral parent lineage for one of the subgenomes was identified 
for the carp/goldfish WGD event (Xu et al., 2019). Due to the typically close 
genetic relatedness of hybrids, the two subgenomes start out with a similar 
complement of genes, and previously orthologous genes (i.e., existing before 
hybridization) become ohnologues when present within the same nucleus/
organism (Fig. 2B). The allopolyploid rediploidization process concerns the 
genetic/functional divergence and loss of ohnologues and other features be-
tween the two subgenomes. It has been observed that one of the subgenomes 
becomes more dominant in terms of gene expression (e.g., reported in carp; 
Xu et  al., 2019) or evolves at a faster rate (e.g., reported in goldfish; Kon 
et al., 2020), though this is not always the case (Krabbenhoft et al., 2021). A 
recent analysis demonstrated that both subgenomes contributed to phenotypes 
selected during the domestication of goldfish, indicating their combined on-
going importance (Kon et al., 2020).

Subgenomes are not part of autopolyploid rediploidization. Analysis of the 
Atlantic salmon genome revealed that salmonid genomes comprise 98 pairs 
of duplicated blocks, ranging in size from a few million DNA bases to entire 
chromosome arms. Each duplicated block previously underwent the transition 
described before (Fig. 2A), likely as larger regions, with subsequent rearrange-
ments occurring throughout the genome, mixing up the ancestral organization 
(Lien et al., 2016). A similar pattern was observed during analysis of the sterlet 
genome (i.e., that underwent an independent autopolyploidization), with the ge-
nome being on a related pathway of rediploidization, though perhaps at a slower 
evolutionary rate (Du et al., 2020).

Fascinatingly, when studying the level of genetic divergence between dupli-
cated blocks retained from Ss4R, it is clear that cytological rediploidization did 
not occur at an even temporal rate across the genome (Lien et al., 2016), and 
this has interesting consequences for long-term evolution (Section 4.2). Indeed, 
several duplicated blocks, representing around 25% of the genome, underwent 
cytological rediploidization long after the WGD event. These duplicated blocks 
are identified by their lower sequence divergence (< 5%) compared to the 
> 10%–15% divergence level observed across a larger fraction of the genome 
that underwent cytological rediploidization earlier, and thus have had more time 
to diverge (Lien et al., 2016). Variability in rediploidization rate across the ge-
nome after Ss4R has long been recognized (Allendorf and Thorgaard, 1984), 
as some regions (as much as 20% of all the DNA), particularly near the tips 
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of chromosomes (telomeres), show evidence of tetraploid meiotic pairing and 
inheritance in some salmonids (Allendorf et  al., 2015), meaning cytological 
rediploidization is still not resolved 80–100 million years after WGD.

4.2 Lineage-specific outcomes of rediploidization

The importance of a variable rate of cytological rediploidization in different 
regions of the genome comes into sharp focus when considering the potential 
for lineage-specific outcomes in sister species sharing the same WGD event. 
Robertson et  al. (2017) described a process called lineage-specific ohno-
logue resolution (LORe), where the evolutionary transition from tetraploid 
to diploid meiotic pairing occurs after lineages sharing the same WGD event 
are permanently separated by speciation (Fig. 2A). Consequently, cytologi-
cal rediploidization can occur independently in different species, leading to 
independent ohnologue genetic and functional divergence. LORe is highly 
evident in salmonid genomes and has been classified globally using phylo-
genetic methods (see Section 6.2). About one-quarter of salmonid genomes 
experienced LORe in different salmonid subfamilies, which split off ~ 50 mya 
(i.e., tens of millions of years post Ss4R). Thus comparing an Atlantic salmon 
(or any member of subfamily Salmonidae) to any grayling species (subfamily 
Thymallinae), thousands of ohnologues commonly derived from Ss4R have 
diverged independently, including at the functional levels, as explored in later 
sections.

LORe is likely to have occurred after autopolyploidization WGD events 
other than Ss4R, in addition to segmental allopolyploidization events (Robertson 
et al., 2017), though this is yet to be proven unequivocally. However, there cer-
tainly exists evidence consistent with LORe following Ts3R (see Martin and 
Holland, 2014; Robertson et al., 2017; Rozenfeld et al., 2019), and the recently 
published sterlet and paddlefish genomes offer additional fish WGDs to exam-
ine for this evolutionary process.

5. Transposable elements as agents of fish genome 
evolution

Another facet of fish genome biology to explore briefly are transposable ele-
ments (TEs). TEs are mobile sequences representing a range of different classes 
with the ability to move locations and proliferate within and between genomes 
via several mechanisms. TEs are ubiquitous in all eukaryotic genomes, and their 
proliferation leads to repeat sequences typically of high copy number, which 
represent one of the major explanatory factors for differences in genome size 
among fish species (Fig.  1). They represent agents for mutation, structural 
changes and rearrangements in genomes, and rarely promote the evolution of 
genetic novelties and innovations. For recent reviews about TE biology and evo-
lution, see Sotero-Caio et al. (2017) and Bourque et al. (2018).
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5.1 TEs and their roles in fish evolution

TE insertions create cleavages and mutations throughout genomes that are 
rarely beneficial, meaning the eventual location of TE repeats is not random, 
partly due to selection against deleterious effects (Bourque et al., 2018). As a 
result, an evolutionary arms race between TEs and genomes has been ongoing 
since or before the dawn of complex life, which may explain the evolution of 
epigenetic silencing, one of the main tools genomes use to limit TE prolifera-
tion (McDonald, 1998). While most TEs have been long silenced by the host 
genome, they leave a legacy of repeat sequences of different ages. Such repeats 
promote rearrangements in chromosomes beyond the impact of TE insertions, 
promoting structural mutations such as inversions, which may play an impor-
tant role following WGD events. For example, Ss4R was followed by a major 
proliferation of TEs (de Boer et al., 2007) that likely promoted rearrangements 
driving cytological rediploidization (Lien et al., 2016). A similar burst of TE 
proliferation occurred after the sterlet WGD (Du et al., 2020). Considering these 
two independent autopolyploidizations, it can be argued that WGD events pro-
mote TE expansion due to selection for rediploidization or the dysregulation of 
TE repression mechanisms (Lien et al., 2016). However, a similar signal was 
not detected following Ts3R, which may have eroded due to the passage of 
a much longer period of time, or because the same expansion never occurred 
(Chalopin and Volff, 2017).

The proportion of repeat sequences derived from TEs is highly variable 
across fish genomes (Fig. 1) ranging 10-fold from ~ 6% to ~ 60% of the total 
genome size (e.g., Chalopin and Volff, 2017). The mechanisms driving such di-
versity are not well understood, but include an important horizontal component, 
with TE transmission across species highly evident. A recent analysis showed 
that > 97% of all horizontal TE transfers in the vertebrate lineage involved 
Actinopterygii species, indicating a propensity for this type of TE accumulation 
in fishes (Zhang et al., 2020), which may be facilitated by pathogens such as 
viruses (Gilbert and Cordaux, 2017).

Conflicts between TEs and their host are reduced by the coevolution of 
strategies that modify the cost of TE propagation, promoting the emergence of 
TE-related functions. One example is the accumulation of repetitive TEs into 
telomeres to limit telomere degradation (Cosby et al., 2019). Another is that TEs 
are an important source for the biogenesis of noncoding RNAs (Section 7.2), 
some of which may acquire functions selected during evolution (Chuong et al., 
2017). As TEs can insert anywhere in the genome, including coding and regula-
tory regions of genes, they may rarely become directly “coopted” due to ben-
eficial changes in gene function and/or expression (Chuong et al., 2017; Cosby 
et al., 2019). A nice example comes from the cooption of two distinct TEs that 
introduced novel transcriptional regulation involved in sex determination in me-
daka (Herpin et  al., 2010; Schartl et  al., 2018). At more recent evolutionary 
scales, a recent study in cichlids reported changes in visual sensitivity between 
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closely related species that was explained by TE insertions that altered the ex-
pression of opsin genes (Carleton et al., 2020), following previous work that 
associated TEs with the rapid diversification of cichlid fishes (Brawand et al., 
2014). Thus TEs have clearly shaped fish genomic diversity on multiple levels, 
and many exciting findings about their evolutionary significance are anticipated 
in the near future, greatly assisted by the latest generation of genome assem-
blies, which have a more accurate representation of TE sequences.

6. Fish phylogenomics

Phylogenomics is a modern framework for evolutionary investigations using 
phylogenetic methods and genomic datasets. A phylogenetic tree is a way to 
interpret and visualize the evolutionary descent of biological characters, allow-
ing us to ask which are ancestral or derived alongside other possible scenarios. 
Phylogenetic analysis is widely used to reconstruct the evolution of homologous 
genetic characters, e.g., DNA sequences and molecules encoded by DNA (e.g., 
amino acid sequences), which in turn allows hypotheses on species relation-
ships or gene family evolution to be explored. The different steps used in phy-
logenetic analysis and the various methods available (including their strengths 
and weaknesses) sit outside the scope of this section but are briefly explored 
later (Section  8). While large genomic datasets often improve the quality of 
phylogenetic analysis, even an infinite number of markers may fail to resolve 
some evolutionary problems and hypotheses (e.g., species relationships), and 
the choice of genetic marker, data type, and analysis method is considered para-
mount. The reader is encouraged to read around these issues in comprehensive 
recent reviews (see Kapli et al., 2020). Our main aim here is to highlight some 
of the insights that phylogenomic studies are generating on the evolution of fish 
species and genomes.

6.1 Phylogenomics to infer species relationships

Phylogenetic analyses of increasingly large sequence character datasets have al-
lowed the evolutionary relationships of many fish species to be defined with higher 
resolution in recent years, rewriting classic hypotheses on several relationships and 
the timing of species divergence (e.g., Betancur-R et al., 2017). This represents im-
portant progress and is necessary to frame many findings in evolutionary genomics 
in a broader biological context. The typical design of such studies aims to generate 
a large volume of orthologous sequence data in a set of species of interest, captur-
ing the vertical descent of genetic variation to the exclusion of paralogous genes, 
which can be technically challenging (Kapli et al., 2020).

An example of a recent phylogenomic study reported the evolutionary rela-
tionships of species representing over 90% of known ray-finned fish orders us-
ing a genomic and transcriptomic dataset of > 1000 orthologous exon sequences 
(translated regions of mRNAs left after splicing) filtered for  confounding 
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 paralogous sequences (Hughes et al., 2018). Another recent analysis used a tar-
geted sequencing approach to obtain > 1000 orthologous ultraconserved DNA 
elements sampled in 118 species from the extremely diverse spiny-rayed fish 
clade (Acanthopterygii), which account for more than half of all ray-finned fish 
species (Alfaro et al., 2018). A related study used a similar dataset at a finer 
scale of taxonomic resolution to infer relationships and divergence times among 
a spiny-rayed fish clade called Pelagaria, including tunas and related pelagic 
species (Friedman et al., 2019). Such studies have resolved or confirmed species 
relationship hypotheses that have proven historically equivocal or challenging. 
By adding temporal constraints into the analysis, it becomes possible to test 
competing hypotheses about the tempo and drivers of species diversification, 
and potentially their link to genomic features such as WGD (e.g., Santini et al., 
2009; Macqueen and Johnston, 2014; Li and Guo, 2020). The future of this field 
will involve further expansions in data volume across an increasing number of 
taxa. At some point in the coming decades it seems likely that the evolutionary 
relationships and diversification mode of most living fish groups will be defined 
to the level of genera and potentially species (Alfaro, 2018).

6.2 Phylogenomics for investigations of WGD events

Phylogenetic analysis can also be used to understand genome evolution, above 
and beyond its proven applications for resolving evolutionary histories within 
gene families of interest (e.g., Storz et al., 2013; Gallagher and Macqueen, 2017; 
Lin et al., 2017; Section 8). One application is for inferring and dating large-
scale patterns of gene duplication in genomes, which may provide insights into 
WGD events. Robertson et al. (2017) provide an example of such an approach, 
in a study where hundreds of phylogenetic trees were generated, cosampling the 
diversity of diverse salmonid species alongside the evolutionary history of Ss4R 
ohnologues spread across the genome. Here, the combined use of phylogenetics 
and comparative genomics provided evidence for LORe, revealing that large, 
duplicated blocks in salmonid genomes shared unique rediploidization histo-
ries, several of which were lineage specific (Robertson et al., 2017) following 
the process outlined in Fig. 2A.

Phylogenetic approaches incorporating ohnologue data sampled across 
the genome have similarly been used to infer the timing of Ss4R and redip-
loidization across different duplicated blocks of the Atlantic salmon genome 
(Lien et al., 2016) and as cumulative evidence supporting allopolyploidiza-
tion in carp (Xu et  al., 2019). Other studies have used phylogenetic trees 
including high-confidence ohnologues from multiple teleosts to reveal tem-
poral patterns of ohnologue loss following Ts3R (Inoue et al., 2015). Such 
studies highlight the fact that WGD events create phylogenetic and positional 
genomic expectations that can be coexploited, and a recent study provided 
an approach to combine such signals for more accurate phylogenetic analysis 
(Parey et al., 2020).
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7. Evolution of “functional” regions in fish genomes

Fish genomes harbor many sequence elements with ascribed biological func-
tions, which are of interest when investigating the molecular and evolutionary 
basis of traits. Before proceeding, we must first acknowledge the potential criti-
cism surrounding what defines “function” in the context of genome biology, and 
the importance of considering this in an evolutionarily grounded framework. It 
is well known that not all sequences that are expressed, show biochemical modi-
fications, or are subject to measurable regulation, are performing “functions” 
that influence phenotypes under selection. For example, a lot of detectable 
transcriptional activity seems to represent “noise” in the system (e.g., Pertea 
et al., 2018), including a low level of expression of repetitive sequences and 
pseudogenes (that have lost protein-coding potential through debilitating muta-
tions) lacking any obvious roles. In other words, a substantial portion of DNA 
expressed may reflect an evolutionary by-product of functional activities that 
are necessary for organismal survival. Clearly it becomes important to consider 
whether measurable genomic activities under investigation are visible to selec-
tion, which is best inferred through the lens of evolution, for instance in terms 
of conservation in DNA sequence or epigenomic state.

It is not our objective to further explore what comprises biological function 
in a philosophical sense and critical reviews addressing such issues are  available 
elsewhere (Graur et  al., 2013; Palazzo and Lee, 2015; Doolittle and Brunet, 
2017; Linquist et al., 2020). Needless to say, a cautious approach to inferences 
of genomic function is advocated. In the rest of this section we provide an over-
view of the main sequence elements and layers of genomic regulation with po-
tential to influence trait variation, and scope to be visible to natural selection 
and hence evolutionary constraint.

7.1 Protein coding regions

Genome research has long focused predominantly on protein coding genes, 
making up a minor fraction (usually 1%–2%) of the total DNA in vertebrate 
genomes. Coding genes are transcribed as precursor mRNAs in the nucleus, 
where they undergo splicing to remove introns, leaving a mature mRNA, 
which is exported out of the nucleus and translated into a string of amino 
acids that in turn folds into a protein. Many sequences and epigenomic lay-
ers of regulation within genomes (discussed later) are known to influence the 
quantity, as well as temporal and spatial distribution of proteins within cells, 
tissues, and the bloodstream. The small fraction of the genome dedicated to 
coding regions highlights that genome size is largely decoupled from potential 
for producing proteins. The number of coding genes per fish species ranges 
over ~ 2-fold magnitude whereas genome size varies ~ 10-fold (e.g., Fig. 1). 
A key explanator for variation in coding gene number is ohnologue reten-
tion after WGD, with salmonids, sturgeons, and cyprinids clearly having an 
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 up-step in gene number compared to related species lacking the respective 
WGD events (Fig. 1).

The functions of coding genes are evidenced at multiple levels, including 
the maintenance of an intact open reading frame encoding a protein that shows 
detectable evolutionary conservation and expression regulation in response 
to stimuli that matches with functional expectations (e.g., a gene coding an 
antiviral protein is expected to be transcriptionally activated in response to 
viral infection). The conservation and robust expression of the majority of 
coding genes aids their identification during the computational annotation of 
genomes.

Coding genes are widely utilized in evolutionary and functional genomics, 
including to understand adaptation to different environments. For example, 
using transcriptome approaches that capture all the expressed genes, signa-
tures of adaptation were reported in coding genes linked to high altitude in 
cyprinid fish (e.g., Tong et al., 2017). A study reporting the genome sequence 
of a snailfish (Liparidae) living at depths greater than 6 km in the Mariana 
trench offered evidence for adaptation in coding genes that may enable such 
a hadal existence (Wang et al., 2019). Coding genes are also widely utilized 
to explore patterns of evolution after WGD, including changes in selection 
pressure and gene expression linked to genome-wide functional redundancy 
(Section 7.4).

7.2 Noncoding regions

Identifying “function” within the majority noncoding fraction of genomes is 
one of the great challenges of contemporary genome biology. It has long been 
evident that much of the variation in genome size is due to sequences evolving 
under little or no selective constraint (e.g., most repeat sequences), often termed 
“junk DNA.” Nonetheless, it is also important to note the surprise following 
the initial sequencing of the human genome concerning the small number of 
protein coding genes (20,440 in the most current Ensembl 104 annotation of 
the GRCh38.p13 assembly, released in 2019), compared to the 100,000 or more 
anticipated among the scientific community (Graur et al., 2013). It was real-
ized that humans (and the same is true for fishes) do not have a particularly 
greater number of coding genes than simpler animals, however that is judged 
phenotypically. For example, the nematode Caenorhabditis elegans has 20,191 
coding genes predicted in its genome (according to Ensembl 104 annotation of 
the WBcel235 assembly, released in 2013). This reinforced the long proposed 
idea that there must exist more complex regulation of how the coding fraction 
of vertebrate genomes is expressed. Indeed, comparison of vertebrate genome 
regulation to closely related chordate invertebrates empirically supports this no-
tion (Marlétaz et al., 2018).

It is now apparent that noncoding regions are of great importance in the bi-
ology and evolution of multicellular organisms, including conserved regulatory 
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elements that modulate the transcription of coding genes (Wray, 2007; Douglas 
and Hill, 2014), as well as genes that express RNA with regulatory roles. A 
small component of noncoding genomes, often termed conserved noncoding 
elements (“CNE”, or sometimes ultraconserved CNE), shows unusually high 
conservation across vertebrate taxa. These CNEs tend to be located near con-
served developmental genes, with many likely acting as enhancers, i.e., short 
DNA regions located nearby genes that bind to transcription factor proteins to 
increase transcription rates under certain conditions/stimuli (e.g., Stephen et al., 
2008). It was also recently shown that the extreme conservation of some CNEs 
is linked to their role in the higher order structure and regulation of chromatin 
(Harmston et al., 2017). Interestingly, CNEs retained from sharks to humans are 
evolving at a faster rate in teleost fishes, with losses of CNEs perhaps linked to 
functional redundancy among duplicated regions retained following Ts3R (Lee 
et al., 2011).

The noncoding portion of genomes expresses many RNAs, which have 
been characterized to a variable extent in fishes. Several have fundamental 
biochemical functions within all cells, including ribosomal RNA and transfer 
RNA. We do not consider such well-defined molecules here, and instead intro-
duce more recently discovered noncoding RNAs that may play regulatory roles. 
Noncoding RNA comprises two main classes, small RNAs (sRNAs) (Chapman 
and Carrington, 2007) and long noncoding RNAs (lncRNAs) (Ulitsky, 2016). 
sRNAs have regulatory and silencing functions and include, among others, the 
miRNAs, which operate at the posttranscriptional level to regulate mRNA trans-
lation and stability (miRNAs are further explored in Section 8 and in Chapter 4).

An interesting class of less-studied sRNAs are piwi-interacting RNAs (piR-
NAs), which have similar roles across the animal kingdom, including fishes 
(Houwing et al., 2007), including a primary role of TE silencing and mainte-
nance of genome integrity during germ cell development, but also mRNA de-
cay, among others (reviewed in Ramat and Simonelig, 2021). The mechanisms 
by which piRNAs are born and then silence TEs are being defined across taxa, 
and it is clear that the broader set of molecules comprising the Piwi-piRNA 
system is evolving rapidly, including in fishes (Yi et al., 2014) perhaps due to an 
arms race between the host genome and TE “parasite” (reviewed in Parhad and 
Theurkauf (2019)). It will be interesting in the near future to investigate whether 
the burst of TE proliferation following some WGD events (e.g., in salmonids 
and sturgeon) is linked to the Piwi-piRNA system and if so, how this played out 
during the rediploidization process.

lncRNAs are usually defined as transcribed RNAs of > 200 nucleotides (nt) 
in length, which lack coding potential, despite otherwise sharing several features 
with mRNAs (Ulitsky, 2016). A vast number of lncRNAs have been discovered 
in humans, transcribed from at least as many unique loci as coding genes (e.g., 
Pertea et al., 2018). While a range of possible roles are assigned to lncRNAs 
(e.g., Lee et al., 2019), this class of noncoding RNA exemplifies the challenge 
in assigning functions to noncoding regions, with a large and rapidly growing 
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literature addressing this problem, characterized by substantial debate. Indeed, 
while a small number of lncRNAs have defined functions studied across taxa, 
it has been challenging to demonstrate a phenotype for many tested lncRNAs 
(Gao et al., 2020). For instance, a recent study in zebrafish genetically deleted 
25 separate lncRNAs, including several that had previously been ascribed 
functional roles, and failed to observe phenotypic effects on fitness (Goudarzi 
et  al., 2019). At the same time, signatures of varying evolutionary constraint 
have been demonstrated for many vertebrate lncRNAs, including fishes, albeit 
these molecules on average evolve very rapidly both at the sequence level and 
in terms of gains and losses during evolution. Thus most detectable vertebrate 
lncRNAs are lineage specific and more than 70% were shown to lack detect-
able homologues at evolutionary distances > 50 million years (Hezroni et al., 
2015). This is consistent with a recent study reporting that around one-third and 
two-thirds of the lncRNAs detected in coho salmon (Oncorhynchus kisutch) are 
shared with Atlantic salmon and rainbow trout (O. mykiss) (Leiva et al., 2020), 
reflecting ~ 30 and 10 million years of divergence, respectively. While the high 
evolutionary turnover of lncRNAs is hard to reconcile with broad-scale func-
tionality, that stance fails to acknowledge many alternative views that exist, and 
this is a rapidly evolving field, where methods and concepts in evolution have a 
key role to play in shaping the direction of ongoing travel (Ulitsky, 2016). We 
will halt our coverage on lncRNAs here, but interested readers are encouraged 
to explore the literature further by building on the papers we have cited before.

7.3 Evolution of the epigenome

The epigenome plays a central role in determining how genes are expressed 
under different biological conditions (e.g., in different cell types/tissues or de-
velopmental stages, and in response to environmental stimuli) independently of 
variation in DNA sequence. The epigenome includes DNA biochemical modi-
fications (including methylation), histone posttranslational modifications, and 
the occupancy and organization of DNA within nucleosomes (i.e., units of DNA 
wrapped around histone molecules). lncRNAs and other types of ncRNA are 
also considered important epigenetic regulators, via their roles in regulating gene 
expression and chromatin structure (reviewed in Peschansky and Wahlestedt, 
2014; Han and Chang, 2015; Allis and Jenuwein, 2016). All the main compo-
nents of epigenome machinery present in mammals are conserved and active in 
fish genomes, with some notable differences and expansions (Best et al., 2018). 
Together, these features govern chromatin accessibility, the interaction of DNA 
sequences across the genome in three dimensions, and the occupancy of DNA 
binding proteins (e.g., transcription factors) at regulatory elements. Variation in 
epigenome state occurs within life, involving dramatic changes during early fish 
development (e.g., Pálfy et al., 2020) and more focused changes influencing a 
subset of genes in response to environmental stimuli (see Chapter 3 and 5). For 
example, methylation changes were proposed to facilitate adaptation in advance 
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of genetic selection in sticklebacks during the transition from marine to fresh-
water environments (Artemov et al., 2017). Methylation changes were reported 
to arise repeatedly to modify the expression of genes in hatchery-reared coho 
salmon, which may contribute to the reduced fitness of these populations when 
released into the wild for restocking (Le Luyer et al., 2017). Histone modifi-
cations and methylation were shown to be regulated by diet in liver of rain-
bow trout (Marandel et al., 2016; for further details on how diet might regulate 
epigenome, see Chapter 5). Epigenomic states may be transmitted across gen-
erations through a range of mechanisms reviewed elsewhere (Best et al., 2018; 
Perez and Lehner, 2019; for further details on epigenetic transmission, see also 
Chapter 3).

Macroevolutionary studies comparing epigenome state across species are 
rare compared to sequence-based comparative studies. The likely reasons in-
clude: (i) that genome-wide methods used to measure epigenomic features in 
vertebrates (see later) were developed for (and have been most applied in) model 
species (e.g., human and zebrafish), leading to a paucity of comparable datas-
ets, and (ii) whereas frameworks for comparing sequence conservation across 
genomes are established, methods for comparative and evolutionary analysis of 
epigenomic data are underdeveloped. The latter point is linked to the challenge 
that epigenomic status and sequence level conservation are not always coupled 
for the same location in the genome (Xiao et al., 2012; Lowdon et al., 2016). 
For example, many active enhancers in vertebrate genomes may reside in non-
conserved locations across species, potentially regulating orthologous genes in 
both comparable and distinct ways. Indeed, only one obvious example of com-
parative studies of epigenomic state across fish species exists in the literature: a 
comparison of zebrafish and medaka that identified conserved histone modifi-
cation states during embryogenesis (Tena et al., 2014). More emphasis has been 
given to mammals, and the available studies offer insights that may transfer to 
fishes. A recent study compared liver histone modifications across the genome 
of 15 mammal species to distinguish active promoters (regions responsible for 
transcription initiation marked by transcription start sites in genes) from ac-
tive enhancers (Berthelot et al., 2018). By generating matched RNA-Seq data, 
the authors were able to correlate evolutionary conservation in gene expression 
levels with the evolutionary dynamics of regulatory regions. They reported that 
slowly evolving, highly expressed genes are defined by more conserved pro-
moter and enhancers, but also that newly evolved lineage-specific enhancers, in 
addition to measurably increasing gene expression, supported the maintenance 
of high expression levels during evolution, contributing “resilience” to gene 
expression (Berthelot et al., 2018). Another recent study identified conserved 
epigenomic states present across a range of farmed animals including chicken 
and mammals (Foissac et al., 2019).

Historical limitations to cross-species analyses of epigenomic data are being 
lifted as the gap between model and nonmodel organisms closes in genom-
ics. Sequencing-based methods to probe chromatin accessibility (including 
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 DNase-seq and ATAC-Seq), histone modifications (i.e., ChIP-Seq), long-range 
DNA-to-DNA interactions (e.g., Hi-C), and methylation status (e.g., bisulfite-
based sequencing) are now being applied and promoted in many species through 
actions such as the Functional Annotation of Animal Genomes (FAANG) initia-
tive (Giuffra et al., 2019), and related projects for zebrafish (https://danio-code.
zfin.org/) and salmonids (Macqueen et al., 2017). A project funded recently by 
the European Commission called “AQUA-FAANG” (https://www.aqua-faang.
eu/) is generating such datasets in six different commercial fish species across 
a range of standardized biological samples, providing a basis for comparing 
the evolution of epigenomic features across species and in relation to the Ts3R, 
Ss4R, and cyprinid WGD events. Novel bioinformatic frameworks are being de-
veloped with the aim of capturing evolutionary conservation among epigenomic 
states across species (e.g., Dukler et al., 2020) and will likely prove vital for 
future progress in this area for fishes and other animals.

7.4 Ohnologue regulatory evolution

It has long been proposed that gene duplication opens new directions in func-
tional evolution, allowing novel functions to evolve that were not possible at 
a single locus (e.g., Ohno, 1970). This is due to the redundancy created when 
two gene copies replace a single copy in the genome, which happens on a mas-
sive scale after WGD. An important literature exists on this topic, which has 
focused on coding genes, and to some extent other features discussed before. 
Several classic reviews should be read to understand the various models of du-
plicated gene evolution proposed to date (Conant and Wolfe, 2008; Innan and 
Kondrashov, 2010; Kondrashov, 2012), including for fishes in the context of 
Ts3R (Glasauer and Neuhauss, 2014). We do not cover this field comprehen-
sively, instead outlining recent genome-wide studies advancing our understand-
ing on the evolution of ohnologue expression following WGD, using salmonids 
as a study system.

One of the key findings presented by Lien et al. (2016) during their analysis 
of the Atlantic salmon genome concerned the evolution of ohnologue expres-
sion. Prior to this work, it was already well established that a sizeable portion of 
Ss4R ohnologues from many gene families had evolved divergent expression, 
indicative of functional divergence (e.g., Macqueen et al., 2010, 2013). Adding 
to such studies, a global analysis of the rainbow trout genome showed that a 
similar number of Ss4R ohnologues retained either the same or more diver-
gent expression patterns across a panel of tissues (Berthelot et al., 2014). What 
such work lacked was an indication of the evolutionary direction of changes in 
ohnologue expression, which requires an outgroup species to infer the ances-
tral condition. Lien et al. (2016) achieved this (and others have taken a similar 
approach after Ts3R; see Pasquier et  al., 2017) by comparing expression for 
a panel of tissues shared by Atlantic salmon and northern pike Esox lucius, a 
member of Esociformes—the sister lineage to salmonids lacking Ss4R (Fig. 1). 
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Among a large set of gene trios (two salmonid ohnologues and their common 
pike orthologue), 42% showed conserved expression, while for 28%, one of 
the ohnologues had diverged in expression with the other being conserved with 
pike (Lien et al., 2016). The latter result points to salmonid-specific expression 
divergence in one of the ohnologues, but it was unclear if this was due to adapta-
tion or neutral genetic drift (Sandve et al., 2018). In a follow-up analysis, deeper 
insights were gained by adding an additional salmonid, the European grayling 
(Thymallus thymallus) (Varadharajan et  al., 2018), whose ancestor diverged 
from the Atlantic salmon lineage ~ 50 mya (Fig.  1). This study revealed that 
among thousands of analyzed ohnologue pairs, one-quarter showed conserved 
tissue expression in both salmonid species and pike, which interestingly were 
enriched for brain genes. However, a minor fraction (~ 5%) showed a pattern 
where one ohnologue evolved with a divergent expression in the ancestor to 
salmon and grayling that was maintained by selection in both species, while 
the other copy maintained the ancestral expression state; indicating adaptive 
expression evolution following Ss4R (Varadharajan et al., 2018).

A recent study extends on the earlier findings at mechanistic levels (Gillard 
et al., 2021). This study compared the evolution of ohnologue expression in four 
different salmonid species in comparison to single copy orthologues in pike, 
and more distantly related teleosts, using a novel modeling approach to identify 
adaptive shifts in gene expression along a phylogenetic tree. It was reported 
that adaptive shifts in tissue-specific expression level were rare in salmonid 
ohnologues, with the lion’s share of expression divergence between ohnologues 
 being present across multiple tissues. The results presented are consistent with 
adaptive changes in ohnologue expression to overcome several challenges posed 
by WGD events in newly formed polyploids. Such issues include problems with 
cell division, and in maintaining basic cellular functions such as translation and 
energy production (Gillard et al., 2021). Overall, salmonids are providing an 
excellent model for understanding the evolution of gene regulation following 
Ss4R, and ongoing work will extend these insights to additional levels of ge-
nome regulation, including the epigenome.

8. A primer on miRNA evolutionary characterization

In this final section, we provide a short introduction to miRNA characterization 
in fishes, with a step-by-step approach to infer the evolutionary relationships 
of miRNA families expanded by WGD events during teleost evolution (Fig. 3).

8.1 miRNAs and their role in fish biology and evolution

miRNAs are a highly conserved class of sRNA encoded within all animal ge-
nomes. They are transcribed much like coding genes within the nucleus into 
primary miRNA transcripts (pri-miRNAs), from which hairpin-shaped precur-
sor miRNAs (pre-miRNAs) are processed by a conserved ribonuclease enzyme 



FIG.  3 microRNA evolutionary characterization in fish. (A) Overview of miRNA biogenesis and processing. (B) Left panel: Maximum likelihood 
phylogram of 22 miR-214 sequences analyzed in our example, annotated with bootstrap statistical support for the major nodes and WGD events. The scale 
bar shows the number of modeled substitutions per site. Species abbreviations are as follows: elu: E. lucius; hhu: Hucho huchen; loc: L. oculatus; omy: O. 
mykiss; sal: Salvelinus alpinus; ssa: S. salar; tth: T. thymallus. Also shown on the right panel is the sequence alignment used in the analysis, annotated with 
miRNA features. The dots show conserved bases with respect to the miRNA shown for L. oculatus. (C) Circos plot highlighting duplicated blocks in the 
Atlantic salmon genome (indicated by sweeping bands across 29 chromosomes) and the position of miR-214 ohnologues retained after Ss4R. The Circos 
plot was built in Circlize (Gu et al., 2014) with the coordinates for duplicated Ss4R regions defined in Lien et al. (2016).
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called Drosha, before being exported to the cytoplasm and processed by Dicer 
(another ribonuclease) into a short (20–26 bp) sequence, and finally entering 
the miRNA-induced silencing complex (mi-RISC) to become a short mature 
miRNA (Fig. 3A). More detailed explanations on how miRNAs are generated 
and processed can be found elsewhere (e.g., Bizuayehu and Babiak, 2014; also 
see Chapter 4). miRNAs primarily act to target cytoplasmic mRNAs that con-
tain a target site that is complementary in sequence to nucleotides 2–8 of the 
mature miRNA sequence, and usually located in the 3′ untranslated region of 
the mRNA. The mi-RISC causes gene silencing through the action of multiple 
proteins, notably the Argonaute family, resulting in mRNA degradation or trans-
lational repression, regulating how much protein is generated from the targeted 
mRNA (Fig. 3A).

miRNAs have been characterized in diverse fish taxa leading to a substantial 
body of literature spanning many species (reviewed in Herkenhoff et al., 2018) 
and different functional contexts, including accumulating evidence for their role 
in the regulation of fish immunity (Andreassen and Høyheim, 2017) and a range 
of other traits with commercial relevance (Herkenhoff et al., 2018). In an evolu-
tionary context, a potential role for miRNA regulation in the rapid diversifica-
tion of cichlid species has been proposed (Brawand et al., 2014; Franchini et al., 
2019). A surprisingly limited amount of work has addressed the role of WGD 
events on miRNA evolution in fishes, though it is established that many miRNA 
ohnologues have been retained following Ts3R and Ss4R (Berthelot et  al., 
2014; Desvignes et al., 2021). For instance, following Ss4R, the rainbow trout 
genome has conserved 97% of miRNAs as ohnologues (Berthelot et al., 2014), 
which is much higher than for protein coding genes (~ 50%–60% ohnologue 
retention rate). Desvignes et al. (2021) reported a comprehensive analysis of 
miRNA evolution after Ts3R, revealing several potential mechanisms involved 
in duplicated miRNA retention and functional diversification.

As mentioned earlier (Section 6), phylogenetic analysis is an essential tool 
to infer the evolution of genetic characters in fish genomes and can be applied 
to explore miRNA gene family evolution. Here, we outline the key steps to 
achieve such an analysis using the miR-214 family as an example. The miR-
214 family is highly conserved among vertebrates and has important roles in 
vertebrate skeletogenesis (Desvignes et  al., 2014). For example, in zebrafish 
miR-214 overexpression hampers cranial cartilage formation during develop-
ment (Roberto et al., 2018). miR-214 is also highly expressed in muscle and was 
reported to be duplicated in the spiny-rayed fish clade (Nachtigall et al., 2014).

8.2 Main steps in miRNA phylogenetic analysis

Four key steps underlie any phylogenetic analysis of gene family evolution. 
First, the collection of sequence data for the gene family and species of interest. 
Second, the alignment of the sequences, aiming to capture genetic differences 
that have been descended during evolution. Third, the selection of a suitable 
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method to construct the phylogenetic tree through which to infer speciation 
and gene duplication events. Fourth, interpretation of the resulting data. These 
steps apply to other genetic characters (e.g., coding genes), though a couple of 
points specific to miRNAs should be noted. The median length of an animal 
pre-miRNA (Fig. 3A) is only 59 bp (Fromm et al., 2015), and thus significantly 
shorter than most coding genes, leaving less phylogenetic “signal” to inform the 
analysis. The most highly conserved regions of miRNAs are the miR-5p/3p du-
plex that is integrated into the mi-RISC complex (Fig. 3A), which are typically 
22 bp in length but can fall in the range of 20–26 bp (Fromm et al., 2015). An 
alternative nomenclature denotes the two strands as the “mature” (miRNA) and 
“star” (miRNA*) strand (i.e., miRNA/miRNA* duplex). The mature strand is 
typically more highly expressed and biologically active, whereas the star strand 
is comparatively less expressed, less evolutionarily conserved and likely non-
functional, normally rapidly degrading after processing (Fromm et al., 2015). 
While this nomenclature contains additional information, in some cases expres-
sion levels of both strands are similar, or the two strands show differential ex-
pression under distinct biological conditions, making it unclear which of the 
miR-5p/3p strands is functional (indeed, both may be functional) (Desvignes 
et  al., 2015). This led miRBase (https://www.mirbase.org; the main database 
repository for miRNAs) to adopt the unbiased 5p/3p nomenclature (Kozomara 
and Griffiths-Jones, 2014). Due to strong selective pressure on these regions, 
perfect sequence conservation is often observed over large evolutionary dis-
tances, leading to zero phylogenetic signal (as seen for our example in Fig. 3B). 
For this reason, in addition to the short length of the precursor sequence, the 
flanking regions of miRNAs, which exhibit more genetic variation, are often 
used to expand the signal for analysis (Kenny et al., 2015) (e.g., see Fig. 3B). 
In addition, miRNAs are highly conserved over large evolutionary distances, 
showing far fewer losses during evolution than coding genes (Tarver et  al., 
2018), with little to no evidence for convergent evolution or horizontal gene 
transfer. Thus, despite being short in sequence, their high degree of conser-
vation provides advantages that can directly address challenging evolutionary 
hypotheses (e.g., Heimberg et al., 2010).

A complicating factor when considering miRNA evolution is the coevolution 
of their target sites. Target site sequences evolve at a faster rate than miRNAs 
(Simkin et al., 2020), with mutations in these sequences leading to the potential 
reduction or elimination of regulation of that gene by the targeting miRNA. 
However, it is difficult to firmly establish the rate of evolutionary change of 
target sites, as many identified target sites are likely to be false positives (Pinzón 
et al., 2017) and therefore not under the same evolutionary pressures as true 
target sites. Indeed, while early studies estimated that each miRNA is likely to 
target hundreds of genes (Bartel and Chen, 2004; Friedman et al., 2009), more 
recent work suggests most miRNAs may actually have only a small number of 
true targets (e.g., Pinzón et al., 2017; Fridrich et al., 2019). Even for validated 
target sites, there is significant variation in the degree to which the target sites 
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are conserved across species, with target sites for more recently evolved miRNA 
showing greater mutation rates than target sites of older miRNAs. There are 
also significant differences in how well target sites are conserved for ancient 
miRNA families showing similar ages, with miR-20 and miR-30 having highly 
conserved targets, while the targets of similarly ancient miR-146 showing much 
higher levels of divergence (Simkin et al., 2020).

8.2.1 Step 1: Data collection
Due to the challenges in dealing with complex transcriptomic data, it has been 
shown that large numbers of miRNAs deposited in online databases do not sat-
isfy the gold-standard criteria for annotation (Kozomara et  al., 2019). These 
criteria are based on a unique signature resulting from the biogenesis pathway 
(Fig. 3A) that results in high numbers of identical small RNA molecules being 
processed from a miRNA precursor. Remarkably, just 17% of animal miRNA 
families in miRBase v.21 are supported by sufficient evidence to be consid-
ered high-confidence miRNAs (Fromm et al., 2015). Therefore due care must 
be taken during data collection, and we opted to use sequences deposited on 
mirgenedb.org (Fromm et  al., 2020), a manually curated database of high- 
confidence animal miRNAs.

All sequences from the miR-214 family were downloaded from https://mir-
genedb.org, along with a genome assembly (from NCBI: https://www.ncbi.nlm.
nih.gov/genome/) for five salmonid species, northern pike (lacking Ss4R), and 
spotted gar (lacking Ts3R) (see Fig. 1). The use of these species together allows 
us to make inferences about retention of duplicated miRNAs from Ts3R and 
Ss4R, while the spotted gar will be used to root the tree, as the sister to all tele-
osts (Fig. 1). A homology search for miR-214 was conducted using the align-
ment tool BLASTn (Altschul et al., 1990), employing all miR-214 sequences 
downloaded as the “query” sequences, allowing us to identify conserved se-
quences across each of the target fish genomes, with the assumption that a high 
level of sequence similarity is a consequence of common evolutionary origin. 
This was done locally after installing BLAST + (https://www.ncbi.nlm.nih.gov/
guide/howto/run-blast-local/), which is the best option if large numbers of se-
quences are analyzed, for example as part of a broader pipeline. However, as 
an alternative to downloading sequences and performing BLAST locally, NCBI 
provides online tools to analyze genomes on their servers (e.g., BLAST can be 
run at https://blast.ncbi.nlm.nih.gov/Blast.cgi for all the genomes used here). 
Results with an expectation value (e-value; a parameter indicating how prob-
able it is for an observed BLAST result to be due to chance) of less than 1e-10 
were retained. This is a more relaxed requirement than for most protein coding 
genes at the same evolutionary distances, reflecting the shorter sequence length 
of miRNAs.

Twenty-two unique miR-214 sequences were identified using this approach: 
one in spotted gar, two in northern pike, and up to four in each of the salmo-
nids. The four copies identified in Atlantic salmon are located in regions of the 
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 genome that suggest ohnologue retention following Ss4R (Fig. 3C). As men-
tioned earlier, the Atlantic salmon genomes is composed of duplicated blocks 
where genes retain similar positional order along different chromosomes, often 
termed collinearity, reflecting the descent of the organization existing before 
WGD. In our example, it can be clearly seen that two pairs of miR-214 re-
side within duplicated blocks retained from Ss4R, which have been visualized 
in a Circos plot (Fig. 3C) created using the Circlize package in R (Gu et al., 
2014; additional guidance available at https://jokergoo.github.io/circlize_book/
book/). As mentioned before, due to the lack of phylogenetic signal available 
within the pre-miRNA sequence, we also collected an additional 500 bp either 
side of each sequence identified by BLAST.

8.2.2 Step 2: Sequence alignment
The accurate alignment of genetic sequences is crucial to the inference of evolu-
tionary relationships in phylogenetic studies and can be a nontrivial problem. A 
range of alignment programs are available with different goals and approaches 
(see Kapli et al., 2020). MAFFT (Katoh and Standley, 2013) was used in our ex-
ample to align the 22 miRNA sequences (Fig. 3A). As with the BLAST search, 
this can be done locally by downloading and installing the software, or through 
an online server (https://mafft.cbrc.jp/alignment/server/). We used a tool called 
TrimAl (Capella-Gutiérrez et al., 2009), which is available online (http://phy-
lemon2.bioinfo.cipf.es/), to remove the alignment sites where more than 80% 
of the aligned miRNA sequences had gaps. It is an open debate over whether 
use of alignment trimming improves phylogenetic inference, but we chose to 
use it here as significant parts of the flanking regions displayed low levels of 
conservation.

8.2.3 Step 3: Phylogenetic tree reconstruction
With a set of miRNA family members aligned, the final step is to reconstruct 
their evolutionary history along a phylogenetic tree. Various methods are avail-
able for tree building based either on genetic distance, the most popular be-
ing neighbor joining, or various character-based methods (Kapli et al., 2020). 
The latter includes probabilistic approaches that search for the tree that best 
explains the observed sequence variation in the alignment considering the fit 
of the data to an evolutionary model of nucleotide substitution. The relative 
strengths and disadvantages of different tree building approaches are covered 
elsewhere (Kapli et al., 2020). We used IQ-Tree (Nguyen et al., 2015), a maxi-
mum likelihood method that automatically selects the most appropriate (i.e., 
best-fitting the data) evolutionary model of nucleotide substitution among a set 
of tested models. Fig. 3B includes a consensus tree for our data with statisti-
cal support for branching patterns generated by a bootstrapping method im-
plemented by IQ-Tree (Hoang et al., 2018). Branch lengths represent  genetic 
differences among the miRNA sequences measured as the number of substitu-
tions per aligned site.



336 Cellular and molecular approaches in fish biology

8.2.4 Step 4: Inferences on miRNA family evolution
Several results can be drawn from our analysis. The branching patterns indicate 
that miR-214 existed as a single copy in the common ancestor of all seven spe-
cies, was duplicated in the lineage leading to pike and salmonids, and duplicated 
again in the salmonid ancestor (Fig. 3B). This is consistent with the retention of 
ohnologues following Ts3R and Ss4R, with a single miR-214 member retained 
in spotted gar, two in pike, and four members in all but one of the salmonids. In 
salmonids, we observed four clear “orthogroups” each matching expectations 
of the species relationships (Fig. 1), with two sister miRNAs in pike resolving 
these into two pairs of orthogroups. Establishing orthology in this manner al-
lows the miRNAs to be named according to a convention consistent across spe-
cies that accurately reflects evolutionary status as orthologues and ohnologues. 
This is important for several reasons. Comparative inferences on gene “func-
tions” are founded on the idea that function is inherited from ancestral genes—
if miR-214a and miR-214b had different functions in the salmonid ancestor, the 
descendants of each Ss4r ohnologue pair (miR-214a1 and a2; miR-214b1 and 
b2) are likely to retain these functions or diversify them independently of one 
other. Ignorance of the existence of these miRNA ohnologues or their evolu-
tionary history could easily mislead conclusions in ongoing studies. Finally, the 
results are also consistent with Berthelot et al. (2014) in showing the high level 
of retention in salmonid miRNA ohnologues.

9. Concluding remarks

It is an exciting time to study the evolution of fish genomes, with resources, 
methodologies, and datasets available now that could not have been dreamed 
of one decade ago. The future in this field holds great immediate promise for 
delivering new findings on how fish lineages have diversified and adapted 
to different environments during their evolutionary history, and how this 
is linked to the diverse genomic features we have outlined in this chapter. 
Comparative studies of genome evolution will also increasingly support fish 
breeding and conservation efforts by helping to define conserved functional 
sequences and epigenomic features controlling traits of interest in aquacul-
ture or that are selected or subject to drift in different wild and domesticated 
populations.
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1. Introduction

The field of medical oncology continues to use traditional nonspecific chemo-
therapeutic treatment options for cancer patients. However, over the last de-
cade there has been a surge in novel anticancer agents, including a broad range 
of targeted therapies and immunotherapeutic agents that are more specific to 
treat certain diseases (National Cancer Institute, 2020). This ever-growing list 
of candidate drugs is exciting for patients and clinicians alike, but also creates 
a challenge for establishing the preclinical data that is needed to help prioritize 
these compounds. The decision of which treatment regimen or compound to in-
corporate into a patient’s schedule remains difficult and complex for the oncol-
ogy team (Fazio et al., 2020). The advent of these molecularly-based treatment 
strategies has created the concept of precision oncology, an emerging paradigm 
that focuses on features of the specific patient’s disease rather than a more gen-
eralized chemotherapeutic treatment regimen.

One major approach to precision oncology is the xenotransplantation (XT) 
platform, whereby human cancer cells, obtained from tumor biopsies, are in-
jected into a host animal and used as a patient avatar to study the unique 
disease progression and drug responses of that tumor. Recent advances in the 
zebrafish (Danio rerio) as a XT model have played a substantial role in the 
precision oncology and novel drug discovery fields. Both the larval and adult 
XT platforms have their advantages: larval zebrafish are well suited for pre-
liminary experiments and timely drug screens, while adult zebrafish are bet-
ter equipped for long-term studies, allowing for more accurate modeling of 
drug dosing schedules and timing as well as administration routes (Yan et al., 
2019a,b). In zebrafish, the adaptive immune system is not fully functional 
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until 3–4 weeks postfertilization, allowing short-term transplantation studies 
in larvae without the need for immunosuppression (Willett et al., 1999; Lam 
et  al., 2004; Haldi et  al., 2006; Nicoli et  al., 2007). Additionally, immuno-
deficient zebrafish lines have been engineered to support adult transplanta-
tion models and long-term engraftment studies (Hess et al., 2013; Tang et al., 
2014; Yan et al., 2019a,b).

Furthermore, zebrafish possess the remarkable ability to repair complex 
tissues after injury, including tissues found in the heart, retina, hair cells, 
central nervous system, caudal fin, kidney, and liver (Marques et al., 2019). 
Therefore, not only are they an excellent host for human cancer cell XT stud-
ies, but their regenerative capacities have been increasingly studied to unveil 
the molecular mechanisms underlying stem cell biology and their therapeutic 
potential. Stem cell studies in zebrafish have been conducted to investigate 
evolutionarily conserved pathways for tissue regeneration across different 
species (Canaider et al., 2014). In this chapter, we will discuss the larval and 
adult zebrafish XT models that have been created to date and their roles in 
precision oncology, as well as for stem cell colony expansion and regenerative 
therapies.

2. Larval zebrafish XT models of cancer

At 28 °C, the larval stage in the zebrafish life cycle starts at 72h postfertiliza-
tion (hpf), and the beginning of this stage is defined by the obvious protruding 
mouth, which extends anteriorly just beyond the eye (Kimmel et  al., 1995). 
The larvae have hatched completely from their chorions and the blade of the 
pectoral fin continues to expand and extends posteriorly over the length of the 
diminishing yolk sac (Kimmel et al., 1995). Larval development is rapid and at 
this time point, the larvae already have functioning organs, including the circu-
latory system (heart, closed blood vessels, circulating blood cells), gastrointes-
tinal tract, and metabolic system (Kimmel et al., 1995). Because of this rapid 
organogenesis, larvae have been used for human cancer cell line XT and as a 
model for patient-derived xenografts (PDX) to study cancer progression and 
migration. The animals are often injected with human cells at the embryonic 
stage (~ 48 hpf) but the majority of the experiment takes place during the larval 
stage. This platform has contributed to novel drug discovery, identifying tar-
geted cancer therapies and aided in the screen for combination therapies (Cagan 
et  al., 2019). However, it is known that tumors are heterogeneous and com-
plex, making clinical treatment decisions difficult due to unknown mutations 
or treatment resistance. The zebrafish larval XT platform has shown promising 
preclinical potential to produce patient avatars of disease and provide essen-
tial drug response data in real time to help clinicians make the most informed 
treatment decisions possible. The ability of this model organism to host a PDX 
followed by medium to high-throughput drug screening is unparalleled in any 
other model organism.
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2.1 Advantages and limitations of larval zebrafish XT models

One major advantage of the larval zebrafish model that is essential for XT as-
says, is the absence of a fully developed immune system during this stage of life, 
which means no immunosuppresion is required. It was proposed that zebrafish 
at 48 hpf are at the optimal developmental stage for transplantation (Haldi et al., 
2006). At this stage, the nervous system is well developed, and the animal pos-
sesses a functional circulatory system and critical muscular and skeletal devel-
opment for body mobility (Kimmel et al., 1995; Vittori et al., 2015). Along with 
rapid development, the high fecundity of the zebrafish allows for a large number 
of vetebrates to be studied per experiment. Prior to injection, human cancer 
cells can be transiently fluorescently labeled (using CellTracker cytoplasmic 
or membrane dyes) or stably transfected with fluorescent proteins and can be 
injected into different transplantation sites (Haldi et al., 2006; Veinotte et al., 
2014). The transplantation sites vary depending on the cancer type and the as-
say of choice, but most often include the yolk sac, perivitelline space, common 
cardinal vein, Duct of Cuvier, or hindbrain ventricle (Fig. 1). Furthermore, the 
number of cells required to complete an experiment of this nature is relatively 
low (minimum of 2×106 cells) compared to the cell number requirements for 
mammalian XT studies. This is especially advantageous when working with 
precious patient-derived biopsy samples that are small in size and primarily 
acquired for clinical diagnostic purposes.

Over a decade ago, Richard White and Leonard Zon created a double pig-
ment mutant known as the casper line (White et al., 2008) that is frequently 
employed across the zebrafish community given its optical clarity throughout 
the life of the animal. Once fluorescently labeled cancer cells are injected into 
the transparent larvae, the cells can be tracked in real time for proliferation and 
migration at single cell resolution using fluorescent microscopy and imaging. 
The larvae can be arrayed in a variety of isolated well plates, with the additional 
benefit of not requiring feeding as they rely on their yolk sac for nutrition for 

Hindbrain Ventricle Notochord

YolksacOtolithEye

FIG. 1 Images of a 4-day postfertilization (dpf) zebrafish with CM-DiI labeled patient-derived 
Ewing sarcoma cells (labeled red) injected into the hindbrain ventricle at 5 × and 10 ×.(Images 
courtesy of the Berman Zebrafish Lab, 2019.)
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up to 5days of life (Vittori et al., 2015). Another advantage of the larval stage 
is their small size, allowing them to be permeable to small molecules through 
immersion therapy, facilitating moderate to high-throughput screening for drug 
efficacy and toxicity. This means drugs can be simply added to the larval water 
if the drug is water soluble, and absorbed across the body of the animal, remov-
ing the need for individual drug administration (Brown et al., 2017).

Like every animal model system, there are several drawbacks when using 
larval zebrafish for XT assays. Firstly, incubation temperature has been shown 
to be a critical factor impacting cancer cell proliferation (Lee et al., 2005). The 
ideal physiological temperature for human cells is 37°C and the optimal tem-
perature for zebrafish growth and development is 28 °C; however, zebrafish 
can tolerate temperatures ranging from 6 °C to 38 °C (Kimmel et  al., 1995; 
Spence et al., 2008; Detrich et al., 2010). Therefore XT experiments conducted 
at 28 °C are not ideal for human tumor cell proliferation. The commonly em-
ployed incubation temperature for larval zebrafish following XT is 35 °C, as 
a compromise for the normal growth of both larvae and human cancer cells 
(Haldi et al., 2006; Marques et al., 2009; Corkery et al., 2011; Bentley et al., 
2015; Melong et al., 2017). Secondly, we know that accurate and specific dos-
ing in zebrafish compared to humans has been a frequent topic of discussion. 
Adding the drug into larval water does not ensure equal or adequate absorption 
of the drug into each larva. Immersion therapy, albeit convenient and technically 
straightforward, cannot achieve accurate dosing per larva, which is important 
information when moving preclinical animal studies into human clinical trials. 
In contrast, although more time consuming and technically challenging, it is 
possible to gavage larval zebrafish or inject the drug directly into circulation 
to mimic oral or intravenous (IV) drug administration (Cocchiaro and Rawls, 
2013; Cloney et al., 2018; Wertman et al., 2020). While we understand the drug 
doses used in zebrafish experiments cannot be directly applied to a human con-
text, it is important to note that in our studies involving cisplatin, plasma levels 
measured in pediatric patients were within the range of our experimental larval 
doses. Studies of human serum cisplatin concentrations suggest that over the 
initial 24h period following administration, plasma levels range from approxi-
mately 1–10μg/mL, which converts to 0.0033–0.033mM, which encompasses 
the doses we used when treating our larvae with cisplatin (Lanvers-Kaminsky 
et al., 2006; Wertman et al., 2020). Another common issue concerning the ze-
brafish XT model is the conservation of molecular mechanisms and pathways, 
and more specifically drug absorption, distribution, metabolism, and excretion 
(ADME), in relation to humans. The pregnane X receptor (PXR) is a nuclear 
receptor that functions as a ligand-activated transcriptional factor and has vital 
functions in mammals, including glucose metabolism, bone homeostasis, re-
production, neuronal development, cognitive capacities, transport, and excre-
tion of exogenous compounds (Marques et al., 2017; Ekins et al., 2008). PXRs 
show significant differences in ligand specificity across species, and although 
zebrafish do possess PXRs, they were shown to be more sterically constrained 
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and were activated by fewer compounds, suggesting a smaller ligand-binding 
pocket compared to those in humans (Ekins et al., 2008). Zebrafish PXRs were 
activated by a smaller number of steroid hormones than human PXRs, but there 
was substantial overlap between the selectivity of the two PXRs (Ekins et al., 
2008). Furthermore, it is widely known that drug-metabolizing enzymes play 
central roles in metabolism, elimination, and detoxification (de Souza Anselmo 
et al., 2018). Zebrafish have the ability to perform both phase I and phase II me-
tabolism reactions, and the metabolic enzymes responsible for these reactions 
are highly conserved in relation to mammals (Chng et al., 2012; Diekmann and 
Hill, 2013; Brox et al., 2016). In humans, the five CYP gene families (CYP1, 
CYP2, CYP3, CYP4, and CYP7) are the main metabolizing enzymes responsi-
ble for xenobiotic metabolism and are associated with the oxidative biotransfor-
mation of approximately 70% of most clinically used drugs (de Souza Anselmo 
et  al., 2018). Many human CYP enzymes have direct orthologs in zebrafish 
suggesting similar metabolic profiles between the two (Goldstone et al., 2010).

Lastly, as with any transplant model, the microenvironment provided by the 
zebrafish is not an exact replica of the human cell niche (Brown et al., 2017). 
Although zebrafish have a high level of genetic conservation with humans at 
the genomic and proteomic levels (Howe et al., 2013), the transplanted cells are 
exposed to a different host niche and environmental factors than what would 
naturally occur in a human host. As previously mentioned, the larval zebrafish 
does not possess an adaptive immune system, which enables the engraftment 
of human cancer cells. Thus, it does not recapitulate the mature immune cells 
present in a human host. Moreover, zebrafish also lack specific cytokines, which 
are known to be essential protein factors in the human microenvironment for the 
differentiation and maintenance of different cell types. To address this limita-
tion and improve the engraftment efficiency of transplanted human cancer cells, 
our group generated a humanized transgenic zebrafish that expresses multiple 
human hematopoietic-specific cytokines (Rajan et al., 2020). The humanized 
zebrafish, termed the GSS zebrafish (an acronym for the cytokines expressed: 
granulocyte monocyte stimulating factor (GM-CSF), stem cell factor (SCF), 
and SDF1α), enhanced the proliferation and the hematopoietic niche-specific 
homing of patient-derived leukemia cells and umbilical cord-derived human he-
matopoietic stem and progenitor cells (HSPCs) (Rajan et al., 2020). The GSS 
fish provide a multiuse platform for the transplantation and expansion of HSPCs 
as well as human cancer cells to evaluate oncogenic potential in vivo.

2.2 Transplantation of human cancer cell lines in larval 
zebrafish

Larval zebrafish have been successfully utilized in many XT studies and have 
become popular in drug screening assays for the discovery of novel potential 
therapeutics. Before using larval zebrafish, cancer cells were first transplanted 
into zebrafish blastula-stage embryos where the survival and motility of cancer 
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cells was observed (Lee et al., 2005). Researchers transplanted melanoma cells 
into the zebrafish blastula and observed that the cells survived and divided but 
did not form tumors (Lee et al., 2005). In a follow-up study, human melanoma 
cells were injected into zebrafish blastula-stage embryos and it was determined 
that aggressive melanoma cells secreted Nodal (Topczewska et al., 2006). Based 
on this work, Nodal has emerged as a diagnostic marker of disease progression 
and a possible target for development of an anticancer therapeutic (Topczewska 
et al., 2006). In one of the first studies that explored the development of larval 
zebrafish as a XT model, human metastatic melanoma, pancreatic carcinoma, 
and colon carcinoma cancer cells were transplanted into 48 hpf zebrafish. These 
cell lines were able to proliferate, migrate, and form masses in the zebrafish. 
Optimizations were made in this study, demonstrating the feasibility of using 
48 hpf zebrafish for cancer research and as a XT host for human cancer cells, 
laying the foundation for future work in this area (Haldi et al., 2006).

2.2.1 Angiogenesis and the microenvironment
Other studies have employed the zebrafish larval XT model to examine the tu-
mor microenvironment through the analysis of tumor-induced angiogenesis. 
Angiogenesis, the formation of new and recruitment of existing blood vessels, 
is an important factor in cancer progression and metastasis and is therefore a 
target for antitumor therapies. When tumorigenic fibroblast growth factor (FGF) 
2-overexpressing mouse aortic endothelial cells were injected into 48 hpf zebraf-
ish, they triggered a potent angiogenic response. Using different cancer cell lines, 
this study showed the capability of zebrafish to discriminate between highly an-
giogenic and poorly angiogenic tumor cell lines (Nicoli et al., 2007). The trans-
plantation of melanoma cells into transgenic Tg(flk1:EGFP) 48 hpf zebrafish, 
which possess fluorescently labeled blood vessel endothelial cells, has shown 
the contribution of vascular endothelial cell growth factor receptor 2 positive 
(VEGFR2+) to individual endothelial cells in the formation of the tumor vascular 
network. The larvae were treated with a specific VEGFR2 inhibitor, SU5416, 
which significantly inhibited vascularization and tumor growth, while having 
little effect on normal vessels (Zhao et al., 2011). Another study injected 48 hpf 
zebrafish with melanoma cells that overexpressed antiapoptotic bcl-xL, and then 
assessed the role of interleukin CXCL8, and bcl-xL on the dissemination and 
angiogenesis of cancer cells (Gabellini et al., 2018). Results suggested that the 
autocrine CXCL8/CXCR2 signaling pathway induces melanoma aggressiveness 
(Gabellini et al., 2018). These studies and others (Haldi et al., 2006; Vlecken and 
Bagowski, 2009; Stoletov et al., 2007) have shown the utility of the zebrafish 
XT model, when used in conjunction with transgenic zebrafish vascular reporter 
lines, as a tool for the discovery of antiangiogenic therapies.

2.2.2 Liquid tumor XTs
Leukemia cell xenografts in zebrafish larvae have been conducted to study an-
tileukemic drug efficacy and toxicity. In a study examining the inhibition of 
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 human leukemia cell growth, leukemic cell lines and CD34+ leukemic blast 
cells sorted from the blood of acute myeloid leukemia (AML) patients were 
injected into 48 hpf zebrafish (Pruvot et al., 2011). After transplantation and 
engraftment of the cells, antileukemic drugs were tested, and cancer cell growth 
was inhibited by imatinib mesylate and oxaphorines. Treatment decreased the 
leukemic burden and importantly, did not demonstrate any toxicity to the ze-
brafish (Pruvot et al., 2011). Our group injected human myeloid leukemia cell 
lines (K562 and NB4) into 48 hpf casper embryos, which were able to pro-
liferate and survive for up to 7days posttransplant (dpt). Once the cells were 
injected and engrafted, specific molecularly targeted agents, imatinib mesylate 
(targeting BCR-ABL in chronic myeloid leukemia K562 cells) and all-trans 
retinoic acid (ATRA) (targeting PML-RARA in acute promyelocytic leukemia 
NB4 cells), were added to the water. An ex vivo cancer cell quantification assay 
was employed, showing a selective decrease in the number of leukemic cells 
following treatment with the appropriate targeted agent, in contrast to when that 
drug was used against the opposite cell line (Corkery et al., 2011).

As previously mentioned, the larval zebrafish does not possess a fully adap-
tive immune system until 3–4weeks after fertilization. However, the innate im-
mune system is detectable and active at day one of zebrafish embryogenesis 
(Herbomel et al., 1999). An interesting approach to address the contribution of 
innate immunity to engraftment was recently undertaken by Gauert et al. (2020). 
Human B-cell precursor acute lymphoblastic leukemia (BCP-ALL) cell lines 
(SEM, Nalm-6, and RCH-ACV) were injected into 48 hpf zebrafish, which had 
been previously injected with morpholinos targeting innate immune cell genes, 
resulting in transient knockdown of neutrophils and monocytes. BCP-ALL sur-
vival was improved in morpholino-injected xenografts compared with controls. 
The xenografted zebrafish were then treated with venetoclax for 72h and human 
cancer cell viability was analyzed through flow cytometry (Fig. 2). Increasing 
doses of venetoclax showed decreased BCP-ALL cell viability in vivo (Gauert 
et al., 2020).

Immune cell
knock down
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FIG. 2 Experimental schematic of Gauert et al. (2020) immunosuppressed larval zebrafish XT 
platform.
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2.2.3 Solid tumor XTs
Although zebrafish lack mammary glands, prostate tissue, and lungs, stud-
ies have proven zebrafish to be a good model for studying human breast and 
prostate cancer by using XT. One study looked at metastasis and dissemination 
of breast, colorectal, and prostate cancer cell lines in zebrafish (Ghotra et al., 
2012). The authors established that silencing E-cadherin accelerates breast car-
cinoma cell dissemination, supporting the inhibitory role of E-cadherin in can-
cer metastasis (Ghotra et al., 2012). In addition, findings from this study showed 
that cancer cells of mesenchymal origin displayed higher dissemination capac-
ity than those of epithelial origin. Another study looked at the metastatic proper-
ties of different breast cancer lines following XT into larval zebrafish (Drabsch 
et al., 2013). The transforming growth factor beta (TGF-β) signaling pathway 
is known to contribute to the invasiveness of breast cancer (Wiercinska et al., 
2011). Researchers showed that a TGF-β receptor kinase inhibitor prevented 
the invasion of cancer cells by inhibiting TGF-β, which was consistent with the 
results obtained from a mouse metastasis model (Drabsch et al., 2013). Triple-
negative breast cancer (TNBC), a highly aggressive breast carcinoma, has lim-
ited treatment options. Using the zebrafish XT model, investigators found that 
human cancer cells expressing CXCR4 can respond to zebrafish cognate li-
gands at the metastatic site (Tulotta et al., 2016). They were able to block TNBC 
metastasis by using IT1t, a CXCR4 antagonist. Further, they proposed CXCR4 
as a pharmacological target in TNBC (Tulotta et al., 2016).

In a zebrafish XT model of human prostate cancer, it was reported that the 
spleen kinase (SYK) affects the dissemination of prostate cancer cells (Ghotra 
et  al., 2015). The authors showed the absence of SYK prevented cancer dis-
semination (Ghotra et al., 2015). In another study conducted by our group, the 
androgen-dependent LNCaP prostate cancer cell line was xenografted into lar-
val zebrafish (Melong et al., 2017). Exogenous testosterone was administered 
to model the hormonal microenvironment in which prostate cancer develops 
in humans. The administration of testosterone increased the proliferation of 
LNCaP cells in comparison with controls and this effect was reversed by the 
antiandrogen receptor drug, enzalutamide. This study provided evidence that 
testosterone administration should be considered in future zebrafish XT studies 
of prostate cancer (Melong et al., 2017). Furthermore, like most cancers, the 
early diagnosis of prostate cancer is critical. A study utilizing the larval zebraf-
ish XT platform established an improved in vivo model for the early diagnosis 
of prostate cancer. PC3-CTR cells (PC3 cells overexpressing the calcitonin re-
ceptor) were injected into zebrafish, and the cells successfully migrated and 
proliferated. The invasiveness of these cells provided a good model for both 
drug-targeted screening and for specific early markers to better detect prostate 
cancer in patients (Xu et al., 2018).

While zebrafish do not possess lungs, studies have been able to recapitulate 
cancer–tumor microenvironment interactions using XT models. A non-small-
cell lung cancer (NSCLC) XT model was successfully designed by injecting 



Zebrafish xenotransplantation Chapter | 11 355

A549 lung cancer cells into zebrafish. This XT model was used to evaluate 
the anticancer effects of bevacizumab, endostar, and apatinib (Jin et al., 2018). 
The authors were able to observe inhibition of tumor growth in zebrafish (Jin 
et al., 2018). In collaboration with the Bally and Lockwood labs, our group 
examined the expression levels of 3′-phosphoadenosine 5′-phosphosulfate 
synthase 1 (PAPSS1) and cisplatin sensitivity in lung adenocarcinoma cell 
lines (Leung et al., 2017). PAPSS1 suppression in A549 cancer cells, in com-
bination with low-dose cisplatin treatment, inhibited proliferation of lung tu-
mor cells in zebrafish xenografts. Targeting PAPSS1 activity along with the 
administration of platinum-based chemotherapy was presented as an approach 
to improve treatment outcomes in patients whose lung cancers harbor this 
mutation (Leung et al., 2017). Lastly, NSCLC XTs were used to reveal and 
learn more about the role of autophagy in cancer (Chou et al., 2019). After 
the transplantation of human H1299 cells into 48 hpf zebrafish, authors inves-
tigated the effect of C2-ceramide and chloroquine (an autophagy inhibitor) 
on the growth of NSCLC XT cells. The treatment reduced the mass of the 
H1299-forming tumor in the zebrafish, suggesting that the use of autophagy 
inhibitors and a sublethal dose of C2-ceramide may be promising for the treat-
ment of NSCLC (Chou et al., 2019).

2.3 Patient-derived xenografts (PDX) in larval zebrafish

The first study that utilized zebrafish to directly transplant patient-derived tu-
mor cells was conducted to better understand the metastatic behavior of cancer 
cells (Marques et  al., 2009). Primary human cancer cells from pancreas, co-
lon, and gastric carcinomas were transplanted into 48 hpf zebrafish and both 
human tumor cell invasion and micrometastasis were observed within 24h of 
transplantation (Marques et al., 2009). Our group transplanted patient-derived 
T-cell acute lymphoblastic leukemia (T-ALL) into 48 hpf zebrafish to assess 
drug response in cancer cells from different individuals (Bentley et al., 2015). 
We were able to identify a mutation sensitive to γ-secretase inhibition through 
drug response assays and this mutation was confirmed as a gain-of-function 
NOTCH1 mutation (Bentley et  al., 2015). Patient-derived multiple myeloma 
(MM) cells are difficult to both establish in culture and grow in vivo using mu-
rine models, but were able to survive, engraft, and proliferate following trans-
plantation into larval casper zebrafish (Lin et al., 2016). Furthermore, CD138+ 
MM cells derived from patients that were transplanted into larval zebrafish, ex-
hibited growth inhibition to the same drugs to which the patients had responded, 
providing evidence for the utility of this preclinical platform (Lin et al., 2016).

Patient-derived human colorectal cancer (CRC) cells were transplanted 
into 48 hpf zebrafish, and while the CRC cells maintained their general cel-
lular characteristics, different patient samples exhibited different proliferation 
dynamics. The zebrafish xenografts were treated with two common chemo-
therapy regimens, 5- fluorouracil (5-FU)+oxaliplatin + folinic acid (FOLFOX) 
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or 5-FU +irinotecan + folinic acid (FOLFIRI) and showed an overall higher 
sensitivity to FOLFIRI than to FOLFOX. These proof-of-concept experiments 
provided evidence of similar behavior responses to therapies between patients 
and zebrafish PDXs (Fior et al., 2017). These studies, and others (Gaudenzi, 
2016; Mercatali, 2016; Wu et al., 2017), have shown that PDX studies and drug 
response, efficacy, and sensitivity data can be obtained in a rapid and action-
able time frame in the larval zebrafish XT model. This model has proven to be 
valuable for drug discovery and has the potential to improve and accelerate the 
design of personalized cancer therapy options through the generation of patient 
avatars.

2.4 Drug screening, novel drug discovery, and radiotherapy 
enhancement using larval zebrafish

Zebrafish are an ideal choice for an unbiased novel compound testing platform, 
as mammalian models are expensive, laborious, and thus not well suited to 
screening large numbers of compounds for evidence of an efficacy signal. In the 
zebrafish larval model, drug treatments can be easily administered by simply 
adding the drug to the water in which the animals are maintained. Drug toxic-
ity and antitumor effects can be tracked in real time with noninvasive imaging. 
Another advantage of the zebrafish XT platform is that it is ideal for provid-
ing drug responses in an actionable time frame. Transplantation of cells into 
zebrafish larvae and responses to drug treatments, including the evaluation of 
the inhibition of cell proliferation and migration, can be assessed within days.

Drug screening in zebrafish has become popular, as screening can be carried 
out at a medium to high-throughput rate. Drug screening studies have tradition-
ally been performed in nonxenografted zebrafish embryos, but rather focused 
on targeting specific oncogenic molecular pathways. For example, a chemical 
screen conducted in transgenic zebrafish embryos (Tg(flk1:EGFP) line) tested 
for small molecules capable of the inhibition of angiogenesis (Wang et  al., 
2010). Rosuvastatin was identified among seven hits as an inhibitor of angio-
genesis, and the drug was subsequently tested in XT nonobese diabetic severe 
combined immunodeficiency (NOD-SCID) mice and showed suppression of 
prostate tumor growth by inhibiting cancer cell proliferation (Wang et al., 2010). 
Another study screened 2000 chemicals to identify inhibitors of the neural crest 
lineage in zebrafish embryos (White et al., 2011). Leflunomide, an inhibitor of 
dihydro-orotate dehydrogenase, was found to inhibit the development of both 
neural crest cells and human melanoma cells (White et al., 2011). Furthermore, 
the larval zebrafish XT platform has shown the capacity to identify novel thera-
peutics used to treat acute leukemia. An example of novel drug discovery using 
this platform is a study that employed phloridzin (PZ), a flavonoid precursor 
found in apple peels, and docosahexaenoic acid (DHA), to yield a novel ester 
known as PZ-DHA (Arumuggam et al., 2017). PZ-DHA was shown to signifi-
cantly inhibit the proliferation of the Jurkat human T-ALL cell line in zebrafish 
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larvae (Arumuggam et al., 2017). In another study an antileukemic drug screen 
was performed, where more than 25,000 small compounds were tested. Among 
the compound hits, the authors identified Lenaldekar to have a generalized an-
tileukemia effect on T-ALL cells (Ridges et al., 2012). There are other papers 
extensively reviewing zebrafish as a preclinical model in drug discovery (Parng 
et al., 2002; Peterson and MacRae, 2012; MacRae and Peterson, 2015; Kithcart 
and MacRae, 2017).

Not only can this model be used to discover new compounds, but it can also 
be employed to improve existing drugs that are currently used in the clinic. 
Chemotherapeutics are effective but highly toxic nonspecific therapies that can 
lead to lifelong complications and undesired side effects. The zebrafish XT 
model has served as a model to discover protective agents that mitigate un-
wanted side effects of chemotherapeutics while ensuring their chemotherapeu-
tic efficacy and not interfering with their capacity to kill cancer cells. Standard 
induction regimens used for most patients with acute leukemia are based on a 
backbone of anthracyclines, an effective treatment option, but are highly car-
diotoxic drugs shown to increase the risk of heart failure (Kang et al., 2019). 
A zebrafish model of doxorubicin-induced cardiomyopathy was used to screen 
for new cardioprotective compounds (Liu et al., 2014). Two compounds, visna-
gin (VIS) and diphenylurea (DPU), attenuated cardiac cell death and preserved 
cardiac function in larval zebrafish (Liu et al., 2014). This led to the discovery 
that VIS binds to mitochondrial malate dehydrogenase (MDH2), which plays 
a role in the tricarboxylic acid cycle. In so doing, this study identified VIS 
and DPU as potential cardioprotective compounds and MDH2 as a target for 
doxorubicin-induced cardiomyopathy. Importantly, the zebrafish XT model was 
employed to demonstrate that MDH2 inhibition is sufficient for cardioprotec-
tion and that the anticancer effects of doxorubicin were preserved (Liu et al., 
2014). Our group recently completed a 1280 compound screen in larval zebraf-
ish for otoprotective agents against cisplatin-induced damage to the hair cells 
of the lateral line neuromasts, an analogous structure to human hair cells of the 
inner ear (Wertman et  al., 2020). Dopamine and L-mimosine were found to 
protect zebrafish neuromasts from cisplatin-induced damage and also preserve 
zebrafish larval glomerular filtration. This study provided preclinical evidence 
for the potential utility of dopamine and L-mimosine in the safer administration 
of cisplatin.

Zebrafish models have also been used in radiotherapy studies. U251 neu-
roblastoma cells transplanted into zebrafish embryos were treated with radio-
sensitizer 4′-bromo-3’nitropropiophenone (NS-123), to test the efficacy and 
toxicity of this treatment (Lally et al., 2007). Treatment reduced the number of 
cancer cells in zebrafish xenografts and no toxic effects were observed (Lally 
et al., 2007). Another study transplanted U251-RFP human glioma cells into 
zebrafish embryos and treated the XT fish with ionizing radiation and temozolo-
mide (TMZ) (Geiger et al., 2008). Results showed TMZ enhanced the inhibi-
tory effects of radiotherapy on the proliferation of these cells but had no effect 
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on embryonic development (Geiger et  al., 2008). Lastly, using a novel gold 
nanoparticle-mediated diamond target beam radiation platform, our group dem-
onstrated the enhanced cell killing of human head and neck cancer cells in ze-
brafish xenografts compared to those receiving standard radiotherapy (Piccolo 
et al., 2019).

The power of this model lies in the numbers, as large sample sizes and 
clutches of larvae can be obtained and tested in a relatively short time frame, 
in comparison to mammalian chemical screenings, where this would not be 
feasible. The efficiency of embryo/larval screening can be combined with XT 
to enable unbiased in vivo cell viability screens of human cancers in a zebrafish 
host. This platform creates new opportunities for anticancer personalized thera-
pies, as recent studies have shown the reliability of the zebrafish PDX model. 
From a translational perspective, cancer drug discovery using zebrafish PDXs 
could be a new scalable paradigm that provides fast and reliable assessments for 
personalized treatments for every patient.

3. Using the zebrafish for translational stem cell research

3.1 Nonmalignant stem cells

Stem cells have the ability to give rise to every tissue in the human body, and 
therefore have great potential for therapeutic uses involving tissue regenera-
tion and repair. There are two essential characteristics of the stem cell: first, 
the cells must be able to self-renew and produce daughter cells identical to the 
original cell; second, the stem cell must be able to differentiate into a special-
ized mature cell type (Biehl and Russell, 2009). As such, stem cell transplants 
are a promising regenerative therapeutic option for patients with diseased or 
damaged cells, but further investigation in vivo is needed to improve clinical 
efficacy. Many current expansion protocols fail to produce clinically relevant 
numbers of functional stem cells or lack the ability to guide lineage-specific dif-
ferentiation. Zebrafish, with their numerous advantages, have been exploited as 
a powerful tool in stem cell research for over three decades (De La Garza et al., 
2017; Perlin et al., 2017; Cavalcante et al., 2019; Arjmand et al., 2020) and as 
a result, stem cell XT zebrafish models are emerging as a promising tool for 
preclinical stem cell research. As described for cancer cells, use of the transpar-
ent mutant casper zebrafish line similarly enables single-cell resolution imag-
ing and observation of real-time stem cell interactions and behaviors in vivo. 
Mammalian stem cells (induced pluripotent stem cells (iPSCs), hematopoietic 
stem and progenitor cells (HSPCs), mesenchymal stem cells (MSCs), neural 
stem cells (NSCs), and their derivatives) transplanted into zebrafish can survive, 
differentiate, migrate to niches, and interact with zebrafish cells and signal-
ing molecules (Patel et al., 2012; Orlova et al., 2014; Staal et al., 2016; Han 
and Hsu, 2017; Hamilton et al., 2018; Parada-Kusz et al., 2018). Zebrafish XT 
models are being developed to gain a better understanding of stem cell  behavior 
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and mechanisms, and once characterized, these models can serve as a drug dis-
covery platform to find compounds that enhance stem cell numbers or target 
disease-causing stem cells.

Zebrafish stem cell XT models are being used to functionally assess alterna-
tive stem cell sources, including adipose-derived stem cells (ADSCs) and iPSCs 
as they are both abundant, can differentiate into many cell lineages, and can 
be used for autologous transplant therapies (Li et al., 2015; Xiao et al., 2016; 
Strnadel et al., 2018). Additionally, the zebrafish is a robust tool being used to 
better understand and improve hematopoietic stem cell transplants (HSCTs) and 
regenerative cellular therapies.

3.2 Hematopoietic stem cell transplants

Allogeneic HSCTs are widely used as a therapeutic option for patients with 
certain blood cancers, primary immune deficiencies, and some genetic disor-
ders. For an HSCT to be successful, donor HSPCs must migrate to the bone 
marrow niche, engraft, and expand to repopulate the hematopoietic cell lineages 
(Sullivan et al., 2010). Ablation of the bone marrow prior to transplant is nec-
essary to clear out diseased or damaged cells and to support the engraftment 
of transplanted cells (Hamilton et  al., 2018). Additionally, there is a limited 
number of HSPCs that can be obtained from donor samples, so research efforts 
have been focused on expanding the HSPC population ex vivo to produce clini-
cally relevant numbers (De La Garza et al., 2017). Further research is needed 
to better understand engraftment, expansion, and niche-homing mechanisms, 
so these processes can be optimized to decrease risks associated with HSCTs, 
including rejection, infection due to delayed engraftment, and death (Hamilton 
et al., 2018).

The zebrafish is a well-established model for hematopoiesis research and 
is emerging as a powerful tool for hematopoietic transplantation studies as the 
optical clarity of zebrafish allows for real-time tracking of transplanted cells 
to visualize cell interactions, engraftment success, and migration patterns. 
Importantly, there is a high degree of conservation between the mammalian and 
zebrafish hematopoietic systems that allows for the translation of findings from 
zebrafish to humans (Davidson and Zon, 2004; Clements and Traver, 2013). 
Although zebrafish and mammals have different anatomical hematopoietic 
niche sites (the caudal hematopoietic tissue (CHT) is akin to the fetal liver/pla-
centa while the kidney marrow is analogous to the mammalian bone marrow), 
critical hematopoietic genes, pathways, and mechanisms are well conserved and 
common hematopoietic lineages give rise to the same major blood cell types 
(Traver et  al., 2003; Murayama et  al., 2006; Orkin and Zon, 2008; Tamplin 
et al., 2015). Recent studies have demonstrated that transplanted mammalian 
HSPCs home to the CHT and successfully engraft, respond to zebrafish signals, 
and are integrated into the developing hematopoietic and vasculature systems, 
further highlighting the high degree of hematopoietic conservation between 
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mammals and zebrafish (Orlova et  al., 2014; Staal et  al., 2016; Parada-Kusz 
et al., 2018; Hamilton et al., 2018). Thus the zebrafish represents a robust drug 
discovery tool to identify compounds that increase expansion, promote engraft-
ment, and direct migration of HSPCs to the hematopoietic niche to help reduce 
the risks associated with HSCTs.

In vivo chemical screens performed on zebrafish embryos have identified 
compounds that promote the expansion of endogenous zebrafish HSPCs, and 
several of these compounds also enhance functional expansion of mammalian 
HSPCs both in vivo and ex vivo (Arulmozhivarman et al., 2016; North et al., 
2007). For example, valproic acid (VPA) was identified as a hit in one of these 
chemical screens and further validation revealed that treatment of human pe-
ripheral blood with VPA promoted the expansion and maintenance of isolated 
HSPCs ex vivo (Arulmozhivarman et al., 2016). Another compound identified 
in a different screen was 16,16-dimethyl-prostaglandin E2 (dmPGE2), a stable 
derivative of prostaglandin E2, which was the first compound found using the 
zebrafish platform that led to a human clinical trial (Cutler et al., 2013; North 
et  al., 2007). Umbilical-cord blood-derived stem cells treated with dmPGE2 
prior to transplant exhibited preferential engraftment in 10 out of 12 patients 
(Cutler et al., 2013). These compounds showed preclinical potential to increase 
numbers of human HSPCs in a Petri dish prior to transplant (Arulmozhivarman 
et al., 2016), in patients posttransplant, and for individuals with bone marrow 
failure syndromes (North et al., 2007). These studies provide further evidence 
that the knowledge gained from zebrafish is clinically relevant and that the ze-
brafish can be used as a drug discovery platform to find compounds that en-
hance human HSPC expansion and engraftment.

As human HSPCs are in short supply, mouse HSPCs are an alternative 
source for preliminary studies prior to validation in human. Mouse HSPCs 
transplanted into zebrafish embryos are able to interact with zebrafish cells, 
 respond to  zebrafish niche-homing signals to migrate to the hematopoietic 
niche, and mount a response to a bacterial infection (Parada-Kusz et al., 2018). 
The ability of mammalian HSPCs to respond to and interact with endogenous 
zebrafish signals and cells is key to study HSPC function in real time and to 
identify compounds that enhance engraftment and niche signaling for therapeu-
tic applications (Parada-Kusz et al., 2018).

In one study, human HSPCs transplanted into the duct of Cuvier of 48 hpf ze-
brafish were able to survive for up to 6 dpt, respond to zebrafish stromal signals 
necessary for HSC maintenance, and differentiate into myeloid lineages (Staal 
et al., 2016). Additionally, human HSPCs transplanted into zebrafish embryos 
were able to engraft in the zebrafish hematopoietic niche and interact with the 
developing vascular tissue (Pozzoli et al., 2011; Hamilton et al., 2018). These 
models can be employed to further investigate cell fate and niche signaling and 
to identify compounds that enhance the expansion and engraftment of human 
HSPCs. Konantz et al. (2019) describe a method to transplant human HSPCs 
into transgenic zebrafish embryos to visualize the interactions of transplanted 
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cells with the microenvironment. These studies encouraged the development of 
humanized zebrafish models to better represent the human context and further 
increase the clinical relevance of xenotransplantation studies.

In this regard, our group engineered humanized GSS fish (see above) that 
express human hematopoietic-specific cytokines (Rajan et al., 2020). Cytokines 
support the survival, proliferation, and differentiation of human cells, but there 
is poor evolutionary conservation of hematopoietic-specific cytokines between 
zebrafish and humans which may reduce the ability of human cells to thrive 
in zebrafish (Stachura et al., 2013; Rajan et al., 2020). Employing both fluo-
rescent imaging and digital droplet PCR for HSPC and lineage markers, we 
conclusively determined that there was increased survival and differentiation of 
transplanted human HSPCs in the GSS fish compared with HSPCs transplanted 
into casper control larvae (Rajan et al., 2020). This observation suggests that 
these humanized zebrafish represent an improved platform with greater clinical 
relevance to aid in the identification of compounds that enhance human HSPC 
expansion, engraftment, and differentiation.

3.3 Regenerative therapies

Stem cell transplants are a regenerative therapeutic option for diseased or dam-
aged tissue with some success, but further validation in vivo is needed to bet-
ter understand mechanisms, enhance tissue engineering techniques, and to find 
compounds that promote the expansion and differentiation and target disease-
causing stem cells (Kwon et  al., 2018). The zebrafish xenograft platform is 
being used to investigate translational applications involving stem cells in the 
nervous system, vasculature system, and fibrotic diseases.

Firstly, adult NSCs show potential for neural regenerative therapies, but fur-
ther optimization is needed, because NSCs are rare, need to be expanded prior 
to transplant, and have a low survival rate postengraftment (Takahashi et al., 
2008; Han and Hsu, 2017). Alternatively, MSCs may be useful for neural re-
generative applications as they can be induced to form functional neurons, are 
abundant in bone marrow and adipose tissue, and have established expansion 
protocols (Cho et al., 2005; Patel et al., 2012). There are some promising clini-
cal results using MSCs for regenerative applications, but further investigation 
in vivo is needed to advance MSC cellular therapies to large-scale clinical trials 
for central nervous system (CNS) disorders and injuries (Momin et al., 2010; 
Patel et al., 2012).

To investigate the regenerative abilities of MSCs in the CNS, human MSCs 
that were induced to form functional neurons were transplanted into zebrafish 
larvae that had been subjected to a spinal cord injury (SCI) (Patel et al., 2012). 
Human MSC-transplanted fish displayed better wound healing, had human 
MSCs present at the SCI site, and both locomotion and sensory assays showed 
significant functional neural regeneration compared to untransplanted controls 
over time (Patel et al., 2012). This zebrafish model can be used to investigate 
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MSC repair mechanisms and be employed as a drug discovery platform to 
identify compounds that enhance MSC neural regeneration capabilities (Patel 
et al., 2012).

Coculturing NSCs with ADSCs, a type of MSC that serves as an alternate 
stem cell source as they are abundant and possess the capacity to differentiate 
into many cell lineages, encouraged the formation of cospheroids that increase 
NSC stemness and survival rates in vivo, which is another strategy being evalu-
ated to improve NSC transplants (Haragopal et al., 2015; Han and Hsu, 2017). 
Han and Hsu (2017) transplanted either NSC mono-spheroids or NSC/ADSC 
cospheroids into the injury site of cerebellum-injured adult immunosuppressed 
zebrafish to investigate the impact of the spheroids on neural regeneration. Cell 
survival was increased in the cospheroid transplanted fish, and there was partial 
rescue of locomotion activity in both the mono- and cospheroid transplanted 
fish (Han and Hsu, 2017). Interestingly, the cospheroid transplanted fish had the 
same degree of functional rescue with half the number of NSCs and thus this 
represents a potential strategy to reduce the already limited numbers of avail-
able NSCs (Han and Hsu, 2017).

Secondly, iPSCs are a promising alternative source of the hard-to-produce 
endothelial cells (ECs) for both vascular tissue engineering and regenerative 
transplant therapies for patients with vascular diseases (Orlova et  al., 2014; 
Chan et al., 2015; Olmer et al., 2018). Human iPSC-derived ECs integrate into 
the vasculature in developing zebrafish embryos, and the functionality of these 
cells can be assessed by quantifying the percentage and length of chimeric ves-
sels (Orlova et al., 2014; Olmer et al., 2018). This method can be applied to as-
sess the therapeutic potential of vascular cells in vascular diseases and for tissue 
engineering strategies. For example, human iPSCs derived from patients with 
type 1 diabetes (T1D) differentiate into ECs that form vascular networks in hy-
drogel and these cells successfully integrate into the zebrafish vasculature, indi-
cating their functionality (Chan et al., 2015). As these cells are patient specific, 
they can be used for autologous vascular therapies to improve wound healing 
and treat acquired vascular diseases in patients with diabetes (Chan et al., 2015).

Finally, the zebrafish xenograft platform is being used to investigate thera-
peutic options for idiopathic pulmonary fibrosis (IPF), a progressive lung disease 
caused by fibrotic lesions that form a reticular network in the lungs, for which the 
only currently available effective treatment is a lung transplant (Xia et al., 2014). 
Mesenchymal progenitor cells (MPCs) have been shown to be the cells of origin 
of IPF-causing fibroblasts, as transplantation of MPCs from IPF patients form 
fibrotic lesions in zebrafish embryos (Benyumov et al., 2012; Xia et al., 2014). 
This zebrafish model can be leveraged for drug discovery to identify compounds 
that prevent the transformation of MPCs into fibroblasts and thus, abrogate the 
formation of fibrotic lesions (Xia et al., 2014). Overall, these studies highlight 
how the zebrafish XT platform will foster preclinical stem cell research through 
the identification of novel compounds to expand stem cell populations, target 
disease-causing cells, and as regenerative therapeutic options.
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4. Adult zebrafish XT models of cancer

More recently, to address the limitations of both the mouse and larval zebrafish 
XT models, xenografts have been conducted in adult zebrafish through three 
different approaches: genetic alterations to induce immunopermissiveness, 
chemical immunosuppression, and/or ɣ-irradiation immunosuppression. The 
main limitation in developing a XT tumor model in any adult animal is the pres-
ence of a functional immune system, which requires adequate ablation prior to 
successful cell engraftment.

As previously described, many zebrafish xenograft cancer models have been 
developed when the animals are in their embryonic or larval stages (approxi-
mately 48–72 hpf), when the immune system is not fully developed, animal 
numbers are abundant, and the fish are transparent and easily manipulated. 
Using adult zebrafish for human cancer cell xenografts, although more labori-
ous, is emerging as an innovative approach to study drug responses and other 
biologically relevant disease information in vivo. A zebrafish is officially clas-
sified in the adult stage when it reaches sexual maturity, at approximately 90 
dpf (Kimmel et al., 1995). Immunocompromised mice are an invaluable model 
for xenograft transplantation studies and engraftment into nude, NOD-SCID or 
highly immune deficient NOD-SCID-gamma null (NSG) mice, represents the 
gold standard for human cancer avatars to study disease progression, metasta-
sis, and as a platform for drug screening (Pearson et al., 2008; Bankert et al., 
2011; Quintana et al., 2012; Radaelli et al., 2015). However, murine models are 
expensive and require both advanced technologies and techniques for imaging 
and surgeries for examining opaque and deep anatomic structures. Furthermore, 
propagation of a substantial number of immunocompromised mice is challeng-
ing, as mice have low fecundity rates and biologically develop at a relatively 
slow rate. The advantages and disadvantages of the XT mouse model, the larval 
zebrafish model, and the adult zebrafish model are annotated in Fig. 3.

In contrast, while the larval drug screening platform has tremendous utility 
as outlined before, the rapid generation of results is ultimately a trade-off for the 
accuracy of drug penetration and dosing. The major objective of the larval XT 
platform is to obtain drug response data in a sufficiently rapid time frame for the 
potential to have clinical implications. In this model, the larvae are frequently 
treated by immersion therapy as a group and therefore each fish is not individu-
ally dosed like a mouse or human. Larval zebrafish drug doses are used to iden-
tify an efficacy signal in the transplanted tumor cells and determine evidence of 
general and organ-specific toxicity. Short-term drug response data in XT larval 
models certainly has its place, especially in patients who present with hard-to-
treat cancers that are refractory, relapsed, or metastatic. In these cases, any func-
tional drug response data that can be generated may be valuable to help inform 
potential treatment strategies. This approach is currently being leveraged as part 
of the pan-Canadian PROFYLE (Precision Oncology for Young PeopLE) pro-
gram designed to molecularly profile and model hard-to-treat pediatric cancers.
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4.1 Genetic approaches for adult immunosuppression and XT

The Langenau lab has generated a zebrafish line that is deficient in protein ki-
nase, DNA activated, catalytic polypeptide (prkdc), and interleukin-2 receptor 
gamma a (il2rga) (Tang et al., 2017). This specific line has been generated in 
the casper background, creating a lifelong optically clear homozygous com-
pound mutant (prkdc−/−, il2rga−/−) into which foreign human tissues success-
fully engraft due to the lack of host T, B, and natural killer (NK) cells (Yan et al., 
2019a,b). These models can be acclimatized to survive at the human physiologi-
cal relevant temperature of 37°C and have been used to successfully transplant a 
variety of fluorescently labeled human cancer cells for more than 28days. High 
engraftment rates were achieved using 16 different cancer cell lines including 
melanoma, renal cell carcinoma, chronic myeloid leukemia, mantle cell lym-
phoma, triple-negative breast cancer, and several sarcomas (Yan et al., 2019a,b). 
It is important to note that the husbandry for these immunocompromised an-
imals was complex, as they were maintained in the presence of a multitude 
of antibiotics, and were housed in individual sterile tanks or in a custom-built 
standalone recirculating system. Therefore feeding and maintenance schedules 
were more labor intensive compared to regular husbandry standard operating 

FIG. 3 Comparison of mouse and zebrafish XT models (Yan et al., 2019a,b). PK/PD, pharmaco-
kinetics, pharmacodynamics.
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procedures to prevent infection and optimize animal survival. Nonetheless, an 
important highlight of this study is that XT animals were monitored for tu-
mor progression for more than 28days and overall morbidity associated with 
transplanted cells was less than 15%. Once the cells had been transplanted into 
the adult zebrafish, histopathological analysis was conducted and cell morphol-
ogy, diagnostic gene expression markers, and gene fusions were consistent with 
each respective cancer type (Yan et al., 2019a,b). These results demonstrate that 
these animals are a suitable host for human cancer cells, as there was no rejec-
tion of the transplanted cells and minimal host immune system interference. 
Furthermore, not only did the cells engraft and proliferate, but they also retained 
their original characteristics, which is critical when studying tumor cells, as 
those genetic characteristics determine cell behavior, microenvironment inter-
actions, and drug responses.

4.1.1 PDXs using prkdc−/−, il2rga−/− mutant zebrafish
The prkdc−/−, il2rga−/− mutant zebrafish have also been used as a preclinical 
model to study personalized medicine to evaluate specific patient drug responses 
by way of PDXs. The tumors that were transplanted included glioblastoma, 
embryonal rhabdomyosarcoma (RMS), metastatic BRAFV600E-induced mela-
noma, and therapy-resistant ER+/PR+/Her2− breast cancer (Yan et al., 2019a,b). 
Before the cells were transplanted into the immunocompromised adult zebraf-
ish, they were cultured in sphere-inducing conditions (glioblastoma), passaged 
in mice (rhabdomyosarcomas), or obtained from circulating tumor cells and 
cultured for a short period of time (melanoma and breast cancer). Similar to the 
cell lines, all PDX samples successfully engrafted and progressed over 28days, 
until ultimately the host succumbed to the tumor burden (Fig. 4) (Yan et al., 
2019a,b). In these transplant studies, tumor cells were labeled with transient 
fluorescent cytoplasmic dyes or by permanent fluorescent cell labeling using 
lentivirus. The two anatomical locations that were used for injection were the 
peritoneal cavity and the periocular space.

4.1.2 Single cell resolution imaging for XT studies
One of the major advantages of the zebrafish over the mouse XT model is the 
ability to image cancer cell progression in vivo without having to sacrifice the 
animal. This means that the same animal can be tracked in real time for multiple 
weeks with standard microscopy techniques. Furthermore, due to the high fecun-
dity of the zebrafish, the sample size is much greater than that of a comparable 
murine XT experiment. A greater number of adult zebrafish can be followed over 
the course of the experiment, which allows for a more comprehensive sampling 
of the disease, as cancer is highly heterogeneous, ultimately providing greater 
power to determine statistical significance (Gupta and Massague, 2006). This 
model not only allows for the real-time visualization and movement of cancer 
cells within a live organism, but it also allows for a straightforward quantifica-
tion method for fluorescent tumor cells. The  transparency of the casper  mutant 
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 provides  unparalleled access to quantify cancer cell growth at single cell reso-
lution, which ultimately provides a practical way to assess drug efficacy and 
cancer cell killing capacity. Fluorescent cell readouts and numerical quantifica-
tion of cancer cell numbers within an animal before and after treatment with 
the addition of one or more compound(s) result in valuable drug response data. 

FIG. 4 Patient-derived cancer cells engraft and grow in prkdc−/−, il2rga−/− zebrafish. Adult fish 
were imaged at 0- and 28-days posttransplant (dpt) and graphs show relative tumor growth over the 
28days (Yan et al., 2019a,b).
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Moreover, with in vivo cancer cell tracking,  researchers were able to identify sev-
eral functionally distinct types of cancer cells (Yan et al., 2019a,b). Specifically 
for rhabdomyosarcoma cells, three cell populations were observed: (1) the highly 
migratory cells, (2) the actively proliferating cells, and (3) the bystander cells 
that did not divide or move over 7 days of daily evaluation. This was interest-
ing as the analysis also revealed that the proliferation and migratory abilities of 
rhabdomyosarcoma cells are mutually exclusive, something posited in the can-
cer field, but for the first time directly observed in vivo through the “window” 
of a live adult zebrafish model (Gallaher et al., 2019; Yan et al., 2019a,b). This 
highlights the overall potential of the zebrafish XT model not only to provide 
response data but to also elucidate mechanistic insights at the single cell level.

4.1.3 Pharmacodynamic studies in zebrafish XT models
The second major advantage of the adult XT model that sets it apart from other 
XT models is the ability to conduct pharmacodynamic (PD) studies while under-
taking drug response assays. After cancer cell transplantation and engraftment, 
researchers were able to individually treat adult zebrafish with drug by way of 
oral gavage (Yan et al., 2019a,b). This approach ensures each animal receives an 
exact dose of drug that can be better matched to the clinical context. Drug dosing 
schedules and administration routes can be more closely modeled in the adult 
zebrafish XT model resulting in a more clinically representative patient avatar. 
To investigate the PD consequences in this XT model, Yan et al. (2019a,b) cre-
ated an RMS cell line that stably expressed the FUCCI4 cell cycle fluorescent 
reporter. This reporter system emits different fluorescent proteins (colors) during 
G1, S, G2, and M phases of the cell cycle (Bajar et al., 2016), which allows for the 
real-time tracking of proliferation and cellular state in live RMS cells that have 
been xenotransplanted into adult zebrafish. Researchers assessed for PD data by 
injecting FUCCI4+ RMS cells into the periocular muscle of prkdc−/−, il2rga−/− 
fish, allowed for engraftment for 7days, and then orally gavaged fish with ei-
ther vehicle control, single (TMZ or olaparib) or combination drug treatment 
(TMZ+olaparib) (Fig. 5). From these experiments, it was concluded that combi-
nation therapy (TMZ+olaparib) accelerated the time and numbers of G2-arrested 
cells, which precede apoptosis, compared to control or single agent therapy. This 
work identified an effective  combination therapy for RMS while simultaneously 
providing important PD data at single cell resolution in vivo (Yan et al., 2019a,b).

FIG. 5 Schematic and experimental design for the FUCCI4-color cell reporter assay in the adult 
XT platform (Yan et al., 2019a,b). dpt, days posttransplant; RMS, rhabdomyosarcoma.
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4.2 Chemical approaches for adult immunosuppression and XT

An alternative approach to genetic immune system suppression is chemical sup-
pression through the administration of drugs. Researchers have adapted drugs 
employed clinically for immune suppression prior to stem cell transplantation for 
use in adult zebrafish (Khan et al., 2019; Patel and Tadi, 2020). Busulfan is used 
in combination with fludarabine (BUFLU) as a fairly standard conditioning regi-
men for allogenic transplants in patients with acute myeloid leukemia (AML) 
(Sora et al., 2020). Busulfan has also been used in murine models for condition-
ing and subsequent successful long-term engraftment of multiple AML cell lines 
for the purpose of studying human disease (Saland et al., 2015).

Busulfan is an alkylating chemotherapeutic agent that works by substituting 
alkyl groups for hydrogen atoms on DNA, resulting in DNA crosslinking and 
transcription inhibition, which ultimately causes inhibition of protein synthesis 
and subsequent cytotoxicity (Patel and Tadi, 2020). In one study, busulfan was 
injected intraperitoneally in adult zebrafish two days prior to human cancer cell 
transplantation (Khan et  al., 2019). Researchers injected 1×105 fluorescently 
labeled human cancer cells (U937, monocytic leukemia cell line) near the dor-
sal aorta of casper fish 2 days after busulfan administration (White et al., 2008; 
Khan et al., 2019). Once the cells were injected, fish were placed in water con-
taining 1% penicillin and streptomycin for 24h to avoid infection. Injected fish 
were evaluated and monitored at 0, 3, 7, and 15days postinjection and research-
ers observed successful engraftment in approximately 87% of all the injected 
fish. Two weeks after XT, the overall survival of fish was ~ 45%. Further dis-
section of the fish showed substantial tumor growth around the gastrointestinal 
tract that emerged as a slight enlargement of the peritoneal area and appeared 
as a solid mass under a fluorescent filter (Fig. 6). To examine this cell homing 
further, the researchers assessed intracardiac injection of cells, as cells would 
be circulating and would need to actively leave the bloodstream to home to a 
certain anatomical location. Intracardiac injection of cells resulted in a high 
mortality rate of fish (~ 50%, n=5/10), but those that did survive showed cell 

FIG. 6 AML tumors engraft and grow in immunosuppressed adult casper zebrafish. U937 cells 
(red fluorescence) were injected and monitored over 15days (Khan et al., 2019).
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homing to the peritoneal cavity despite a remote initial injection site (Khan 
et al., 2019). This model presents a cost-effective platform to study the biology 
of cancer and the ability to evaluate potential anticancer agents.

As mentioned before, one of the major benefits of working with the zebrafish 
cancer model is real-time visualization and the ability to monitor transplanted 
cells in a living organism. This characteristic is especially valuable when study-
ing the process of cancer cell metastasis, as understanding this process has been 
limited by the inability to visualize tumor cell behavior inside a mammalian 
model. Metastasis is the major cause of death in patients with solid tumors and 
there are limited treatment options and poor response rates for patients who 
present aggressive metastatic disease (Gupta and Massague, 2006). The zebraf-
ish xenograft model platform can serve as a tool to help understand the knowl-
edge gaps associated with the complex phenomenon of cancer cell migration 
and metastasis. Researchers have utilized the transgenic Tg(fli:EGFP) zebrafish 
line, in which endothelial cells express green fluorescent protein (GFP), to ob-
serve the process of active cancer cell movement from the initial injection site 
and ultimately the colonization of another location (Stoletov et al., 2007).

Zebrafish aged 25–35days were treated with dexamethasone for 2days for 
immunosuppression and were subsequently injected in the peritoneal cavity with 
up to 300 human cancer cells (breast adenocarcinoma MDA-MB-435, fibro-
sarcoma HT1080, or melanoma B16 cell lines) that were permanently labeled 
by stable fluorescent transfection (Stoletov et  al., 2007). Dexamethasone is a 
corticosteroid that has been shown to suppress IL-2-mediated T-cell prolifera-
tion and cytokine production and it has also been shown to severely inhibit na-
ïve T-cell proliferation and differentiation (Giles et al., 2018). The injected fish 
were then monitored and imaged daily for tumorigenesis and vascularization 
around the cancer cells. In these experiments, all tumor types displayed various 
levels of cell invasion, angiogenesis, and overall animal viability in contrast to 
animals injected with nontumorigenic cells or fluorescent beads, which showed 
no active movement from the initial injection site. With vasculature easily vi-
sualized in these transgenic animals, changes in angiogenesis before and after 
tumor inoculation were observed and recorded. Approximately 20% of develop-
ing MDA-MB-435 tumors showed blood vessel remodeling. In contrast, when 
VEGF-secreting engineered MDA-MB-435 were transplanted, 100% of tumors 
showed robust vessel sprouting and remodeling that completely infiltrated the tu-
mor mass within 3–4days postinjection (Stoletov et al., 2007). This work showed 
integration of zebrafish transgenesis with human cancer cell XT in adult fish as a 
powerful and unparalleled platform for the development of potential therapeutic 
agents targeted at cancer progression and tumor-induced angiogenesis.

4.3 Irradiation approaches for adult immunosuppression and XT

Along with chemical approaches of immunosuppression, total body irradiation 
(TBI) has been used in the clinic as a component of some conditioning regimens 
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for patients with acute leukemia who are undergoing an HSCT (Wong et  al., 
2018). Again, using the same ideology as the clinic, adult zebrafish have been 
irradiated prior to the transplantation of cancer cells to condition the organism for 
engraftment and the prevention of tumor cell rejection. The Zon lab was the first 
group to show the biological responses to ionizing irradiation in adult zebrafish 
using fish-to-fish cancer cell transplants. Similar to mammals, the minimum lethal 
dose ablates the zebrafish blood-forming system and sublethal irradiation doses 
transiently ablate lymphocytes, which allowed for the successful transplantation 
and engraftment of leukemia cells (Traver et al., 2004). Two days prior to injec-
tion, adult zebrafish were irradiated with 20Gy and injected intraperitoneally with 
1–5 million zebrafish leukemia cells taken from the transgenic rag2-EGFP-mMyc 
fish. Zebrafish carrying a rag2-EGFP-mMyc fusion transgene developed a lethal 
T-cell leukemia that was harvested and transplanted into irradiated adult recipi-
ents and visualized by fluorescent microscopy. GFP+ tumor cells were observed 
colonizing the thymus and subsequently spreading throughout the body of the 
animals. In comparison, unirradiated controls did not show any signs of disease 
at 25days after cell transplantation even at the highest concentration of tumor cell 
injection (5×106 cells). Fluorescent microscopy visualization was used to confirm 
these results and subsequently followed up with harvesting whole kidney marrow 
and FACS sorting for GFP+ tumor cells (Traver et al., 2004).

As mentioned, efficient engraftment of donor cells generally requires abla-
tion of the host hematopoietic and immune defense system. A similar study used 
six-month-old adult zebrafish that were irradiated with 25Gy of ɣ-irradiation 
2days prior to cell transplant (Guo et al., 2015). This study, however, xenotrans-
planted a human pancreatic cancer cell line (PaCa-2 cells), labeled with a fluo-
rescent lipophilic transient dye prior to injection into the adult fish (Guo et al., 
2015). The cells were then injected into the heart or the intraperitoneal cavity 
of the adult fish, which was subsequently evaluated daily for up to 10 days by 
fluorescent microscopy (Guo et al., 2015). Researchers found that after intra-
peritoneal transplantation, the pancreatic cancer cells engrafted, proliferated, 
and migrated to the zebrafish pancreas (Guo et al., 2015).

In animal models of cancer, irradiation has proven an essential tool in the 
ablation of the immune response for the successful transplantation and engraft-
ment of oncogenic cell populations. The techniques used in the clinic have 
been adapted and modified to be well suited for mammalian TBI/transplanta-
tion studies, which are essential preclinical tools for cancer and therapeutics 
research in mouse cancer models (Bailey et al., 1980; Huang et al., 1996; Kahn 
et al., 2012). It is evident that a similar approach can be used to prime adult 
zebrafish for human cancer cell transplantation, ultimately showing their suit-
ability for such experiments.

5. Conclusion

The versatility of the zebrafish XT platform is unparalleled in other model organ-
isms (Table 1). The evidence provided in this chapter has shown the potential of 



TABLE 1 Summary of the models discussed in this chapter.

Model

Larvae—XT cancer cells Larvae—XT SCs

Adult—XT cancer cells

Key features - Established platform for liquid and solid 
mammalian tumors

- Rapid organism development and organogenesis
- Relatively low tumor cell number required for XT
- High sample size (n>100)
- No immunosuppression required
- Straight forward drug treatment by immersion 

therapy
- Rapid generation of results, drug response and 

efficacy data (within days)

- Can host mammalian iPSCs, HSPCs, 
MSCs, NSCs, with successful survival, 
differentiation, migration, and interactions

- Particularly translational for HSPC 
studies due to high degree of genetic 
conservation and analogous structures of 
the hematopoietic systems

- XT platform has been adapted to evaluate 
SC regenerative therapies in the nervous 
and vascular systems, and fibrotic diseases

- Established platform for liquid and solid 
mammalian tumors

- More closely resembles the dosing 
schedule and administration routes of 
clinical therapeutics

- Experiments are conducted at 37 °C
- Can conduct PD studies
- Drug response data can be obtained within 

weeks

Limitations - Experiments are not conducted at 37 °C
- Unequal dosing/uptake of drug per larva
- Partial conservation of pathways and ADME mechanisms
- Lacking important human proteins and cytokines

- Requires immunosuppression (genetically, 
chemically, or by radiation)

- Using immunocompromised animals can 
be difficult to maintain, requires the use of 
antibiotics

- Requires a standalone fish housing system, 
which can require a substantial footprint 
and can be costly

Alternative 
strategies and 
advantages

- All experiments can be conducted in casper fish, which allow for complete optical transparency
- Quantitative cell assays are possible by fluorescent microscopy without sacrificing the animals
- Zebrafish have direct orthologs of the CYP gene families for essential metabolizing enzymes
- Ability to utilize transgenic fish (e.g., GSS, flk1:EGFP, prkdc−/−, il2rga−/−)
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the zebrafish to impact clinical decision-making and highlights the amenabil-
ity of the model to provide preclinical drug response data in an actionable time 
frame necessary for a personalized medicine approach. The data obtained from 
both larval and adult zebrafish XT studies can bridge knowledge gaps and un-
cover crucial mechanisms and pathways in both the oncology and regenerative 
medicine fields. Animal models are an essential part of translational health re-
search, and the zebrafish occupies a unique niche in the preclinical drug discov-
ery pipeline. As the oncology and regenerative medicine fields continue to move 
toward precision therapeutic solutions, we anticipate additional opportunities, 
and advantages will be realized for incorporating the zebrafish model to im-
prove the outcomes and quality of life for patients with cancer and degenerative 
disorders.
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1. A growing interest for cell lines of fish origin

While the culture of mammalian cells was already a routine laboratory tech-
nique in the 1950s, the successful culture of fish cells was only reported in 
1960 (Wolf et al., 1960) and the first teleost fish cell line—the rainbow trout 
(Oncorhynchus mykiss) gonad cell line RTG-2—was established in 1962 by 
Wolf and Quimby. Sixty years later, more than 700 fish cell lines have been 
developed from a wide range of species and tissues, a relatively high number 
in comparison to other vertebrate taxa such as amphibians and reptilians, but 
a small number in comparison to primates (92,668 cell lines only for human) 
and rodents (Fig. 1A). The steady increase in the provision of cell lines/cultures 
of fish origin observed in the last six decades (Fig.  1B) is the direct conse-
quence of an increasing usage of fish in science, resulting from more research 
on fish species (e.g., those important for human socioeconomic activities or 
those that bring an evolutionary perspective to mechanisms of vertebrate devel-
opment), but also on fish models (e.g., those important for biomedicine and hu-
man diseases) that represent a promising alternative or complement to classical 
mammalian models. As it is often the case, in vitro cell systems are necessary 
companions to in vivo systems to gain insights into cellular mechanisms and 
signaling pathways, but also to accelerate compound (e.g., drugs and toxicants) 
screening pipelines. An evolution of the ethical principles in science toward 
a reduction in animal experimentation and the implementation of regulations 
in many countries to preserve animal welfare, in particular fish (see directive 
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2010/63/EU in Europe), have also played a role in the rapid advance in the pro-
vision of fish cell lines. In fact, many research institutions and pharmaceutical 
companies have already validated in vitro cell systems as suitable alternatives to 
reduce or replace animal models (Goh et al., 2015).

The fast provision of fish cell lines and the successful implementation of 
fish cell culture worldwide largely benefited from the techniques, reagents, and 
medium developed for mammalian cell culture. Despite differences in several 
physiological parameters (e.g., osmoregulation, thermoregulation, and energy 

FIG. 1 Analysis of the data retrieved from the Cellosaurus cell line database (version 35). (A) 
Number of animal cell lines available from the major contributors. (B) Number of fish cell line 
publications since the first publication of RTG-2 in 1962 until today. (C) Taxonomic representation 
of the fish cell line (CL) diversity, including species (S) and family (F) numbers. (D) Human uses 
of the fish species represented with a cell line. (E) Number of cell lines for classical biomedical 
models. (F) Tissues that have originated the fish cell lines. Environment and human uses data were 
retrieved from the Fishbase (www.fishbase.org). Taxonomic information was retrieved from the 
Integrated Taxonomic Information System (www.itis.gov).
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metabolism), fish cells adapted well to conditions used for mammalian cell cul-
tivation, in particular the supplementation of culture medium with bovine (also 
horse, porcine, and lamb) serum as a source of growth factors and hormones. 
Although using mammalian serum may seem physiologically inappropriate to 
sustain fish cell growth, it represents an enormous financial benefit—the prepa-
ration of fish serum in similar quantity would require a massive investment in 
the farming of large size donor fish—and further confirm that cellular and mo-
lecular pathways of fish cells are evolutionarily not that far from those of mam-
malian cells. Trials to culture fish cells with fish serum have been reported (Rosa 
et al., 2010; Hashimoto et al., 1997; Couso et al., 2002) but remain marginal 
because they are economically not viable. The culture of fish cells in serum-
free medium was also tried, mainly to overcome the masking effect of serum 
in cytotoxicity tests (Ackermann and Fent, 1998; Radošević et al., 2016; Shea 
and Berry, 1983). Despite the plasticity of the fish cell lines that allow them to 
adapt to suboptimal culture conditions, growth temperature had to be lowered 
and adjusted to the diversity of the (cold-blooded) fish species, e.g., 15–21 °C 
for cold-water species and 25–35 °C for warm-water species. Still it has been 
showed in various cases that fish cells can tolerate a wide range of temperatures 
(Bols et al., 2011), which is not the case for mammalian cells. It is worth to 
mention that, for reasons that remain to be fully determined but could be related 
to aneuploidy, high telomerase activity (Bryson et al., 2006), and loss of p53 
protein (Liu et al., 2011), nearly all fish cell lines have suffered spontaneous 
transformation and have acquired the ability to grow continuously (Bols et al., 
2005). Note that karyotypic information is lacking for many of the cell lines that 
originated from fish, thus it is difficult to conclude on whether aneuploidy is a 
critical parameter for the spontaneous immortalization of fish cell lines. This 
immortalization, which does not occur spontaneously in other animal cell lines 
(it must be induced following a variety of techniques), has greatly improved the 
success rate for the development of fish cell lines and could be advantageous in 
certain applications that require the timely production of cell systems such as 
cellular conservation (i.e., cell lines developed from endangered species). Not 
to mention that the immortalization of fish cell lines may also be used to gain 
knowledge on the mechanisms of cell tumorigenesis/transformation.

2. Current status of fish cell culture

Data available from the Cellosaurus database (Bairoch, 2018) indicates that the 
717 cell lines developed from ray-finned fish (Actinopterygii) originated from 
161 species distributed in 62 families (Fig. 1C). Four taxonomic groups—i.e.,  
Acipenseriformes, Ostariophysi, Protacanthopterygii, and Neoteleostei— 
account for most of the species (93%) and most of the cell lines (97%),  although 
to different extents. Neoteleosteans form a large clade of bony fish and are 
the major contributing species for cell lines (47%). It is important to mention 
that not all taxa are represented with a cell line. For example, no cell lines are 
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 available for Holosteans, in particular for the spotted gar (Lepisosteus oculatus), 
a fish that has recently emerged as an important species for evo-devo studies 
and a possible bridge species between human and teleostean biomedical models 
(Braasch et al., 2016). A deeper analysis of the fish species contributing to cell 
lines listed in the Cellosaurus database revealed that marine species are slightly 
more represented (52%) than freshwater species and that most of them are im-
portant to fisheries and in a lesser extent to the aquaculture industry and the 
ornamental fish trade (Fig. 1D). Interestingly, while teleost fish used mostly as 
biomedical models only represent 7.5% of the species (Fig. 1D), they contrib-
ute for 16.5% of the cell lines available, with goldfish (Carassius auratus), ze-
brafish (Danio rerio), and Japanese medaka (Oryzias latipes) being the most 
important contributors (Fig. 1E). Only few of these cell lines (less than 5%) 
are available from cell banks such as the American Type Culture Collection 
(ATCC; www.atcc.org), the RIKEN BioResource Research Center (RIKEN 
BRC; cell.brc.riken.jp), and the European Collection of Authenticated Cell 
Cultures (ECACC; www.phe-culturecollections.org.uk). Consequently, most of 
the fish cell lines are currently only available upon direct request to the developers, 
which is certainly a limitation to their wide distribution and usage. It is also more 
hazardous as it misses the quality controls that cell culture collections apply to the 
material they host and ship around the world (e.g., absence of contaminants such as 
mycoplasma, authentication of cell origin, and certified good laboratory practices).

In the absence of a homogenous and complete information on the type of 
cells that characterize the fish cell lines listed in the Cellosaurus, we looked at 
the tissues/organs from which these cell lines originated. Information retrieved 
from 704 cell lines (Fig. 1F) showed that they originated from 33 different tis-
sues and that most of those are soft tissues (only 12 cell lines were developed 
from hard tissues; this will be further discussed in Section 4). Fins (mostly cau-
dal fins but also dorsal, pectoral, and anal fins) were used to establish 133 fish 
cell lines, the highest number for a tissue/organ. While fins are probably the an-
atomical structures that best define fish, the biological interest that they sparked 
among cell culturists is much less evident. Their large usage is probably more 
related to technical advantages, as fins are of easy access and have the capacity 
to regenerate upon amputation in teleosts. It is probably safe to say that these cell 
lines were developed to be species specific and not organ specific, and a review 
of the literature associated with fish fin cell lines further confirmed that they are 
predominantly used to assess species-specific susceptibility to a variety of virus 
and, to a lesser extent, in ecotoxicological studies (Kalaiselvi Sivalingam et al., 
2019; Yashwanth et al., 2020; Kumar et al., 2021; Swaminathan et al., 2015). 
Still, few of these cell lines were primarily developed to investigate fin-specific 
biological processes such as regeneration and wound healing.

The picture is slightly different for fish cell lines developed from embryos. 
While many of them were developed primarily for virus studies, many others 
were developed to study the pluripotency of embryonic stem (ES) cells, in par-
ticular those developed from blastula-stage embryos. The kidney, which hosts 
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both renal and hematopoietic activity in fish, also contributes with many cell 
lines (n = 72). Although the primary use for many kidney cell lines is also viral 
studies, several of these cell lines were developed to answer questions related to 
the immune system, inflammation, and osmotic stress. Gills are organs that are 
directly exposed to dissolved organic compounds and the liver is an organ that 
plays a central role in xenobiotic metabolism. Thus gill cell lines (n = 27) and 
liver cell lines (n = 27) have been commonly used for (eco)toxicological studies. 
A similar trend was observed for most of the other tissues, i.e., some cell lines 
have been developed to investigate mechanisms related to viral and ecotoxico-
logical aspects, while others have been established to investigate mechanisms 
related to particular cell types and biological processes. In the first case, the 
origin of the species is more important than the tissue used to derive the cells, 
while in the second case, the tissue is probably more important. Cancer cell 
lines form a small (n = 23) and atypic group. While they were among the first 
cell lines to be established (the goldfish GEM-81 and the walleye WC-1 were 
reported in 1980), no cancer cell lines have been developed since 2008 (accord-
ing to the Cellosaurus database). The reasons for this lack of interest in fish 
cancer cell lines are unknown and the growing interest for fish, in particular 
zebrafish, as human cancer models (Hason and Bartůnĕk, 2019), is certainly a 
contradictory signal.

3. Applications for fish cell lines

As mentioned before, fish cell lines/cultures have been chiefly developed for the 
detection and isolation of fish viruses, but, although it remains a major applica-
tion, fish cell lines are today more than a diagnostic tool in fish virology. They 
are indispensable research tools in a wide range of applications in many fields 
of biological interest. The most popular applications are listed as follows. The 
following works cited are examples and do not represent an exhaustive over-
view of the literature available in the field of these applications.

3.1 Applications in virology and immunology

Rearing conditions of farmed fish have drastically improved in the past decade, 
but they do not always favor fish health and resistance to bacteria and viruses. 
Disease outbreaks have occurred in many fish farms, causing massive economic 
losses and negatively impacting on animal welfare (Lafferty et al., 2015). As 
part of the common effort to find a solution to this issue, cell lines have been 
developed from many aquaculture species and tissues as diagnostic and research 
tools, being used as host to isolate, propagate, and detect fish viruses, to de-
velop vaccines, but also to study host–pathogen interactions and fish immune 
response (Fierro-Castro et al., 2012; Villena, 2003; Lakra et al., 2011). Several 
fish cell lines have been genetically engineered and used to gain knowledge on 
fish diseases and fish immunology. Examples are cell reporter assays for type I 
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interferon or Hsp70 chaperone, and stable cell lines silenced or overexpressing 
immune and pathogen genes (Collet et al., 2018).

3.2 Applications in ecotoxicology and toxicology

Because they are first line organisms to experience the toxicity of anthropo-
genic chemicals present in the aquatic environment and also because they 
share with humans many physiological and pathological processes, fish have 
been traditionally used as in vivo systems to assess the ecological risk of en-
vironmental pollutants or mixtures of chemicals from complex effluents, but 
also to assess the safety of a large variety of compounds and predict adverse 
effects on human health (Bols et al., 2005). For ethical reasons, but also for 
practical and financial considerations, fish cell lines are increasingly used 
in ecotoxicological and toxicological studies in place of whole animals, as 
they allow a precise assessment of the cytotoxicity or bioactivity of environ-
mental pollutants and can give important clues on the cellular and molecular 
mechanisms underlying the toxicity of a large variety of chemicals, food 
additives, pharmaceuticals, veterinary drugs, biocides, and cosmetics (Bols 
et  al., 2005; Castaño et  al., 2003; Fent, 2007, 2001; Segner, 1998; Natsch 
et  al., 2018; Rodrigues et  al., 2020; Babich and Borenfreund, 1991). The 
following examples, recently published, are about contaminants of emerging 
concern—the nanoparticles—and illustrate both ecotoxicological and toxi-
cological applications of fish cell lines. The presence of nanoparticles in the 
aquatic environment has raised many concerns in relation to their effects on 
wildlife. In this regard, polystyrene nanoplastics that originate from com-
mercial products or result from the breakdown of the larger plastics polluting 
the oceans were recently shown to alter the cytotoxicity of human pharma-
ceuticals in marine fish cell lines (Almeida et al., 2019). Silica nanoparticles 
(used for drug delivery), silver nanoparticles (used in cosmetics, textiles, and 
disinfection products), and copper oxide nanoparticles (used in cosmetics, 
gas sensor, electronics, and in heat transfer fluids) were all shown to trigger 
cytotoxic effects in fish cell lines (Vo et al., 2014; Yue et al., 2015; Srikanth 
et al., 2016), confirming that their production should be tightly regulated and 
their release in the aquatic environment totally forbidden. To get deeper in-
sights into the presence of specific chemicals in environmental samples, fish 
cell lines can be genetically engineered to express a reporter (a fluorescent 
protein such as the GFP or an enzyme such as the firefly luciferase) under 
the control of DNA regulatory elements that respond to ecotoxicants, e.g., 
the dioxin-response elements (DREs) (Richter et al., 1997) or the estrogen-
response elements (EREs) (Cosnefroy et  al., 2009), to genotoxicants, e.g., 
the p21 promoter (Geng et al., 2012), or to stressors, e.g., the electrophile-
response elements (EPREs) or the hsp70 promoter (Molina et  al., 2002). 
Fish cell lines transiently transfected with reporter vectors were also used 
(Ackermann et al., 2002; Carvan et al., 2005).



 Status, challenges, and perspectives of fish cell culture Chapter | 12 387

3.3 Biotechnological applications

Some were developed nearly three decades ago (e.g., transgenesis), others rep-
resent recent advances made to sustain the production of novel fish feeds and 
cell-based food to reduce fish farming and fisheries. Until the recent develop-
ment of new techniques (see below), the production of transgenic fish lines 
was done using ES cells developed from a variety of fish species. ES cells have 
the capacity to differentiate into nearly all cell types and are amenable to genetic 
manipulation (e.g., the expression of a transgene that would favor a particular 
trait). Transgenic ES cells are then injected in the embryo to integrate the germ 
line and generate fish lines that stably express the transgene. In the field of 
aquaculture, transgenesis has the potential to greatly enhance fish production 
through the development of animals with increased disease resistance, improved 
reproduction rate, feed conversion efficiency, and growth performance (Alvarez 
et al., 2007). However, the use of transgenic animals for human consumption 
is a source of great concern and the production of transgenic farmed fish is 
still limited to few species and few countries. A recent milestone in biotechno-
logical innovation in fish was the successful application of genome editing—the 
engineering of the genome through DNA modification, deletion, insertion, or 
replacement—using CRISPR/cas9 technology to cell lines from biomedical fish 
models such as the Japanese medaka (Liu et al., 2018), but also to fish cell lines 
from farmed fish such as the Chinook salmon (Oncorhynchus tshawytscha) 
(Gratacap et al., 2020; Dehler et al., 2019; Escobar-Aguirre et al., 2019), the 
grass carp (Ctenopharyngodon idella) (Ma et al., 2018), and the Mozambique 
tilapia (Oreochromis mossambicus) (Hamar and Kültz, 2021). These edited cell 
lines can not only provide critical data on the mechanisms underlying disease 
resistance, reproduction, and growth for posterior in vivo editing to establish 
new fish lines with improved immunity and enhanced performances, but also 
they can be engineered to produce viruses for vaccine development (Gratacap 
et al., 2019). Cellular aquaculture is a promising field of research to produce 
fish-based products for human consumption from fish cell lines/cultures rather 
than from whole animals. Besides an obvious interest in cell-based fish prod-
ucts to feed the growing world population, issues related to human health, fish 
welfare, and environment can also be addressed with the use of fish cell lines 
(Rubio et al., 2019). The availability of cell lines from a variety of fish species 
(in particular from key aquaculture species) and tissues (in particular from mus-
cle), but also the availability of pluripotent cell lines that can be differentiated in 
multiple cell types (see below), should provide the basis for applications of fish 
cell lines in this field, providing that suitable scaffolds and serum-free culture 
media are developed (Potter et al., 2020). BlueNalu (www.bluenalu.com) and 
Finless Foods (www.finlessfoods.com) are two companies involved in cellu-
lar aquaculture and the development of products from mahi-mahi (Coryphaena 
hippurus) and the Pacific bluefin tuna (Thunnus orientalis), but more compa-
nies are being created in this very innovative field. Besides human nutrition, fish 
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cell lines can also be used to produce ingredients for animal feeds, in particu-
lar farmed fish feeds. Fish meal and fish oil are traditionally used in these feeds, 
but demand will soon exceed the natural resources, thus alternative sources for 
fish meal and fish oil must be found. Fish cell lines can be a solution to this issue 
as they are a source of high-quality proteins and important omega-3 fatty acids 
(e.g., DHA). The Fraunhofer Research and Development Center for Marine and 
Cellular Biotechnology is among the institutions that believe that fish cell lines 
could be used to develop new feed formulations (see Technology Offer F52145 
at www.emb.fraunhofer.de). Another recent biotechnological application of fish 
cell lines is the screening of natural extracts toward the discovery of bioactive 
compounds, in this case mineralogenic compounds that have the capacity to 
increase extracellular matrix (ECM) mineralization and could be applied to the 
development of the next-generation drugs for treating low bone mineral density 
disorders such as osteoporosis (Surget et al., 2017).

3.4 Applications in functional genomics

Genomics, transcriptomics, proteomics, and metabolomics are molecular biol-
ogy approaches, collectively referred as functional genomics, used to assess 
gene, protein, and metabolite function, as well as their interactions and contri-
bution to biological processes. Cell lines have commonly been used in func-
tional genomics studies because they provide a simple well-defined context for 
a precise assessment of gene function, but also because they are amenable to ge-
netic manipulation. There are numerous examples of functional genomics using 
fish cell lines: (i) gain-of-function studies, where a gene is forced/overexpressed 
using constitutive or inducible promoter constructs (Collet et al., 2018; Rafael 
et al., 2012); (ii) loss-of-function studies, where a gene is silenced (knock-out or 
knock-down expression) using mutagenesis, RNA interference, or gene editing 
(Collet et al., 2018; Dehler et al., 2019; Escobar-Aguirre et al., 2019; Ruiz et al., 
2009); (iii) global analysis of gene expression using DNA-microarrays (Tiago 
et al., 2011a) and RNA-Seq (Kwok et al., 2020; Chaves-Pozo et al., 2017) to 
quantify the expression of thousands of genes at a time and identify those criti-
cal to fish development and physiology or to ecological, evolutionary, and en-
vironmental issues, but also to seek for genetic markers pivotal to conservation 
and fisheries management.

3.5 Application in cell biology

Stem cells—e.g., ES, induced pluripotent stem-like (iPS-like) and spermatogo-
nial stem (SS) cells—are important tools to study cell self-renewal and differen-
tiation, and pluripotency marker genes (Hong et al., 2011; Wang et al., 2011), but 
can also be used to produce transgenic fish lines through germline transmission 
or initiate muscle cell lines for cellular aquaculture (see earlier the paragraph on 
biotechnological applications). ES cell lines are available from a variety of fish 
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including model laboratory species such as the zebrafish (Ciarlo and Zon, 2016) 
and the Japanese medaka (Hong et al., 2011), but also from important marine 
fish species such as the European sea bass (Dicentrarchus labrax) (Buonocore 
et al., 2006), the gilthead seabream (Sparus aurata) (Parameswaran et al., 2012; 
Béjar et al., 2002), the sea perch (Lateolabrax japonicus) (Chen et al., 2007), the 
Asian sea bass (Lates calcarifer) (Parameswaran et al., 2007), and the Atlantic 
cod (Gadus morhua) (Holen et al., 2010). iPS-like cell lines exhibiting features 
of ES cell lines have also been recently generated from adult zebrafish fibro-
blasts (Peng et al., 2019; Kato et al., 2015). Besides basic research on stem cells, 
fish cell lines have also been used to investigate specific biological processes/
problems or environmental changes (e.g., temperature and salinity). The exten-
sive literature on this matter will not be listed here, but an example—bone cell 
lines to study ECM mineralization—is presented in the next section.

3.6 Applications in species conservation

The preservation of genetic material from endangered species through cell 
culture is also a field of application for in  vitro cell system that has gained 
momentum in the last decade. In the list released by the International Union 
for Conservation of Nature (IUCN; www.iucn.org), hundreds of fish spe-
cies are critically endangered. The Cellosaurus database is providing ba-
sic information on cell lines developed from endangered species (see group 
name “Endangered species/breed cell line”) and few of them are from ray-
finned fish (e.g., Dussumier’s catfish (Clarias dussumieri), Gunther’s catfish 
(Horabagrus brachysoma), Japanese huchen (Parahucho perryi), Willow shiner 
(Gnathopogon caerulescens), Tor mahseer (Tor tor), and Yangtze sturgeon 
(Acipenser dabryanus)). Much remains to be done in this field of application 
and more cell lines/cultures should be developed from endangered fish species 
(e.g., primordial germ cell (PGC) cultures; see Chapters 1 and 2), cryopreserved 
and archived (e.g., in a cell repository such as the ATCC or the ECACC or in a 
biobank such as the frozen ark at www.frozenark.org) to preserve their genetic 
material and/or recover their populations through surrogate reproduction. Cell 
lines of endangered species can also be used to gain critical biological knowl-
edge or to develop targeted therapeutical approaches (e.g., vaccines) to save 
them from extinction (Goswami et al., 2016).

4. Fish cell lines capable of in vitro mineralization

Because they bring an evolutionary perspective into mechanisms of vertebrate 
tissue mineralization, but also because they offer many technical advantages 
over the classical mammalian systems (see Laizé et al. (2014) and references 
therein), fish have been increasingly used to gain knowledge on the mechanisms 
underlying bone formation and mineralization, but also to assess compounds 
with osteogenic/toxic activity (Laizé et  al., 2014; Fernández et  al., 2018). 
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Among those fish, small teleosts such as the zebrafish and the Japanese medaka 
that are amenable to gene editing and laboratory domestication have been used 
to model human skeletal disorders and bone diseases (e.g., osteoporosis), and 
to discover new therapeutic targets or drugs toward an improvement of human 
health. Other fish such as the Atlantic salmon (Salmo salar), the Senegalese 
sole (Solea senegalensis), and the gilthead seabream have been used to study 
the cause of the high incidence of skeletal deformities in farmed fish, a major 
issue for the productivity of the aquaculture industry and for animal welfare. In 
this context, fish cell lines capable of ECM mineralization represent a valuable 
research tool to assess bone gene function and the corresponding signaling path-
ways, and to screen for pro/antimineralogenic compounds, but also to reduce 
animal experimentation for research purposes.

As previously mentioned, the survey of the Cellosaurus reveals that most of 
the fish cell lines listed in this database have been developed from soft-organ 
tissues (e.g., brain, heart, liver, gonads), while very few are available from hard 
tissues such as cartilage and bone or described for having mineralogenic activ-
ity. This situation is not specific to fish, as the same applies for other vertebrates 
and the reason, besides the fact that the diversity of soft organs is higher, is 
probably that the ECM in soft tissues is more amenable to disruption (i.e., less 
mechanical forces are required), leading to an easier and quicker release of the 
cells from the matrix. Hard tissues such as bone have a mineralized ECM and 
embedded cells must find their way out of the dense network of collagen fibers 
and interspersed crystals of hydroxyapatite. In this regard, most fish cell lines 
of bone origin were developed from explant culture following collagenase treat-
ment to lose the bone matrix and facilitate the release of bone cells.

The first report in the literature of a fish cell line capable of in vitro min-
eralization traces back to 2004 (Pombinho et  al., 2004), when, according to 
the Cellosaurus, a total of 288 fish cell lines were already available. In their 
publication, Pombinho and colleagues described two cell lines—VSa13 and 
VSa16—established from vertebrae of the gilthead seabream and capable of 
mineralizing their ECM when culture medium was supplemented with a min-
eralogenic cocktail containing a source of calcium (calcium chloride), a source 
of phosphate (β-glycerophosphate), and ascorbic acid. After several weeks of 
treatment, the formation of calcium phosphate crystals, whose composition was 
similar to hydroxyapatite, could be detected at the surface of the cell monolayer 
using alizarin red S or von Kossa staining (Pombinho et al., 2004). Based on 
their mineralogenic properties but also on the expression and activity of marker 
genes and enzymes, VSa13 and VSa16 were proposed to be osteochondropro-
genitor cell lines.

The development of these two cell lines has given a momentum to fish bone 
cell culture, and today a total of 14 fish cell lines are available to study ECM 
mineralization (Table 1). Although they have been established from a limited 
number of fish species (n = 7), these cell lines represent several key families of 
Actinopterygii (2 classes and 6 orders), different environments (saline,  brackish, 



TABLE 1 Fish cell lines to study in vitro mineralization.

Class Order Species
Bone 
type

Cell 
line Tissue

Accession 
numbera References

Chondrostei Acipenseriformes Adriatic sturgeon
Acipenser naccarii

C BAAn1F Branchial arch CVCL_6E13 Viegas et al. (2010)

 VAn2H Vertebra CVCL_6E14 Viegas et al. (2010)

Teleostei Spariformes Gilthead seabream
Sparus aurata

A VSa13 Vertebra CVCL_S952 Pombinho et al. (2004)

VSa16 Vertebra CVCL_S953 Pombinho et al. (2004)

ABSa15 Branchial arch CVCL_6E03; 
13112201b

Marques et al. (2007)

ESSA1 Embryo CVCL_6E07 Parameswaran et al. (2012)

BSa2 Blastema CVCL_YU24 Vijayakumar et al. (2020)

JSa1 Lower jaw CVCL_6E04 Unpublished

 Salmoniformes Atlantic salmon
Salmo salar

C SsV2 Vertebra CVCL_6E06 Unpublished

SsJ1 Lower Jaw CVCL_6E05 Unpublished

 Cypriniformes Zebrafish
Danio rerio

C ZFB1 Bonec CVCL_6E12 Vijayakumar et al. (2013)

  Blunt snout bream
Megalobrama 
amblycephala

C MBCs Bonec CVCL_YD02 Guan et al. (2018)

 Cyprinodontiformes Mosquitofish
Gambusia affinis

A BGA Vertebra CVCL_YP00 Jyotsna et al. (2020)

 Pleuronectiformes Senegalese sole
Solea senegalensis

A SS1C Vertebra CVCL_6E61 Unpublished

a Cellosaurus accession number.
b ECACC accession number.
c Information on bone tissues not available.
A, acellular bone; C, cellular bone.



392 Cellular and molecular approaches in fish biology

or fresh water) and, most importantly, different types of bone (osteocytic/cel-
lular or anosteocytic/acellular bone) (Shahar and Dean, 2013).

With six cell lines, the gilthead seabream is the species that has concen-
trated most of the effort related to the provision of mineralogenic cell lines. The 
dominant position of the gilthead seabream versus model organisms, such as the 
zebrafish and the Japanese medaka, may be related to (i) the high incidence of 
skeletal deformities in a species that is critically important for the Mediterranean 
aquaculture industry (thus the need for in vitro cell systems to gain insights into 
the mechanisms underlying these deformities) and (ii) a higher rate of success in 
establishing new cell lines from this species, and in general from marine species 
(unpublished observation). Among the cell lines listed in Table 1, 12 have been es-
tablished from skeletal elements, mostly vertebrae (n = 6) but also branchial arches 
(n = 2) and the lower jaw (n = 2), and a mixture of tissues enriched in calcified 
structures (n = 2) in the case of the zebrafish and mosquitofish (Gambusia affinis), 
because of their small size and the difficulty to individualize skeletal elements. The 
remaining two cell lines were developed from nonmineralized tissues—blastula 
stage embryo for ESSA1 and fin blastema for BSa2—and described as pluripotent 
and multipotent cell lines, respectively (Parameswaran et al., 2012; Vijayakumar 
et al., 2020). Under an appropriate stimulus, cells of both lines (ESSA1 and BSa2) 
can differentiate into osteoblast-like cells capable of mineralizing their ECM but 
also osteoclast-like cells capable of bone resorption. It is also worth to mention 
that the two cell lines developed from cartilaginous elements of the noncalcified 
skeleton of the Adriatic sturgeon (Acipenser naccarii) are not capable of in vitro 
mineralization (Viegas et al., 2010) and thus represent critical cellular tools to bet-
ter understand the evolutionary mechanisms regulating matrix mineralization in 
vertebrates. The cell line ABSa15 (developed from mineralized branchial arches 
of the gilthead seabream) is the only one available in a cell bank (ECACC no. 
13112201). All the cell lines listed in Table 1 form adherent monolayers, i.e., they 
attach to the surface of the culture dish/flask and their proliferation is contact in-
hibited. They are also subcultured and cryopreserved using techniques commonly 
used for other cell lines. For example, cells are detached from the substratum us-
ing 0.2% trypsin-ethylenediaminetetraacetic acid (EDTA) in phosphate-buffered 
saline (PBS) and cell cryopreservation is commonly achieved using 10% dimethyl 
sulfoxide (DMSO) in culture medium.

A review of the literature showed that these cell lines have already been 
used in many studies, with VSa13 being the most used and most versatile cell 
line. Table 2 gives an overview on their usage in different fields including (i) 
toxicology (to evidence the mineralogenic effect of aquatic pollutants or study 
their toxicity in a bone cell system), (ii) pharmacology (to evidence the minera-
logenic effect of drugs, hormones, or nutrients, and to study the mechanisms 
underlying this effect), (iii) bioprospection (to screen marine extracts for miner-
alogenic activities and to identify bioactive compounds), (iv) functional genom-
ics (to study genes/proteins function and interaction, and to understand their 
contribution to ECM mineralization), (v) transcriptional regulation (to study 



TABLE 2 Fields of application for mineralogenic fish cell lines.

Field of application Cell lines Study objective Compounds, genes References

Toxicology VSa13, VSa16, 
ABSa15

Mineralogenic 
effect

Azoxystrobin, 
3-methylcholanthrene

Fernández et al. (2018), Laizé et al. (2018), 
Rodrigues et al. (2015)

Pharmacology VSa13, VSa16 Mineralogenic 
effect

Vanadium, retinoic acid, insulin, 
IGF-1, PUFAs, minerals, vitamins

Tiago et al. (2008a,b, 2011a,b), Laizé et al. 
(2009), Viegas et al. (2012, 2020)

Bioprospection VSa13 Mineralogenic 
effect

Marine algae extracts Surget et al. (2017)

Functional genomics VSa13, VSa16, 
ABSa15, ZFB1

Gene/protein 
function

oc, mgp, sparc, spp1, bmp2, 
S100, fhl2, vkor, bhmt3, sdr

Rafael et al. (2006, 2012), Pombinho et al. 
(2004), Laizé et al. (2005), Fonseca et al. 
(2011), Fernández et al. (2015)

Transcriptional 
regulation

VSa13, SS1C, 
ABSa15, ZFB1

Gene transcription Fibroblast growth factor, retinoic 
acid, bone morphogenetic 
proteins

Marques et al. (2014, 2016), Conceição 
et al. (2008)

Epigenetics ABSa15 Antimineralogenic microRNA miR-20a Tiago et al. (2014)
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gene transcription in a mineralogenic context or a bone cell system), and (vi) 
epigenetics (to study microRNA-associated posttranscriptional mechanisms in 
a mineralogenic context or in a bone cell system). These cell lines have been 
also used in studies not directly related to biomineralization, e.g., the capacity 
of pluripotent/multipotent cells to differentiate into a mineralogenic cell pheno-
type (Parameswaran et al., 2012; Vijayakumar et al., 2020) and the plasticity of 
unipotent cells to adapt to new culture conditions (Rosa et al., 2010).

Efficient DNA transfer into a cell line (transfection) is an important factor for 
in vitro cell systems as it allows studies on gene function and transcription but 
also to develop cell clones expressing specific transgenes. Bone-derived cells are 
notoriously hard-to-transfect cells—i.e., transfection efficiency (the percentage 
of cells that are transfected in an entire population) is usually low—and those of 
fish origin are no exception. While this may not be an issue for developing sta-
ble cell clones, it could hamper the use of fish bone-derived cell lines in studies 
aiming at assessing transcriptional regulation through the transient transfection 
of reporter constructs. In 2006, Braga and colleagues evaluated the efficiency of 
several nonviral methods and reagents to transfect DNA into VSa13 and VSa16 
cells (Braga et al., 2006). They found that a cationic polymer, the polyethyl-
enimine (PEI), could achieve a transfection efficiency of up to 40% in VSa13 
cells, twice as efficient as the best reagent for lipofection, while much cheaper. 
DNA transfection into VSa16 cells was also higher using PEI but efficiency 
was only 8%. Other methods/reagents for DNA transfer have been evaluated 
since then, and nucleofection, a nonchemical transfection method, has achieved 
slightly better results than PEI, i.e., a transfection efficiency of 42% in VSa13 
and 21% in VSa16 (unpublished results). While transfection efficiency was con-
sistently higher in VSa13 cells than in VSa16 cells, independently of the method 
used, highest efficiency of DNA transfer into a fish bone-derived cell line was 
achieved in ABSa15 cell line, where 62% of the cells could be transfected by 
nucleofection (unpublished results). A nucleofection protocol optimized for fish 
mineralogenic cell lines (buffer composition and electrical settings may need to 
be adapted as each cell line has different tolerance to nucleofection) is available 
in the toolbox of the ASSEMBLE project (Association of European Marine 
Biological Laboratories) at www.assemblemarine.org.

5. Development of bone-derived cells

Most of the fish cell lines established from skeletal tissues (mineralized or not) 
were developed from explant cultures following a simple procedure originally 
described by Marques and colleagues in 2007 (Marques et al., 2007), and up-
dated as follows (see also Fig. 2).
a. Anesthetize the fish (prefer juveniles as they are actively developing) with 

isoeugenol diluted in fish water, then place it in iced water until cessation of 
the opercular movements and sacrifice by decapitation. Check literature to 
use the amount of anesthetic adapted to fish species and ontogenetic stages 
(tricaine methanesulfonate is also used as anesthetic);



 Status, challenges, and perspectives of fish cell culture Chapter | 12 395

FIG. 2 Step-by-step protocol to develop primary cell cultures from fish calcified tissues.
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b. Quickly wash fish body with bleach diluted 1:100 in distilled water, then 
with 70% ethanol to remove surface microorganisms, as skin hosts many 
bacteria and fungi that may jeopardize explant culture survival;

c. Collect calcified tissues using sterile surgical instruments (e.g., forceps, 
scissors, and scalpels) and soak them in sterile PBS (137 mM NaCl, 2.7 mM 
KCl, 15.8 mM Na2HPO4, 1.23 mM KH2PO4, pH 7.4) supplemented with 
5% antibiotics and 1% antimycotic (usually 10,000 units/mL of penicillin– 
streptomycin and 250 μg/mL of amphotericin B, respectively). Clean them 
from adherent tissues using the surgical instruments (a sterile toothbrush can 
also be used to clean large pieces of calcified tissues). Gut should be care-
fully removed without exposing the lumen before accessing the vertebral 
column as it hosts many microorganisms;

d. Mince calcified tissues into small fragments (about 1 mm3) using sterile sur-
gical instruments and wash them 5 times with PBS. Collagenase used in the 
next step will digest more efficiently the collagen matrix in small fragments 
and cells may also leave more easily from explants of smaller size;

e. Digest fragments with 0.125% collagenase type II (in serum‐free me-
dium) for 16–24 h at room temperature (20–24 °C) under a gentle agitation. 
Trypsin (0.2%) may be used to complement collagenase action but for a 
much shorter time (15–30 min);

 f. Remove digestion solution and wash fragments 3 times with serum‐free me-
dium supplemented with 5% antibiotics and 1% antimycotic. Leibovitz’s 
L15 medium and Dulbecco’s modified Eagle’s medium (DMEM) have been 
used successfully to culture fish mineralogenic cell lines;

g. Place fragments into a cell culture vessel containing culture medium sup-
plemented with 15% fetal bovine serum (FBS), 1% antibiotics, and 0.2% 
antimycotic. Use enough medium for the fragments to stay in contact with 
the substratum without drifting. Keep fragment quantity and density high as 
factors diffusing from explants are needed to sustain the growth of the first 
cells migrating to the plate. Routine uncoated cell culture plates or flasks 
have been used successfully;

h. Incubate the explants in appropriate conditions and allow the cells to leave 
fragments and attach to the substratum for 2–4 weeks. Renew the medium 
of the explant culture twice a week using fresh medium complemented with 
conditioned medium (spent medium harvested from cultured cells). Using 
conditioned medium (up to 50%) will avoid the culture medium to be de-
pleted of essential growth factors. Cell incubator may need CO2 to buffer 
medium pH and incubation temperature should be adapted to each fish spe-
cies and may range from 18 to 33 °C;

 i. Transfer the cells that have attached to the substratum into new plates/flasks 
using trypsin–EDTA (1.1 mM EDTA and 0.2% trypsin in PBS). Renew the 
medium of the primary cell cultures using fresh medium complemented 
with conditioned medium (up to 25%). The trypsinization of cells in explant 
cultures is done following routine protocols and may use culture cylinders 
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to isolate cell colonies. Explant may be maintained in culture as remaining 
cells may form new primary cell cultures;

 j. Divide (typically 1:2) subconfluent cell cultures into larger plates/flasks and 
reduce gradually the proportion of conditioned medium, FBS, and antibiot-
ics/antimycotic. Most fish mineralogenic cell lines grow well in the presence 
of 10% FBS. It is advisable to culture cells without antibiotics and antimy-
cotic, although it may not always be possible;

k. Cryopreserve cells that have successfully survived several passages and 
show signs of spontaneous immortalization. Fish mineralogenic cells have 
been cryopreserved and successfully revived using 10% DMSO. Regularly 
test cell cultures/lines for mycoplasma;

 l. Test the bone origin of the cells and their mineralogenic capacity. Assess the 
expression of bone marker genes by qPCR or RNA-Seq, and ECM miner-
alization through alizarin red S or von Kossa staining (Tiago et al., 2011a; 
Marques et al., 2007).

Critical points to a successful culture of skeletal explants are (1) a rapid 
handling and processing of the explants to limit the extent of cellular damages; 
(2) a high density of fragments to provide (through diffusion in the culture me-
dium) enough growth factors (e.g., BMPs, TGFs, PDGFs, and IGFs) to sustain 
the growth of the first cells that will leave the explants and colonize the culture 
plate; (3) a medium that can support fish cell growth, e.g., commercial solutions 
such as L15 medium and DMEM; and (4) the supplementation of the saline 
solution for washes and culture medium with antibiotics (e.g., penicillin and 
streptomycin) and antimycotics (e.g., amphotericin B) to decrease the risks of 
contamination and thus, an early termination of the explant culture. The timing 
for cell migration from explants is variable (from days to weeks) and largely de-
pends on the type of skeletal tissue and the efficiency of the enzymatic treatment 
to lose the cells in the matrix. Once a primary cell culture is established from 
the explant culture, it will be subcultured until cell eventually die or get im-
mortalized (see earlier the paragraph on the spontaneous transformation of fish 
cell lines). As mentioned previously, a critical aspect for experiments evaluating 
ECM mineralization is the source of the serum used to culture the cells, as its 
mineralogenic capacity may vary according to suppliers (country of origin and 
processing may be different) but also according to batches of the same refer-
ences (unpublished observation). Therefore it is important to carefully evaluate 
the serum mineralogenic capacity prior to purchase and reserve a large quan-
tity of the selected batch, at least to cover the duration of ECM mineralization 
experiments.

6. Perspectives for fish cell culture

Following the growing interest of the scientific community for practical and 
cost-effective study models but also for experimental systems that could reduce 
animal experimentation and fulfill the 3Rs principle (reduction, refinement, and 
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replacement), the number of cell lines of fish origin has steadily increased in the 
last 60 years. Still, an effort should be made to increase the provision of in vitro 
cell systems from important biomedical models (e.g., small teleosts such as 
the zebrafish, medaka, and mosquitofish) or emerging and economically im-
portant aquaculture species (e.g., marine fish such as the meager (Argyrosomus 
regius), the sardine (Sardina pilchardus), and the longfin yellowtail (Seriola 
rivoliana)), in order to gain novel insights into mechanisms of human diseases 
and also into physiological processes that have been overlooked in farmed fish 
in the absence of suitable cellular tools. Cell lines should be also developed 
from endangered fish species to participate in the worldwide action aiming at 
preserving the genetic material of these threatened species. An effort should 
also be made to increase the storage of fish cell lines in cell banks, where they 
can be properly preserved, authenticated, assessed for contaminants, and dis-
tributed worldwide. The scarce availability of fish cell lines in cell bank cata-
logs is clearly a limitation to a wider usage by the scientific community. In 
what concerns the use of fish cell lines to study mechanisms of bone formation, 
screen osteoactive compounds, or assess molecule osteotoxicity, efforts should 
be made toward the better characterization of available cell lines but also toward 
the development of cell lines representing all bone cell types. In this regard, 
lines of cells from the osteoclast/macrophage lineage (typically present in fish 
head–kidney) are urgently needed for in vitro studies on mechanisms of matrix 
resorption. While the provision of bone cell lines must increase for biomedical 
models (only one is available for zebrafish), in vitro cell systems should also be 
developed from nonmodel species that have demonstrated some usefulness to 
better understand mechanisms regulating bone mineral density, e.g., icefishes 
(Notothenioidei), which have evolved an osteopenic skeleton to adapt to their 
environment (Albertson et al., 2009) and could be used to screen compounds 
with mineralogenic activity, and the gar (Holostei), that has evolved a weakly 
ossified skeleton that places it as a bridge species between Chondrostei (e.g., 
sturgeon; unossified skeleton) and Teleostei (e.g., zebrafish; ossified skeleton) 
but also between zebrafish and human, as it did not suffer the whole genome 
duplication event that occurred in teleosts (Braasch et  al., 2016). Gene edit-
ing methodologies (e.g., CRISPR/Cas9) have been successfully applied to fish 
and fish cell lines, although not yet used to assess bone gene function in fish 
bone-derived cell lines. In this regard, fish mineralogenic cell lines hold a great 
potential for genetic and epigenetic studies aiming at the identification of genes 
and signaling pathways involved in bone formation and mineralization.

While the provision of fish cell lines is certainly a major challenge for the 
next decade, there is room for the optimization of the reagents and techniques 
used for fish cell culture, which have been developed for mammalian cells. For 
example, medium composition and osmolality could be adjusted to better fit 
fish physiological parameters (e.g., saline versus freshwater fish), serum-free 
medium could be developed to boost the production of cell-based fish product 
by cellular aquaculture, and cryopreservation and transfection protocols could 
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be improved to increase cell survival and enhance DNA delivery. Niels Bols and 
Lucy Lee have recently pointed out the importance of consolidating the past 
discoveries and of providing direction for future research in fish cell culture 
(Bols et al., 2017). In that sense, they have reviewed the literature available on 
rainbow trout cell lines and collected information on their development (invit-
romatics), established a catalog (invitrome), and listed their use (invitroomics). 
Applying this idea to the 717 fish cell lines listed in the Cellosaurus would unify 
the scattered information on fish cell culture, but it represents a colossal task.
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