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Preface

Most ruminant animal species were domesticated by humans by 2500 BC.
Since then domesticated ruminants have co-migrated with people as they
spread across the globe by providing a source of food for survival and
reproduction, draft power for migration and later on for cultivation, as well
as fibre from which clothing could be fashioned for protection from the
environment. Their special relationship with mankind arises from their ability
to convert human-indigestible carbohydrate and nitrogen into high quality
protein in the form of meat and milk. The ability of both lifeforms to co-exist
without competing for the same source of essential macro-nutrients has
sustained their relationship over many thousands of years. The capacity
of the ruminant to convert vegetation that is indigestible by humans into
metabolizable protein and energy for the animal is due primarily to the
microorganisms that inhabit the pre-gastric stomach (reticulum, rumen,
and omasum) of these herbivores. Although humans realised the benefit of
domesticating these animals long ago, it was only during the 20th century that
the central role of ‘rumen’ microorganisms in this process was documented
in detail. By mid-century some rumen microorganisms had been isolated
and an understanding of the biochemical processes that defined the process
of anaerobic fermentation were being published. The first book on rumen
microbiology ‘'The Rumen and Its Microbes’ was written by R. E. Hungate and
published in 1966. This classic book provided a description of the rumen
microorganisms identified at that time, their physiological activities and
requirements as well as the methods that had been developed to cultivate
and isolate strict anaerobes. The publication also had a practical dimension
in that it discussed this basic knowledge in terms of improving productivity of
the ruminant animal and preventing abnormalities in rumen fermentation due
to different feeding practises. Even then it was recognised that the discipline
of rumen microbiology needed to be relevant to the agricultural sciences
and not studied independently. Rumen microbiology continued to flourish
following publication of Hungate's book and another book was published
In 1988 titled The Rumen Microbial Ecosystem (ed. P. N. Hobson) and
subsequently a 2nd edition in 1997 (eds P. N. Hobson & C. S. Stewart). These
newer books followed the basic format of ‘The Rumen and its Microbes’ but
called on the many experts who had entered the field to contribute specialist
chapters on the new microorganisms and biochemical activities that had
since been discovered as well as the evolving microbiology techniques.

In the last 25-30 years, microbiology has undergone a revolution in that the
field has evolved from culture-based techniques to molecular approaches that
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Preface XXi

can interrogate complex ecosystems without the requirement for cultivation.
Like the previous books focussing on rumen microbiology, this current
publication seeks to present the new knowledge on the rumen microorganisms
and biochemical pathways that have been discovered with the advent of
molecular rumen ecology studies in the 21st century. However more than ever
rumen microbiology is being challenged to make itself relevant to the major
issues facing the ruminant industries. In particular, the public perception of
negative impacts of ruminant production on the environment from methane
and nitrous oxide emissions and nutrification of soil and water from urine and
manure have been given special attention in the book. Although environmental
issues are receiving greater emphasis in rumen research, there is still a demand
from industry to increase efficiency of production while providing a satisfying,
nutritious and healthy product, all of which can be directly impacted by the
rumen ecosystem.

Unique anatomical and physiological adaptations have evolved in some
domesticated ruminant species to enable a diverse rumen microbiome to
function efficiently on relatively low protein forages high in lignocellulose
so that their host can survive and reproduce. Much of the gains in efficiency
of ruminant production during the 20th century were achieved with high
quality diets and intensive feeding of formulated balanced rations. Ruminant
production systems that compete with both humans and feed efficient
monogastric livestock for dietary nutrients of high quality will come under
greater scrutiny by environmental activists, regulators, as well as the consumer.
In the future there needs to be increasing emphasis placed on the unique
ability of ruminants to convert lignocellulosic feedstuffs into high quality protein
for human consumption so that their rightful place in sustainable livestock
production systems can be justified environmentally and economically. This
book should therefore provide a reference source for students and researchers
as foundational information on rumen microbiology and metabolism for the
next 20-30 years of ruminant production given the pressures being faced by
climate change.

C.S. McSweeney
R.l. Mackie
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Introduction

Major advances in analytical techniques and genomics have transformed
our understanding of rumen microbiology. This understanding is of critical
importance to livestock production since rumen function affects nutritional
efficiency, waste emissions from ruminants (such as methane and nitrous oxide)
as well as animal health. This collection reviews what we know about rumen
microbiota and the role of nutritional strategies in optimising their function for
more sustainable livestock production.

Chapter 1 sets the scene by providing the latest information in the
colonisation and establishment of the rumen microbiota. The chapter reviews
the establishment of gastrointestinal microbiota in young ruminants and how it
can be modulated for promoting health and favouring desirable phenotypes.
Case studies of early-life strategies for improving health and production
and for reducing enteric methane emissions are also provided. The chapter
concludes by providing potential areas for future research and gives examples
of resources to use for further information on the subject.

Part1 Tools to understand the ruminal microbiome

Chaptersinthefirst part of the book summarise advanced methods foranalysing
the rumen microbiome. Chapter 2 reviews how the gut microbiome can be
‘brought to life’ in the omics era. Research on the mammalian gut microbiome
has in recent years been principally defined by culture-independent analysis of
the genetic potential inherent in these microbial communities. However, there
has been a renewed interest in culture-based studies of the gut microbiome
to increase both the breadth and depth of gut microbial isolates, as these are
widely recognised to provide the clearest opportunity to link biological activities
with specific microbes. The chapter begins by providing an overview of the
methodological approaches widely used to culture fastidious gut microbes,
and our evolving understanding of how macro- and micronutrients impact their
growth. In addition, alternative culturing approaches are discussed including
genomic, genetic and antibody-based isolation strategies that take advantage
of the existing wealth of metagenomic data.

Moving on to Chapter 3, this chapter focuses on rumen metabolomics as
a tool for discovering and understanding rumen functionality and health. The
rumen is a complex ecosystem essential for the health and productivity of the
animal. Rumen metabolomics research is generating important data about
the metabolites present in the rumen, and the factors affecting the rumen
microbiome and metabolome. The chapter begins by providing an overview

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



Introduction XXiii

of the technologies and extraction techniques for rumen metabolome analysis.
It also reviews the factors impacting the composition and functionality of the
rumen metabolome. The chapter concludes by providing a section on future
trends in this emerging field of research and a summary of the variety of
technologies available for metabolomic analysis.

The final chapter of Part 1 reviews mathematical modelling of microbial
functionality in the rumen. To benefit from all the data gathered, with new
techniques and new data types being introduced continuously, mathematical
models need to be constructed that can capture the biological evidence
gathered and to predict functionality at the level of the whole rumen. Chapter 4
reviews ways of quantifying rumen microbial functionality at the whole rumen
level as well as units and sampling techniques used during mathematical
modelling. These can then be used to predict fermentative and digestive
processes in the rumen.

Part2 The rumen microbiota

The second part of the book reviews recent research on the role of different
communities of rumen microbiota such as bacteria, archaea, protozoa,
anaerobic fungi, viruses and the rumen wall microbial community. As
Chapter 5 points out, microbial genome sequencing has had an enormous
impact on our understanding of many biological systems, including the
identity, relationships and functions of the resident bacteria of the rumen.
Since the first rumen bacterial genome was sequenced in 2003, over 500
genomes from cultured isolates and over 5000 genomes from metagenomic
data studies have revealed a complex picture of how their genomic repertoire
are formed by their ecological interactions during the breakdown of the plant
material consumed by the host. Yet this picture remains incomplete since many
organisms known to be present are missing from the genomic database. A
complete understanding of the rumen microbiome relies on these gaps being
addressed. The chapter reviews the power of sequencing a single genome and
the curation of a reference genome catalogue for the rumen microbiome. It
looks at the application of metagenomic data in identifying novel genomes and
key functions in the rumen, as well as the use of genome sequencing to reveal
interactions across the rumen microbiome.

Chapter 6 reviews the types of methanogenic archaea found in the rumen.
The chapter provides a summary of rumen cultivation studies and molecular
surveys of rumen archaeal community composition. It also discusses the
current understanding methanogen function via genomic information retrieved
from pure cultures of methanogens, re-assemblies of genomes derived from
metagenome data sets from mixed enrichment cultures, as well as directly from
rumen samples. The chapter concludes by providing an understanding of the
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importance of rumen methanogens in methane production and other aspects
of rumen function.

Chapter 7 reviews what we know about the ruminal ciliated protozoa,
including their taxonomy and population ‘types’ It assesses ecological
fluctuations in protozoa populations, protozoa interactions in the rumen as well
as the effects of protozoal function on ruminant nutrition, health and emissions.
The chapter also discusses the challenges of working with rumen protozoa
in culture. The chapter includes a case study describing the manipulation of
rumen ciliates. It concludes by highlighting current gaps in research and gives
examples of key research material and conferences on the subject.

Chapter 8 discusses the life cycle, taxonomy and morphological features
of anaerobic fungi. It goes on to provide an overview of all currently known
monocentric, polycentric and bulbous genera of anaerobic rumen fungi.
Sections onthe genomics and meta-omics of anaerobicfungiare also included,
followed by a review of the interactions between rumen fungi and other
members of the rumen ecosystem. The chapter concludes by emphasising
the importance of expanding the research available on anaerobic rumen
fungi and directs readers to useful websites and other resources for further
information.

As Chapter 9 indicates, despite the sustained research focus on rumen
microbial ecology, there is still a relative lack of knowledge surrounding the
rumen mobilome including the major factors that contribute to the mobilome
(for example viruses and plasmids), and the extent to which the mobilome
impacts on rumen function. Viral populations have been shown to co-exist with,
and predate on, the rumen microbiota. Non-viral extrachromosomal elements,
such as plasmids, are often intrinsically linked with rumen microbial populations.
This chapter reviews current understanding of rumen viral populations and
extrachromosomal elements, as well as describing carriers of mobile genetic
elements, such as extracellular membrane vesicles. The chapter also explores
the impact of the mobilome on rumen function.

Chapter 10, the final chapter of Part 2, discusses the rumen wall microbiota
community. The rumen microbes are usually divided into three distinct
groups based on their habitats: the planktonic microbiota, feed particle
associated microbiota, and the epimural microbiota. Among these three
groups of microorganisms, the epimural community is the least studied and
understood. The members of epimural microbiota are key players in oxygen
scavenging, tissue recycling, urea metabolism, and nutrient transportation.
The recent development of nucleic acid sequencing techniques has enabled
us to better explore the composition and functional of this community. The
chapter summarizes the current knowledge on the rumen epimural microbial
community including its diversity, ecology, functions, and effects on host

physiology.
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Part 3 Nutrient processing in the rumen
and host interactions

Chapters in Part 3 address the way the rumen processes nutrients such as fibre
and protein as well as outputs such as energy, lipids and methane emissions.
The first chapter discusses ruminal fibre digestion. Since ruminants obtain most
of their energy from their symbiotic microbiota, the efficiency of feed conversion
and end-product meat and milk quality is tightly linked to the dynamics and
function of the rumen microbiome. Chapter 11 provides an overview of the role
of the microbiota in ruminal lignocellulose degradation and the mechanisms
they utilize in the decomposition of biomass. It discusses findings from studies
on well-known Ruminococcus, Fibrobacter and Prevotella isolates, as well as
those from poorly understood and as-yet uncultured Bacteroidetes lineages.
Collectively, these approaches have revealed new information related to the
hydrolytic capacity of cellulosomes, free enzymes, outer membrane vesicles,
polysaccharide utilization loci and large multi-modular enzymes, which are
generating deeper insights into the intricate microbial networks that engage
in ruminal fibre digestion.

Chapter 12 reviews ruminal protein breakdown and ammonia assimilation.
Ruminal nitrogen (N) metabolism has long been associated with effective
ruminant degradation of fibre, feed intake and productivity. The chapter
focuses on the latest research on N metabolism as well as understanding the
process of ammonia assimilation and its regulation in the rumen. An improved
understanding of microbial proteolysis and capture of N as microbial protein
can then be integrated into nutritional strategies to optimize ruminant animal
productivity while minimizing its environmental impact.

Chapter 13 focuses on the factors influencing the efficiency of rumen
energy metabolism. It begins by addressing the main pathways of rumen
fermentation and how these pathways can be used to produce products such
as volatile fatty acids and adenosine triphosphate (ATP) as well as the disposal
of metabolic hydrogen. The chapter then reviews the production of methane
in the rumen and how modulation of methanogenesis can be used to benefit
animal productivity. The factors that can influence the efficiency of microbial
growth are also discussed, followed by a review of the interactions between
rumen energy and nitrogen metabolism. The chapter concludes by highlighting
the importance of research on maximising the energy output of fermentation,
controlling the profile of volatile fatty acids, and increasing the efficiency of
microbial growth.

The subject of Chapter 14 is understanding rumen lipid metabolism to
optimize dairy products and monitor animal health. Rumen lipid metabolism
largely determines the fatty acid composition of dairy products. As such, milk
fatty acids can be used as indicators of ruminal and hence animal health. Control
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of rumen metabolism can also facilitate production of dairy products enriched
in unsaturated fatty acids. To better understand the origin of fatty acids in dairy
products, the chapter first addresses ruminal metabolism, intestinal digestion,
transfer to and fatty acid metabolism in the mammary gland. The chapter then
discusses the potential to improve the fatty acid composition of dairy products
for enhanced human health, with a particular focus on technologies to protect
unsaturated fatty acids from rumen biohydrogenation. Finally, the chapter
examines the use of variation in the milk fatty acid profile, induced by changes
in the ruminal lipid metabolism, as a monitor of rumen and animal health.

Chapter 15 examines the nutritional factors affecting greenhouse gas
production from ruminants and its implications for enteric and manure
emissions. Ruminants are significant contributors to global greenhouse gas
(GHG) emissions. Mitigating enteric and manure methane (CH,) production
have been explored, but often in isolation of other GHG. Lowering enteric CH,
emissions can cause unintended increases in GHG from manure. Considering
the complexity of rumen and the impact thatit can have on manure composition,
a whole systems approach is required to assess the value of additives
that mitigate enteric CH, emissions. The chapter summarises a range of
nutritional strategies available for enteric- and manure-CH, abatement. Dietary
additives including alternative electron acceptors, inhibitors, plant secondary
compounds, and carbon (C) derived materials are reviewed for their efficacy as
mitigants of overall GHG emissions and are evaluated for how they alter rumen
and manure microbiomes.

The next chapter considers host-rumen microbiome interactions and
influences on feed conversion efficiency, methane production and other
productivity traits. Today, with our ability to assess the composition of the
rumen microbial community as a whole, a new holistic view of the microbiome
has emerged. This has led to an increased understanding of the role of the
microbiome and its components on production efficiency, health, and waste
emissions such as methane. Chapter 16 focuses on the recent discovery of the
role of the ruminant microbiome on energy harvest, methane emission, and
the potential host genetic factors determining its microbial composition and
selection.

The final chapter of Part 3, Chapter 17, discusses the rumen as a modulator
of immune function in cattle. The rumen and its microbiome play essential roles
in supplying key nutrients, such as energy, protein, minerals and vitamins, to the
host and also shape the cow's immune system. Rumen health disorders, such as
subacute ruminal acidosis, cause ruminal dysbiosis provoking epithelial barrier
dysfunction and inflammation. These conditions facilitate rumen- and hindgut-
derived lipopolysaccharides (LPS) to translocate into the blood stream, thereby
compromising systemic metabolism and immune response. The chapter
summarises new research related to rumen health, LPS exposure, and their
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role in modulating the systemic metabolome and liver health. It examines the
effects of prolonged rumen acidosis episodes on udder health due to the long-
term exposure of LPS and highlights the systemic role of LPS in impairing the
blood-milk barrier and invading mammary gland tissue.

Part4 Nutritional strategies to optimise ruminal function

The final group of chapters explore nutritional strategies to optimise rumen
function, including the role of pasture, silage, cereal feed, plant secondary
compounds and probiotics. Chapter 18 focuses on the role of rumen
microbiome in pasture-fed ruminant production systems. Pasture has long
been utilised as a feed source for ruminants but the fermentation of forage by
ruminants is results in the production of GHGs, which may negatively effect the
environment and represents a loss of energy/N for animal performance. The
chapter examines the relationship between the rumen microbiome, host feed
efficiency and environmental outputs in pasture-based productions systems.
The impact of different forages and grassland management practices on rumen
microbes are also reviewed.

Chapter 19 assesses the role of silage and concentrate in dairy cow
nutrition to improve feed efficiency and reduce methane and nitrogen
emissions. Sustainable dairy cow feeding strategies to mitigate GHG and N
emissions should make the most of the unique ability of ruminants to convert
local human-inedible biomass to high-quality dairy foods. The chapter
reviews the potential of silage plant species (grass, forage legumes, maize)
and stage of maturity of silage crops as well as forage-to -concentrate ratio
to reduce the environmental footprint of dairy cows without compromising
animal performance. Dairy cow performance is examined in terms of feed
intake, milk yield, feed and N efficiency, and methane emission intensity.
The role of concentrate composition (lipids, carbohydrates and protein) is
also evaluated. As a case study, the potential of milled rapeseed to reduce
environmental footprint of grass silage-based diet is evaluated in practical
farm conditions.

The next chapter examines the use of feedlot/cereal grains in improving
feed efficiency and reducing by-products such as methane in ruminants.
Chapter 20 begins by highlighting the types of cereal grains fed to cattle
such as barley, corn, wheat, oats and sorghum. It then addresses the dietary
factors affecting methane production by ruminants and the role of starch and
forage in methane production. A section on H, sinks in the rumen and methane
production is also included, followed by a discussion on using cereal grains to
improve feed efficiency and reduce methane production. The microbiology of
cereal grain fermentation is examined, and the bacteria and archaea involved
in this fermentation are also addressed. The chapter also highlights one of the
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factors that contributes the most to the degradation of feedstuffs, feed retention
time, which is then followed by a review of acidosis and other feed effects.
Chapter 21 considers plant secondary compounds and the beneficial roles
they have in sustainable ruminant nutrition and productivity. Plant secondary
compounds, also known as phytogenics or phyotochemicals, are secondary
metabolites that, when extracted and concentrated, modulate the activity of
gut microorganisms. The chapter describes the composition, activity, effects
on rumen function and animal performance of three major groups of plant
secondary compounds: essential oils, tannins and saponins. The positive effects
of these compounds include more efficient use of dietary protein and energy
and decreased methane emissions, which can also result in increased milk yield
or liveweight gain. The chapter explores current limitations in the use of plant
extracts as feed additives in ruminant livestock and how they can be overcome.
The final chapter of the book analyses the use of probiotics as supplements
for ruminants. There is an increasing need to promote digestive efficiency
and productivity while maintaining animal health and welfare. Probiotics are
live microorganisms which confer a benefit for the host when administered in
appropriate quantities. Chapter 22 begins by reviewing critical periods in the
ruminant lifecycle as targets for probiotics. It then looks at types of probiotics,
delivery mechanisms and regulation. The rest of the chapter summarizes
and assesses the range of research on the benefits and modes of action of
probiotics, starting with their potential in young ruminants. It then considers
the role of probiotics in adult ruminants in the areas of feed efficiency, methane
production, pathogen control and supporting the immune system.
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Chapter 1

Colonization and establishment of
the rumen microbiota - opportunities
to influence productivity and
methane emissions

Diego P Morgavi and Milka Popova, INRAE, France; David Yaiiez-Ruiz, CSIC, Spain; and
Evelyne Forano, INRAE, France
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1 Introduction

The gastrointestinal (GIT) microbiota of ruminants cannot be dissociated from
the host animal. Gut symbiotic microbes have a critical role in the interaction
of the host animal with the surrounding environment, providing fundamental
nutritional, immunological and protection services. As for other essential body
‘organs’, the GIT microbiota undergoes a series of development stages from
early stages of formation until maturity. Differently from the embryogenesis
process; however, the development of the GIT microbiota starts in earnest at
birth and it is characterized by a succession of dynamic communities in the
early stages of life (Savage, 1977; Jami et al., 2013; Rey et al., 2014). This
process of acquisition of various microbial populations and their evolution
within the ecosystem is essential for the correct functioning and interaction of
the microbiota with the host (Costello et al., 2012).

Determinism is a strong driver dictating the microbial community structure
of the GIT of animals as there is a strong selection by the diet, anatomy and

http://dx.doi.org/10.19103/AS.2020.0067.02
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gut physico-chemical conditions (Ley et al., 2008). Yet, stochastic and historical
events also influence the assemblage of the GIT microbiota that may have lasting
effects in ruminants (Yanez-Ruiz et al., 2010; Morgavi et al., 2015; Morais and
Mizrahi, 2019). In this chapter, we review currentinformation in the establishment
of the microbiota in the rumen and posterior intestinal tract in young ruminants
and its modulation for promoting health and favouring desirable phenotypes.

2 Establishment of the rumen microbiota

As the composition of the rumen microbiota directly influences the digestive
and metabolic performance of the host animal, many studies have explored the
microbial colonization of the rumen from birth to adulthood. These include early
work using cultural methods (Fonty et al., 1983, 1988) to more recent studies
using high-throughput sequencing methods in calves, lambs and goat kids (Jami
et al., 2013; Rey et al., 2014; Guzman et al., 2015; Wang et al., 2017b; Abecia
etal., 2018; Dias et al., 2018). The developing rumen in the newborn ruminant
may provide a unique opportunity to manipulate the symbiotic microbiota for a
long-lasting impact in the adult ruminant (Yanez-Ruiz et al., 2015).

2.1 Colonization: from birth (pre-ruminant)
to a fully functional rumen

Recent reviews describe the microbial community successions that occur in
the rumen from birth to weaning and after, when animals feed exclusively
on solid feeds (Malmuthuge et al., 2015; Yanez-Ruiz et al., 2015; Meale et al.,
2017a). Functional populations, as well as taxa present in adult rumens, appear
very early after birth, in a progressive way and in a defined sequence. Several
studies monitored the establishment of the rumen bacterial community in
calves from birth to weaning using high-throughput sequencing and gPCR
approaches (Jami et al., 2013; Rey et al., 2014; Guzman et al., 2015). They
show that rapid changes occur in the composition of the rumen bacterial
community during the first days of life. Proteobacteria and Streptococcus-
related sequences are proportionally abundant in 1-3-day old calves and
are rapidly replaced by strictly anaerobic bacterial taxa (Jami et al., 2013).
Proteobacteria are then gradually replaced by Bacteroidetes as the animal
grows, Firmicutes being present from early age to adulthood (Table 1). These
results are in accordance with early studies using culture techniques reporting
that aerobic and facultative anaerobic bacteria establish first (Fonty et al.,
1987). Notwithstanding, strict anaerobes that are important for function in the
mature rumen, such as cellulolytic bacteria and methanogenic archaea are
already presentin the rumen at 1 or 2 days after birth (Fonty etal., 1987; Gagen
et al., 2012; Jami et al., 2013; Guzman et al., 2015). Methanogenic archaea
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4 Colonization and establishment of the rumen microbiota

can be enumerated in the immature rumen of lambs at 2-4 days, well before
the consumption of solid feeds, and after two weeks, their concentration is
equivalentto thatfound in adult animals (Fonty etal., 1987; Morvan etal., 1994).
Although not detected by culture, a low-abundant but diverse population of
methanogens (predominantly Methanobrevibacter spp.) was identified using
molecular methods in lambs placed into sterile isolators 17 h after birth (Gagen
etal., 2012). Arecent study in goat kids also indicated that active methanogens
colonized the rumen at one day of life, Methanobrevibacter, Methanosphaera
(both Methanobacteriales order) and Candidatus Methanomethylophilus
(Methanomassiliicoccales order) being the top three genera (Wang
et al., 2017b). There are four major methanogenic orders usually found in the
rumen: Methanobacteriales, Methanomicrobiales, Methanosarcinales and
Methanomassiliicoccales (Janssen and Kirs, 2008). All these are abundantly
presentin calvesfrom day 1to 2 weeks of age, whereas only Methanobacteriales
and Methanomassiliicoccales could be gPCR-detected in the mature rumen
(Friedman et al., 2017). Based on substrate utilization for methanogenesis, the
authors suggest that the early methanogenic community may be characterized
by a high activity of methylotrophic methanogenesis, likely performed by
members of the order Methanosarcinales. Eukaryotic microorganisms also
establish sequentially. Anaerobic fungi can be enumerated in the rumen of
lambs by 8-10 days after birth (Fonty et al., 1987). Anaerobic fungi, which are
cellulolytic, are thus present in the rumen long before the animal ingests solid
feeds regularly. Ciliates are detected from 2 to 3 weeks of age, with Entodinium
establishing first (15-20 days), then Polyplastron, Eudiplodinium and Epidinium
(20-25 days) and finally Isotricha (50 days) (Fonty et al., 1988). In contrast to
bacteria and archaea, protozoa do not establish when newborns are isolated
from their dams shortly after birth (Fonty et al., 1988; Chaucheyras-Durand
et al.,, 2019). In addition, ciliate protozoa require the presence of a complex
microbiota to establish (Fonty et al.,, 1983, 1988). Figure 1 shows the main
colonization events by groups of microbes in lamb’s rumen throughout the
suckling period and up to the end of weaning.

Colonization of the rumen wall by epimural bacteria is also age-related,
with sequential diversification of bacterial morphotypes (Rieu et al., 1990). The
phylum Proteobacteria is dominant on the rumen epithelium with an important
contribution of the genus Escherichia (Jiao et al., 2015; Wang et al., 2017a).
As for the lumen, the abundance of Proteobacteria associated with rumen
epithelium decreases, and that of Firmicutes and Bacteroidetes increases with
age (Jiao et al., 2015).

Large differences between digesta and epimural bacterial communities
have been observed in the rumen of pre-weaned calves, with higher
abundances of Prevotella and lower abundances of Bacteroidetes in digesta
compared with epimural bacteria (Malmuthuge et al., 2014).
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Figure 1 Microbial colonization of the lamb rumen. Colonization of the rumen by
microbial groups detected by cultural and molecular methods. Lambs were kept with
their dams. Arrows indicate the start of the colonization period.

Although the focus of this chapter is on the rumen compartment, we will
mention some aspects of the microbiota of other GIT sections when relevant
and/or available. While the rumen microbial community evolution with age
has been well studied, information on the other pre-gastric compartments
(reticulum and omasum) is scarce. Recent studies analysed fluid samples
from these organs in goat kids from 3 to 56 days after birth (Lei et al., 2018)
or in calves from birth to 21 days (Yeoman et al., 2018). As for the rumen,
Proteobacteria gradually decrease with age while the relative abundance of
Bacteroidetes increases.

For the post-gastric compartments, a surprisingly diverse microbiota is
also described in the first hours post-delivery (Alipour et al., 2018). Firmicutes,
Proteobacteria, Actinobacteria and Bacteroidetes dominate the newborn’s
rectal microbiota but composition rapidly changes in the early postnatal life.
Pioneer studies reported E. coli and Streptococcus to be the firsts to colonize all
GIT regions in calves and lambs few hours after birth (Smith, 1965) and culture-
independent studies confirmed their high abundance in rectal microbiota
one day after birth (Alipour et al., 2018). As for the rumen (Jami et al., 2013),
it is assumed that these facultative anaerobes scavenge oxygen and render
the environment suitable for strictly anaerobic gut microbes. Lactobacilli take
advantage of these conditions and colonize all intestinal sections of one-day-
old ruminants (Smith, 1965). Proteobacteria, Firmicutes and Bacteroidetes are
the prevalent phyla in all anatomical locations within the first 3 weeks of life
(Malmuthuge et al., 2014, Alipour et al., 2018; Yeoman et al., 2018). Firmicutes
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6 Colonization and establishment of the rumen microbiota

dominate distal parts of the GIT in young ruminants (colon and faeces),
whereas Bacteroidetes abundance is higher in the reticulum, rumen, omasum
and abomasum (Malmuthuge et al., 2014; Yeoman et al., 2018). It should be
noted that while Firmicutes and Bacteroidetes are more abundant in luminal
contents, Proteobacteria dominate mucosal samples (Yeoman et al., 2018). This
niche specialization for mucosa-associated populations is certainly driven by
environmental conditions (presence of trace oxygen) and available substrates
suchasmucins. Interestingly, richnessand a-diversity in luminal samplesincrease
with age in most anatomical sections, whereas no such trend is observed for
mucosa-associated populations. Nevertheless, mucosa-associated bacterial
communities in the small and large intestine are more diverse than digesta-
associated communities (Malmuthuge et al., 2014). Though the post-gastric
intestinal tract has not received much attention this far, there is evidence that
its microbiota plays a crucial role in older animals’ health and performance.
For instance, lactic acid bacteria increase IgA production by stimulating host's
adaptive immune system, boosting calves’ active immunity by the time when
passive immunity from colostrum decline (Corthésy et al., 2007).

2.2 Interaction host-microbiota

The gastrointestinal tract of mammals has a diverse array of non-specific and
specific protective mechanisms to allow it to coexist with resident microbiota
(Hooper etal., 2012). The functions of nutrients absorption, symbiotic microbial
tolerance and pathogenic microbial barrier, create a conflict in function which
requires a complex system of physical, biochemical and cellular mechanisms
for protecting the gastrointestinal epithelium and the host against invading
agents (Kuhn and Stappenbeck, 2013). Several studies have shown the
education process that the immune system needs to go through to deal with
microbial loads and this is of particular relevance during early-life stages
(Collado et al., 2012; Wu and Wu, 2012). However, the mechanisms involved in
the ‘tolerance’ to the first colonizers of the rumen are largely unknown, partly
because the rumen epithelial structure has its own peculiarities as compared to
the lower intestinal tract. The rumen has a multi-strated, keratinized epithelium
with up to 15 cell layer and no organized lymphoid tissue (Sharpe et al., 1975),
which limits the permeability of large molecules such as immunoglobulins.
The immunological equilibrium in the rumen is thought to be achieved by a
combination of two main mechanisms: (i) the signalling of toll-like receptors
(TLRs) (Malmuthuge et al., 2012) and (ii) provision of immunoglobulins (mainly
secretory IgA) via saliva (Williams et al., 2009).

(i) TLRs are a family of pattern recognition receptors (PRRs) that play a
key role at mucosal surfaces by acting as sensors to detect molecular patterns
expressed by both pathogenic and commensal microbiota alike. Cattle express
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a similar repertoire of TLRs compared with other mammalian species, as
TLR1-10 have been identified and characterized (McGuire et al., 2006) and
several studies have shown the relationship between nutritional disturbances
(i.e. acidosis) and TLR expression levels (Chen et al., 2012). However, little is
known in relation to early-life colonization. The expression of TLR in the GIT
of newborn calves is greater than at 6 months of age with the exception of
TLR-1 and TLR-3 (Malmuthuge et al., 2012). More recently, Abecia et al. (2017)
evaluated the impact of two different management practices in the early life of
goat kids (maternal vs. artificial milk feeding) on the immune response of the
rumen. They observed that TLRs 1, 2, 5, 8 and 10 displayed an age-dependent
expression, consisting of increased gene expression between days 5 and
7 of life and then a subsequent decrease and stabilization. The increase in
expression coincided with a rise in VFA concentration and microbial biomass
colonization. However, although colonization continued in the following days,
this did not trigger higher expression levels. This is in agreement with reports
showing downregulation of TLR expression levels in the blood of newborns
with increasing age, whereas memory T cells increased in number (Teran et al.,
2011; Malmuthuge et al., 2012). The downregulation of TLR activity might also
be promoted by the production of butyrate that enhanced barrier function
through stable tight junctions signalling (Jiao et al., 2017). Therefore, the few
available published studies suggest that downregulation with increasing age
might be one mechanism by which the host avoids unnecessary inflammatory
responses to commensal microbiota. In suckling calves fed raw milk, the
expression of IL-8, IL-10 and claudin-4 in the mucosa of the colon was low
compared to calves of the same age fed heat-treated milk (Bach et al., 2017).
These calves fed raw milk had a higher Lactobacilli population suggesting
that the downregulation observed with increasing age mentioned above is
associated with a more developed microbiota.

(ii) Immunoglobulins find their way into the rumen mainly through saliva,
particularly IgA that is the major Ig secreted in saliva and also the dominant
type in the rumen (Subharat et al., 2015; Abecia et al., 2017). IgA is apparently
more resistant to degradation in the rumen compared to IgG, possibly
because the secretory component of IgA makes the immunoglobulin more
resistant to proteases (Snoeck et al., 2006). Secretory IgA coats commensal
bacteria in the GIT of calves (Tsuruta et al., 2012; Fouhse et al., 2017) and the
oral microbiota coated with IgA had a greater resemblance to whole rumen
microbiota than non-coated oral microbiota, suggesting salivary IgA-coating
may be a host-derived mechanism impacting commensal colonization (Fouhse
et al., 2017). This contrasts somehow with earlier works conducted on specific
rumen microbes for the development of vaccines, which suggest that salivary
IgA inhibit certain microbes. However, a recent work supports the hypothesis
of Fouhse et al. (2017) by showing that specific immune recognition by IgA
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8 Colonization and establishment of the rumen microbiota

facilitated bacterial adherence to intestinal epithelial cells that mediates stable
colonization (Donaldson et al., 2018). This suggests that in addition to its
role in pathogen clearance, IgA can drive commensal microbes’ acceptance
for colonization. This, however, remains to be demonstrated in early-life
colonization of the rumen.

Colonization of the rumen induces also a liver response with transcription
of genes that can be associated with the development of tolerance to symbiotic
microbes (Li et al., 2019). Following the transfer of rumen fluid from an adult
cow into lactating calves, the main upregulated genes in the host's liver were
linked to immune response, anti-inflammatory response and cell signalling (Li
etal., 2019).

2.3 Weaning and stabilization of the rumen microbiota

Important questions addressed in studies on the developing rumen are: what
are the main driving factors for a healthy and functional microbiota at weaning
(age, pre-weaning diet, late weaning) and at what age the rumen microbiota
stabilize and can be considered mature? The weaning transition under
standard farm management practices could be a stressful period that reduces
intake and growth. The developing rumen of a pre-weaned calf contains the
same dominant phyla, Bacteroidetes, Firmicutes and Proteobacteria, as the
postweaned rumen, although the relative abundances of these phyla vary
with age and stage of development (Li et al., 2012; Jami et al., 2013; Meale
et al., 2016; Dias et al., 2018). Generally, the relative abundance of Firmicutes
increases after weaning, while that of Bacteroidetes declines (Jami et al.,
2013; Meale et al., 2016, 2017b). However, the precise evolution with time of
these phyla as well as the successions of bacterial families or genera may be
different depending on the type of ruminant and there are even differences
between studies. The microbial successions also fluctuate depending on
management practices, age at weaning or the nature of the feed (Meale et al.,
2016, 2017a,b). For example, B-diversity of ruminal microbiota shifted rapidly
in early weaned calves (6 weeks), whereas, a more gradual shift was observed
in late-weaned calves (8 weeks) (Meale et al., 2017b). The authors concluded
that the gradual increase in solid feed consumption of late-weaned calves
resulted probably in lesser physiological stress during the weaning transition
than that observed in early weaned calves. Also, feeding starter concentrate in
addition to milk to pre-weaned calves promoted greater diversity of bacterial
taxa known to degrade readily fermentable carbohydrates in the rumen (e.g.
Megasphaera, Sharpea, and Succinivribrio) and favoured Methanosphaera
instead of Methanobrevibacter (Dias et al., 2018). In this last study, the relative
abundance of fungi did not change significantly with diet or age, maybe due
to high inter-animal variation and low fibre content of the diet. In goats, recent
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work showed that the rumen microbial community and the metabolome before
and after weaning are clearly different illustrating the impact of the diet (Abecia
et al., 2018). Also in goats, variability and instability in the composition of
the methanogen community were observed according to the change of diet
and age, and stabilization appears to occur at weaning (Wang et al., 2017b).
Weaning seems to be a turning point for the rumen with a microbiota structure
that resembles that of adult ruminants. Notwithstanding, at lower taxonomical
level many microbial taxa differed (Dill-McFarland et al., 2017). The transition
from weaning to an adult-like microbiota between weaning can take several
months and up to one year of age (Fonty et al., 1988; Dill-McFarland et al.,
2017).

2.4 Microbial activities and functions

Most studies to date have used 16S (18S/ITS) rDNA amplicon sequencing for
monitoring the rumen microbial colonization. It is important to complete these
studies by measuring microbial activities or enumerating functional microbial
species to ascertain the establishment of feed-degrading and other functional
activities. As already mentioned, cellulolytic bacteria and methanogens are
present in the rumen of 1-2-day-old ruminants (Fonty et al., 1987; Guzman
et al., 2015). Enzymatic activities critical for utilization of feed nutrients such
as plant fibre, proteins and starch are detected in the rumen from the first day
of life (Rey et al., 2012; Jiao et al., 2015). These activities increase throughout
the first week showing maximal specific activity at around one month of
age, which is after the initial stage of microbial colonization is achieved (Jiao
et al., 2015). These changes may partially reflect dietary transitions from
colostrum to milk or milk replacer, and then to a progressive consumption
of solid feeds. As indicated above, methanogenic activity can be measured
as early as 2-3 days of life (Morvan et al., 1994; Friedman et al., 2017). The
establishment of hydrogenotrophic activity in the rumen of lambs, investigated
by culture and isotope-labelling experiments, appeared also to be sequential.
Hydrogen-dependent acetogenesis was present in the rumen of 20 h-old
lambs while hydrogenotrophic methanogenesis was detected from 30 h of
life. Hydrogen-utilizing sulphate-reducing bacteria established by the third
day after birth (Morvan et al., 1994). The colonization of reductive acetogens
after birth was also explored analysing the presence of genes acetyl-CoA
synthase and formyltetrahydrofolate synthetase in the immature lamb rumen.
Potential acetogens identified were affiliated with the Blautia genus and the
Lachnospiraceae family, whereas establishment of methanogenic activity did
not substantially affect acetogen diversity in these lambs (Gagen et al., 2012).
The functional diversity of the rumen microbiome of the pre-ruminant calf was
also explored through metagenomics (Li et al., 2012). More than 8000 putative
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Pfam protein families were detected in the rumen of 14-day old calves with up to
60 glycosyl hydrolase families identified, indicating a high metabolic potential
for carbohydrate processing long before weaning (Li et al., 2012). An increase
in carbohydrate metabolism from 5 to 9 weeks of age in calves inferred from
16S rRNA gene sequences was also suggested (Meale et al., 2017b), although
the use of functional metabolic predictions based on taxonomic information
should be interpreted with prudence (Vieira-Silva et al., 2016).

2.5 Modes of transmission

It has been conventionally considered that the uterus is a sterile environment
and microbial inoculation of the newborn’s gut starts immediately after birth,
through the vaginal canal, faecal material, colostrum, skin and saliva of the
dam as well as from the environment. However, bacterial and archaeal DNA
has been detected in the rumen, intestines and meconium of calves as early
as 20 min after birth (Guzman et al., 2015), which led the authors to suggest
that inoculation of the rumen may occur before birth. Studies on human and
on mice newborns suggest that colonization of the intestine in these species
starts in utero (lhekweazu and Versalovic, 2018). This has led to investigations in
ruminants with contrasting results. Some studies suggest that the colonization
of the ruminant intestine may begin before birth (Alipour et al.,, 2018) but
negative results were reported by others (Malmuthuge and Griebel, 2018).
Caution should be exerted when interpreting results from humans or other
animals as the structure of the placenta and the maternal-foetal interaction
differ greatly among mammals, with ruminants having the most complete type
of placental barrier (Benirschke et al., 2012). Another caveat is contamination
when analysing this kind of samples with low microbial numbers (Malmuthuge
and Griebel, 2018). The information available is not enough to confirm or
disprove the in utero transfer of microbes into the gut in ruminants.
Whether ornotthe bacterial colonization of the digestive tract begins before
birth, the relative contribution of all the other sources of inoculation is not well
known. It is well established that the dam is an important source of microbial
inoculation of the newborn rumen. Indeed, in newborns lambs separated from
their dams and reared individually, no cellulolytic bacteria, fungi and protozoa
established in the rumen (Fonty et al., 1988). Also, similarities between rumen
methanogen populations found in newborn twin lambs suggested that the dam
was the most important source of inoculation (Skillman et al., 2004). The dam'’s
oral microbiota may be particularly important because of rumination, which
would facilitate the oral transfer of rumen microorganisms to the newborn as
a result of the natural instinct to lick them after birth. Colostrum and milk are
also a source of bacterial colonization of the newborn gut. As for monogastric
animals, liquid feeds in suckling ruminants go directly to the true stomach,
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the abomasum, through the oesophageal groove. However, the groove is not
completely hermetic and small amounts of milk are also found in the rumen
where taxa able to utilize milk nutrients such as Bacteroides and Lactobacillus
are dominant in suckling calves fed milk only (Dias et al., 2018). The ability to
grow on milk lactose by F. succinogenes can explain the active presence of this
cellulolytic bacterium in pre-weaning calves (Ghali et al., 2017). The importance
of the microbiota from different body sites of the dam to seed the newborn’s
gastrointestinal tract was explored recently (Alipour et al.,, 2018; Yeoman
etal., 2018). The oral microbiota of the dam most closely resembled the rectal
microbiota of the newborn calf in the study of Alipour et al. (2018). Whereas, in
the study of Yeoman et al. (2018) the udder skin microbiota of the dam shared
the largest number of OTUs with both luminal and mucosal microbiota of
the calves from day 1 to 21 as compared with colostrum or vaginal samples.
Surprisingly, fibrolytic bacteria and methanogenic archaea sequences were
identified in the cow vaginal samples, suggesting a colonization role during
birth (Yeoman et al., 2018). This is in addition to the important role that the dam
vaginal microbiota has in colonizing the upper respiratory tract of the offspring
(Lima et al., 2019).

2.6 Impact of management practices

Assuming that a key turning point in rumen microbial colonization is the
introduction of solid feed in the diet, an important issue to address is whether
the feeding management of the newborn alters the colonization pattern. Few
studies have compared the microbial colonization of the undeveloped rumen
in the context of the factors that facilitate (or prevent) the colonization of some
microbial groups (i.e. maternal influence, offspring reared in isolation, use of
microbial modulators, etc.).

As presented above, the dam has an important influence in early
colonization. The maternal influence in relation to management systems has
been further addressed in recent studies (Abecia et al., 2014b, 2017, 2018;
Belanche et al., 2015; Yeoman et al., 2018). Two main systems exist for rearing
offspring in ruminant production. In commercial dairy systems, newborns are
typically separated from the dam after birth and fed either milk replacer or
whole milk. In contrast, in beef and extensive production systems, the offspring
remains with the dam until weaning. These two systems, therefore, imply
differences in regards to milk type (whole milk vs. milk replacer) and contact
or not with adult conspecifics that in many cases are confounded. Protozoa in
artificially reared animals showed a different colonization pattern as compared
to those raised by the dams (Abecia et al., 2014a; Belanche et al., 2015). Natural
milk feeding via the dam vs. artificial feeding with milk replacer resulted in
consistently lower pH in the developing rumen of goat kids that stayed with
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the mothers (Abecia et al.,, 2014a). The authors hypothesized that naturally
raised kids would have consumed more concentrate at an earlier stage as a
result of social feeding learning as also shown by De Paula Vieira et al. (2012),
who observed that the presence of an older companion with pre-weaned
calves stimulated feeding behaviour and growth before and after weaning. In
addition to learning behaviour, the presence of older conspecifics influences
the rumen microbiota as dam-reared goat kits showed substantially greater
bacterial diversity throughout the colonization process than those artificially
reared (Abecia et al., 2017). Fibrobacteres (one of the main cellulolytic phyla in
the rumen) was present in naturally raised kids from day 7 after birth; however,
it did not colonize the rumen of kids kept in isolation from dams until day
28, similarly to Succiniclasticum which ferment succinate to propionate. Also,
greater VFA concentration was observed in the rumen of kids with dams,
which may suggest a quicker establishment of microbial fermentation in these
animals (Abecia et al., 2014a). However, it remains unknown whether this
distinct microbial colonization between animals, reared naturally or artificially,
may have effects on the animal digestive performance later in life. The effect of
the dam in the colonization after birth deserves further research as it could help
to develop new inoculation strategies in livestock farming.

3 Modulating the gastrointestinal microbiota in
young ruminants for health and production

As stated in previous sections, a number of factors influence the GIT microbial
colonization in young ruminants. Among them, the type of production system,
farm management and diet are the most important. Good management
practices normally recommended to reduce the onset of diseases and promote
a vigorous growth in the first week of life have an obvious impact on the GIT
microbiota. For instance, feeding high-quality colostrum allows establishing a
beneficial, mucosa-associated bacterial barrier and thus provides protection
against enteric infections in young ruminants (Malmuthuge et al., 2015).
Colostrum favours the development of beneficial Bifidobacterium whereas
it reduces potential pathogens and members of Escherichia and Shigella
genera in the colon (Song et al., 2019). Suckling from the dam and contact
with conspecific adults is the best way to ensure the natural acquisition of a
functional GIT microbiota in early life. However, this otherwise natural practice
is not always applicable under current production systems and nutritional
interventions in early life may be considered to facilitate (or prevent) the
colonization of some microbial groups. In some particular cases, contact with
the dam might not be recommended if there is a risk of transmission of non-
desirable microbial populations. The risk of transmission of Mycobacterium
avium subsp. paratuberculosis, the causative agent of Johne's disease,
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increased with the number of days that newborns remained with affected
adults, particularly in the first week of life (Burgess et al., 2018). Inversely, it
is reasonable to hypothesize that the contact with some animals should be
promoted for facilitating the transmission of microbiotas associated to desired
phenotypes such as reduced enteric methane emission or improved feed
efficiency (Shabat et al., 2016; Difford et al., 2018).

Dietis a well-known modulator of the GIT microbiota at all ages but it seems
to have a particular influencing role in the development of the microbiota
and the microbiota-host dialogue in young ruminants (Bach et al., 2017; Dill-
McFarland etal.,2019; Dong et al.,2019). Differences in milk processing that can
be considered minor from a macronutrient standpoint had large consequences
on some gut microbial populations and inflammation parameters. As opposed
to heat-treated milk (pasteurized and UHT), raw milk increased Lactobacillus
numbers, decreased the expression of pro-inflammatory interleukins and
improved growth in dairy calves (Bach et al., 2017).

In addition to the management and diet factors cited, two main nutritional
interventions in early life may be considered to modulate the GIT microbiota.
These are the direct inoculation of specific microorganisms and the use of
compounds (i.e. additives) that prevent or facilitate the colonization of some
microbial groups. These two strategies are mainly tested for improving
phenotypes of interest.

4 Case studies: early-life strategies for
improving health and production

Feeding live microorganisms to ruminants is not a novel concept and extensive
work has been published on the use of direct-fed microbials (DFM) (Martin
and Nisbet, 1992; Jeyanathan et al., 2014). Theodorou et al. (1990) reported
that the addition of an anaerobic rumen fungus, Neocallimastix spp., increased
intake and live weight gain in calves at weaning, while (Ziolecka et al., 1984;
Ziolecki et al., 1984) reported that a stabilized rumen extract enhanced live
weight gain and stimulated rumen development in calves during weaning. The
use of fresh rumen fluid inoculated in early life has gained new attention. Most
recent studies showed that inoculation of fresh rumen fluid from adults into
the rumen of newborns has a positive effect on productive parameters (Zhong
etal., 2014; De Barbieri et al., 2015b). After weaning, average daily gain, intake,
digestibility and rumen development improved in treated animals (lambs and
kids) as compared to non-treated. Some of these effects may not last, although
the composition of ruminal bacterial communities still differed up to 5 months
of age, well after the initial inoculation (De Barbieri et al., 2015a,b).

For specific DFM preparations, the administration of lactic acid bacteria to
suckling calves was shown to stimulate rumination and ruminal development
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(Nakanishi et al., 1993) and the use of lactic acid bacteria or Bifidobacterium
increased feed conversion efficiency and body weight gain (Abe et al.,
1995). In this latter work, the DFMs decreased diarrhoea. The effect of lactic
acid bacteria DFM on the prevalence of diarrhoea was confirmed in a meta-
analysis (Signorini et al., 2012). Interestingly, the protection was only observed
with multi-strains DFM and for calves fed raw milk. All these effects of lactic
acid bacteria can be partially ascribed to the positive modulating activities of
these bacterial groups on host immunology as described in the subsection
interaction host-microbiota (see above). The rumen bacterium Megasphaera
elsdenii uses lactate to produce butyrate, a beneficial energy compound used
by the GIT epithelial mucosa. This bacterium was also used as DFM in young
ruminant with contrasting results. Muya et al. (2015) showed improved feed
intake and rumen development, suggesting increased epithelium metabolism
and improved absorption of digestive end products. Whereas, no effect was
observed in another study using the same strain and a similar protocol (Yohe
etal., 2018).

Diarrhoea is one of the main health issues in pre-weaned ruminants,
particularly in dairy (USDA, 2018). A low faecal microbial diversity, notably a
low relative abundance of Faecalibacterium spp., a symbiotic bacterium with
known anti-inflammatory activity, was associated with an increased incidence
of diarrhoea (Oikonomou et al., 2013). Inversely, Faecalibacterium spp. is
positively associated with weight gain. Substantiating these effects, the use of
Faecalibacterium prausnitzii as DFM in dairy calves decreased the incidence of
severe diarrhoea by half and mortality by two thirds as compared to untreated
controls (Foditsch et al., 2015).

Another strategy gaining attention is the use of life yeasts in early life.
Although yeasts are widely used in ruminant nutrition (Chaucheyras-Durand
etal., 2012), the concept of applying them in the diet of pre-ruminants to alter
microbial colonization is more novel. It has been showed that yeasts, particularly
as DFM, have positive effects on growth, rumen and smallintestine development,
immunity and general health of the calf (Kim etal., 2011; Alugongo etal., 2017).
Specifically, Saccharomyces cerevisiae yeast (SCY) can improve DMI, growth,
feed efficiency (Lesmeister and Heinrichs, 2004; Alugongo et al., 2017) and
reduce diarrhoeain calves(Galvao etal.,2005; Breweretal., 2014). Furthermore,
subtle improvements were seen in rumen fermentation (increased butyrate
production) and rumen papillae growth (Lesmeister and Heinrichs, 2004).
These positive results, however, are more pronounced in calves stressed or
exposed to significant levels of disease-causing agents. Despite the increasing
number of published works studying the use of SCY in early life of ruminants,
there is a lack of knowledge about its impact on the microbial colonization.
Recently, Terré et al. (2015) reported that supplementing young male calves
with live SCY increased the presence of the fibrolytic bacterium R. albus in the
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rumen and it also increased rumen pH but no effect was observed on other
bacteria and protozoa. Supplementation of newborn lambs fed milk replacer
by live yeasts was also shown to increase the colonization of the rumen by F.
succinogenes, fungi and protozoa (Chaucheyras-Durand et al., 2019). Other
reported effects of SCY are anincrease in Lactobacillus in faeces (Fomenky et al.,
2017) and greater oxidative burst and phagocytosis activity during weaning
stress indicating a stronger innate immune response (Fomenky et al., 2018).
Generally, for all DFM and the engraftment of adult rumen microbiota, there
is still a need for further research in whole microbiome analysis and areas such
as gut immunity and the persistence of effects later in life, especially in dairy
systems due to their management of newborns. This information is necessary
to draw consistent conclusions on their potential in early life.

5 Case studies: early-life strategies for
reducing enteric methane emissions

Modulating the microbial colonization in the developing rumen towards
communities that produce less methane is also gaining attention. For this
objective, compounds used as feed additives or feed supplements have
been tested with two different approaches: one that specifically targets
methanogens and the other uses general inhibitors that were described
as having various mechanisms of action. For the specific approach, the
application of bromochloromethane to young goat kids modified archaeal
colonization of the rumen, which was linked to a reduction in methane
emission of around 50%. The effects persisted for 3 months after cessation of
treatment in kids raised by does that received the same treatment as the kids
(Abeciaetal., 2013,2014a). For the generalist modulation approach, different
types of lipids and plant extracts with proven efficacy to alter microbial
metabolism and methane emissions in adult animals were tested. Debruyne
et al. (2018) tested in goats prenatal and postnatal supplementation with
coconut oil medium chain fatty acids. The treatment reduced in vitro methane
emissions in four-week-old kids by reducing methanogen abundance and
activity but atthe expense of rumen fermentation and eubacterial abundance.
Unfortunately, the treatment also suppressed daily gain of treated kids. Some
rumen papillae characteristics differed at 28 weeks old due to postnatal
treatment which ended at week 11 of life, indicating rumen papillary
development can be affected by the early-life nutritional management. Saro
et al. (2018) tested a combination of garlic oil and linseed oil in early life of
lambs and the potential impact of re-treating the animals later in life. The
archaeal methanogenic community was modified during the treatment but,
in accordance with methane emissions, differences with the control group
disappeared afterwards. In contrast, bacterial community structure differed

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



16 Colonization and establishment of the rumen microbiota

between treated and non-treated lambs during and after the intervention.
Rumen and urine metabolomics profiles conducted after the intervention
ceased, highlighted interactions between microbes and metabolites, notably
that of methylated compounds and Methanomassiliicocceae methanogens.
They demonstrated that a long-term early-life intervention induced
modifications in the composition of the rumen bacterial community that
persisted after the intervention ceased with little or no effect on archaeal
and protozoal communities. However, there was no persistence of the early-
life intervention on methanogenesis suggesting a notable resilience for this
function. Similarly, Lyons et al. (2017) treated lambs with linseed oil and
found persistence of differences in the bacterial community structure but not
associated changes in phenotypic response.

Methanogens occupy a specific niche in the rumen ecosystem. When
methanogens are inhibited, there is a shift in hydrogen flow and other electron-
donor metabolites towards alternative electron acceptors such as propionate.
This implies the rearrangement of trophic networks and changes in microbial
populations that are mainly observed for the bacterial communities in all
studies cited above. The abundance of methanogens was not always affected
but their diversity was commonly altered although the changes were different
probably due to the type of inhibitor used. Linseed and garlic oil decreased
the Methanomassiliicoccales relative abundance in lambs (Saro et al., 2018).
Bromochloromethane increased the relative abundance of Methanobrevibacter
and decreased that of Methanosphaera in kids (Abecia et al., 2014b). Whereas,
linseed increased Methanosphaera relative abundance in lambs (Lyons et al.,
2017).

6 Conclusion and future trends

From birth, ruminants are constantly exposed to different sources of
microbes. The establishment of stable communities depends on the creation
of suitable conditions with a close interplay between diet and maturation
of the GIT. The sequential evolution of the gut microbiota that is followed
by the expansion of metabolic functions is a coordinated process that
matches the anatomical and physiological development of the GIT. In the
non-ruminant phase (0-3 weeks), the establishment of a diverse microbial
community, particularly bacteria in the post-gastric section, is important
for health and grow (Oikonomou et al., 2013; Bach et al., 2017), whereas
changes in the rumen are predominant during the transition (3-8 weeks) and
rumination phases (+8 weeks of age) (Jiao et al., 2015). The periods when
these alimentary, anatomical and physiological modifications occur seem to
be the more suitable for interventions for long-term modifications of the GIT
microbiota (Dill-McFarland et al., 2019).
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Figure 2 Acquisition of gastrointestinal microbiota in early life could be modulated
(blue arrows) through management and targeted interventions to favour health and
phenotypes of interestsuch asincreased feed efficiency and decreased methane emission.
Modulating options are: allowing contact with dams or mature conspecific harbouring a
desirable microbiota, inoculation with gastrointestinal contents (engraftment) obtained
from mature conspecific, diet and supplementation with direct-fed microbials (DFM),
prebiotics and feed additives.

The GIT microbiota at an early age is influenced and can be modulated by
various strategies (Fig. 2). Nevertheless, for the application of these strategies
in farms there are still some outstanding questions that need to be addressed.
Ongoingresearch onthe role of GIT microbiota on animal phenotypes will bring
information on the type of microbial communities that should be favoured in
young ruminants. The effect of the prenatal period, including whether there is a
prenatal colonization of the GIT and its role in the establishment of the mature
microbiota have to be assessed. Similarly, the best window(s) of age when the
microbiota could be modulated have to be refined. Establishment of different
populations might not be a single isolated event and a continuous exposure
seems to be necessary for acquiring adult-like communities (Morgavi et al.,
2015) or successfully engraft specific microbes (Yohe et al., 2018). A better
definition of the role of early microbial communities on the host-microbiota
dialogue and the regulation of the immune system is also important for this
subject. Expected advances in all these topics in the coming years have the
potential to improve the sustainability of ruminant production through better
health in young animals and enhanced efficiency.
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7 Where to look for further information
7.1 Key conferences

¢ Gut Microbiology Symposium; jointly organized by INRA France and the
Rowett Institute - Aberdeen University, every two years.

e Congress on Gastrointestinal Function; in Chicago (USA) every two years.

¢ Annual meetings from animal science societies such as Annual Meeting of
the European Federation of Animal Science and American Dairy Science
Association.

e Smart Calve rearing Conference (https://smart-calf-rearing.com).

7.2 Major international research projects and networks

e Rumen Microbial Genomics Network, Global Research Alliance-Livestock
Group. A large international network fostering collaborations and
exchanges between microbiologists working with ruminants (https://g
lobalresearchalliance.org/research/livestock/networks/rumen-microbial-
genomics-network/).

e MASTER (Microbiome Applications for Sustainable food systems
through Technologies and EnteRprise) a H2020 project focussing
on the characterization and modulation of microbiomes from
different environments including the GIT of ruminants (http://www.
master-h2020.eu/).
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1 Introduction

The mammalian gut hosts a diverse microbial community (microbiota) that
provides a range of ecological, nutritional and immunological functionalities,
among others, that are relevant to the health and well-being of the host. For
much of the twentieth century our understanding of the mammalian gut
microbiota was largely developed using culture-dependent approaches
with ruminant livestock providing the deepest mechanistic insights into their
functional capacities mainly due to the long-recognised association between
the rumen microbiota and animal health and productivity. Many of the seminal
works in gut microbiology were originally developed for rumen microbial
species and include the description of new media, culturing techniques and the
isolation of diverse microbes in a rich scientific literature extending back to the
1940s. However, it was the development of culture-independent metagenomic
approaches coupled with advances in DNA-sequencing technologies and
computational methods that established the ‘gut microbiome’ as a discrete
field of research. There have been several major metagenomic-based studies
on the gut microbiomes of ruminants and other mammals that have provided
unprecedented insights into their diversity and functional capacities, and
transformed our awareness and appreciation of the extent of microbial ‘dark
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matter’ in the form of uncultured microbes and their genes that reside in these
communities.!'4

Despite the insights afforded by these approaches, many studies have also
highlighted the limitation of solely applying culture-independent approaches
to characterise the microbiome. For instance, cultivation-based studies remain
the best way to specifically link microbes with discrete biological activities and
thereby provide new opportunities to move beyond the current observational
paradigm and towards causation in gut microbiology research.®7 In addition,
sequencing of individual gut-microbial strains improves mapping and
assembly from metagenomic data.®” The human microbiome revolution
in particular has led to a renewed interest in culturing approaches and
the ‘discovery’ of culturing approaches and insights that have been well
established for generations of rumen microbiologists. Together, these have
given new life to culturing efforts and there are now multiple initiatives and
related culture collections for mammals including humans (e.g. Culturable
Genome Reference,!” Human Gastrointestinal Bacteria Culture Collection!®!),
ruminants (e.g. Hungate1000 collection!’) and rodents (Mouse Intestinal
Bacterial Collection!™). Notably, several recent studies drawing upon 16S
rRNA and metagenomic-based analyses have suggested the perceived
unculturability of many gut microbes from mammalian gut environments may
have been overstated.l'>'! These claims remain contentious, and, indeed, a
recent study suggested that over 70% of human gut-microbial species lack a
cultured representative.l'”!

The mammalian gut microbiota is highly diverse and typically includes
viruses, bacteria, archaea, fungi and protozoa. While it is clear from numerous
studies over the years that many fastidious gut microbes grow quite well under
laboratory conditions there are others that remain resistant to cultivation as
axenic cultures."® Our inability to culture these microbes suggests that there are
fundamental aspects of their biology that we do not yet understand. There have
been many culturing advances that continue to extend the repertoire of gut-
microbialisolates!"”?""and meta-omicapproaches nowalso offerunprecedented
insights into the metabolic potential of these microbes that could be used to
direct and support their growth under laboratory conditions. The integration
of these culture-dependent and culture-independent approaches will provide
new opportunities to dissect the dynamic host-microbiome relationship.

With that context, this chapter provides an overview of the existing and
emerging isolation strategies that can be readily applied in laboratories
with access to the types of facilities and equipment routinely used in gut
microbiology. In particular, the influence of nutrients on the culturability of
fastidious gut bacteria and archaea is discussed, as well as how emerging
meta-omic, genetic and antibody-based strategies could be used to bring the
gut microbiome to life.
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2 Culturing methods and nutrient effects
on microbial growth: an overview

This chapter focuses on advances in bacterial and archaeal cultivation but
readersinterested inthe gut mycobiome are referred to the works by Theodorou
et al.??l and Haitjiema et al.?®! which provide comprehensive overviews of the
approaches used to isolate, cultivate and preserve anaerobic fungi. Despite
significant advances in the cultivation of fastidious gut bacteria, archaea and
fungi, the propagation of gut-derived phage and protozoa under laboratory
conditions continues to remain challenging. Interested readers are referred to
Gilbert and Klieve?* and Newbold et al.?® respectively, for overviews of our
current understanding of ruminal phage and protozoal biology.

The works published by McSweeney et al.?%! and Joblin?”! provide well-
structured and comprehensive overviews of the approaches and methods
widely used to isolate and propagate fastidious bacteria and archaea from the
rumen and other gut environments. The contemporary techniques widely used
in anaerobic microbiology are still predominantly based on the approaches
developed and described by Hungate, Bryant and their colleagues!?2?! and
summarised by Stewart et al.®% The recipes described by McSweeney et al.l2¢!
and their derivatives are still widely used by the research community and have
consistently been shown to support the nutritional requirements of a diverse
range of gut bacteria. Most microbiologists will be familiar with the methods
used to prepare microbiological media and the use of anaerobic jars. Here,
media is typically prepared, inoculated under oxic conditions and then
transferred to an anaerobic jar where a reductant is used to generate anoxic
conditions. In contrast, the methods and underlying theory used to prepare
anoxic media for the more fastidious gut microbes will largely be unfamiliar
to the uninitiated but can be quickly mastered with an experienced mentor.
Many laboratories that routinely culture anaerobic gut microbes use anaerobic
chambers to isolate and propagate anaerobic microbes. However, while
anaerobic chambers provide increased flexibility and consistency between
experiments it is important that strict work practices are adhered to so as to
prevent oxygen contamination of the internal chamber environment. This
includes where possible ensuring reagents and consumables are oxygen free
before entry into the chamber.

The typical components of anoxic microbiological media include a source
of nitrogen and carbon macronutrients (e.g. peptone, glucose), a source
of essential micronutrients (e.g. yeast extract, trace metals solution, vitamin
solution), a mineral salt solution to buffer the medium against pH changes, an
oxygen indicator and a reductant. Media are usually prepared by mixing the
individual components in a large autoclavable vessel with the exception of any
heat-labile ingredients and the reductant. Since oxygen is poorly soluble in
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water, the medium is next rapidly deoxygenated by boiling and then cooled
by bubbling with a constant stream of anoxic gas (typically, carbon dioxide
or nitrogen), with aluminium foil wrapped around the mouth of the vessel
enabling a build-up of positive pressure and preventing entry of atmospheric
oxygen into the vessel. Once cooled, the pH is adjusted to the desired
range and a reductant is added to titre the effects of any subsequent oxygen
contamination. Finally, the medium is aliquoted as required in an anaerobic
chamber and autoclaved. Sterile, heat-labile components can be added as
required once cooled.

An alternative approach involves the preparation of select medium
components separately before combining post-sterilisation in an anaerobic
chamber to avoid the formation of Maillard and other toxic products that
typically occur between sugars and amino acids during conditions of high heat
and temperature.B The phosphate salts typically used in buffering salts can
also result in the formation of toxic products and inhibition of microbial growth,
and media with reduced concentrations can support the recovery of greater
microbial diversity including novel isolates.’34 Similarly, gelling agents can
impact microbial growth and while bacteriological agar is typically used due
to its low cost, other alternatives including gellan gum can also improve the
recovery of novel microbial diversity.34-3¢

Habitat-simulating media have been widely used to enable isolation of
fastidious gut microbes.®*%! These media support growth of many diverse
microbes however a disadvantage is that less abundant or slow-growing
subdominant microbes are often out competed by fast-growing microbial
‘weeds'*®¥ Additional complicating factors are the challenges associated with
producing microbial cultures in solid or liquid media. Many microbes, including
from gut environments, are auxotrophic and their growth in liquid media is
facilitated by cross-feeding with external nutrients that can satisfy their growth
requirements.B#! In contrast, growth as distinct axenic colonies suggests
prototrophy or that the medium can support their nutritional requirements.
Taken together, there is much interest in rationally developing new formulations
that are permissive for the growth of target microbes but inhibitory for non-
target microbes. In the following subsections, the effect of select macro- and
micro-nutrients on microbial growth is briefly discussed.

2.1 Nitrogen sources

Much of the organic nitrogen in the rumen is sequestered in ammonium
and protein biomass. Ammonia is the principal source of nitrogen for rumen
microbes with many bacteria displaying specific amino acid auxotrophies
or preferences, and are stimulated by the addition of specific amino acids
(e.g. leucine, glycine) or peptides.*>*l Rumen microbes have thus evolved
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specialised strategies to facilitate the release of this nitrogen and its assimilation
in the growing cell. The main source of peptide breakdown in the rumen is
via the activity of dipeptidyl peptidases which results in the production of
dipeptides that are then further catabolised by dipeptidases.*y It is well-
recognised that rumen microbes exhibit specific preferences for nitrogen. For
instance Pittman and Bryant*! demonstrated that Prevotella ruminicola (then
classified as Bacteroides ruminicola) exhibits a preference for peptide and
ammonia nitrogen but does not utilise free amino acid nitrogen or nitrogen
from a range of other low-molecular weight sources. Similarly, Synergistetes
strain MFA1, Prevotella bryantii B14, Selenomonas and Streptococcus spp.
exhibit a preference for peptides over amino acids.*47l In contrast, other
bacteria including Clostridium aminophilum, Peptostreptococcus anaerobius
and Fibrobacter spp. exhibit a preference for amino acids.[*®4! As expected,
nitrogen sources can impact the growth of specific organisms with peptone
sources affecting both the growth rate and cell characteristics of specific
bacterial*-52 while free amino acids can either promote or inhibit®® the growth
of select microbes with implications for their choice in media.

2.2 Carbon sources

Carbohydrates are the predominant source of energy for most gut microbes.
Carbohydrates are structurally diverse and as expected gut microbes vary in
their ability to utilise them to support growth with many microbes exhibiting
specific carbohydrate preferences. McSweeney et al.?®! described a range of
media that are selective for cellulolytic, xylanolytic, pectinolytic and amylolytic
microbes and these or similar media are still widely used. In the gut, the
influence of carbohydrates on microbial growth is influenced by host diet
and the extent of host and microbial digestion. Microbes exhibit a hierarchy
of carbohydrate utilisation with simpler carbohydrates often preferentially
utilised. In the gut, the primary carbohydrate-degrading microbes catabolise
the more complex carbohydrates releasing simpler oligosaccharides or
monosaccharides to other microbes. These carbohydrate preferences and
growth impacts have been widely used to isolate microbes. For instance,
rapid transfer of enrichment cultures with complex carbohydrates facilitates
enrichment of primary degraders at the expense of secondary degraders
that are increasingly diluted. While carbohydrate-based enrichments were
historically empirically determined, the advent of whole genome sequencing
and custom databases (e.g. dbCAN24 and SACCHARISPY) has enabled
a more selective inclusion of carbohydrates to enrich for and isolate target
microbes.

Many gut microbes can switch to asaccharolytic or proteolytic fermentation
including clostridia, peptostreptococci and other microbes,#>%! and acquire
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their carbon from non-carbohydrate sources. The gut s also colonised by other
microbes that are capable of carbohydrate-independent growth including
reported asaccharolyitc microbes (e.g. Phascolarctobacterium spp.*”*¢ and
Catenibacillus scindens®). Also, acetogens (e.g. Eubacterium limosum,%
tammar wallaby isolate TWA4!) and methanogenic archaea can use non-
carbohydrate substrates with the latter capable of utilising a diverse array of
substrates including carbon dioxide, formate, methanol and methylamines.[¢?
Thus, microbes can utilise a diverse array of carbon sources and their specific
preferences can impact their culturability in the laboratory.

2.3 Micronutrients

Many gut microbes display absolute nutritional requirements for specific
micronutrients including vitamins, lipids, transition elements and signalling
molecules.?2¢1 The importance of vitamins and trace metals as micronutrients
is well recognised and where necessary these are typically supplied from
standard stock solutions.!?! Many gut microbes exhibit complex micronutrient
requirements that may at least partially explain their resistance to growth
on laboratory media. In addition, micronutrients are typically provided in
trace amounts and it can be difficult to predict the specific requirements of a
microbe. Consequently, the inclusion of cell-based extracts (e.g. yeast extract,
beef extract) and for many fastidious gut microbes, rumen fluidi?®! and faecal
waters Y act as a source of micro-nutrients and also help simulate a more
physiologically relevant environment.

The ability of straight and branched chain-volatile fatty acids to stimulate
growth of gut bacteria is also well known.*>¢l Non-volatile fatty acids also
stimulate growth with the growth and ability of Ruminococcus albus 8 to
digest cellulose in a chemically defined medium enhanced by the addition of
phenylpropanoic acid to the medium.”! R. albus 8 also utilises phenylacetic
acid to synthesise phenylalananine and the rate of cellulose digestion following
its addition to defined medium is comparable to that in medium supplemented
with rumen fluid.%® Carbon dioxide also stimulates the growth of important
gut bacterial species.?’% While methanogens typically use hydrogen for
methane production, there is also evidence of adaptations to low-hydrogen
environments with Methanosphaera sp. WGKé capable of utilising ethanol as
an alternative to hydrogen to fuel methanogenesis.”! Orthologs of the alcohol
and aldehyde dehydrogenase genes suspected of underpinning this capacity
are found in other methanogenic species suggesting this may not be a unique
phenomenon. Several studies have reported isolation of many environmental
isolates in diffusion chambers likely due to the in situ production of essential
growth factors. Using a similar approach, Lewis and colleagues!’" screened
densely plated bacteria to identify slow-growing colonies whose growth was
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dependent on proximally located faster-growing colonies. Using this approach,
they identified novel Faecalibacterium sp. and Sutterella sp. whose growth was
dependent on the production of specific quinones by helper bacteria. Purified
quinones enabled growth in the absence of helper cells although select
strains exhibited quinone specificity. Capitalising on this approach, Lewis and
colleaguesl’? used a similar approach to identify an isolate that grew in the
presence of y-aminobutyric acid (GABA) producing helper bacteria, or in the
absence of the helper bacteria when supplied with GABA. Vartoukian et al.l”®!
also showed that supplementation of medium with siderophores resulted in
the cultivation of novel strains from the oral microbiota.

Micronutrients are typically supplied in trace amounts and Tramontano
et al.®¥ showed that specific medium components and microbial metabolites
could also potentially inhibit growth in a study that examined 90 human gut
bacteria. Thus, while ensuring that important nutrients are provided it is also
critical that their concentrations do not inhibit growth.

2.4 Reductants

The vast majority of microbes that colonise the gut of ruminants and other
mammals are strict anaerobes, and although some can tolerate exposure to
atmospheric conditions (e.g. Bacteroides spp., Prevotella spp.), growth typically
occurs only under anoxic conditions. Cysteine-HCl is the reductant of choice for
many studies due to ease of use however titanium-based reductants are also
widely used due to their greater redox potential.?4’47l In a challenge to this
paradigm, Raoult and colleagues!’® demonstrated that the anaerobic bacteria
Ruminococcus gnavus and Fusobacterium necrophorum could be grown
under atmospheric condition when the medium was supplemented with the
reductants ascorbic acid and/or glutathione. In a follow-up study, Dione et al.l’”!
further extended this work and demonstrated that a diverse set of 623 bacteria
including 82 strictly anaerobic and 9 microaerophilic species could be grown
in a medium supplemented with ascorbic acid and glutathione.”® The addition
of uric acid, haemin and a-ketoglutarate further improved culturability of the
microbes such that only the Mycobacteria failed to grow under the conditions
examined. These observations have also been extended to extremely oxygen-
sensitive methanogenic archaea.’”8% While these advancements have not been
widely adopted they have been used to culture strict gut anaerobes including
Dysosmobacter welbionis!®! and they could be used to enable more routine
processing of fastidious anaerobes under oxic environments.

In summary, there are a wide range of factors that influence the breadth
and depth of microbes that can be cultured. The use of low nutrient medium
and prolonged incubation times can support the growth of a broader range
of fastidious bacteria potentially by preventing the overgrowth by competing
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microbes or reducing the concentration of growth inhibitors.[2082-85 Culturomics
has built on traditional culturing approaches by greatly extending the range of
media and growth conditions typically tested resulting in the isolation of many
novel gut microbes (Fig. 1al®87). However, the impact of the macro- and micro-
nutrients, and other variable growth conditions, on microbial culturability has
not been systematically explored although several recent studies have outlined
strategies to address this challenge (e.g. Taguchi arrays/®®, factorial design),
and these will provide both new insights into the metabolic requirements and
growth potential of existing isolates, 8% and support the growth of fastidious
gutmicrobes exvivo thus providing opportunitiesto bring previously uncultured
microbes to life.’*?" These efforts will also be supported by the development

@ o)

1 [
O O,

Traditional isolation Culturomics isolation Genome directed isolation
Low diversity. Limited High diversity. Many Low diversity. Highly selective
number of media/growth media/growth conditions media/growth conditions
conditions tested. tested. tested.

Figure 1 (a) With traditional microbial isolation approaches, a limited number of media
and growth conditions are tested based on historical reports, empiric data and the
experience of the practitioner. These typically result in limited diversity and are at best
moderately selective for target microbes. Culturomics-based isolation builds on these
traditional approaches but explores a broader range of media and growth conditions (n)
which can significantly increase the number of novel microbes recovered. Culturomics
captures greater microbial diversity although it is not typically directed towards target
microbes. (b) With genome-directed isolation, genomic data from target microbes are
analysed to predict their nutritional and growth preferences and then custom media are
developed. These media resultin low recoverable microbial diversity as they are typically
permissive for growth of the target but not non-target microbes.
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of small colony-picking robots that have allowed for the first time automated
scalable colony picking in anaerobic chambers.

3 Genome-directed isolation of gut microbes

Habitat-simulating media are widely used to maximise growth and recoverable
microbial diversity. However, these media tend to favour the isolation of the
predominant members of the community and they are less effective in enabling
the isolation of subdominant populations. Consequently, there is much interest
in rationally developing new medium formulations that are permissive for the
growth of target microbes but inhibitory for non-target microbes.

The advent of DNA sequencing revolutionised microbiology and enabled
for the first time rational sequenced-based predictions of gene function
and by extension the metabolic capacity of the host microbe. This capability
was further extended with the publication of the first bacterial genomes,
Haemophilus influenzae and Mycoplasma genitalium in 1995, where numerous
predictions were made based on their genome sequences.’2” However, it was
not until 2005 that Tyson and colleagues!?¥ first used metagenomic information
to rationally direct the isolation of a bacterium from a mixed community. In
that study, partially reconstructed genomes from a low-diversity acid mine
drainage-associated biofilm revealed the presence of the well-recognised
nitrogen fixation nif requlon predicted to be encoded by Leptospirillum group
Il a lineage in the Nitrospirae phylum with no cultivated representatives.
Capitalising on this observation, a combination of growth in nitrogen-free
medium with dilution-to-extinction-based enrichment yielded an axenic isolate
of Leptospirillum ferrodiazotrophum from an inoculum that contained the
target microbe at an initial abundance of <10%. This was a major break-through
and demonstrated that genome information could be exploited to yield axenic
cultures of keystone microbial species. In a more recent study, Leon et al.”!used
metagenomic data coupled with screening of over 2000 microbial colonies and
isolated a moderately halophilic bacterium, Spiribacter salinus, that comprised
as much as 15% of the prokaryotic community in a saltern pond of intermediate
salinity. Wurch et al.”®! similarly used genome-informed isolation strategies
to produce an enrichment culture of the ectosymbiotic nanoarchaeota
Nanopusillus acidilobi that comprised 7% of the archaeal population in a mildly
acidic geothermal pool, and used cell sorting to produce a co-culture with its
crenarchaeote Acidilobus host. Genome-informed isolations have also been
used to isolate bacteria from animal gut environments. For instance, during
analysis of metagenomic data from Tammar wallaby digesta, a taxon affiliated
with the Succinivibrionaceae was determined to comprise as much as 9% of
the community.””! Analysis of over 2 Mb of assembled genome data suggested
that the bacterium was capable of utilising urea and starch as nitrogen and
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carbohydrate sources, respectively, and was resistant to bacitracin. Based on
these data, an axenic culture of an isolate termed WG-1 was produced using
semi-continuous batch culture methods in a medium containing urea, starch
and bacitracin.

Despite these advances, genome-directed isolation of bacteria can be
difficult as these genomic data reflect the functional and metabolic capacities
rather than the preferences of target microbes. To address this, Bomar et al.l®!
applied a metatranscriptomic approach to examine gene expression in the
crop microbiome of the medicinal leech Hirudo verbena whose community
is dominated by Aeromonas veronii and a Rikenella-like bacterium. Despite
extensive sequence datathe Rikenella-like bacterium was resistant for many years
to laboratory culture; however, metatranscriptomic analysis of the bacterium,
when it was actively proliferating and Aeromonas veronii was entering stationary
phase, revealed particularly high-level expression of one operon including a
gene encoding a member of the GH18 family, endo-B-N-acetylglucosaminidase
and propinquitous genes, suggesting that protein-bound glycans are a key
energy source for this bacterium. To test this, the glucose in Eggerth-Gagnon
medium was replaced with bovine submaxillary glands or porcine gastric
mucin and incubated for up to two weeks resulting in the isolation of both A.
veronii and the Rikenella-like bacterium. Additional clones were isolated using
porcine mucin thereby extending the diversity of microbes isolated. A notable
advantage of this approach is that it highlights the genes expressed by the
microbe under specific conditions thereby providing a deeper insight into its
nutritional preferences and metabolic activity during active growth.

In addition to bringing microbes to life, genomic data can be used to refine
the culturing conditions for clinically and agriculturally important bacteria.
For instance, genome-informed decisions have also been used to develop
improved cultivation strategies for important pathogens including Coxiella
burnetii®! and the human gut bacterium Christensenella minuta.'® Similarly,
a recalcitrant Frankia strain affiliated with cluster 2 was cultured following
genomic analyses and extensive phenotyping of nodule recovered cells.'°"

Recent efforts have focused on scaling and automating ‘genotype-to-
phenotype’ analyses thereby improving the throughput of isolation strategies.
McHardy and colleagues developed Traitar!'?to provide automated prediction
of phenotypes from genomic data. Traitar is available for use on a web server
or as a download and can predict 67 phenotypes including carbon sources,
cell morphology and enzymatic activities. Traitar uses phenotype data from the
Global Infectious Disease and Epidemiology Online Network to train phenotype
classification models using protein annotation data from sequenced microbial
isolates. Traitar was validated using bacterial phenotypes in Bergey's Manual
of Systematics of Archaea and Bacteria and shown to perform well using
incomplete genomes such as those produced from single-cell sequencing or
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metagenomic data. Indeed, one of Traitar's most powerful features is the ability
to compare phenotypes from multiple genomes which is helpful when working
with samples with reduced microbial diversity (e.g. enrichment cultures).
Traitar also identifies proteins that may underpin particular phenotypes
providing opportunities to better probe the functional capacities of specific
microbes. In a parallel development, Feldbauer et al.l'®! extended the Python
for comparing genotype-phenotype algorithms (PICA) genotype-phenotype
association machine learning-based approach!’® to large-scale genome
datasets and partial genome sequences although the predictions are limited to
10 phenotypes and are of limited value when isolating gut microbes.

There has also been much interest in genome scale metabolic modelling
to elucidate the nutritional requirements of gut microbes. Readers are referred
to the comprehensive reviews by Santos et al.l'®! and Sen and Oresi¢l'%!
describing the theory and different experimental strategies that underpin these
models. In brief, these approaches provide genome scale mathematical models
of microbial metabolic capacity and thereby predict microbial nutritional
preferences of bacteria and the development of tailored media to support
their growth. In the largest such study to date, Magnusdéttir et al., produced
the AGORA genome scale metabolic models for 773 sequenced human gut
bacteria and provided insights into their metabolic capacity and nutritional
preferences.l'””! While powerful, genome scale metabolic constructions are
susceptible to inaccurate predictions due to the propagation of inaccurate
annotations and their inability to identify novel metabolic pathways. For
instance, Tramontano et al.®®! showed that only 10 out of 40 AGORA strains
could grow on a selection of defined medium highlighting the limited ability
of the current genome-led approaches to predict the nutritional requirements
of uncultured fastidious gut bacteria. However, the defined medium resource
developed by Tramontano et al®®! enabled further refinement of the
AGORA models and supported growth of the remaining 30 strains. Similarly,
custom media have been developed for important gut microbes including
Faecalibacterium prausnitzii'® and Akkermansia muciniphila,"® although
some of these are sub-optimal suggesting the models can be further refined.
Nonetheless, the ability of a diverse array of phylogenetically distinct bacteria
to grow on defined medium suggests that the nutritional requirements of gut
bacteria may not be as extensive as thought.

And so, what can we conclude from these observations? First, in contrast
to traditional and culturomics-based approaches, these studies demonstrate
that multi-omic-guided isolation strategies can be used to produce highly
enriched or axenic cultures of target microbes (Fig. 1b!"'%), although examples
of isolations from gut environments are limited. Second, this process remains
inefficient, and these strategies appear to also work best when applied to
samples that already have a high abundance of the target cells or where highly
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selective cultivation strategies can be applied. Taken together, there remains a
paucity of well-developed tools and in silico approaches to exploit the wealth
of genomic data and guide the rational production of axenic cultures of select
gut microbes although this is increasingly being addressed.l''"!

4 Molecular-based isolation of gut microbes

Metagenomic analyses have revealed the gut microbiome of ruminants
and humans has been extensively shaped by horizontal gene transfer and
several studies have demonstrated the transfer of genetic elements between
bacteria in situ in the gut environment. Microbes may experience selective
pressure in their natural environments that may make them more receptive to
exogenous DNA thus suggesting that molecular approaches could be used
to expedite their isolation. This could afford new opportunities to selectively
target novel gut microbes and address the paucity of genetically tractable
gut microbes.

Based on these observations, O Cuiv and colleagues developed a novel
method termed metaparental mating (MPM) that utilises RP4 (RK2)-mediated
conjugative transfer to introduce a recombinant pEHR modular vector bearing
an antibiotic resistance marker into recipients in a complex community. The
RP4 conjugative transfer system was chosen as it has a wide host range, it can
circumvent host restriction modification systems and it is amenable to high-
throughput automation. Using the MPM approach and pEHR vector system
they demonstrated a molecular approach could be used to selectively isolate
fastidious human gut bacteria principally affiliated with Clostridium cluster IV,
XIVa, XV and XVIIL2 Critically, the pEHR plasmids were stably maintained
in their hosts suggesting they were genetically tractable. The MPM approach
could theoretically be used with any suitable RP4 mobilisable vectors and
O Cuiv and colleagues subsequently demonstrated that the narrow host
range enterobacterial vector, pJQ200sk(+), could be used to recover E.
coli transconjugants from a human faecal sample.l'" With the exception of
enterobacteria and Bacteroides spp., there are currently a paucity of genetically
tractable gut microbes that could be used to dissect the functional capacity
of the gut microbiome. Isolating gut microbes is a time-consuming process
and a key advantage of the MPM approach is that the recovered isolates may
be amenable to characterisation using well-established genetic approaches.
For instance, O Cuiv et al. used MPM to isolate a genetically tractable strain
of Enterococcus faecalis that possesses potent anti-inflammatory activities
providing new opportunities to explore the genetic basis for this activity.'"
There are a wide range of RP4 mobilisable vectors that have been described for
the dominant taxa in ruminant and human microbes and these could be readily
applied to expedite the isolation of genetically tractable strains.'>117]

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



A question of culture: bringing the gut microbiome to life in the -omics era 41

Using a similar approach to MPM, Ronda et al."'® developed modular
replicative or integrative vectors and an approach termed Metagenomic
Alteration of Gut microbiome by in situ Conjugation (MAGIC), to genetically
manipulate microbes in situ in their natural environment. Using this approach,
they demonstrated that a diverse range of gut bacteria including Clostridium
cluster XIVa, Bacterodies spp. and Enterococcus spp. could be stably modified
thereby validating the genetic manipulation of the microbiome in situ.
Separately, Brophy et al.""l developed the more narrow host range XPORT
system and demonstrated that it can be used to transfer miniaturised genetic
elements based on the integrative and conjugative elementfrom Bacillus subtilis
(ICEBs1) to donor bacteria. The XPORT system is comprised of a donor strain
that carries three cassettes, a mini-ICEBs1 that integrates into recipient bacteria,
a type IV secretion system to mediate mini-ICEBs1 transfer and an inducible
regulator to control conjugation, that are carried at discrete chromosomal
locations. The mini-ICEBs1 typically inserts stably into a conserved leucine
tRNA in the most recipient strains but can insert at other sites or remain as an
extrachromosomal element where the leucine tRNA is not present. Similar to
the MPM approach the XPORT donor strain is counter-selected against through
nutritional auxotrophy. Using a biparental mating approach, the mini-ICEBs1
was efficiently transferred to 35 representative human gut and skin bacteria. In
addition, application of a MPM approach in situ in soil revealed that the mini-
ICEBs1 was also transferred to soil bacteria. All bacteria recovered by Brophy
et al.""” were principally affiliated with the Bacilli and no transfer to E. coli was
detected confirming the narrow host range of the XPORT system.

These molecular-based approaches to microbial isolation have several
advantages over traditional culturing methods. First, the introduction of an
antibiotic resistance marker enables recipients to be recovered on nutritionally
replete medium supplemented with the appropriate antibiotics. Optimisation
of the gene transfer conditions are typically determined empirically and include
a pre-screen of the recipient community to assess the extent of resistance to
the antibiotic of choice. Second, the strains recovered by molecular methods
are likely genetically tractable providing subsequent opportunities to dissect
the functional capabilities of target microbes. Unfortunately, it is often not
possible to assess in advance the genetic tractability of target microbes, and
overcoming host restriction modification systems in undomesticated microbes
remains a challenge. Third, these approaches address a renewed interest
in using genetic approaches to characterise the functional capacities of gut
microbes and have led to the development of an assortment of genetic tools
for a diverse range of bacteria and archaea.l''2120121 |t js likely that many of
these tools could be customised and applied to isolate new microbes thereby
providing a valuable resource of genetically tractable strains to expedite the
study of host microbe interactions.
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5 Antibody-based isolation of gut microbes

There has also been much interest over several decades in the application
of physical methods to isolate/enrich target microbes from mixed
communities."?2'21 Immunomagnetic-based cell separation was initially
developed to separate mixed populations of eukaryotic cell types (e.g. different
blood cell populations), but this technique was then extended to microbial
cells. Notably, these approaches were driven by the observation that microbes
remain viable when attached to beads and growth can be stimulated by the
addition of fresh medium (Fig. 2al23-12%),

The first practical demonstration of this approach revealed that antibody-
mediated immunomagnetic isolation could be used to isolate clinically relevant
E. coli K88+ strains. Using IgG2 monoclonal antibodies against the E. coli
K88 pilus antigen immobilised on superparamagnetic beads, Lund et al.l'?®!
demonstrated that bacteria bearing K88 could be isolated and identified
using a positive selection test in as little as 30 minutes. In addition, an E. coli
K88 expressing strain could be specifically recovered in almost pure culture
from a mixture of different O serotype E. coli strains. Much of the subsequent
work in this space was developed to address the detection of clinically relevant
pathogens including Listeria, Pseudomonas and other pathogenic E. coli
spp. Okrend et al.l'?! demonstrated that an Escherichia coli O157-specific

( a ) Microbe directed antibody isolation (b) Genome directed antibody isolation

Figure 2 (a) With microbe-directed antibody isolation, a microbe of interest is used to
immunise an animal and then anti-target microbe specific antibodies are purified. The
antibodies can then be immobilised on magnetic beads and used to physically separate
target from non-target microbes in a mixed cell population. By this approach, viable
microbes can be isolated and subsequently grown in the appropriate medium. (b) With
genome-directed antibody isolation (reverse genomics), genomic data from target
microbes are analysed to predict surface exposed and likely immunogenic epitopes.
These epitopes are then produced and used to immunise an animal where after the anti-
target microbe specific antibodies are purified and used to isolate the target microbe.
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IgG antibody could be coated onto magnetic beads and used to selectively
enrich the target bacterium from mixed cultures and meat samples, and that
the recovered colonies could be identified by plating onto discriminating
medium. Notably, Okrend et al.l"?”! also demonstrated that non-specific binding
and isolation of non-target bacteria could be prevented by protamine thereby
enabling consistent detection of E. coli O157:H7.

Capitalising on these early studies, Close et al."?! used a naive scFv library
displayed on M13 filamentous phage and identified antibodies that bound to
the target bacterium Lactobacillus acidophilus ATCC 4356. The antibodies were
highly specific for the L. acidophilus highly abundant S-layer A protein, and did
not bind to a panel of other gut bacteria that included six other Lactobacillus
spp. Using one of the antibodies, they next demonstrated that it could detect
the target bacterium in a mixed community when its abundance was less than
0.2%. Based on this observation they demonstrated that the antibody could be
used to sort L. acidophilus from a mixed community using fluorescent-activated
cell sorting when it comprised <0.2% of the population. A single cell isolated
using this approach was sequenced by multiple displacement amplification and
provided 63% coverage of the genome while 50 cells yielded 99.8% genome
coverage following de novo assembly. Finally, the authors demonstrated that
a similar approach could be applied to a complex mock microbial community
where the target microbes were present at ~10% revealing that species-specific
antibodies could be selected without having to culture individual bacteria.

These reports provide key insights into the feasibility of efficiently
isolating target microbes from complex microbial communities. However,
antibody-based microbial isolation has been rarely used although it has many
advantages over traditional culturing approaches including that a single
antibody can be used to isolate target microbes from multiple samples and
even when the target cells are at low abundance, and that this process is quick
and amenable to automation. Furthermore, this technology is also compatible
with work in an anaerobic environment and can physically separate cells from
other growth inhibitory factors and/or microbes. The production of antigen-
specific antibodies has historically been associated with significant time and
cost commitments that have outweighed these advantages. In particular, a key
limitation has been the requirement of pure populations of target cells to enable
antibody production as selection against an antigen is more specificwhen done
in the absence of other antigens.'?! This challenge has now been overcome
as the wealth of genomic information enables the identification of candidate
antigens that are specific to a microbe of interest. Peptides corresponding to
these candidate antigens can then be rapidly produced thereby enabling the
rational development of antibodies against select targets and expediting the
isolation of target microbes. This approach was elegantly demonstrated by
Cross et al.3% who used genome-informed antibody engineering to isolate
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Saccharibacteria and previously uncultured SR1 bacteria. As the technical
challenges associated with producing antibodies against rationally selected
antigens are addressed it is likely that antibody-based approaches will
increasingly be used to target novel uncultured microbes (Fig. 2b).

6 Conclusion and future trends

This chapter provides an overview of the historical challenges associated with
culturing fastidious bacteria and archaea from the mammalian gut. In addition, it
has provided insights into traditional and new strategies and approaches that have
been developed to overcome these challenges. For more detailed information,
the reader is referred to the citations listed in the References section and the
current peer-reviewed scientific literature for emerging culturing approaches.

The gut microbiome revolution continues to transform efforts to delineate
host-microbiome interactions and their influence on the host phenotype.
Culture-independent efforts have provided unprecedented insights into the
diversity and functional potential of the gut microbiome. However, culture-
independent approaches may have reached their apogee with coverage of
core gene content and functions increasingly saturated, although most gene
products remain functionally uncharacterised. In contrast, culture-dependent
approaches have not kept pace with these efforts although interest in cultivating
gut microbes has never been higher. Itis self-evident that a greater effort should
be made to harness the expertise of rumen microbiologists in efforts to better
understand the microbiome of humans and laboratory animals. Similarly, the
high-throughput approaches widely applied in the human microbiome field
could be similarly applied with the rumen microbiome, as ruminant livestock will
continue to play an important role in providing high-quality nutritional sources
even as efforts to mitigate the impact of intensive farming on the environment
through reducing methane and nitrous oxide emissions continue. The
development of new cultivation strategies based on improved understanding of
nutritional preferences, coupled with more effective exploitation of meta-omic
and genetic data, will offer new opportunities to provide deeper mechanistic
insights into host-microbiome interactions.
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1 Introduction

The rumen is a complex ecosystem comprised of microorganisms including
bacteria, archaea, fungi and protozoa (de Almeida et al., 2018). In recent years
our understanding of the immense impact the gut microbiome has on host
performance, health and well-being has come to light. While the majority of
studies in the field of microbiome science to date have been conducted in
a human context, much of the observed impacts are transferable to animals.
Indeed, the gut microbiome has been described as a virtual endocrine organ
in the context of both humans (O’Hara and Shanahan, 2006) and domesticated
animals (O'Callaghan et al., 2016). This is as a result of its ability to impact
the functioning of both local (within the gut) and distal organs and systems
throughout the body, such as host metabolism, brain and behaviour, liver
function, cardiovascular system, enteric nervous system and immune system
(O'Callaghan et al., 2016).

Currently at ~7.5 billion people, the world population is increasing, with
that so too does the global demand for food. The rumen provides ruminants
with the ability to digest materials that are indigestible for humans, such as
cellulose-rich feedstuffs. This digestion produces metabolite substrates for
rumen microbes and nutrients for the production of highly nutritious food items
such as milk and meat (Saleem et al., 2013). It is therefore apparent that greater
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© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



56 Rumen metabolomics

understanding of the rumen microbiome and its functionality will be key in
maximising efficiency, health, sustainability and productivity of domesticated
production animals in the future.

The metabolome is formally defined as the collection of all small-molecule
metabolites (endogenous or exogenous) that can be found in a living cell or
living organism (Wishart, 2005). Metabolomics is an emerging field of study
for the analysis, characterisation and quantification of small molecules and
metabolites, using technologies such as nuclear magnetic resonance (NMR),
liquid/gas chromatography (LC/GC) coupled with mass spectrometry (MS)
(Wishart, 2008). The application of metabolomics has traditionally been
used in biomedical, nutritional and crop research. However, in recent years,
metabolomics has been gaining prominence in the fields of livestock research
and livestock monitoring - for animal health assessment, disease diagnosis and
bio product characterisation (Goldansaz et al., 2017). There is also an increased
interest in the application of metabolomics for identification of prospective
biomarkers of production traits such as weight gain, milk quality and health (do
Prado et al., 2018). Biomarkers can also be extremely useful in confirming food
authenticity and combatting food fraud increasing food security. Metabolomics
offers a variety of benefits over traditional wet chemistry type analysis of samples
in that it offers high throughput analysis of a large variety of metabolites at one
time. In addition, it can be non-invasive and is often less time-consuming with
more cost-effective sample preparation than traditional approaches. However,
the instrumentation and expertise required for metabolomic analysis are not
yet widely available, are expensive to purchase and maintain, and require
large data resources to facilitate and interpret results. Primarily focussing on
bovine animals, the objective of this chapter is to provide an overview of the
rumen metabolome as we know it today and highlight factors that can affect its
composition and resulting functionality.

1.1 Targetted versus untargeted metabolomics

Metabolomic analysis can be carried out using a targeted or non-targeted
approach, each with its own advantages and disadvantages. Targeted
metabolomics involves analysing samples for a pre-defined list of metabolites
with quantitative measurement. As such, prior knowledge of the samples and
molecules of interest is required with typical applications including biomarker
identification and validation, and analysis of metabolic pathways. Targeted
metabolomics can be beneficial in terms of reduced data analysis and spectra
interpretation, which can often be very time-consuming. However, by its nature
the targeted approach is limiting, as it does not examine global coverage of the
metabolome. Untargeted metabolomics, on the other hand, does not work off a
predefined list of metabolites butinstead aims to identify whatever metabolites
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are detectable within the sample, restricted only by instrumentation sensitivity
and coverage, and extraction methodology. While untargeted metabolomics
offers increased coverage and characterisation of the sample metabolome,
offering the opportunity for discovery of novel compounds and biomarkers
(Cajka and Fiehn, 2016), it can often require more time-consuming data analysis
for spectral peak identification and interpretation, and is not as quantitative as
the targeted approach.

2 The rumen metabolome: technologies for
analysis and extraction techniques

Efforts to characterise the composition of the rumen metabolome have been
carried out in the past. Pioneering work carried out by Saleem et al. (2013)
aimed to characterise the rumen metabolome using a range of technologies.
The product of this research was the development of the rumen metabolome
database (www.rumendb.ca) which isa comprehensive web accessible resource
containing >200 positively identified and quantified rumen metabolites, their
structures and respective concentrations.

An example process for rumen metabolomics analysis is shown in Fig. 1.
The two leading analytical approaches for metabolomic analysis are nuclear
magnetic resonance (NMR) and mass spectrometry (MS). Within these a variety
of different technologies exist for analysis including "H-NMR, *C-NMR, "*"N-NMR
and 3'P-NMR. Although NMR is a broadly used technique, others including gas
chromatography with mass spectrometry (GC-MS), liquid chromatography with
mass spectrometry (LC-MS), capillary electrophoresis with mass spectrometry
(CE-MS) are also used, each with their own advantages and limitations (Markley
et al., 2017). While MS techniques offer higher sensitivity, and with that,
increased numbers of detectable compounds, NMR is more suited for analysis
of more abundant compounds present. NMR has been demonstrated to be
highly reproducible and quantitative, often with reduced sample preparation
steps involved (Markley et al., 2017). Wishart (2008) reviewed the topic and
highlighted the advantages and disadvantages of NMR, GC-MS and LC-MS
spectroscopy for metabolomic analysis. As each has its own level of specificity
for metabolite detection, a variety of approaches is advocated when trying to
comprehensively characterise the metabolome of a sample.

Saleem etal.(2013) examined the rumen metabolome using a combination
of NMR spectroscopy, inductively coupled plasma mass-spectroscopy (ICP-MS),
GC-MS, direct flow injection mass spectrometry (DFI-MS) and lipidomics. In
total 246 metabolites were identified across the various instruments. Using
NMR, Saleem et al. (2013) identified and quantified 50 compounds in rumen
fluid, and 98% of all visible peaks were assigned to a compound. Using a
GC-MS approach 28 polar metabolites were identified and quantified, 8 of
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these compounds could not be detected by NMR; however, NMR detected 30
compounds that GC-MS could not. With that only 60% of visible GC-MS peaks
could be positively identified. In the same study, DFI MS-MS was demonstrated
to quantify 116 metabolites. In total DFI MS-MS detected 98 compounds
or compound species that were undetectable using GC-MS or NMR. Gas
chromatography with time of flight MS has also been successfully used to
examine the rumen metabolome, identifying 165 metabolites (Sun et al., 2015).
The results from the study strengthen the viewpoint that for a more global view
of a sample metabolome a multi-technology analysis approach is beneficial.

A study by de Almeida et al. (2018), using liquid chromatography-high
resolution MS examined the impact of sample extraction technique on resulting
compound identification; including liquid-liquid extraction, solid phase
extraction, original QUEChERS, buffered QUEChERS and an acid base QUEChERS
technique. In total the study identified 1882 molecular features, only 3.56% of
which had a positive match using the Global Natural Product Social Molecular
Networking database. Between methods the liquid-liquid extraction resulted
in the greatest abundance of molecular features, extracting compounds with
moderate polarity, and nonpolar and hydrophobic characteristics. The authors
went on to demonstrate the impact of pH on extraction characteristics. Whereas
the solid phase extraction technique extracted primarily low to medium polarity
compounds, dependent on the choice of solvent, the QUEChERS method was
successful for extraction of compounds of low to medium polarity.

2.1 Tools for the interpretation of metabolomic data

The collected data then needs to be analysed and interpreted; a powerful tool
forthe analysis and interpretation of metabolomic data is MetaboAnalyst (http://
www.metaboanalyst.ca). Handling the most common metabolomics data types
including MS and NMR, this comprehensive web application also supports a
number of data analysis and data visualisation tasks using a range of univariate
and multivariate methods such as PCA (principal component analysis), PLSDA
(partial least squares discriminant analysis), heatmap clustering and machine-
learning methods as well as tools for interpretation analysis (Xia and Wishart,
2016; Chong et al., 2018). Other tools also include SIMCA for multivariate
data analysis, Chenomx, which is an NMR analysis software, works with
comprehensive Metabolite Reference Libraries to both identify and measure
concentrations of compounds visible in the NMR spectra. Bioconductor
(https://www.bioconductor.org/) is an open source software for bioinformatics
and a variety of packages are available in R such as ‘Metab’, which is a package
for high-throughput processing of metabolomic data with subsequent data
analysis from GC-MS (Aggio et al., 2011). There are a variety of tools for the
examination of enriched pathways of different metabolites including the Kyoto
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Encyclopaedia of Genes and Genomes (KEGG, https://www.genome.jp/kegg/)
and the Small Molecular Pathway Database (SMPDB, http://smpdb.ca/). There
are also a number of freely available databases to aid in the identification
and interpretation of metabolomics, including, but not restricted to, The
Bovine Rumen Metabolome Database (http://www.rumendb.ca), The Bovine
Metabolome Database (http://www.cowmetdb.ca), The Milk Composition
Database (Foroutan et al., 2019), The Human Metabolome Database (Wishart
et al., 2013), The Exposome-Explorer (Neveu et al., 2017), Phenol-Explorer
(Rothwell et al., 2013), Food DB (http://foodb.ca/), Small Molecule Pathway
Database (Jewison et al., 2014), The Toxic Exposome Database (Wishart et al.,
2015), The Yeast Metabolome Database (Jewison et al., 2012), The Human
Urine Metabolome (Bouatra et al., 2013), The Human Serum Metabolome
(Psychogios et al., 2011) and others.

3 Factors impacting the rumen metabolome

The majority of rumen metabolome-based studies, currently available,
have examined the impact of animal diet on the composition of the rumen
metabolome. It has been reported that the chemical composition of the
ruminal fluid is reflective of the interaction between the rumen microbiome
and diet (Saleem et al., 2013). There are a variety of feeding systems practised
throughout the world, often dictated by the region’s climate, environment and
land availability, and by the nutrient and energy requirements of cows.

The majority of dairy systems in the world practice an indoor style total
mixed ration (TMR) feeding system while a small portion of regions with
temperate climate, plentiful rainfall and good land availability practice pasture
or 'Grass-Fed' dairy systems such as in Ireland and New Zealand. Saleem et al.
(2013) examined the impact of increased proportions of barley grain in the
cow diet (0%, 15%, 30% and 45% barley grain) on the rumen metabolome. Diet
was demonstrated to have a significant effect on the composition of the rumen
metabolome with compounds such as glucose, propionate, phenylacetate,
butyrate, hypoxanthine, cadaverine, methylamine, putrescine, arginine, valine,
serine and L-alanine most affected, increasing in line with the proportion
of barley grain. Such results highlight that starch-rich diets increase the
availability of free glucose to act as a substrate for increased growth of bacteria
with subsequent increased production of volatile fatty acids, which would
theoretically be of benefit from an animal production perspective. Accordingly,
Zhang et al. (2017) reported that higher percentages of ruminal propionate
and butyrate in groups fed higher concentrate diets could be beneficial to the
energy metabolism and development of the heifer rumen. However Ametaj
etal.(2010) also examined the impact of increased proportion of cereal grain in
the cow diet and reported a response to a variety of compounds in the rumen,
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to the increase in grain content of the diet. They discussed that the rumen of
cows fed barley grain at concentrations >30% had unhealthy levels of a variety
of potentially toxic metabolites. Saleem et al. (2012) confirmed these findings
and reported that diets containing >30% barley grain resulted in rumens
with increased concentrations of several toxic, inflammatory and unnatural
compounds. The negative effects of high grain diets have also been reported
in the goat rumen metabolome (Hua et al., 2017).

Also looking atthe diet type, Zhang et al.(2017) demonstrated that altering
the dietary forage to concentrate ratio significantly altered concentrations of
amino acids, lipids, organic acids and carbohydrates in the rumen. The type of
roughage fed has also been demonstrated to impact the rumen metabolome,
whereby levels of organic acids, amines and amino acids are affected (Zhao
et al., 2014). Similarly Sun et al. (2015) reported significant differences in the
rumen metabolome between cows fed alfalfa hay versus corn stover whereby
the higher quality alfalfa hay diet resulted in higher concentrations of amino
acids, peptides and carbohydrates.

In a comprehensive dietary system’'s comparison study, O’'Callaghan et al.
(2018) examined the impact of pasture and indoor TMR dietary systems on
the rumen and milk metabolome using NMR. Pasture-based diets resulted in
increased concentrations of isoacids, amino acids and p-cresol, whereas the
TMR feeding system resulted in increased concentrations of sugars, choline
and 3-phenylpropionate. This study also highlighted the link and passage of
rumen metabolites into raw milk whereby a variety of metabolites were shared
across both rumen fluid and milk. P-cresol is a metabolite produced in the
rumen (Martin, 1982; Carlson and Breeze, 1984) that has been receiving much
attention in recent years in terms of the sensory quality of pasture-derived milk
and milk products. P-cresol is a potent odorant and if present at low levels it
provides barny or animal-like flavours to dairy products (Lopez and Lindsay,
1993). These flavours have been described as undesirable traits to palates that
are not traditionally accustomed to pasture-derived milk and dairy products.
Similarly, Sunetal.(2015,2017) reported a variety of metabolites that are mutual
across a variety of bio fluids including rumen fluid, serum, milk and urine. Sun
et al. (2017) combined metabolomic analysis of the rumen with that of serum,
milk, urine and the mammary gland metabolomic profiles to examine metabolic
differences between lactating and non-lactating animals. Discussing that 33
metabolites were shared across the different samples the authors observed
that 5 metabolic pathways demonstrated functional enrichment, including
gluconeogenesis, pyruvate metabolism, the tricarboxylic acid cycle (TCA),
glycerolipid metabolism and aspartate metabolism between lactating and non-
lactating cows. O'Callaghan et al. (2018) highlighted a number of metabolites
that show promise as biomarkers of ‘Grass-Fed’ dairy products including
dimethyl sulfone and hippuric acid in milk, and demonstrated that NMR
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metabolomics coupled with multivariate analysis is capable of distinguishing
between the pasture and TMR rumen and milk metabolomes, highlighting
NMR metabolomics potential as a verification tool for the future, in the context
of increasing awareness around food authenticity and food fraud. Interestingly
the same study also examined the rumen microbiome using 16S rRNA gene
sequencing and while no significant difference in the rumen microbiome
between diets was observed, likely as a result of the shortened adaptation
period, differences in the rumen metabolome would suggest that short-term
changes in the diet do not alter the overall structure of the microbiome but
rather change the functionality of the rumen microbial community resulting in
changes to the rumen metabolome.

Rumen metabolomics has shown promise in determining factors that
impact the average daily weight gain in animals. Artegoitia et al. (2017)
identified 33 metabolites that were associated with differences in high and
low average daily weight gain of steers. The authors demonstrated how rumen
metabolomic analysis of steers highlighted that alteration of the functional
pathways for linoleic and alpha-linolenic acid metabolism, and biosynthesis of
aromatic amino acids, was associated with average daily gain.

Live yeast supplementation to ruminants has been examined in the
past with reported benefits to animal feed efficiency and performance. Such
responses have been associated with alteration of the rumen microbiome,
promoting cellulolytic fibre-degrading bacteria, increased oxygen scavenging
function (Calsamiglia et al., 2005) and decreased ruminal lactate concentration
(Dias et al., 2018; Robinson, 2010). Rumen metabolomics was carried out using
LC-MS to better understand the underlying mechanisms of these benefits.
Ogunade et al. (2019) reported that live yeast supplementation increased the
concentrations of 4-cyclohexanedione and glucopyranoside and decreased the
concentrations of threonic acid, xanthosine, deoxycholic acid, lauroylcarnitine,
methoxybenzoic acid and pentadecylbenzoic acid. Furthermore, the authors
reported that alterations in the rumen microbiome were positively correlated
with several metabolites involved in pathways for metabolism of amino
acids and energy, contributing to improved feed efficiency and performance
attributes previously associated with yeast supplementation.

Sub-acute ruminal acidosis (SARA) is a common metabolic disease in
high-concentrate dietary systems. The effects of SARA on cattle can include
decreased dry matter intake, reduced milk yield, reduced milk fat concentration,
decreased ruminal pH, accumulation of biogenic amines and volatile fatty
acids, and laminitis. A variety of compounds in the rumen related to SARA have
previously been reported including methylamine, nitrosadime, thylamine and
ethanol (Ametaj etal., 2010). Thiamine supplementation as a mitigation strategy
against SARA and its impact on the rumen metabolome was investigated by
Xue et al. (2018). Feeding a SARA-inducing diet was demonstrated to increase
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ruminal concentrations of VFAs, pyruvate, lactic acid and biogenic amines. In
contrast, the inclusion of thiamine in the SARA-inducing diet was demonstrated
to attenuate the SARA with reduced content of biogenic amines, increasing the
pyruvate formate-lyase activity inhibiting lactate generation.

4 Future trends in research

Although still an emerging field of research, the power of rumen metabolomics
for the detection of compounds/metabolites that have impacted our
understanding of ruminant metabolism, disease and the mechanism of
dietary intervention effects is profound. A greater understanding of the factors
affecting the rumen metabolome offers the potential for innovative intervention
strategies to be put in place proactively, preventing disadvantageous changes
to rumen function and loss of productivity.

While the choice of instrumentation and extraction methodology
impacts the detectable metabolites present, it is often the case, in untargeted
metabolomics, that the majority of spectral peaks detected remain unidentified.
In certain cases studies have reported that of the >1800 peaks observed,
only ~3.5% could be positively identified (de Almeida et al., 2018). Future
collaborative innovations that enhance and increase the efficiency of peak
identification and characterisation in untargeted metabolomics with publicly
available interactive webtools for data integration will be very beneficial
and will further our understanding of rumen metabolism and identify novel
biomarkers of important physiological conditions. Such results could potentially
enable the development of proactive intervention strategies to increase the
productivity and sustainability of ruminants and their milk and meat products,
and increase animal health and welfare. The majority of existing studies to date
have examined how diet, dietary interventions or health status affect the rumen
metabolome. Given the impact the rumen can have on other organs throughout
the body, future research on the impact of other factors such as breed, genetic
heterogeneity and lactation on the rumen metabolome and function would be
of interest.

One of the major challenges facing the global agricultural industry today
is its contribution to global warming. Methane emissions from ruminants have
been reported as a significant contributor to the environmental footprint of
agriculture. While methane represents 16% of the total greenhouse gases
(Wallace et al., 2015), ruminants are estimated to contribute up to 37% of this
in some regions (Cottle et al., 2011). Furthermore, the production of methane
from ruminants represents a loss of energy that could potentially be otherwise
used for milk production and growth (Tapio et al., 2017). Any efforts to reduce
the emission of greenhouse gases from the agricultural industry would be very
beneficial for the environment and consumer perception of the industry. To date
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the majority of the work for understanding and reducing methane emissions in
ruminants has focussed on the rumen microbiome. Such studies have identified
members of the microbiome that are associated with methane production
includingthe archaea, ciliate protozoa, the anaerobicfungi, Succinovibrionaceae
and Prevotella (Wallace et al., 2015; Tapio et al., 2017). Furthermore alteration
to metabolic pathways has been associated with methane emissions such as
formate metabolism, H, production and methanogenesis which are inherently
linked to methane emissions(Tapio etal.,2017). Martinez-Fernandezetal.(2016)
demonstrated the effect of chloroform for reduction of CH, production in cattle.
The authors demonstrated that a 30-35% reduction in methane formation was
possible, resulting from a redirection of [H] into more reduced microbial end-
products without any adverse effects on general rumen function. However, as
chloroform cannot be used under farming conditions due to its toxicity and
environmental impacts, Martinez-Fernandez et al. (2018) examined the impact
of 3-nitrooxypropanol (3-NOP) and chloroform on methane (CH,) and H,
production, ruminal metabolites and microbial community structure in cattle
fed a tropical forage diet. The authors demonstrated that 3-NOP had a similar
effect as chloroform for inhibition of methanogenesis. A variety of metabolites
and methanogens in the rumen were altered by feeding of the compounds
and it is hypothesised that the response to inhibition of methanogenesis is
resultant from a redirection of [H] away from CH, formation to other reduced
end-products that may benefit the host animals. While reduced methane
emissions are desirable it is important to note the role methane production
plays in avoiding build-up of H, in the rumen, which would otherwise alter the
pH of the rumen by greatly impacting the ability of the rumen to digest fibre
(Matthews et al., 2019). This considered, a holistic approach in tackling the issue
is needed. To date, the application of metabolomics in further understanding
the dynamics of methane production in the rumen has been limited but offers
a unique opportunity to understand the link between diet, microbiome, rumen
metabolism and production of metabolites and the production of methane in
cattle. A greater understanding of the interplay of these factors would be highly
beneficial for the mitigation of methane through the development of therapies
that could reduce the overall carbon footprint of the agricultural industry.

5 Conclusion

There are a variety of technologies available to conduct metabolomic
analysis each with its own advantages and limitations; the choice of extraction
methodology can impact the detectable metabolites. For a more complete
view of the metabolome a multi-technology approach is advocated.

A huge array of work has been carried out to date to better understand
the composition and function of the rumen; however, there is still a
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considerable level unknown about this virtual organ. Examination of the
rumen metabolome can identify effects of diets on ruminant metabolism,
feed efficiency, subsequent milk composition and quality, and animal health.
Future innovation in technologies with improved sensitivities will be highly
beneficial for identification and characterisation of the metabolome and will
yield novel metabolites that may have an important role in our understanding
of metabolism and production of ruminants.
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1 Introduction

The rumen as a digestive organ plays a very important role in feed digestion in
ruminants because it hosts a vast microbial population that enables the host to
ferment fibrous (as well as non-fibrous) feed and benefit from the end-products
produced. Because of this, ruminants can thrive on feeds of low nutritional value
or even on those feeds deemed inedible by many other animals. The digestive
role of the rumen is mainly fermentative and is attributed to the activity of the
microbial population it harbours. This population includes bacteria, protozoa and
fungi, but due to the rather anoxicintra-ruminal conditionsitalso includes Archaea
(methanogens). Although there is enormous complexity and functional diversity
of this microbial population across species, a core microbiome always appears to
be present across ruminant species and across regions and management types
(Henderson et al., 2015). Variation around this core microbiome was established
to be related most to diet, which is an outcome fully comprehensible as the diet
determines the amount, the type and the matrix in which substrates become
available for the rumen microbiota. Furthermore, in interaction with the ruminant
host (rumination and particle size reduction, rumen contractions and movement
of rumen contents, rumen outflow) the diet strongly impacts on the dynamics
of intra-ruminal flow of digesta and on the physical and chemical conditions in
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rumen digesta, both being main drivers of rumen microbial activity (Zebeli et al.,
2012; Bannink et al., 2016). Relevant physical and chemical conditional factors
are particle size distribution of rumen contents, the different physical phases in
the rumen including a fibrous mat, fluid volume, water and particle flow rate, fluid
osmolality, acidity and redox potential, and the gas pressures of carbon dioxide,
methane and hydrogen. Most of these factors have received attention from
researchers for more than half a century now in modelling efforts, with rumen
redox potential (Dijkstra etal., 2020), the effect of rumen gas pressures (Van Lingen
et al., 2017) and effects of osmolality (Lopez et al., 2003) having received least
attention. The current technological advancement made in molecular biology
and biotechnology enables researchers to study the rumen environment with
increasing detail. The recent e-book of Ungerfeld and Newbold (2018) contains
various excellent reviews demonstrating the recent developments in this field of
research. In their editorial, they foresee future developments resulting from the
integration of microbial ecology ‘multi-omics’ techniques, in particular regarding
the expression of functional genes as well as the application of physical-chemical
principles and the refinement of thermodynamic and kinetic measurements in
the rumen environment.

To benefit from all the data gathered, with new techniques and new
data types being introduced continuously, mathematical models need to be
constructed that attempt to capture the biological evidence gathered and
predict functionality at the level of the whole rumen. There have been many
modelling efforts at the level of the whole rumen already; however, they vary
substantially inthe levels of organization represented and in modelling concepts
adopted. Figure 1 lists the various levels of organization involved with extant and
most complex dynamic, mechanistic approaches available to date. The most
detailed approaches so far are the dynamic models which are successors of the
models developed by Baldwin et al. (1987) and Dijkstra et al. (1992), and many
descendants from these two early models have been published meanwhile
by various groups. Other model approaches, as reviewed by Tedeschi et al.
(2014), followed a more simple approach (which may be for very good reasons,
depending on the actual aim of the modelling effort) adopting either static
or more empirically based, less mechanistic representations (reviewed by
Bannink et al., 2016). Recently, the effect of thermodynamic driving forces on
rumen microbiota (Van Lingen et al., 2016) and the effect of rumen hydrogen
dynamics on rumen microbial activity (Wang etal., 2016; Van Lingen et al., 2019)
were implemented to represent thermodynamic control of rumen hydrogen
pressure on the formation of end products of fermentation. However, none of
these rumen modelling efforts involves the aforementioned integration with
results from multi-omics techniques. Quantification of microbial functionality
by models that aim to predict whole rumen function still seems to go parallel
instead of being integrated with quantification from multi-omics approaches.
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LEVELS OF ORGANISATION WITH MODELLING OF THE ROLE OF MICROBIAL ACTIVITY IN
PREDICTING WHOLE RUMEN FUNCTION

* Rumen substrate inflow (feed intake, feeding behaviour, diet)
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* Absorption of volatile fatty acids

* Water inflow (osmotic value rumen contents, drinking, feed) i Hoat
* Rumination & rumen contractions (particle size reduction, rumen mixing)
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Figure 1 Schematic representation of the various levels of organization related to rumen
function, ranging from the whole rumen level to that of multi-omics data collection.

This chapter discusses the concepts and the approaches taken with
the quantification or mathematical modelling of rumen microbiota. The
consequences from the perspective of mathematical modelling of microbial
functionality at the whole rumen level are discussed as it is thought that models
need to cover this level to predict fermentative and digestive aspects of the
rumen as an organ.

2 Conceptual approaches in modelling
whole rumen function

2.1 Interactions between ruminant host and rumen content

There are extensive interactions between rumen content and the host ruminant
(Fig. 1). Genetic as well as environmental factors underlie the variation among
individuals in feeding and rumination behaviour, in the morphological and
physiological aspects of the rumen wall, and in the regulation of rumen
contractions and passage through the reticulum towards the omasum and
abomasum. The regulatory mechanisms in place for the host to control
retention time of fluid and particles are of high importance for the adaptive
capacity of the host to a wide range of diet qualities. By these mechanisms,
more slowly degradable particles may reside longer in the rumen, leading to
a larger rumen volume with increased content of slowly degradable particles,
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enhancing the available time for micro-organisms to degrade them before
they flow out of the rumen. Another important determinant of rumen microbial
activity is the buffer mechanisms of saliva production and absorption of
volatile fatty acids (VFA) as end products of that microbial activity. The rumen
wall appears to be highly adaptive to the acid load it receives from the rumen
environment, demonstrating the regulatory role the rumen wall tissue has in
ensuring rumen fermentation. Without these buffer mechanisms the rumen
would become acidic and diminish the activity of micro-organisms that ferment
the feed ingested by the ruminant and reduce faecal digestibility and nutritive
value of the feed. A further important interaction between host and the rumen
environment is the process of nitrogen (N) and phosphorus recycling from
blood to the rumen through the rumen wall and through the saliva produced.

Most of the aforementioned interactions between ruminant host and
rumen microbial activity are standard elements of the more complex rumen
models that are available (Bannink et al., 2016). These models aim to quantify
whole rumen function and to predict feed degradation and the formation of
end products of fermentation (microbial protein synthesis, formation of VFA,
ammonia and methane). Whereas the more detailed rumen models adopt a
highly mechanistic representation, more applied models such as the protein
evaluation systems applied in current practice, are far less complex. These
applied models take general assumptions on, for example, fractional rumen
outflow rates and intra-ruminal conditions (reviewed by Tedeschi et al., 2014).
They also consider the concept of calculated rumen N balance which should
not become below a threshold in order to prevent a potential N shortage in the
rumen. In contrast, more mechanistic models attempt to describe the process
of N recycling in itself, and as a result have predicted rumen fermentation
also as a function of modelled N recycling. Many of the interactions between
the ruminant host and rumen content (Fig. 1) are basically ignored in applied
rumen models. Although these interactions may have been represented in the
more complex and mechanistic rumen models, these still describe the average
ruminant host because for many of the model parameters no phenotypic data
are available which hampers the parameterization of individuals. For a further
discussion of interactions and how these are adopted in rumen models, the
reader is referred to a review by Bannink etal. (2016). Many rumen models have
a position in between the extremes discussed above, and for an overview the
reader is referred to the review by Tedeschi et al. (2014).

2.2 Intra-ruminal conditions

Also at the intra-ruminal level various physical-chemical parameters that affect
microbial activity have been the subject of modelling. These include, among
others, the effect of rumen hydrogen as a thermodynamic driving force for
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microbial metabolism and on activity of methanogens (Wang et al., 2016; Van
Lingen et al., 2016, 2019), regulation of rumen acidity by the host, including
the activity of epithelial tissue in the rumen wall (Bannink et al., 2012) and the
dynamics of particle distribution, particle size reduction and rumen fluid outflow
(Gregorini et al., 2015). Through their direct effect on microbial metabolism,
quantification of these parameters is important for accurate prediction of
the consequences of nutritional strategies on rumen function, or of any host-
specificity of rumen function. Despite theirimportance, intra-ruminal conditions
as driving factors will not be discussed in-depth in this chapter, rather we focus
on the diversity in composition and functionality of rumen microbiota along
with its consequences for rumen function in terms of the microbial fermentation
process in the entire rumen digesta volume.

2.3 Types of microbial functionality

Two important elements of microbial activity are distinguished in extant whole
rumen models. Amylolytic activity is associated with the utilization of readily
degradable carbohydrates such as sugars and starch, which are generally of
small particle size or present in the fluid phase and for which a short retention
timeintherumenisassumed.Fibrolyticactivity is associated with the utilization of
structural carbohydrates with generally a larger particle size and a much longer
rumen retention time. Different microbial populations thrive on both types of
substrate, although the distinction is not absolute in reality and many microbial
species may use multiple sources of substrate. This makes the distinction
between amylolytic and fibrolytic activity somewhat arbitrary and not so clearly
associated to species level. Next to bacterial activity, there is a large population
of protozoa in the rumen which prey on bacteria, thereby contributing to intra-
ruminal recycling, but also utilizing feed substrate (review Newbold et al., 2015).
Protozoa have a much longer retention time in the rumen than bacteria because
they are more able to resist passage or sequester. Despite the potentially
prominent role of protozoa, almost none of rumen models developed so far
distinguishes protozoal activity, next to amylolytic and fibrolytic bacterial activity
(Tedeschietal., 2014). Exceptions are the modelling work of Dijkstra (1994) and
Hook et al. (2017) in which rumen protozoa dynamics and the sequestration of
protozoa in the rumen have been quantified. A more detailed representation of
functional microbial classes was adopted by Nagorcka et al. (2000) who used a
series of consensus stoichiometries for VFA production for individual microbial
classes and weighted these according to the proportion that an individual class
contributes to the overall pool utilizing a specific substrate type. This did not lead
to a further diversification of functional microbial pools that are represented in
the model, but to an altered VFA stoichiometry. Recently, this approach was
introduced in an Australian rumen model for beef production by Dougherty
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etal. (2017) and an additional class of lactate-utilizing bacteria was introduced
as a pool size in the model. Unfortunately, model equations or assumptions
have not been reported, hampering comparison with the representation in
other rumen models, but the approach generally compares with that used in
previous efforts to develop dynamic, mechanistic rumen models (reviews by
Tedeschi et al., 2014; Bannink et al., 2016).

A more detailed and dynamic approach to study lactate (as end product
of microbial activity) metabolism in the rumen in response to nutrition was
undertaken by Mills et al. (2014). They introduced the dynamics of lactate-
producing and lactate-utilizing bacteria (the latter replacing the amylolytic
bacteria pool) next to fibrolytic bacteria and protozoa in the model of Dijkstra
(1994). The model allowed them to introduce specific parameterizations in the
model required to investigate the competition between bacteria and protozoa
for rumen lactate, and the dynamic interactions between microbial pools.
With the interest to quantify enteric methane in ruminants, there has been a
lot of interest in quantifying methanogenesis. In almost all models methane
is calculated by the complete conversion of net hydrogen production as an
outcome of rumen hydrogen balance to methane. Only recently, methanogens
have been represented as a functional microbial class in the rumen model of
Van Lingen et al. (2019).

Summarizing, the functional classes of micro-organisms generally
represented in mathematical rumen models are amylolytic bacteria and
fibrolytic bacteria. More specialized models may distinguish lactate-producing
and lactate-utilizing bacteria, protozoa and methanogens. None of the rumen
modelsinclude a further refinementinto specific classes representing individual
genera, or a more specific functionality linking to data that becomes available
from multi-omics techniques. Extant rumen models typically distinguish
substrate types as reported of feeding trials and associated microbial activity
instead of specific genera in the microbial community. The pragmatic reason is
that empirical information is available on the rumen degradation characteristics
of these substrates (e.g. Li et al., 2018; Dijkstra et al., 1992).

2.4 Microbial interactions

A key aspect of the functionality of the rumen microbial population is the
interaction between the various classes of micro-organisms. In principle, a
modeller desires to distinguish these classes and their interactions in the model
representation, because these are linked closely to observed functionality
in terms of capacity to degrade and ferment various substrates, and to the
formation of end products of this process including microbial mass, VFA,
ammonia, hydrogen and methane. Modelling a microbial interaction implies
that the modelled activity of one microbial class interacts with another. From
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studies of the rumen microbiome it is noted that a large diversity of microbial
species is present and consortia of species appear to work together to
perform complex tasks such as pasture degradation (Belanche et al., 2019).
Simultaneously, the microbial community, and its diversity, is observed to
be highly adaptable and depends strongly on diet (Henderson et al., 2015).
However, for modelling perspectives it is important to note that the rumen
microbial community has a remarkable functional redundancy, thatis, an overlap
of function among multiple species. Within studies, considerable changes in
microbial community composition and its diversity often do not translate into
changes in crucial fermentation metrics including pH and molar proportions
of VFA, clearly suggesting functional redundancy (Weimer, 2015). Also in the
study of Belanche et al. (2019) large changes in microbiome were observed
by changing the feeding of sheep from hay-concentrate towards ryegrass
pasture. In dairy cattle, bacterial community richness was lower during lactation
than during the dry period, probably related to the greater feed intake and
concentrate proportion in the diet of lactating cows compared with dry cows
(Dieho et al., 2017) (Fig. 2). A pronounced, short-term decrease in bacterial
community richness was observed with the onset of increase in concentrate
allowance post-calving. The decline in richness was much more severe with
a more rapid increase in concentrate allowance post-partum, but the decline
remained to be a temporal phenomenon. However, Dieho et al. (2017) showed
that these marked changes in microbial composition were not associated with
changes in rumen degradation kinetics of feed. Although such very detailed
observations on the composition of the microbial community in rumen samples
give an interesting insight in how the microbiota can adapt to various rumen
conditions and the diet, they do not yet deliver insight in microbial interactions
nor do they give an indication of how they might be quantified in functional
terms with a rumen modelling effort. For this, quantitative insight in specific
functionalities of the microbiota is needed next to that of abundance of genera.
Shotgun metagenome sequencing of the rumen microbiome can facilitate the
gathering of knowledge on specific functionalities of the microbiota. However,
there is dearth of studies using shotgun metagenomics compared to the
165/18S/ITS-based amplicon sequencing of rumen microbiome.

Following the approach taken with extantrumen models, the most prevalent
microbial functionalities to distinguish are that of amylolytic activity (utilization
of solubilized or readily degradable carbohydrates) and that of fibrolytic
activity (utilization of structural carbohydrates). This simplification of microbial
functionality adopts the concept that energy substrates in general determine
microbial growth most and these substrate types deliver the majority of energy
available. However, other specific modelling aims are thinkable as well: lactic
acid production and utilization may be considered in view of modelling rumen
acidosis, a proteolytic functional group and protozoa may be included in view
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Figure 2 (a) Bacterial community richness (lI(J; based on ‘phylogenetic diversity whole
tree’ richness metric; Faith, 1992) in the rumen of dairy cattle during the pretreatment and
treatment period with a rapid (1.0 kg of DM/d; B, n = 6) and gradual (0.25 kg of DM/d;
[, n = 6) increment of concentrate allowance postpartum. Values represent least squares
means * standard error (P < 0.001 with *** and P < 0.05 with * for the significance of
difference between rapid and gradual increment (reproduced from Dieho et al., 2017).
(b) Bacterial community richness (Bl[J; based on ‘Chaol’ richness metric; Chao, 1984)
for a control dry period ration (0.0 kg DM/d concentrate, [J; n = 5) and a dry period
ration with supplemental concentrate (3.0 kg DM/d concentrate, ll; n = 4) in the rumen
of dairy cattle during the dry period and the subsequent lactation (no difference in diet
composition between both groups in lactation period). Values represent least squares
means * standard error. Unpublished results from Dieho et al.
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of modelling efficiency of N utilization in the rumen, or rumen wall-associated
micro-organisms may be included to represent their role in rumen function.

Afunctionally important aspect considered is whether the micro-organisms
exhibit a liquid- or particle-associated retention in the rumen. In general,
mechanistic rumen models represent these two functionality aspects (Tedeschi
et al., 2014; Bannink et al., 2016). Rumen models that employ more detailed
aspects of microbial activity further distinguish between microbial classes,
for example, between bacterial and protozoal functionality (Dijkstra, 1994),
between lactate producers and lactate utilizers (e.g. Mills et al., 2014; Dougherty
etal., 2017), between a hydrogen-sensitive (with fast substrate degradation and
microbial growth) and hydrogen-insensitive metabolism (with slow degradation
and growth)(e.g.Van Lingen etal., 2017), or the capacity for synthesis of storage
polysaccharides (e.g. Dijkstra et al., 1992). Most extant rumen models treat
the distinct microbial functionalities as independent processes. For example,
amylolytic activity is usually modelled as a process being independent from
that of fibrolytic activity. Only through ’literally’ representing some kind of
exchange between microbial classes, or a common substrate pool that is
utilized by multiple microbial classes, a dependency is introduced. It may be
that microbial growth of the multiple classes is made dependent on a common
pool of nitrogenous substrate; in this case an interaction between classes is
modelled through substrate availability (Li et al., 2019). Another substrate-
related interaction was modelled by Dijkstra et al. (1992) and Dijkstra (1994)
with protozoa and amylolytic bacteria scavenging readily available substrates
such as sugars and starch, and storing these inside their cells, preventing other
microbes from rapidly fermenting these carbohydrates and thus alleviating
rumen acidification and preventing build-up of rumen hydrogen pressure. An
interaction may also be modelled through a direct interaction between the
mass of microbial classes. An example of this is protozoa preying on bacteria
(Dijkstra, 1994), or methanogen activity depending on rumen hydrogen which
is produced by protozoa and bacteria and affecting the fermentation profile of
bacteria (and perhaps protozoa) and in turn altering this hydrogen pressure
again (Van Lingen et al., 2019). If these kinds of interactions have not been
presented (i.e. no common substrate pools, nor a direct interaction between
microbial classes), modellers implicitly or explicitly assumed that activity of
these microbial classes is independent (Russell et al., 1992).

Often, microbial functionalities have not been incorporated in a whole
rumen model at the level of genera or even species. An exception is the
linear programming model of Reichl and Baldwin (1976), in which more
than 10 prominent rumen microbial species were assigned to one of eight
microbial groups defined on the basis of substrate specificity and substrate
fermentation rate and on nutrient requirements for growth. Another exception
is the representation of Streptococcus bovis and Megasphaera elsdenii as the
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main rumen lactate utilizer and producer, respectively, in the rumen in order to
study rumen lactate dynamics and acidity (Mills et al., 2014; Dougherty et al.,
2017). No rumen modelling attempts are known where multiple microbial
functionalities (represented as separate rumen pool sizes in the model) depend
on the same carbohydrate source (sugars, starch, hemi-cellulose, cellulose),
apart from the model of Dijkstra (1994; a more detailed version of Dijkstra
etal., 1992) where protozoa and bacteria utilize the same carbohydrates types.
Although there is lot of attention and search for consortia of micro-organisms
being responsible for certain functionality by use of omics techniques, this
has so far not led to the necessary knowledge that could be used for the
representation of microbial activity in mathematical prediction models of
whole rumen function. Nevertheless, these omics-driven techniques do lead to
a wealth of new data and diverse types of data (Fig. 3) which lead to some new
insights on changes in the composition and (putative) functionality (although
towards this, relevant data is still limited) of the rumen microbial population
under various rumen conditions (Denman et al., 2018; Stewart et al., 2018,
2019). Appropriate and proper interpretation of such data may lead to new
concepts that may be introduced in models of whole rumen function. If these
concepts are incorporated in current model representations of rumen function,
model applicability may extend substantially and move in to multi-omics
research approaches. Some concepts reported in literature will be discussed
in the following section.

2.5 Concepts of microbial community dynamics

Related to the functionality of the rumen microbiota, terms such as functional
redundancy and resilience have been introduced and discussed for complex
ecosystems. Weimer (2015) reflected on the possibility to engineer the
rumen ecosystems, characterized by enormous diversity of niches and micro-
organisms. One of his key points was the presence of a strong functional
redundancy in rumen microbiota, meaning that even with a reduced value
for richness or diversity of the microbiota the functionality in terms of rumen
fermentation capacity and digestion may remain rather unaffected due to
overlap of function among multiple species (Weimer, 2015). Resilience is a
key feature attributed to the rumen microbial population because of its ability
to recover from strong perturbations (Weimer, 2015; Scheffer et al.,, 2015);
such perturbations in the case of the rumen are changes in feed and water
intake, and diet composition. The effect of these perturbations through diet
was demonstrated by Dieho et al. (2017) in dairy cows, where an increase
in dry matter and concentrate intake post-partum was observed to reduce
richness of the bacterial community to some extent (Fig. 2a; open symbols;
richness based on the ‘phylogenetic diversity whole tree’ richness metric;
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Figure 3 Schematic overview of the host and microbiome and associated biological
levels and functions regarding the rumen. Both the host(green and blue) and microbiome
(magenta and blue) can influence the rumen functioning. For the host and microbiome
several associated biological levels are depicted, that is, DNA, RNA, peptides/proteins,
and metabolites. Below all these different biological levels, the molecular techniques and
resulting activity/outcome are depicted. The metabolites are placed centrally, because
thisisthe integration of the interaction between the host and the microbiome. SNPs, single
nucleotide polymorphisms; MS, mass spectrometry; GC, gas chromatography; NMR,
nuclear magnetic resonance; LC, liquid chromatography; CE, capillary electrophorese,
WMGS, whole metagenome sequencing; ITS, Internal transcribed spacer.

Faith, 1992). The decrease in richness was much stronger with a more rapid
increase of concentrate intake post-partum from 1 to 11 kg concentrate
DM/d (Fig. 2a; closed symbols). This strong effect disappeared largely after a
prolonged period where concentrate intake did not differ anymore between
the groups, and bacterial richness did not differ between the cows despite
initial differences in concentrate intake, indicating resilience of the microbial
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population. Meanwhile, in situ fractional degradation rate of incubated feed
appeared to remain unaffected irrespective of the changes in richness, which
indicates functional redundancy. In a follow-up trial (Dieho et al., unpublished)
the effect of 3 kg concentrate DM/d during the final 28 days of the dry period
was tested, without a post-calving difference in concentrate build-up from 1
to 9 kg concentrate DM/d. Richness for concentrate-fed cows did not differ
at the end of the dry period, probably because total feed intake remained
low (12 kg DM/d). During early lactation when all cows received the same
lactation diet, the numerically higher bacterial community richness observed
in cows that received concentrate during the dry period did not differ from
that of cows that received no concentrate in the dry period (Fig. 2b; based
on the ‘Chao1’ richness metric; Chao, 1984). This may be an indication that
a microbial population at the end of the dry period can be better prepared
for the rapid increase in concentrate intake after calving; however, this would
have to be confirmed with more conclusive results. These results indicate that
transient changes in richness of the microbial community occur with changes
in feeding, which includes the level of feeding but in particular rapid and
substantial changes in fermentable organic matter intake. Eventually, the
community appears to bounce back close to the richness that existed during
the unperturbed state (Fig. 2a and b), although the general change in feed
intake level and diet composition (viz., a low intake level and low concentrate
proportion during dry period vs. high intake level and concentrate proportion
during lactation) did resultin a smaller permanent change in bacterial diversity.
The rumen microbial population hence appeared rather resilient in these two
studies with non-significant changes in in situ degradation characteristics,
indicating that despite changes in bacterial diversity rumen degradation rate of
feed was maintained. Using a systems biology approach, Belanche et al. (2019)
reported more permanent changes in community structure and abundance
of key microbial genera with a dietary change from hay/concentrate towards
ryegrass pasture. They refer to this with the term plasticity as an indication of
the capacity of the rumen microbiota to adapt to strong changes in the dietary
and rumen fermentation conditions without losing its functionality. Generally,
the rumen microbiota seems to be complex and stable over time in terms of
composition in response to permanent changes in diet composition, although
on the short run functional and metabolic activities of rumen microbiome do
change (O'Callaghan et al. 2018).

None of the aforementioned functional qualifications of observed
dynamics and behaviour of the rumen microbial population are covered by
extant mathematical models that aim to predict whole rumen function; not even
conceptual-wise (Dougherty etal., 2017; Li et al.,, 2018; Van Lingen et al., 2019).
Nevertheless, it seems relevant to enable rumen models to represent these.
Although genome-scale metabolic models (GEMs) are being developed and
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have already been described for specific species and for pairwise interactions,
what is still underexposed is this dynamic behaviour in entire living microbial
communities such as that in the rumen. This complexity becomes prevalent
from the functional complementarity and functional redundancy in the rumen
microbiota. In a theoretical approach, Scheffer et al. (2015) state how functional
complementarity can be seen to promote the overall ecosystem processes,
whereas functional redundancy promotes the resiliency of these ecosystem
processes against perturbations by the insurance effect of biodiversity.
Scheffer et al. (2015) further state that while redundancy may be the rule in
smaller creatures, resilience is thought to be less prone to occur with the larger
species. Although many species may have the same functional role (and utilize
the same substrates) they may differ in how they respond to stressors. The more
unique function of the larger species community in the ecosystem, the lower
richness of this community and their functional redundancy being more rare,
makes that their loss from the ecosystem may lead to drastic shifts in ecological
functioning. Although Scheffer et al. (2015) demonstrate the concept for the
world's over 4000 species of diving beetles, the theoretical concept may apply
just as well to the rumen as a complex ecosystem with a similar large diversity
of microbial species coexisting, including the smaller bacteria and the larger
protozoa. In this respect, it could be interesting to study the role and change
of the contribution of protozoa in the rumen ecosystem (Newbold et al., 2015)
which are of a much larger size than the bacterial community and may differ in
cell size by a factor from 20 to 100 and can make up half of total rumen microbial
biomass (Bainbridge et al., 2018). Functional redundancy and resilience of the
rumen ecosystem seems well established for the bacterial population (Weimer,
2015). However, it may apply less to the much larger protozoa whose functional
role in the rumen could be more vulnerable to perturbations as their maximal
substrate utilization rate is low (modelled by Dijkstra, 1994). Perturbations
could (temporarily) diminish their role in the rumen (despite their capacity to
resist passage and sequester, and establish themselves after inoculation by
companion ruminants), and hence lead to a new equilibrium in the rumen and
a shift in functioning of the microbial ecosystem as a whole. The same may
hold for the Archaea as these have a lower and delayed activity after feeding
than bacteria (Van Lingen et al., 2017). Understanding their vulnerability to
perturbations is important as protozoa and Archaea play key roles in the rumen
ecosystem, regulating substrate fermentation rate and hydrogen dynamics,
and thereby the overall rumen fermentation pattern (Newbold et al., 2015). This
pattern is an important response variable to predict by models of whole rumen
function, as it determines the ratio of glucogenic:ketogenic nutrients that the
host absorbs from the rumen, as well as methane emissions (Dijkstra, 1994;
Huws et al., 2018; Van Lingen et al,, 2019). It would be highly interesting to
study whether the concepts of functional redundancy and resilience generally
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apply to protozoa and Archaea, or whether sudden functional changes of the
rumen ecosystem may occur due to sudden perturbations. These changes may
involve dietary changes or the feeding of specific supplements. Evaluating
vulnerability when selecting for different rumen fermentation profiles with
breeding may also be of large interest. For example, ewes selected for low
methane yield did have smaller rumens and shorter rumen retention times of
particulate and liquid digesta (Goopy et al., 2014). If rumen functional changes
can be demonstrated, understanding them would become a key to implement
them in models of whole rumen function. Experimental rumen studies and
analysis of behaviour of the rumen microbiota would probably have to be
designed differently. Current studies often report differences among rumen
states in an empirical, descriptive manner but without much understanding of
the consequence for the ecosystem'’s functionality and how to quantify this in
models of whole rumen function (i.e. in terms of digestibility, acidity, microbial
synthesis rate, intra-ruminal recycling, absorption of VFA as end products of
fermentation).

3 Quantifying rumen microbial functionality

In a review by Denman et al. (2018) discussing the characterization of rumen
microbiota function when using multiple omics techniques, they conclude that
integration of ~omics derived data, when strengthened by (computational)
modelling, will allowforthe construction of rumen-specificmicrobial (metabolic)
models. An example is the use of GEMs, and these models focus on translating
an organism’s metabolic capacity into mathematical representations. This
method has been applied to bacterial systems (Oberhardt et al., 2009), and can
be used to characterize phenotypes, to perform metabolic engineering, and to
study (inter)species interactions (Freilich et al., 2011). Each individual microbial
species has its own activity which is associated to its behavioural characteristics,
however, and this introduces a new layer of complexity (Wintermute and Silver,
2010). Moreover, in biology, the capacity of microbial species to adapt to a
‘mixed’ culture is central. Application of integrative biology has the promise to
make it possible to steer away from laboratory microbes (artificial) and to start
focussing on understanding the more natural course of microbial behaviour
(biological). Integrative biology refers to transdisciplinary research, that is,
integrating (heterogenous) data from different biological levels and gathered
within different disciplines, as in the first section of this chapter has been
discussed for the case of whole rumen function (Fig. 1). These levels may hence
include the level of the ruminant host, for example, performance, body weight,
feed intake, feed digestion, host behaviour (rumination, feed intake behaviour,
salivation), and host DNA and gene expression in specific tissues. In principle
it also may cover the lowest level at which data are gathered for functioning
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of the rumen microbial ecosystem, which is the composition of the microbial
population (DNA), as well as its gene expression (RNA, proteins), and enzyme
capacity (proteins), enzyme activity measurements (conversions, fluxes) and
the biological fingerprinting of metabolism (i.e. metabolites). Extant rumen
models have traditionally been developed top-down’ based on principles of
digestive physiology (i.e. working from the level of whole rumen downwards
by including additional details and complexity) instead of 'bottom-up’ (i.e.
working from the most detailed molecular level though multi-omics techniques
upwards by analysing, integrating and associating to attempt to grasp whole
rumen function). But, approaching ‘complex’ biological behaviour from both
angles simultaneously may resultin innovative ways to pursue the mostrelevant
underlying biological mechanisms and their quantification. Prediction capacity
of extant whole rumen mathematical models probably can benefit from such
understanding, and they may serve to generate putative novel application
strategies, as already were discussed for microbial population dynamics in the
previous section. At the moment it is unclear, however, of how to grasp this
understanding for the rumen ecosystem under in vivo conditions under a wide
range of nutritional conditions and states, into mathematical models at the
whole rumen level. These models aim to predict function at the whole rumen
level (Bannink et al., 2016) and certainly do not represent the level of detail that
multi-omics analysis normally delivers (Chong and Xia, 2017). This represents a
gap to be covered in order to bring both approaches together. The scheme in
Fig. 3 indicates the various biological levels and techniques that can be used to
gather data for the hostand for the microbiome to measure rumen functionality.
These data can be related to whole rumen observations at the rumen level
(fermentation rate, rumen outflow rate, microbial synthesis rate) or at the host
level (faecal digestion, production, feed efficiency), which is normally referred
to as phenotypic data (Huws et al., 2018). Datasets on observed characteristics
of the rumen microbial population or the multi-omics associated with it do not
yet seem to address the consequences for microbial functionality at the level
represented in the extant models of whole rumen function. A translation of
results towards the latter (e.g. by improved and more detailed phenotyping;
Huws et al., 2018) is prerequisite for these multi-omics data to become
applied in extant predictive models, and this should receive more attention
in future research. Changes in and associations between consortia of rumen
micro-organisms and rumen metabolites can be studied, delivering further
insight in the consequences of events. Events may include weaning and the
effect of the dam on the primal bacterial community (Abecia et al., 2018), or
altered presence of rumen protozoa harbouring bacterial communities that
are compositionally different from their surroundings which may aid to further
explain interactions between both (Levy & Jami, 2018). Several challenges lie
ahead however for modelling the functionality of the rumen microbiome with
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the help of these kinds of results. In reviewing these challenges, Huws et al.
(2018) conclude that often the phenotype of the ruminant host is less well
described, hampering progress to quantify and predict (it is noted that this in
particular holds for the rumen as a functional organ). They further concluded
that possibilities to aid the further development of mathematical models and
rumen proxies are foreseen, and may revolutionize our understanding of
rumen microbiome.

Furthermore, currently available mathematical models of whole rumen
function cannot handle, yet, the more transient effects or changes in microbial
function that may observed in the rumen. These models adopt a rather
deterministic approach which does not leave room for the rumen microbiota
to have a metabolic ‘memory’ as a consequence of stressors, incidental
perturbations or longer history of the rumen state. In contrast, these models
adoptthe conceptofsteady-state which basicallyignoressuchtemporal changes
in microbial function. Typically, a 2-week period is taken as a minimum to let
the rumen microbiota adapt to a new diet and achieve such steady-state with
experimental work (Hristov et al., 2019). This indicates that short-term dynamics
in principle are relevant to consider with rumen function and a changing diet or
host. Short-run functional and metabolic activity of the rumen microbiota does
change (O'Callaghan et al., 2018) and it may prove to be relevant when trying
to understand and predict rumen dynamics and functionality, or to implement
limits to functional redundancy and complementarity and resilience to rumen
microbiota, as a function of dietary and host-related factors.

Associations may be explored (Chong and Xia, 2017; Huws et al., 2018;
Denman et al., 2018) and perhaps become applied for practical purposes in
the near future. It is important, however, to note that results only can be used to
improve current mathematical prediction models of whole rumen function (as
reviewed by Tedeschi et al., 2014, and Bannink et al., 2016) if results, or their
associations, can be translated into terms that address the levels of functionality
represented in these models. The descriptive and technology-driven nature of
multi-omics studies delivers an unprecedented amount of information and
level of detail. The descriptive nature of these studies in itself does not have
to be problematic because extant whole rumen prediction models were also
developed mostly from descriptive knowledge. However, to let the analysis of
these results serve extant rumen prediction models is a real challenge, and a
more fundamental one than the need for good and more detailed phenotyping.
The units that apply to the multi-omics observations are key aspects of this
challenge and will be discussed in the next section. The level of aggregation or
of functionality that is addressed by data analysis is another challenge as whole
rumen modelling requires quantification of substrate degradation rate based
on the presence of that substrate and microbiota in the rumen (Dijkstra et al.,
1992; Li et al., 2018), or of (net) total rumen microbial protein synthesis rate
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(Dijkstra et al., 1998). Such quantifications are not per se delivered by analyses
of multi-omics data.

4 Units and sampling techniques

Multi-omics techniques are used to analyse material from samples taken
from the target organ (rumen wall tissues, rumen digesta or rumen fluid,
rumen microbiome). In this respect they have the promise to give insight and
further quantitative understanding of the functionality of rumen microbiota
by a ‘bottom-up’ approach (Huws et al., 2018; Denman et al., 2018). Although
mathematical prediction models of whole rumen function represent the
same biological entities, generally a disparity remains in the units adopted in
mathematical prediction models of whole rumen function and those adopted
in multi-omics analysis. Figure 4 attempts to clarify this disparity when taking
samples from rumen tissues (Fig. 4a), from the rumen microbiota (Fig. 4b) or
from rumen fluid (Fig. 4c). To make ~omics-based data and their analysis directly
applicable for modelling of whole rumen function, this unit difference needs to
be overcome by upscaling of results from samples (which in essence only deliver
a concentration) to the level of response of the whole rumen wall tissue, the
whole rumen microbial population or the whole rumen fluid volume (quantity),
respectively. A further essential element lacking with multi-omics techniques is
that of ‘the fluxes’, that is, the flux in and out of rumen wall tissue (at the mucosal
as well as the serosal side) and the flux in and out of the rumen (through the
oesophagus and the reticulum). The prime interest of predictive rumen models
is to quantify fluxes, and how these vary with rumen microbial functionality and
dietary intake, not concentrations. To arrive at the level of rumen flux predictions
the dynamic, mechanistic models of whole rumen function describe enzymatic
degradation and microbial synthetic capacity as functions of the available
substrate and the microbial population present in the entire rumen. This means
that the proteins or enzymatic capacity, which is concentration dependent in
essence, needs to be quantified (Bannink et al., 2016). Other observations
remain indirect measurements of this capacity, such as those on DNA, RNA
and metabolites in rumen samples. Matching ‘bottom-up’ and ‘top-down’
approaches with quantification of rumen function means that common-ground
needs to be found at the level of proteins and enzymatic capacity; in the rumen
contents of the microbial population present, in the host of the enzymatic activity
and the response of the rumen wall (epithelia and muscular tissue) and in the
rumen organ the inflow and outflow of material and fluid including buffering of
rumen contents and recycling of N and phosphorus from blood (Figs. 1 and 3).

Apart from the need to bridge the disparity in units delivered and units
required, the sampling procedure of rumen contents in itself is already a critical
methodological aspect to consider (Fig. 4b and c). It has also been established
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(a)
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Figure 4 P (Continued)
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(C) WHOLE RUMEN METABOLISM METABOLOMICS
(pooled) rumen content sample

proy EREDSI SoR—

Rumen content

UNITS that apply to rumen content UNITS that apply to a rumen sample

Rumen contents L. kg Metabolite mol/(kg microbial mass . | sample)
Fluid volume | or
Particle mass kg mol/1 fluid
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Free / adherent flud kg

Particle/fluid outflow /h
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Figure 4 Schematic representation of the difference in units that apply to the whole
rumen (at the left) and samples from the rumen (at the right), for the case of (a) rumen
wall tissue, (b) the rumen microbial population, and (c) rumen fluid.

thatmany other biological factors can affectthe outcome of microbial community
analysis (Weimer, 2015). These factors include, genetics (Li et al., 2019), age
(Jami et al., 2013), diet, phase of ruminal contents sampled (Mohammed
et al., 2012), plane of nutrition of the host, sampling moment during the day,
existing ruminal pH and animal individuality (Weimer et al., 2010). The latter
probably being most related to animal behaviour and rumen morphological
and physiological aspects. All these factors may have important implications
for the study design and the selection of animals. Another set of factors related
to the study design is the sample collection procedure; the site of sampling
of digesta phase, the processing of the sample, the isolation methods used
and the method of analysis. Variation in all could jeopardise the comparison
of data from multiple studies as done with meta-analysis. Sampling of rumen
content (e.g. preceding feeding) does not necessarily reflect daily average
rumen function. In a study with frequent rumen measurement during the day
and twice daily feeding, Van Lingen et al. (2017) established that time after
feeding actually explained more of the observed variation in rumen metabolite
concentration and composition of rumen microbiota than the dietary inclusion
of linseed oil. It is hence evident that a single sampling moment probably will
not reflect daily average rumen function. Furthermore, since long (Martin and
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Michalet-Doreau 1995; Huhtanen etal. 1992), itis known that substantial diurnal
variation exists in the enzymatic activity of rumen microbiota, with a potentially
long delay after feeding for particulate associated bacteria to develop their
maximum enzymatic degradation capacity. Diurnal variation of this size cannot
be ignored when results are based on samples taken at a single time point, and
have to be accounted when deriving conclusions and generalizing results.

5 Conclusion and future trends

Both the classical approach to quantify whole rumen function (‘top-down’) and
the 'next-generation’ approach by using multi-omics technologies (‘bottom-up’)
have their own benefits and limitations for studying rumen biology. With the
classical modelling approach rumen function is predicted by representing
the basic chemical and physical principles of rumen processes, adopting
a dynamic approach to quantify the interactions between substrate and the
microbial population, at least with the most complex models (Fig. 1). Typically,
the higher levels of organization are also represented including the influence
of host physiological processes and intra-ruminal conditions. Furthermore, the
chemical classification of substrates based on nutritional studies describes the
basis to distinguish between the microbial functionalities and to quantify the
substrate availability for microbial use (Bannink et al., 2016). In contrast, the
‘next-generation’ approach focusses on molecular characteristics by gathering
multi-omics datafrom rumen samples. This approach israthertechnology-driven
and descriptive but benefits from the level of detail and the vast amount of
~omics-derived data that can be gathered. By metagenomic sequencing of the
rumen microbiome, or by characterization of rumen metabolites, associations
can be derived with the phenotype or the response of interest. We identified
a mismatch between these two approaches in the previous sections, as they
both focus on different ‘parts’ of the rumen. There is a disparity between the
units used and functional aspects quantified, and there is a disparity between
the aim of the quantification method (either finding associations or predictions
based on a mechanism). Figure 5 attempts to illustrate these differences
and disparities. It is envisaged that both approaches may benefit from each
other in future research if the multi-omics methods strive to deliver functional
characteristics that directly relate (or can be related) to the elements used in
extant mathematical models of whole rumen function. The latter may benefit
from multi-omics methodologies because of the far more detailed insight that
can be gained in microbial population functionality than the current distinction
based on substrate type. An important first step of improvement would have
to be the standardization of techniques to make studies inter-comparable, so
that centralized databases can be created that contain data from both ‘parts’ of
the rumen. Such a database not only needs to harbour information about the
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¢ EVALUATION (INDEPENDENT DATA)

Figure 5 Schematic representation of the multi-omics approach (bottom-up) and the
extant whole rumen modelling approach (top-down), illustrating the disparity in the units
and levels of organization involved as well as the disparity in the aim of the quantification
method.

experimental setup and host characteristics, but should also include detailed
aspects of rumen function.

In conclusion, the exchange of knowledge would be enhanced if multi-
omics results (and the knowledge derived) are more related to processes
and elements present in extant whole rumen models. These models have
been demonstrated to be important for explanation of observed variation in
rumen function and microbial activity, that is, degradation and fermentation,
rumen outflow and absorption, and synthesis of microbial mass. Quantifying
such relationships would allow modellers to incorporate new elements or
concepts and let extant prediction models of whole rumen function benefit
from the increased insight and level of detail of knowledge on rumen microbial
functionality. With further integration of the ~omics and whole rumen modelling
approach the problem of disparity of the units used must be resolved, as well
as the disparity in prediction aims of quantitative approaches.

6 Where to look for further information

There are several research activities ongoing that make attempts to quantify
rumen microbiome functionality by the use of ~omics techniques. Furthermore,
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the global research community is organized through the Global Research
Alliance (GRA) (https://globalresearchalliance.org) and its associated Rumen
Microbial and Genomics Network (https://globalresearchalliance.org/rese
arch/livestock/networks/rumen-microbial-genomics-network) and Feed and
Nutrition ~ Network  (https://globalresearchalliance.org/research/livestock/
networks/feed-nutrition-network).

The reader is referred to the following information:

¢ Aposition paper on the topic of how to use ~omics data to quantify rumen
functionality by Huws et al. (2018), in close association with the Rumen
Microbial and Genomics Network https://www.frontiersin.org/articles/10.
3389/fmicb.2018.02161/1ull,

e A special issue in Frontiers of Microbiology by Ungerfeld & Newbold as
guest editors on how to engineer rumen metabolic pathways https://www
frontiersin.org/articles/10.3389/fmicb.2017.02627 /full,

¢ Results of the Global Rumen Census by Henderson et al. (2015) https://ww
w.nature.com/articles/srep14567,

¢ Results of the CEDERS project with a focus on capturing dietary effects on
on-farm GHG emissions with inventory and farm accounting methodology,
as well as results from other ERAGAS projects. https://www.eragas.eu/en/
eragas/Research-projects,

e Various communications through the Livestock Research Group of the
GRA which includes report of activities and achievements of the Rumen
Microbial and Genomics Network and Feed and Nutrition Network https://
globalresearchalliance.org/research/livestock.
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1 Introduction

The advent of genome sequencing has had an impact on every aspect
of biology, furthering our understanding of classification, taxonomy and
evolutionary relationships through to predicting structure and function of
proteins. Rumen microbiology has advanced through genome sequencing of
its resident microbes, allowing comparison of taxa, function and metabolism
not only within an animal, but also in varying conditions such as changing diets
and different ruminant hosts across the world.
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Before whole genome sequencing became available, characterisation
of function was achieved using morphology, biochemistry and additive or
subtractive experimentation to determine function or capability (Bryant, 1959;
Leahy et al., 2013). Small-scale sequencing allowed bacterial and archaeal
communities to be connected to important rumen functions using the 16S
rRNA gene to assign taxonomic groups and later linking this to function by
association to available sequenced genomes (Wilkinson et al., 2018).

Although this approach was informative, these results rely heavily on
information from sparsely populated databases with limited representatives
for rumen microbes, and did not account for smaller communities that also
contribute to some functions, or those that play a role in multiple different
functions (Delgado et al., 2019). The advancement of ‘-omics’ technologies has
enriched the understanding of the rumen microbiome in terms of knowledge
of the diversity, structure and function of the rumen microbial community
(Kingston-Smith et al., 2013; Morgavi et al., 2013; Creevey et al., 2014), an
understanding that is essential for the improvement of ruminant production
while mitigating negative environmental consequences.

This chapter aims to highlight some of the key studies that have utilised
knowledge developed from genome sequencing to contribute to our
understanding of rumen microorganisms, their function and role in the ruminal
ecosystem, and what implications these have for nutritional strategies to
optimise microbial processes. A summary of the key discussion points can be
seen in Fig. 1.

Metagenomics:

* Quantifying populations in a rumen
sample

» Comparing microbiome taxonomic
profiles between ruminant hosts

* Novel genome assembly

» Antimicrobial peptide mining

¢d

o %o

SN
—

Single Genome Sequencing: Comparative Genomics:

» Profiling a strain or species » Functionally profiling populations

» Functional potential with genes » Revealing niche populations

* Proteome =) + Pangenome

* Prophages * CRISPR and prophage

» Curation of genomes into a identification for tracing viral
collection infection

Figure 1 A summary of the key discussion points of this chapter.
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2 The first rumen microbial genome

The first genome belonging to a rumen microbe that was sequenced and
analysed was Wolinella (Vibrio) succinogenes DSMZ1740, published in
2003 (Baar et al., 2003). This occurred eight years after the first bacterial
genomes were sequenced, the human pathogens Haemophilus influenzae
Rd (Fleischmann et al., 1995) and Mycoplasma genitalium (Fraser et al., 1995).
Although W. succinogenes was first isolated from the rumen of a cow, the 16S
rRNA gene and its predicted protein complement revealed similarities to the
human pathogens Helicobacter pylori and Campylobacter jejuni, despite W.
succinogenes not having shown pathogenicity in either its ruminant host or
humans (Baar et al., 2003).

The presence of this species in humans provided the main motivation for
sequencing the genome of this ruminal bacterium in particular. Analysis of the
genes and enzymes encoded by this genome confirmed that during growth,
W. succinogenes grows by anaerobic respiration using H, to reduce fumarate
to succinate, but cannot ferment glucose due to the lack of a glucokinase-
encoding gene, and glucose or alternative carbohydrate transport systems.
The presence of other carbohydrate metabolism enzymes led to the hypothesis
that this bacterium likely uses glycolytic enzymes for gluconeogenesis instead
(Baar et al., 2003).

The identification of genes in W. succinogenes homologous to distantly
related microorganisms was highlighted as evidence of horizontal gene
transfer. Furthermore, it was concluded, based on the complement of
pathways possessed by this bacterium and the large number of genes
present that were uncommon to other genomes in the same taxonomic class,
that W. succinogenes is not adapted solely to its role as a rumen bacterium,
a surprising revelation that disagreed with the hypotheses of the time (Baar
etal., 2003).

From 2003 onwards, there was a slow but steady increase in completed
genomes from cultured rumen microbes (though rarely more than 10 in any
year). This continued until 2018 when the largest increase occurred with the
publication of nearly 500 genomes from the Hungate collection (Seshadri
etal., 2018) (Fig. 2). Parallel to this, genomes from uncultured rumen organisms
began to appear in 2011 (Hess et al., 2011), rapidly increasing in number so
that they now outnumber those from cultured organisms by over a factor of 10

(Fig. 2).
3 The power of sequencing a single genome

Although studying the phenotype of a microorganism is an important part
of characterisation, sequencing a single genome from a bacterial culture
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Figure 2 Frequency of rumen microbial genomes published over time.

reveals more about the genotypic potential, and the underpinnings of the
phenotype. Investigating the genomes of isolates in culture where phenotypic
information has been recorded and its functional capabilities tested, provides
an immediate set of hypotheses to investigate, and allows the unravelling of
the genomic elements behind the observed phenotypic responses (Creevey
etal., 2014).

The predominant cellulolytic bacterium Fibrobacter succinogenes is an
example of using genomic studies to elucidate the genomic mechanisms behind
observed phenotypes in a rumen microbe. To determine the cellulolytic activity
of this microbe, a culture of F. succinogenes S85 was exposed to a variety of
conditions and variables including pH and population size, to achieve the best
simulations of the rumen environment (Weimer, 1993). These culture-confined
experiments determined the reliance of this bacterium on cellulose, with the ability
to rapidly degrade crystalline cellulose, at a rate notably faster than other rumen
bacteria in culture (Weimer, 1993). Further assays to determine polysaccharide
hydrolysis and usage revealed that only products of cellulose degradation were
used, whereas a number of other polysaccharides were degraded but not used.
Genome sequencing of this organism many years later revealed the lack of
enzymes required to further break down or utilise degradation products of any
of the tested polysaccharides other than cellulose (Suen et al., 2011).

Analysis of the first complete methanogen genome (Methanobrevibacter
ruminantium M1) revealed important biological insights to this important
group. This organism possesses a larger genome size than other species in
the same family from other environments, due to a myriad of genes unique to
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this genome, as well as an integrated prophage and large numbers of surface
adhesin-related genes (Leahy et al., 2010). Furthermore, this genome provided
an insight into those genes involved in methanogenesis. As a pathway which
culminates in the production of methane, resolving the genes involved in
this process provides important information on the role of these microbes in
methane emissions from ruminants. Finally, the genome allowed archaeal cell
structures to be elucidated, presenting an opportunity for antigen discovery
and novel antibody design for vaccine production as a methane mitigation
strategy (Leahy et al., 2010, 2013).

This demonstrates the information that can be gleaned from individual
genomes, but with large numbers of sequenced genomes, further insights
through comparative genomics becomes a possibility.

4 Curation of a reference genome catalogue
for the rumen microbiome

With an increasing availability of genome sequencing, there was a need for
rumen-specific representatives to populate growing sequence databases
and resources and to allow for more functional annotations to be allocated
to novel rumen microbes, feeding into a loop of increasing information and
understanding. For those microbes that could be isolated and purified from the
rumen using culturing methods, DNA could be extracted and their genomes
sequenced and gathered, forming a reliable resource specifically for the
rumen microbiome. This was the primary aim of the Hungate 1000 project, a
collaboration of multiple efforts across the globe to isolate and sequence 1000
unique microbes from the rumen to create a high-quality reference microbial
genome catalogue (Seshadri et al., 2018).

It combined 91 already publicly available genomes with a further 410
genomes sequenced using Illumina and PacBio sequencing technologies,
capturing isolates representing a variety of cultivable microbes, with multiple
genomes from the predominant species also populating the collection. This
project concluded in 2018, with input from across 21 countries and a final
total of 501 genomes sequenced and made readily available as the Hungate
Collection (Seshadri et al., 2018). Although most samples originated from
cattle, sheep and other ruminants such as calves, goats and deer, genomes
were also included from bacteria isolated from non-ruminants, such as horse,
goose and pig, as these isolates are also known to reside in the rumen but no
rumen isolates were available to add to the collection (Seshadri et al., 2018).

Advantages of a collaborative reference genome catalogue include
offering the knowledge of traceability of the genome back to a cultured isolate,
resulting in high-quality genomes with little concern for genome contamination
or integration of DNA fragments from other species. As these microbes
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represent existing cultures, once predictions are carried out on a genome, they
can be corroborated by testing in culture (Creevey et al., 2014). Large-scale
collaborations across the globe like this increase the variety and coverage of
different ruminants sampled, giving a better insight to the rumen microbiome.
Finally, having such a reliable catalogue can allow for novel microbes in any
new metagenomic data to be enriched by removing sequences belonging to
known microorganisms (Wilkinson et al., 2018).

The primary disadvantage to such a catalogue is the reliance on cultivation
before sequencing, which brings other issues such as laboratory culturing and
maintenance which can often influence or even change some microorganisms,
let alone the costs associated with maintaining those cultures. Although those
microbes included in the catalogue should be representative, it is difficult to
determine how widely distributed they are (Attwood et al., 2008b). Because
of this, these reference genomes should instead be considered a snapshot of
the isolate at that time and limitations be kept in mind when doing analyses,
although there are some steps that can be taken to overcome these, such as
by relaxing thresholds for an acceptable hit when doing sequence similarity-
based searches against the reference sequence set.

Despite this, the release of the Hungate collection (Seshadri et al., 2018) has
had enormous impact on rumen microbiological research, including facilitating
novel tool development for the rumen microbiome (Wilkinson et al., 2018),
generating insights into alternative hydrogen uptake pathways in the rumen
(Greening et al., 2019), identifying organisms capable of methyl-compound
production (Kelly et al., 2019), increasing characterisation of antibiotic resistance
in rumen microbiota (Sabino et al., 2019), revealing polysaccharide-degrading
capabilities of groups such as the Butyrivibrio (Palevich etal.,2019) and identifying
inter-bacterial communication in the rumen microbiome (Won et al., 2020).

Identifying genes in the genomes does not indicate usage or whether they
are indeed usable, instead should be considered to be the metabolic potential
of the microorganism (Creevey et al., 2014). Yet the greatest limitation is that
the microorganism first requires isolating and culturing ex vivo, a feat not always
possible. It is currently thought that around 23% of the rumen microbes are
cultivable, with a positive correlation between population size and cultivability
(Zehavi et al., 2018). However, renewed interest in applying ‘culturomics’ to the
rumen will likely overcome this hurdle (Huws et al., 2018; Zehavi et al., 2018).

5 Application of metagenomic data for
novel genome construction

Along with higher-throughput and cheaper sequencing methods came the
intriguing possibility of assembling genomes from metagenomic data. From
some of the earliest environmental metagenomic sequencing projects, it
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became apparent that the assembly of complete microbial genomes was
possible from metagenomicdata(Tyson etal.,2004). While these initial successes
were from very simple microbial communities, this seeded the development of
sophisticated computational algorithms capable of reconstructing genomes
from metagenomic data (Alneberg et al., 2014; Kang et al., 2015; Gregor et al.,
2016) even from highly complex communities like the rumen (Hess et al., 2011;
Pope et al., 2012; Svartstrém et al., 2017; Stewart et al., 2018).

In general, this is achieved by first carrying out an assembly of the
metagenomic data followed by alignment of the original reads to the assembly,
estimating the ‘coverage’ (i.e. how many time each assembled DNA sequence
or ‘contig’ is represented in the original data) and then calculating the
frequency of strings of nucleotide sequences of a given length (usually referred
to as length 'k’ and resulting in the general term for these nucleotide strings
as 'k-mers’). The importance of the ‘k-mers’ stems from previous research that
showed it was possible to identify k-mer profiles specific to individual species
(Karlin et al., 1998). Therefore, with metagenomic data it is possible to calculate
k-mer frequencies of all the contigs in the assembly and sort them into groups
based on the species from which they came.

This process, termed 'binning’, is one of the most important steps in
all approaches that reconstruct genomes from metagenomic data. All the
assembled contigs that are 'binned’ together are therefore treated as if from
a single organism and represent a ‘Metagenomically Assembled Genome’
(MAG), sometimes referred to earlier in the literature as ‘taxonomic binning'.
Further enhancements to this approach have included calculating where
contigs in bins have correlated abundances across multiple samples (with the
reasoning that if they all come from the same organism, they must all have
correlated abundances) (Alneberg et al., 2014).

The advantage in utilizing an approach which assembles genomes from
metagenomic data is that it has the potential of capturing sequence information
from organisms which are difficult to culture in vitro (Creevey et al., 2014),
potentially revealing novel functions and providing a greater understanding of
the contribution of each organism to the overall rumen function.

The approach of binning metagenomic data from the rumen to provide a
genome-scale overview of function has gathered a lot of pace in recent years
(Hess et al., 2011; Pope et al., 2012; Svartstrom et al., 2017; Stewart et al., 2018;
Stewart et al., 2019b), resulting in a total of over 5000 genomes across all these
data sets, dwarfing the numbers sequenced from single isolated cultures (Fig. 2). It
is difficult to assess the extent to which these MAGS have increased our sampling
of the known poorly sampled clades of bacteria (Creevey et al., 2014), as with
cultured genomes this knowledge has been obtained by comparison of the 16S
rRNA gene found in the genomes to large-scale meta-taxonomic studies using
the same marker (such as the Global Rumen Census (Henderson et al., 2015)).
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The variable and repetitive nature of the 16S gene however, makes this
a notoriously difficult gene to reconstruct from metagenomic data and so it
is missing from the vast majority of rumen MAGs constructed to date. In the
absence of a comparison to meta-taxonomic data, we must instead rely on other
more easily reconstructed, universal genes for comparisons (Ciccarelli et al.,
2006; Creevey et al., 2011), but this only allows comparisons of these two types
of genomes from the rumen (cultured and MAGs), identifying where MAGs are
closely related to cultured genomes and allowing taxonomic classification, but
making inferences beyond this difficult.

We can however compare the relative abundance of the differenttaxonomic
families identified by the three different methods (cultured genomes, MAGs
and 16S amplicon sequencing) to understand where gaps in our knowledge
may still exist (Table 1). While the top three taxonomic families in the Hungate
collection (Seshadri et al., 2018), MAGs (Stewart et al., 2019b) and the global

Table 1 Relative abundance of genomes (number of genomes in brackets) from the Hungate
collection (Seshadri et al., 2018) and metagenomically assembled genomes (MAGs) (Stewart
etal., 2019b) of the average top 20 most abundant bacterial families identified across multiple
ruminant species from the Global Rumen Census (Henderson et al., 2015)

Family Hungate % MAGs % Global Rumen Census %
Prevotellaceae 7(36) 16 (521) 35.29
Ruminococcaceae 8(38) 35(1111) 17.53
Lachnospiraceae 32(162) 20 (640) 16.51
Paraprevotellaceae 0(0) 0(0) 5.13
Veillonellaceae 6(30) 1(25) 3.34
Fibrobacteraceae 0(2) 1(42) 3.10
Succinivibrionaceae 1(7) 1(16) 2.73
Mogibacteriaceae 0(0) 0(0) 2.04
Christensenellaceae 0(0) 0(0) 1.37
Clostridiaceae 3(13) 1(35) 1.29
Erysipelotrichaceae 3(13) 9(291) 1.28
Acidaminococcaceae 1(4) 1(43) 1.14
Bacteroidaceae 4(18) 0(0) <1
Spirochaetaceae 1(6) 2(52) <1
Anaerolinaceae 0(0) 0(0) <1
Corynebacteriaceae 0(2) 0(2) <1
Dethiosulfovibrionaceae 0(0) 0(0) <1
Lactobacillaceae 2(10) 1(22) <1
Streptococcaceae 8(39) 0(6) <1
Anaeroplasmataceae 0(0) 0(0) <1

For each of the data sets only those genomes which were identified at the family level were included.
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rumen census (16S sequencing) (Henderson et al., 2015) are represented by
Prevotella, Ruminococcaceae and Lachnospiraceae, they all disagree on their
rank order (Table 1). This disagreement increases further down the list. These
differences may represent diverse diets, breeds or geographical locations of
the host animals from which the samples were taken and highlights where
further research efforts may still be required.

Regardless of this issue, it is difficult to ignore the vast resource of
genomic data from the rumen that MAGs represent to date and the genetic
novelty that they are uncovering. For instance, the proposition of novel groups
such as the Proteobacteria to those that could be considered ‘core’ to rumen
microbiomes globally (Stewart et al., 2019b), although this may be skewed by
the predominantly bovine origin of the data sets analysed to date. Perhaps
the most startling insight has been the continuously increasing list of novel
polysaccharide utilization loci, CAZymes and genes involved in cellulosomes,
accumulating in recent studies which have identified hundreds of thousands of
novel genes involved in carbohydrate metabolism (Stewart et al., 2019b).

There is no doubt that MAGs will contribute to our further understanding
of the functional potential of the rumen microbial community and offer huge
benefits to future developments of enzyme technologies in biorefineries
(Svartstrom et al., 2017). Furthermore, the demonstrated classification rates of
50-70% of novel metagenomic data against this increasing genomic reference
resource suggest that future rumen metagenomic studies may not have to
carry out the difficult de novo assembly and annotation steps, perhaps allowing
more shallow but higher replicated rumen microbiome sampling studies to be
carried out. A natural extension to this is the generation of reference data sets
of rumen-specific protein sequences which has emerged from these data sets
(Stewart et al., 2019b).

It is the advent of long-read sequencing where the future generation of
MAGs may best benefit. In existing rumen microbiome studies where this type
of technology has been applied, many complete genome sequences have been
reconstructed (Stewart et al., 2019b), capturing the 16S gene in its entirety. This
approach will finally allow the comparison of uncultured microbial genomes to
previously generated meta-taxonomic studies. This will be particularly useful
for those meta-taxonomic studies where detailed phenotypic measurements of
the rumen microbiome and host have been carried out, allowing more precise
inference of the functional potential (Wilkinson et al., 2018) of the communities
found to be associated with efficiency, health and environmental impact.

6 Comparative genomics and key functions in the rumen

Comparative analysis of the genomes sequenced in the Hungate collection
(Seshadri et al., 2018) revealed that just over 2% of all genes identified in
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the 410 sequenced genomes were involved in polysaccharide degradation,
the majority belonging to the hyper diverse family of glycosyl hydrolases.
Comparative analysis of the distribution of all genes involved in degradation
and metabolism of plant structural carbohydrates allowed prediction of
specialised roles within the community for different fermentation pathways. As
these genomes represent isolates in culture these predictions can be tested
in vitro, leading to possible in vivo strategies for optimising rumen function.
Interestingly, this analysis also identified functions not previously thought
relevant to this environment: A feature identified in Bacteroidetes genomes
was the presence of glycosyl hydrolases involved in the degradation of host
glycans. Seshadri et al. (2018) speculate that it may hint at a use of N-linked
glycoproteins from the host salivary secretions.

Fewer of the nitrogen metabolism pathways are as well established as
those for carbohydrates, with past studies tending towards concentrating on
the cellulose and plant cell-wall degradation more so than protein breakdown.
However, nitrogen metabolism by the microbial component of the rumen
directly links to the host's nutrition. By allowing protein synthesis in microbes
of the rumen from a variety of nitrogen sources and then absorbing microbial
protein in the intestines, ruminants are able to efficiently gain access to a
protein source (Wallace et al., 1997). Taking steps towards understanding
protein metabolism and catabolism in the rumen therefore is important for host
feed efficiency.

By combining protein and transcription studies with the available
genome sequence, the nitrogen metabolism pathways available to Prevotella
ruminicola 23 were elucidated (Kim et al., 2017). As a predominant species in
the rumen microbial community, as well as a resident of human gut and oral
microbiomes, studying the nitrogen pathways of Prevotella species is therefore
a worthy endeavour. Evidence for adaptation to a fluctuating and complex
environment was seen through the upregulation of ammonium transporters
when ample ammonium is available to cells, but once this level drops peptide
and polyamine transporters are upregulated instead, showing an adaptability
to different nitrogen sources (Kim et al., 2017).

Another area of interest is the amino acid and peptide degraders. While
they only form a small proportion in the rumen microbiome, the production
of ammonia from the degradation process is detrimental to the environment
as excess ammonia is excreted from the host as urea also representing a
loss of nitrogen to the host, as this removal is a loss of nitrogen. The hyper
ammonia-producing bacteria are particularly important to these processes, and
continuing research aims to use their genomes and transcriptomes to better
understand their functions, with a view to identify the genotype associated with
this such that more microbes with this phenotype can be found (Friedersdorff
etal., 2019).
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Bacterial genomes are inherently dynamic, especially in species that are
part of a diverse microbiome where competition is rife. In this situation genes
are always being transferred, uptaken or undergoing mutations and selection
pressures of some kind. As a result of this, genetic diversity and fluidity within the
bacterial gene pool is to be expected (Andreani et al., 2017). This has become
particularly apparent as an ever-expanding mass of bacterial genomic data
has become available for analysis, and the development of new techniques
for these analyses have become necessary (Kislyuk et al., 2011). One such
advancement has been the investigation of ‘pangenomes’ (Tettelin et al., 2005)
in response to the realisation that any single genome is a poor representative
of the genetic variability in a species. In this approach, the set of genes that are
shared between individuals of a species is termed the ‘core genome’ whereas
the ‘accessory genome’ is formed of any other genes. Collectively, across a
population, they form the pangenome.

Using the genome sequences to define the pangenome of a species
facilitates our understanding of its biology and functional role in vivo. This makes
itinvaluable for understanding a species or population as a whole. For example,
understanding the repertoire of genes that a strain may have access to could
prove useful for predicting the transfer of antibiotic resistance genes (Subedi
etal., 2019). Rumen bacteria have been found to possess extensive isoforms for
certain metabolic enzymes, which would suggest a larger accessory genome,
allowing the degradation and metabolism of a wider variety of substrates
(Rubino etal., 2017).

Practical applications of this could potentially involve the improvement
of biofuel production efficiency, though a more detailed understanding of
the organisms that produce enzymes may be required, such as cellulases and
hemicellulases to break down plant structural carbohydrates. Additionally,
many organisms within the rumen work collaboratively, with various organisms
playing a role at different stages of a metabolic reaction. One example of
this within the rumen is biohydrogenation, that is, the conversion of poly-
unsaturated fatty acids to a more saturated form by microbial action (Mosley
et al., 2002). Butyrivibrio fibrisolvens is capable of biohydrogenating linoleic
acid (18:2) to cis9, trans-11 conjugated linoleic acid. This is then reduced to
stearic acid (18:0) by B. proteoclasticus (Ramos-Morales et al., 2013).

Generally, as new strains are added to the population, new genes continue
to be added to the gene pool. If the addition of each new strain adds a multitude
of genes to the pool, the pangenome can be called ‘open’. Conversely, if the
number of new genes added is limited, the pangenome is ‘closed’ (Tettelin et al.,
2008). As such, the Butyrivibrio genome is incredibly open, with some species
of the genus having less than 3% of all its genes being core. While much of the
core genome can be attributed to housekeeping genes (that is, those necessary
for the survival of the cell), the accessory genome tends to have genes involved
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in a wider variety of functions. For example, the core genome of B. fibrisolvens
is predominantly composed of genes involved with translation, ribosomal
structure and biogenesis (70%), while accessory genome function is much
more evenly distributed across a range of functions ranging from carbohydrate
metabolism to replication, recombination and repair (Pidcock et al., 2019).

Given that strains belonging to the same species are assumed to be
genomically similar, evidence of such extensive genomic variation within
a species calls into question the very nature of this taxonomic relationship
between these organisms, and further the entire species concept (Bentley,
2009). The term species therefore tends to carry connotations and functional
implications that members of that species should possess, but that may not be
entirely reliable (Papke, 2009). It is important to remember, however, that not
all strains of these species will have the same set of genes, and will therefore
not be capable of catalysing exactly the same reactions (Hussain et al., 2016).
This demonstrates that a more thorough understanding of the pangenome
may also be important for agricultural optimisation, such as ruminant feed
efficiency.

7 The genome as a blueprint of the proteome

The term proteome was coined in the 1990s to describe the protein complement
coded for by the genome (Wilkins et al., 1996). Proteomics is a complementary
technique to other ‘omics platforms providing a more comprehensive
understanding of functionality within living organisms. Genomics provides the
‘blueprint’ of possible gene products for proteomics (Tyers and Mann, 2003).
However, proteomics is far more challenging than genome sequencing due
to the nature of the effort required to identify and quantify all proteins of a
proteome. For example, there are possibly 100 000 protein forms encoded by
approximately 20 235 genes in the human genome (Zhang et al., 2013).

The advancement of DNA sequencing has provided a sequence
infrastructure for protein analysis and proteins can be identified by using mass
spectrometry data to search protein and nucleotide sequence databases
(Yates, 2000). Shotgun proteomics is the most commonly applied method
of proteomics and involves the proteolytic digestion of proteins into their
subsequent peptides that are then identified by mass spectrometry. Proteins
are then determined by searching sequence databases with peptide spectrum-
matching algorithms acquiring data from existing genome projects (Carvalho
etal., 2016). The term shotgun is applied due to its analogy to shotgun genome
sequencing (Yates, 1998; Zhang et al., 2013) where DNA is sheared into smaller
contigs and sequenced.

Recently, proteomics has been applied to enhance the understanding of
the rumen microbiome. This has been undertaken using a meta-proteomic
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approach, which given the complexity of the rumen system aims to determine
the protein complement of microbiota at a given point in time (Wilmes and
Bond, 2004). The metaproteomic complement of the rumen system, although
still a developing technique, has been addressed during recent years with
the identification of proteins using shotgun proteomics (Deusch and Seifert,
2015; Snelling and Wallace, 2017; Hart et al., 2018). By applying the meta-
proteomics technique in reference to published metagenomes, trends of
protein diversity of the rumen by their predicted species of origin was found
to align with taxonomic profiles from metagenomic and 16S rRNA profiles
(Hart et al.,, 2018). Proteomics is a considerably challenging technique,
however, the continued development of current methodologies will allow for
a more detailed annotation of functionality within the rumen microbiome. The
application of the combination of the various ‘omics platforms will improve
the understanding within the rumen ecosystem for future potential beneficial
rumen manipulation.

8 Genome sequencing and interactions
across the microbiome

The genomes of bacteria not only reveal their functions, abilities and roles
in the rumen microbiome, but can also highlight the interactions with other
microorganisms. Always under competitive pressure, microbes have developed
niche specialisation and defence mechanisms to protect their niche. Niche
specialisation in the rumen has been linked to the possession of an exclusive
repertoire of carbohydrate-active enzymes, with one study by Rubino et al.
(Rubino et al., 2017) that examined the genetic variants of proteins (‘isoforms’
as defined by (Schliter et al., 2009)) in their population. The study examined
how populations of the Clostridium and Prevotella genera, while sharing the
same biochemical capabilities, presented stark differences in isoform diversity
for specific classes of proteins related to the degradation and use of different
types of plant cell-wall carbohydrates. Moreover, such adaptations could be
part of the temporal dynamics of plant material colonisation in the rumen
(Huws et al., 2016), suggesting that in the rumen standing variation is one of the
driving forces for adaptation to the changing conditions in the rumen (Barrett
and Schluter, 2008).

The production and secretion of antimicrobial compounds as a defence
mechanism is of particular interest due to the potential they hold for application
as therapeutics (Williams, 2009). This is another result of the intra-microbial
competition that is present in the rumen, with antimicrobial compounds
forming one of the many secondary microbial metabolites that indicate a
history of function. Other inter-microbial interactions that the bacteria and
archaea in particular face are those with parasitic viruses. The rumen is well
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populated with a diverse community of viruses, some of which are predatory
on microbes and although they form a considerable portion of the rumen
microbiome, research effort into this community has seen less focus than other
ruminal microorganisms (Gilbert et al., 2020). Bacteriophages are viruses that
prey on bacteria, and these alone have been found at concentrations of 107-10%
per millilitre of rumen fluid (Klieve and Bauchop, 1988).

Bacteriophages are predatory viruses of bacteria (this term may sometimes
be applied to archaeal viruses as well), requiring a specific species or even strain
of bacteria to replicate itself through one of two ways. Once bound to the cell
surface, the phage inserts its genome, generally stored in the capsid, into the
host cell, where itundergoes one of the two cycles: lytic or lysogenic. Replication
occurs using bacterial machinery and the phage genome to produce more
virions, eventually producing cell-bursting lytic enzymes, causing cell death
and expulsion of virions to infect more cells, completing the lytic cycle. This
cycle is detrimental to the host bacterial cell, leading to evolution of various
defence mechanisms, most notably the CRISPR-Cas system. Alternatively the
phage genome is integrated into the bacterial cell genome, where it remains
as a prophage and is passed on to daughter cells until such a time when the
bacterial cell is disrupted in some way, and the prophage excises itself and
enters the lytic cycle. This prophage can be identified in part or even complete
when analysing bacterial genomes, which allows tracking of phage infection.

8.1 Viral sequences in the genome and prophage infections

Even before the availability of bacterial genomes, it was possible to determine
the presence of integrated phages through induction. Cultures of rumen
bacteria were treated with the mutagen mitomycin C to disrupt the bacterial
cells and induce any prophages present to undergo the lytic cycle and form
virions, which were then observed using microscopy (Klieve et al., 1989).
With the genome sequence to hand, culturing is not always necessary, as the
presence of prophages or proviruses can be determined by searching for
genes homologous to known viral proteins, indicating possible past infection
with a bacteriophage or archaeal virus, or in the case where a number of these
genes are found together as a complete prophage, be evidence of where the
phage has integrated within the host. Analysis of the genomes sequenced from
individual species of methanogens and acetogens have identified provirus
regions. For example, a 55 kb provirus was found in Eubacterium limosum SA11
(Kelly et al., 2016), one of length 49 kb in Methanobrevibacter millerae SM9 and
one of 37 kb in Methanobacterium formicicum BRM9.

Although the identification of these proviruses in these microbes indicates
the pervasiveness of virus and phage infection, for the vast majority we still do
not know whether they are functional. One of the few with functional evidence
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is the provirus ¢mru (Attwood et al., 2008a). While assembling the genome
of the methanogen Methanobrevibacter ruminantium M1, a region with high
GC content and coverage of around 40 kb in length was revealed to be a
complete and intact provirus. Open reading frames were predicted and found
to correspond to genes encoding important viral functions such as integration,
structural proteins and DNA replication, and this complete provirus was named
¢dmru (Attwood et al., 2008a). pmru also encodes a unique endoisopeptidase
PeiR, an enzyme that when added to a culture of M. ruminantium M1 (and
other organisms) lysed the host cells and reduced methane production.
This demonstrated the potential applications of recombinant viral enzymes
for biocontrol of methanogens (Leahy et al., 2010; Altermann et al., 2018)
and how searching for integrated prophages in the sequenced genomes of
microorganisms resident in the rumen may lead to the identification of novel
approaches for methane mitigation through population control.

8.2 Using CRISPR sequences to reveal phage:host interactions

Clustered regularly interspaced short palindromic repeats (CRISPR) along with
a Cas enzyme form the bacterial and archaeal defence mechanism against
incoming viral infections. By integrating short regions of foreign viral nucleic
acids into the host genome within a CRISPR array, this small RNA sequence
can be recruited along with an enzyme complex to target and bind to invading
foreign nucleic acids (Karginov and Hannon, 2010). The identification of
CRISPR arrays and phage spacers in available genome sequences indicates
recent interactions between host bacterial or archaeal populations and
bacteriophages or archaeal viruses, respectively. Such CRISPR arrays were
identified in the methanogens Methanobrevibacter ruminantium M1 (Attwood
etal., 2008a), M. millerae SM9 (Kelly et al., 2016), Methanobacterium formicium
BRM9 (Kelly et al., 2014) and acetogen Eubacterium limosum SA11 (Kelly et al.,
2016). These were only identified as properties of the genomes and no further
investigation of their implications for viral infections was carried out.

In the genomes from the Hungate collection, 241 have been identified as
containing CRISPRregions. However only 2.7% of all the spacers identified had a
match in the viral databases (Seshadri et al., 2018) revealing novel relationships
between 31 of the Hungate microorganisms and 83 viruses. Only 26% of the
spacers were similar to other sequences isolated from the rumen, compared
to ~61% that were similar in human intestinal samples, highlighting the bias of
the source of viral sequences currently deposited in public databases. To date
only five lytic phages isolated from the rumen have been sequenced (Gilbert
etal., 2017) and thus the future genome sequencing of bacteriophage and viral
populations will be important to increase the understanding of inter-microbial
interactions of viruses and host microbes resident in the rumen.
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8.3 Competition resources in a microbiome

The existence of natural antimicrobials is predicated on the fact that to survive,
or maintain an ecological niche, nearly all forms of life develop systems of
antimicrobial defence against competing species or infectious agents, for
example, bacterial, fungal, parasiticorviral. These antimicrobials either constitute
a form of competitive advantage for smaller organisms in a microbiome or act
directly as part of the innate immune response against invasive pathogens in
the case of larger multi-celled creatures (Aminov, 2010). A critical component of
both these types of protective system is a group of secondary metabolites known
as antimicrobial peptides (AMPs), also often referred to as innate immunity
peptides or host defence peptides. AMPs are arguably the most widespread
system of natural antimicrobial defence, present in virtually every class of life,
from unicellular to multicellular organisms including bacteria, archaea, fungi,
plants, insects, amphibians, fish, reptiles and mammals (Thomas, 2019).

Bacteriocins are bacterial AMPs ribosomally encoded in bacterial
genomes and primarily biocidal against closely related strains. Unsurprisingly,
examples of class | (lantibiotic) bacteriocin encoding gene clusters have been
found in ruminal bacteria, such as the broad spectrum antibiotic Butyrivibriocin
OR79A (Kalmokoff et al., 1999) and Bovicin HC5, from Streptococcus bovis
HC5 (Mantovani et al., 2002). Lantibiotics often undergo significant post-
translational modification while class Il bacteriocins form a larger group with
higher diversity with respect to structure and antimicrobial activity (Ditu et al.,
2014) and do not require extensive post-translational modification (Yang et al.,
2014). Class Il bacteriocins have also been detected in ruminal bacteria, for
example, Streptococcus spp. (Bovicin 255) (Whitford et al., 2001) and Albusin B
from Ruminococcus albus 7 inhibits growth of R. flavefaciens FD-1 (Chen et al.,
2004).

Because of the growing number of microbial genome sequences from
cultivated ruminal bacteria, in silico strategies to identify and characterise
gene clusters encoding bacteriocins and defensive metabolites have rapidly
evolved for the rumen microbes in both the Hungate 1000 collection and
through environmental genomic data set mining (Oyama et al., 2017a). While
the Hungate project enhanced the data available for analysis, the ruminal
prokaryotome remains a potentially valuable under-explored resource of
antimicrobials (Oyama et al., 2017b). A 2015 study employed bioinformatic
analysis of the then available Hungate collection, examining 224 ruminal
bacteria and 5 ruminal archaea and identified 46 bacteriocin gene clusters
across multiple classes among 33 of the tested strains (Azevedo et al., 2015).

The level of bacterial and archaeal warfare in the rumen should be measured
alongside the presence of antibiotic producing eukaryotic organisms (such as
anaerobic fungi and ciliates) and plant material undergoing digestion (Oyama
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etal., 2017b), as the degrading plant material itself is a critical component of the
interplay between various microbial species fighting for shared resources and
against one another. There are also ruminant host defence and other bovine or
ovine secondary metabolites present within the environment (Agarwal et al.,
2015) which contribute to a complex biological warfare ecosystem. There is
considerable interest in using compounds identified in the rumen as probiotics
or treatment regimes by manipulating the rumen microbiome of agricultural
animals directly through the use of AMPs as food additives (Wang et al., 2016;
Liu etal., 2017).

8.4 The effect of antimicrobials in the rumen

Antibiotic resistance genes are present in complex microbial communities
where the production of antibiotics confers an evolutionary advantage in terms
of survival (Huttner et al., 2013; Blair et al., 2015; Brown and Wright, 2016).
The presence of such compounds can in turn put evolutionary pressure on
competing organisms to evolve resistance to these antibiotics in order to ensure
their own survival (Manges et al., 2001; Aminov and Mackie, 2007; Denning
et al., 2017). The development of resistance can be further exacerbated by
anthropogenic intervention, such as the overuse of antibiotics or their use in
agriculture (Shea, 2003; Fischbach and Walsh, 2009; Moran, 2017). Analysis
of resistance in varied environments can facilitate the prediction of future
mechanisms of antibiotic and antimicrobial resistance that arise through
transfer to clinically important microorganisms (Huttner et al., 2013; O'Neill,
2016; Martens and Demain, 2017).

Due to the close contact that occurs between humans and ruminants
both on farms and in abattoirs, the rumen resistome is regarded as an
important source of clinically relevant antibiotic resistance genes (ARGs) with
opportunities to transfer to human pathogens. The presence and abundance
of specific ARGs within the bovine digestive tract are known to change during
treatment with antibiotics (Kanwar et al., 2014), and ARGs have previously been
identified within the rumen as well as in ruminant faeces (Flint and Stewart,
1987). As the microbial ecosystem in the rumen is so diverse (Choudhury et al.,
2015; Henderson et al., 2015) the likelihood of novel antimicrobial compounds
being produced is high, as is the resulting development of resistance to these
compounds. Indeed, deep sequence analysis has revealed the ovine rumen
as a reservoir of ARGs (Hitch et al., 2018) which can be treated as a tangible
environmental pollutant. This was subsequently supported by a large-scale
study of antimicrobial resistance genes in 435 rumen microbial genomes,
identifying high abundance of genes encoding tetracycline resistance and
evidence that the tet(W) gene is under positive selective pressure (Sabino et al.,
2019).
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9 Conclusion

Insights into genomes and metagenomes of rumen organisms have been made
possible by a wealth of tools developed by the scientific community. Table 2 lists
some of the tools used to date to analyse rumen-associated data sets, particularly
those that pertain to microbial genomes. In general the main steps in analysing
this type of data can be summarised into data quality assessment; genome/
metagenome assembly; assembly validation and statistics; genome binning
(for metagenomic data); gene calling or open reading frame (ORF) prediction;
functional and genome annotation; genome comparisons, taxonomy and
phylogenetics; differential analysis and viral interactions (CRISPR and Prophages).

While Table 2 provides an overview of tools utilised previously that should
be implementable on similar rumen-associated datasets, with the evolving
bioinformatics environment, newer (and possibly better) tools are likely to
become available over time. Furthermore, there are often multiple tools for
the same analysis or process, each with its own advantages, disadvantages or
specific use cases. We advise the reader to examine carefully the pros and cons
of each tool before embarking on a large-scale bioinformatic analysis and to
make use of the many online (and offline) courses available for the analysis of
this type of data (such as the EMBL-EBI metagenomics training portal: https://
www.ebi.ac.uk/training/online/topic/metagenomics).

Often such tools are linked together so that several (or all) of the steps
outlined above are carried out automatically into a ‘pipeline’ or ‘workflow'.
Researchers with limited previous bioinformatics experience often prefer
pipelines and/or graphical interfaces for these instead of command-line
software tools. Galaxy (Afgan et al., 2018) is an excellent example of a platform
that provides both a graphical interface and allows for the construction of
automated workflows. Many institutions now implement local copies of Galaxy
forthe use of their researchers, but open online copies also exist free for anyone
to use (such as https://usegalaxy.org/).

The disadvantage of using pipelines is that the user may end up treating
the analysis as a ‘black box’, where data goes in and answers come out. This can
leave researchers sometimes with little control or understanding of the analysis
performed. Furthermore, regular updates of popular tools, or creation of novel
tools that supersede older ones can result in a pipeline quickly becoming out
of date. Some examples of those pipelines used for the analysis of rumen-
associated data are included in Table 2.

10 Future trends

As sequencing becomes cheaper and more widely available, genomics as a
whole should see an increase not only in the amount of data, but also in the quality
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and resolution, possibly at an even greater rate than seen over the last few years.
Predictions about the future of genomics have a tendency to revolve around
human genetics and therapeutics (Cheifet, 2019); however, there is something
to be added about the implications of genome sequencing in environmental and
microbiome samples. For instance, we may see a focus away from sequencing
isolates to relying more on genomes from metagenomic sequencing. However
as outlined earlier, this currently comes at the cost of not being able to directly
compare to historical meta-taxonomic studies and will always lack the confirmatory
evidence that can only come from having isolates in culture. Approaches for
predicting culture conditions from the gene content of MAGs (Song et al., 2008)
may eventually fill this gap, but for the moment the most promise comes from
approachesthatexperimentwith culture conditions toisolate the ‘unculturable’(i.e.
culturomics) or use single-cell sorting to isolate individual cells of microorganisms
for sequencing (Huws et al., 2018). The technologies behind this latter approach
have been maturing rapidly and will likely be the source of the next wave of
genomic information from the rumen microbiome.

With an ever-increasing global population, ruminant agriculture will play
an important role in sustaining adequate nutrient-rich food supplies and
livelihoods. However, the implications of an increasing ruminant population on
the environment and global warming cannot be ignored. What influences and
effects farming practices have on ruminant host health and feed efficiency, and
the subsequent emissions of enteric methane and other waste products, is
something that needs to be better understood, and to do so requires a sound
understanding of the rumen microbiome (Huws et al., 2018). The generation of
the genome datasets outlined previously go a long way towards providing the
information needed to answer these questions. However, in order to be able to
put this information into the hands of the researchers addressing these questions,
comprehensive rumen microbial genome databases that can be searched and
queried need to be constructed. In an ideal world, such databases would contain
complete and detailed metabolic pathways linked to functional annotations,
making it possible to answer questions such as ‘which species contribute to
this function’, ‘how do these pathways contribute to the overall function of the
rumen? or ‘what is the ideal rumen microbial community that is enhanced for this
function?’. These types of questions are currently very difficult to answer without
specialist computational skills (Friedersdorff et al., 2019) and so there is a case to
be made that the development of such resources, made publicly available without
cost, should be a priority for future rumen microbial genome research globally.

11 Where to look for further information

The Joint Genome Institute (JGI) Integrated Microbial Genomes and
Microbiomes (IMG/M) resource (https://img.jgi.doe.gov/) provides annotation,
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analysis and distribution of microbial genomes and microbiome datasets
sequenced at the JGI and hosts all the novel genomes sequenced as part of
the Hungate collection of rumen microbiome genomes.

Centres of expertise include:

The Rumen Microbial Genomics (RMG) network (http://www.rmgnetwork
.org/).

The livestock research group of the Global Research Alliance (GRA) on
agricultural greenhouse gases (https://globalresearchalliance.org/rese
arch/livestock/).
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1 Introduction

Farming of ruminant animals for milk, meat and fiber products is an important
agricultural activity, contributing significantly to the economies of many
countries around the world. Ruminant productivity is driven by a wide range of
plant-based feed materials, which are broken down in the ruminant forestomach
(reticulo-rumen) and fermented to volatile fatty acids (VFAs), carbon dioxide
(CO,) and methane (CH,). CH, is produced by a group of microorganisms
called methanogenic Archaea, using a limited range of substrates via relatively
simple metabolisms. CH, is mainly produced in the rumen and released into the
atmosphere via eructation, with only ~10% of CH, emissions being produced
from fermentation in the hindgut (Murray et al., 1978). The emission of CH, from
farmed animals is a significant contributor to anthropogenic greenhouse gases
(GHGs), making up around 14% of the world's total GHG emissions. Ruminant
CH, emissions have been linked to global warming and climate change and
there is increased interest in finding ways to reduce such emissions to reduce
energy loss from the animal and to decrease the environmental impacts of
farming ruminants. In this chapter, the types of Archaea found in the rumen

http://dx.doi.org/10.19103/AS.2020.0067.07
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will be reviewed through a summary of the rumen cultivation studies and
molecular surveys of rumen archaeal community composition. The chapter
will also assess methanogen function via assessment of genes encoded in the
genomic information retrieved from pure cultures of methanogens, as well
as from re-assemblies of genomes derived from metagenome data sets from
mixed enrichment cultures and directly from rumen samples.

2 Archaea in the rumen

Methanogens belong primarily to the phylum Euryarchaeota, within the domain
Archaea, an ancient lineage of microorganisms that have the appearance of
bacteria, butwhich are phylogenetically distinct. The Euryarchaeota are currently
divided into 4 classes (Methanobacteria, Methanococci, Methanomicrobia
and Methanopyri) and 7 orders (Methanobacteriales, Methanococcales,
Methanomicrobiales, Methanocellales, Methanosarcinales, Methanopyrales
and Methanomassiliicoccales). Recently, the discovery of putative CH,
metabolism pathways in the Bathyarchaeota (Evans et al., 2015), the newly
described Candidatus 'Methanofastidiosa' (Nobu et al., 2016) and the phylum
Verstraetearchaeota (Vanwonterghem et al., 2016), indicate that the ability
to produce CH, is distributed beyond the Euryarchaeota (Evans et al., 2019).
However, a global survey of ruminants, discussed in detail later, indicates that
ruminal CH, formation is restricted to methanogens belonging to the phylum
Euryarchaeota (Henderson et al., 2015).

Methanogenic Archaea are usually found in carbon-rich, anaerobic
environments where nitrate, sulfate and oxidised iron concentrations are low. In
these environments, methanogens act as terminal reducers of carbon, using a
small range of simple compounds as energy sources for growth. Methanogens
cannot compete in environments where nitrate, sulfate, oxygen, or oxidised iron
are present, as microbes that use these terminal electron acceptors have greater
free-energy changes available from their metabolisms, thus allowing greater
rates of ATP production and biomass formation compared to methanogenesis.

Ruminants are fed on a wide range of plant-based materials, including
grasses and legumes (either fed fresh via grazing, or conserved by ensiling or
drying), grains, (corn, barley, oats, wheat), fodder crops (brassicas, tree lucerne,
willow, lucaena), waste products from horticultural activities (palm kernel
expeller, grape marc, bagasse, rice straw) or combinations of the above. These
plant-based diets are carbon-rich, while sulfate, iron and nitrate concentrations
(Kennedy and Milligan, 1978; Hungate, 1966; Jamieson, 1959) are usually
low. Therefore, in the rumen the metabolism of one-carbon compounds to
CH, dominates the terminal reduction process. Once feed materials enter the
rumen, they become colonised, principally by rumen bacteria, which secrete
enzymes that attack and breakdown the various plant components. Structural
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polysaccharides (cellulose, hemicelluloses, pectin) are depolymerised to
oligosaccharides and simple sugars, which are then converted via several
different fermentation schemes to volatile fatty acids (VFAs, mainly acetate,
propionate and butyrate, and smaller amounts of formate, valerate, succinate,
lactate and branched chain VFAs) CO, and hydrogen (H,). Non-structural
polysaccharides (starch, fructans) and soluble sugars are also rapidly fermented
to VFAs. Methylated compounds, such as methylamines, methylsulfides and
methanol, may also be released from degradation of plant lipids, sulfur amino
acids or pectins, respectively, in the rumen (Patterson and Hespell, 1979; Pol
and Demeyer, 1988). Unlike other carbon-rich anaerobic environments, the
VFAs produced are not further oxidised via syntrophic microbial reactions in
the rumen, as organisms that degrade VFAs to smaller compounds and H, are
slow growing, and the turnover rate of material through the rumen is too high
to allow their establishment (Janssen, 2010). Instead, the VFAs are absorbed
through the rumen epithelium and are metabolised by the ruminant for energy
and growth.

A small range of these fermentation end products can serve as energy
sources for methanogen growth, including H,, formate, acetate, short-chain
alcohols, methylamines and methylsulfides (Zinder, 1993). The carbon serving
as the terminal electron acceptor in the formation of CH, may come from CO,,
formate, methanol, methyl-compounds, or the carbonyl group of acetate.
Because these substrates are fermentation end products of other organisms
that degrade more complex organic compounds, methanogens often form
stable associations with these organisms to facilitate substrate transfers. There
are four modes of CH, formation recognised in methanogens (Thauer et al.,
2008): (i) the hydrogenotrophic (H,-consuming) pathway where H, is used to
reduce CO, to CH, in 7 enzymatic steps, (ii) the H,-dependent methylotrophic
(methyl-compound-consuming) where H, is used to reduce methyl-compounds
to CH,, (iii) the H_-independent methylotrophic pathway in which methyl-
compounds can be disproportionated to CH, and CO, and (iv) the acetoclastic
(acetate-cleaving) pathway where acetate is metabolised to produce CH,
and CO, (Fig. 1). Each of these pathways differ in the amounts of free energy
available (Table 1). Quantitative analyses indicate that H, is the principal energy
source for methanogenesis (Hungate et al., 1970; Hungate, 1975), although
formate may contribute up to 18% of the CH, formed in the rumen (Hungate
et al., 1970). Methylamines and methanol can also be used by methylotrophic
methanogens from the order Methanosarcinales,by Methanosphaera spp. from
the order Methanobacteriales (Liu and Whitman, 2008) and also by members
of the newly described 7th order of methanogens, the Methanomassiliicoccales.
The contribution that methyl-compounds make to ruminal methanogenesis has
not been measured directly, but it has been observed that methanol infused
into the rumen of sheep was rapidly and completely converted to CH, (Pol
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Figure 1 Methanogenesis pathways in methanogens. MF, methanofuran; Formyl-MF
(formylmethanofuran), H,MPT, tetrahydromethanopterin; F420, 8-hydroxy-f-deazaflavin;
CoM, coenzyme M (2-sulfanylethanesulfonate), CoB, coenzyme B (7-mercaptoheptanoyl-
threoninephosphate) (Thauer, 1998).

Table 1 Free energies of reaction associated with ruminal methanogenesis and competing H,

utilization pathways*

Methanogenic pathway Reaction AGY (kJ/mol)*
Hydrogenotrophic 4H,+CO, - CH, +2H,0 -135
Methylotrophic

Methanol H,-independent 4CH,OH - 3CH, +CO, +2H,0 -105
Methanol H,-dependent CH,OH+H, - CH, +H,0O =113
Methylamine 4CH,-NH,+ 2H,0 — 3CH, + CO,+ 4NH, =75
Dimethylamine 2(CH,),-NH + 2H,0 — 3CH, + CO,+ 2NH, -73
Trimethylamine 4(CH,),-N + 6H,0 — 9CH, + 3CO,+ 4NH, -74
Dimethylsulfide 2(CH,),S + 2H,0 — 3CH, + CO,+ 2H,S -49
Acetoclastic CH,COO" +H* - CH, +CO, -33

*Adapted from Liu and Whitman (2008).

and Demeyer, 1988), indicating that the availability of methyl-compounds may
limit methylotrophy in the rumen. Estimates of the abundance of methanogens
capable of reducing the methyl groups derived from methanol or methylamines
indicate that ~22% of rumen methanogens detected in a global census are
likely to be methylotrophs (Henderson et al., 2015). While acetate is present
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in high concentration in the rumen (~ 60 mM), CH, formation from acetate is
thought to be negligible, as acetoclastic methanogens have doubling times
of 1-2 days and are not able to grow quickly enough to overcome being
washed out of the rumen where the liquid retention time is usually less than 1
day. In the global rumen census mentioned above, methanogens capable of
forming CH, from acetate (Methanosarcina spp. and Methanosaeta spp.) were
extremely rare, representing less than 0.015% of all Archaea (Henderson et al.,
2015). Nevertheless, acetate-utilizing methanogens, such as Methanosarcina,
have been isolated from the rumen but usually when alternative substrates
such as methanol or methylamines are present (Patterson and Hespell,
1979). Methanosarcina spp. are known to grow more quickly on methanol
or methylamines than on H, (Hutten et al., 1980; Sowers et al., 1984) and
presumably sustain their populations in the rumen by growing more quickly
when these substrates are available. Methanosarcina also appear in significant
numbers when the rate of rumen turnover has been slowed dramatically (Rowe
etal., 1979), probably allowing them to grow primarily by using acetate.
Although H, is the main energy source for methanogenesis in the rumen,
other hydrogenotrophic microorganisms can compete for H, under certain
ruminal conditions (Table 2). Homoacetogens, which use H, to reduce CO, to
acetate via an acetogenesis pathway, have been isolated from rumen contents
(Genthner et al., 1981; Rieu-Lesme et al., 1996; Greening and Leedle, 1989)
and have been detected at low levels in molecular surveys (Morvan et al., 1994,
1996; Henderson et al., 2010). However, homoacetogens have H, thresholds
of ~350-700 nM, whereas hydrogenotrophic methanogens are much lower,
between 20 and 75 nM (Breznak and Kane, 1990; Mackie and Bryant, 1994;
Cord-Ruwisch et al., 1988; Kim, 2012). The dissolved H, concentration in the
rumen fluctuates widely depending on diet, time of feeding and rumen turnover
rates, but is usually between 400 and 3400nM (Janssen, 2010). Typically,
these H, concentrations are above the threshold required for methanogens

Table 2 Gibbs free energies and thresholds of H,-consuming reactions competing with
methanogenesis in the rumen

AG (kJ/ H, threshold

Reaction Reaction mol H,)* (ppm)**

Acetogenesis 4H, +2HCO,” + H* — -2.2 520-700
CH,COO" +4H,0

Hydrogenotrophic 4H, +CO, —» CH, +2H,0 -16.9 28-100

methanogenesis

Sulfate reduction 4H, + SO, + H* - HS™ + 4H,0 -21.1 9

Fumarate reduction H, + fumarate — succinate -84 0.02

Nitrate reduction 4H, + NO,” + 2H* - NH,* +3H,0 -125.5 0.02

Data from *Ungerfeld and Kohn (2006), **Cord-Ruwisch et al. (1988).
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but often below those for acetogens. Also, the free energy available from
hydrogenotrophic methanogenesis (-135 kJ/mol) is greater than that from
reductive acetogenesis (-71.6 kJ/mol), ensuring that methanogens dominate
the H_-utilising niche in the rumen (Cord-Ruwisch et al., 1988; Ungerfeld and
Kohn, 2006; Janssen, 2010). Sulfate reducers, (e.g. Desulfovibrio desulfuricans;
Huisingh et al., 1974; Howard and Hungate, 1976) and nitrate reducers (e.g.
Selenomonas ruminantium, Wolinella succinogenes; Henderson, 1980; Martin
and Park, 1996; Wolin etal., 1961; Tanneretal., 1981; Unden et al., 1980; Jones,
1972; lwamoto et al., 2002; Bokranz et al., 1983) are also potential competitors
for H,. However, as indicated above, the concentrations of sulfate and nitrate
are usually too low for these processes to be significant in the rumen. Fumarate
reduction to succinate by organisms such as W. succinogenes is possible in the
rumen (Wolin et al., 1961), but fumarate is mainly an intracellular intermediate
and is typically not found at concentrations sufficient to account for significant
H, use. Similarly, the reduction of nitro-compounds sometimes encountered in
forage material (e.g. 3-nitropropanol, 3-nitropropionate) by organisms such as
Denitrobacterium detoxificans is only likely to play a minor role (Anderson et al.,
1993, 1996, 2000).

3 Cultivation of methanogenic Archaea from the rumen

Methanogens are strict anaerobes with very specific growth requirements
(McAllister et al., 1996), and early attempts to cultivate methanogens from any
source were hampered by difficulties attaining and maintaining anaerobiosis at
sufficiently low redox potential (-340 mV) to allow methanogens to grow in vitro.
It was not until 1940, when an anaerobic agar shake method was developed,
that colonies of methanogens could be obtained in culture (Barker, 1940).
Robert Hungate perfected the preparation of pre-reduced media (Bryant,
1972; Hungate, 1950, 1969) and developed methods for the exclusion of
oxygen in the preparation and sterilization of anoxic media as well as methods
for the aseptic inoculation and transfer of anaerobic microbes in media where
an oxidation/reduction potential below -330 mV was maintained. This involved
using a carbon dioxide-bicarbonate-carbonate buffer to maintain a pH near
neutrality, the use of cysteine and sodium sulfide as reducing agents and
employing resazurin as an oxidation/reduction indicator. To aseptically remove
a stopper from a culture tube in which a methanogen had generated a negative
pressure required exceptional skill for the operator to prevent contamination
or the entrance of oxygen into the tube. The demands for perfection in use
of these techniques were so high that only a few methanogens had been
isolated in pure culture prior to 1974. The development of procedures where
methanogens could be cultured in a pressurized atmosphere was a major
advance in the isolation and culture of these organisms whereby the chances
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for contamination or loss of reducing potential were essentially eliminated
(Balch and Wolfe, 1976; Balch et al., 1979). Culture purity was also an issue;
one of the first methanogen cultures obtained from a sediment sample,
Methanobacillus omelianskii, (Barker, 1936a,b) and studied in detail by several
workers (Barker, 1940, 1941; Barker et al., 1940; Johns and Barker, 1960;
Wolin et al., 1963, 1964a,b; Wood et al., 1965; Knight et al., 1966), was later
found to be a mixed culture. This mixed culture was eventually purified and
provided cultures of a methanogen (described as Methanobacterium M.o.H
and renamed Methanobacterium bryantii, (Bryant et al., 1967) and a fatty acid-
oxidising synthroph, Syntrophomonas wolfei (Mclnerney et al., 1979, 1981a).
Although the cause of some frustration, the tendency of methanogen cultures
to contain other organisms is a common theme encountered throughout the
history of methanogen cultivation and reflects their need to grow in close
association with organisms supplying them with substrates and/or growth
factors.

Knowledge of ruminal Archaea was derived initially from cultivation of
methanogens from a variety of ruminant species (Table 3). Beijer (1952) first
described the isolation of a Methanosarcina and a Methanobacterium from
rumen fluid of a goat. Oppermann et al. (1957) described the enrichment
of bovine rumen fluid samples on formate producing a mixed culture that
contained a methanogen identified as Methanobacterium formicicum while
enrichment on acetate produced a short plump rod which was thought to
be a morphological variant of Methanobacterium sohngenii. Subsequently,
another culture with characteristics similar to this Mb. sohngenii was isolated
and described as Methanothrix soehngenii (Huser et al., 1982). Nelson et al.
(1958) also described stable enrichment cultures which produced CH, from
butyric and valeric acids from bovine rumen fluid. However, the first rumen
methanogen isolated, purified and described in detail was Methanobacterium
ruminantium (Smith and Hungate, 1958). The genus designation later changed
to Methanobrevibacter (Balch et al., 1979) and the current species type strain
Methanobrevibacter ruminantium M1T(DSM 1093) was re-isolated from bovine
rumen contents by Bryant (Bryant, 1965) because the original strain failed
to survive in storage. The survival of purified methanogen cultures and their
long-term maintenance in culture collections is an on-going problem in rumen
microbiology laboratories around the world.

Since these early cultivation experiments, a number of methanogens have
beenisolated and, in some circumstances characterised, from rumen contents of
cattle and sheep in various locations around the world, often reflecting the local
importance of particular ruminant species (Table 3). For example, in the United
States where dairying and raising beef cattle dominated ruminant farming
operations, there was a particular interest in characterising CH, formation in
bovines. Paynter and Hungate (1968) isolated a methanogen culture from the
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bovine rumen and called it Methanobacterium mobilis, as it had a single polar
flagellum allowing the cells to be motile. This organism was later reclassified as
Methanomicrobium mobile (Balch et al., 1979). Patterson and Hespell (1979)
enumerated Methanosarcina from rumen contents at between 10° and 10°
ml~" and demonstrated that Methanosarcina barkeri MS, originally isolated
from sediments, could use trimethylamine and methylamine (breakdown
products of choline metabolism) for growth, but the rumen-derived Mbb.
ruminantium M1 could not. They concluded that Methanosarcina were likely
the main organisms using methylamines in the rumen. Mclnerney et al. (1981b)
retrieved an anaerobic butyrate-degrading bacterium, morphologically similar
to Syntrophomonas wolfei, from an enrichment of bovine rumen fluid in a
mixed culture with Desulfovibrio strain G11 and a Methanosarcina species. This
explained the apparent use of butyrate for CH, formation (Nelson et al., 1958),
but the enrichment of a Methanosarcina sp. as the main H,-using organism was
considered unusual as Methanospirillum hungatei had been more typically
found in association with S. wolfei, and Methanobrevibacter were usually more
abundant in rumen fluid. Lovely et al. (1984) isolated Mbb. ruminantium-like
strains, 10-16B and RMB-1, which were able to synthesize their own coenzyme
M (CoM), while strains RMB-2, RMB-3 and RMB-4 required CoM addition for
growth. The CoM-requiring strains had slower maximal growth rates and more
complex nutritional requirements than the strains that could synthesize their
own CoM and were therefore thought to occupy different niches in the rumen. A
further six methanogen strains (23, Z4, 26, 78, ZA-4, ZA-10) were retrieved from
high dilutions of bovine rumen contents with morphologies and physiologies
characteristic of Methanobrevibacter spp. (Miller et al., 1986). Four of the strains
required CoM, two did not, and growth of all strains either depended on, or
were stimulated by, a mixture of iso-butyric, iso-valeric, 2-methylbutyric and
valeric acids, indicating a level of dependence on other rumen organisms for
provision of essential growth factors. However, none of the strains reacted with
antisera raised against Mbb. ruminantium M1, suggesting they represented a
wider diversity of immunologically distinct Methanobrevibacter strains.
Around the same time in New Zealand (NZ), work had begun on
characterisation of methanogens found associated with a group of rumen
microorganisms newly described by Colin Orpin, the anaerobic rumen
fungi (Orpin, 1975). Bauchop and Mountfort (1981) isolated colonies of a
Methanobrevibacter-like methanogen (designated RA-1) as a co-culture partner
with an anaerobic fungus, Neocallimastix frontalis PN-1. When grown with RA-1,
the fungus showed a greater extent and rate of cellulose degradation, due to
removal of H, and formate by the methanogen. In later cultivation studies,
the estimates of methanogen populations ranged from 107 to 10%/g of rumen
contents in ruminants fed concentrate diets, while in pasture-fed ruminants
the estimates of methanogens ranged from 107 to 10'%g of rumen contents
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(Joblin, 2005). Sheep maintained on a fresh forage diet were the source of a
strain of Mbb. smithii SM9 (Joblin, 1999), and a Methanobrevibacter sp. strain,
designated AbM4, was obtained from a sheep abomasum as part of a study into
effects of the nematode Ostertagia circumcincta on the abomasal environment
(Simcock et al., 1999). As part of renewed investigations into methanogenesis
in NZ ruminants, Jarvis et al. (2000) isolated three methanogen strains from
cattle grazing a ryegrass-white clover pasture in NZ and assigned them to the
methanogenic species Mb. formicicum (BRM9), Mm. mobile (BRM16) and Ms.
barkeri (CM1), while Skillman et al. (2004) isolated a strain of Mbb. olleyae,
YLM1, from the rumen of a lamb. A later series of experiments targeting the
isolation of previously uncultured rumen methanogens from sheep (Jeyanathan,
2010) succeeded in isolating a rumen Methanosphaera sp. ISO3-F5, and four
mixed cultures each containing a single methanogen type. One mixed culture,
designated 1SO4-G16, contained a methanogen which was closely related to
Mbb. thaueri, while the remaining three cultures (ISO4-G1, ISO4-G11, 1ISO4-H5)
had methanogens which were closely affiliated with the new methanogen
order, Methanomassiliicoccales. The Methanomassiliicoccales strain within the
ISO4-H5 culture was subsequently purified (Li, 2016) from its sole co-culture
partner, a Succinivibrio dextrinisolvens strain, designated H5.

Isolations of methanogens from ruminant livestock in Australia have
produced three formate-utilizing methanogens from bovine and ovine sources
which were assigned to Mbb. olleyae (strain KM1H5-1PT from a sheep, OCP and
AK-87 from cattle), and characterised the strain ZA-10" previously isolated from
a cow by Miller et al. (1986) as a new species, Mbb. millerae, (Rea et al., 2007).
Methanobrevibacter isolates of bovine origin, designated YE301 (GQ%06575,
98% similar to Mbb. smithii ATCC 35061) and YE304 (GQ906576, 98% similar to
Mbb. smithii)and a bovine isolate of Mb. bryantii,designated YE299 (GQ%06568,
99% similar to Mb. bryantii DSM 863) were also isolated in Brisbane and used for
screening organisms for inhibitory activity against methanogens (Gilbert et al.,
2010). A Methanobrevibacter sp. YE315 strain was also isolated from pooled
rumen fluid obtained from four Bos indicus cross finisher cattle fed low-quality
pangola (Digitaria eriantha) hay for 28 days (Dianne Ouwerkerk, unpublished
results; GOLD project ID Gp0118019). A strain of the Thermoplasmatales-
associated lineage C (TALC) group BRNAT was retrieved as part of a
multispecies enrichment culture from rumen contents of a bovine in Australia
(Genbank CP002916.1,2011; Denman et al., unpublished results) and a similar
organism was isolated from the faeces of a chicken (Padmanabha et al., 2013).
Although not ruminants, kangaroos have a fermentative-type forestomach and
have been the source of methanogen cultures. The forestomach contents of a
Western Grey kangaroo yielded a Methanosphaera isolate (Methanosphaera
sp. WGK6) which had the unusual capability of using ethanol as the source of
reducing equivalents to reduce CO, to CH, (Hoedt et al., 2016, 2018). Another

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



The Rumen Archaea 147

strain of Methanosphaera (Methanosphaera sp. BMS) was also isolated from
a Brahman steer in Gatton, Queensland (Hoedt, 2017; unpublished genome
sequence; JGI IMG Genome ID 2651869595).

A variety of methanogen isolates have also been reported from rumen
ecology studies in other countries, including a Mbb. ruminantium strain (MF2),
isolated from the rumen of a sheep in the INRA laboratory at Clermont Ferrand-
Theix, France (Chaucheyras et al., 1995), a Methanobrevibacter sp. (strain MB-9;
97% similarity with Mbb. ruminantium M1) from a methanogen enrichment of
a rumen ciliate preparation from a sheep in Japan (Tokura et al., 1999), and
a Mbb. smithii strain (GMS-01) from the rumen of a goat in India (Gupta and
Chaudhary, 2010). More recently, several new strains of methanogens closely
related to Mbb. olleyae, Mb. subterraneum, Methanocorpusculum aggregans
and Mb. formicicum have been isolated from water buffalo, goats and sheep
(Joshi et al., 2018). Similar to the earlier work described with NZ sheep, Mbb.
ruminantium-like strains (Yak-G18, Yaktz 1-7) have been retrieved as part of
a co-culture with the anaerobic fungi Piromyces and Neocallimastix frontalis
sourced from the rumen fluid of Tibetan yaks (Wei et al., 2016, 2017). A variety
of herbivore species in China have also been the source of methanogens
found in natural association with various rumen fungi (Jin et al., 2011). A further
study of fungal enrichment cultures from rumen samples of Haimen goats (Jin
et al., 2014) found that a novel species belonging to Rumen Cluster C (RCC)
grew in subcultures of the anaerobic fungus Piromyces sp. In South Korea, a
methanogen very closely related to Methanobrevibacter sp. AbM4 was isolated
from the rumen of Korean native cattle (HanWoo; Bos taurus coreanae) and
was described as a new Methanobrevibacter species, Mbb. boviskoreani JH1
(Lee et al., 2013a). Holstein steers in South Korea were the source of a rarely
cultivated rumen methanogen, Methanoculleus bourgensis strain KOR-2
(Battumur et al., 2019).

Complimenting the description of the TALC BRNA1 strain and the ISO4-G1,
ISO4-G11, ISO4-H5 Methanomassilicoccales enrichment cultures described
above, methanogenic organisms affiliated with Methanomassiliicoccales
clades were enriched using trimethylamine-containing medium from bovine
rumen fluid collected from Brown Swiss cattle in Austria (Sollinger et al., 2016).
The analysis of 16S rRNA gene sequences indicated that the enrichments
contained one organism 96% identical to that of Mms. luminyensis and Ca.
M. intestinalis, and another organism which was 95% identical to Ca. Mms.
termitum and 91% to Ca. Mms. alvus. Another enrichment culture from bovine
rumen contents which produced CH, from trimethylamine and methanol
contained a "Candidatus Methanomethylophilus” sp. 1R26, another member of
the Methanomassiliicoccales order (Noel et al., 2016).

Although Mbb. gottschalkii HOT (horse faeces), Mbb. thaueri CW' (cow
faeces), Mbb. woesei GS' (goose faeces) and Mbb. wolinii SHT (sheep faeces)
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are known to be rumen-inhabiting methanogens, the available cultures have
been isolated from non-rumen sources (Rea et al., 2007; Miller and Lin, 2002).

Despite the numerous reports of methanogen isolations and enrichments,
only asmall number of rumen methanogen species have been validly described
(Smith and Hungate, 1958; Bryant, 1965; Jarvis et al., 2000; Rea et al., 2007;
Lee et al., 2013a) and are available in commercial culture collections (Table 3).
As indicated above, this is partially due to many methanogen cultures being
difficult to purify, but also to their tendency to lose viability during long-term
storage. Several commonly used methods for storage of rumen methanogens
include freezing at =80 °C with 10% glycerol or in 5% dimethyl sulfoxide, or
freeze-drying (Tindall, 2007), however, the reasons for their poor survival during
storage are not fully understood.

4 The use of molecular techniques to identify
and quantify rumen methanogens

The early cultivation-based studies summarised above relied heavily on
determination of a small number of phenotypic characteristics to identify
methanogens, and it was not until the emergence of molecular biology
approaches and the analysis of DNA, that methanogens could be identified
unequivocally via hybridization and sequencing techniques. Early molecular
detection work carried out in the laboratory of David Stahl, used RNAs
extracted from rumen samples and blotted onto filters which were then probed
with labelled oligonucleotide hybridization probes specific to the 16S rRNA
of methanogens (Lin et al., 1997). For the first time, this approach provided
quantitative data ontotal Archaeainrumen samplesand was usedto characterise
the types of methanogens found in a variety of animals. Archaeal small subunit
ribosomal RNAs (SSU rRNAs) accounted for 0.3-3.3% of the ruminal sample
depending on ruminant species (Lin et al., 1997) and 1.46% of the SSU rRNAs
in the protozoal fraction when separated from bacteria (Sharp et al., 1998).
Representatives of the family Methanobacteriaceae were the most abundant
methanogen population in cattle and goats, while the Methanomicrobiales
were most abundant in sheep (Lin et al., 1997). The Methanobacteriaceae were
also found to constitute 99.2% of the Archaea in the protozoal fraction, which
suggested a particular importance of this methanogen group as symbionts of
rumen protozoa (Sharp et al., 1998). The order Methanosarcinales, previously
considered second in abundance after the Methanobacteriaceae, accounted
for very low levels of total archaeal SSU rRNA.

Another use of labelled probes was found in fluorescence in situ
hybridization (FISH), where the probes are used to hybridize with ribosomal
RNAs, enabling the visualisation of a target population within a microbial
community. Soliva et al. (2003) utilized FISH to study the effects of a mixture
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of lauric and myristic acid on rumen methanogens, and successfully identified
methanogens of the order Methanococcales, which were previously not
reported in PCR-based analyses. Valle et al. (2015) used co-factor F,,, (F,,)
autofluorescence and confocal laser scanning microscopy to identify rumen
methanogens and define their spatial distribution in free-living, biofilm-, and
protozoa-associated microenvironments. 16S rRNA methanogen-specific
probes, including Arch915, bound to some cells that lacked F,,, possibly
identifying uncharacterized Methanomassiliicoccales or reflecting non-specific
binding to other members of the rumen bacterial community. A probe targeting
RNA from the methanogenesis-specific methyl coenzyme M reductase (mcr)
gene was shown to detect cultured Methanosarcina cells with signal intensities
comparable to those of 16S rRNA probes. However, the probe failed to
hybridize with the majority of F,,-emitting rumen methanogens, possibly
because of differences in cell wall permeability among methanogen species.
Methanogens were shown to integrate into microbial biofilms and to exist as
ecto- and endosymbionts with rumen protozoa.

Following the development of the polymerase chain reaction (PCR)
and commercial thermal cyclers, 16S rRNA gene amplification, cloning and
sequencing became possible (Bottger, 1989) which greatly facilitated the
identification and quantification of methanogens and led to the reporting
of previously uncultured methanogens. For example, Whitford et al. (2001)
detected previously uncultured species from the bovine rumen belonging to the
Methanobacteriaceae and Methanosarcinaceae families. The metabolic marker
gene mcrA, mentioned above, has also been targeted via PCR amplification
and sequencing (Tatsuoka et al., 2004; Ozutsumi et al., 2012; Poulsen et al.,
2013; Shi et al., 2014; Denman et al., 2007; Popova et al., 2011).

Some methanogens are known to associate closely with protozoa in
the rumen, either as intracellular or extracellular symbionts (Vogels et al.,
1980; Finlay et al., 1994) and PCR-based methods have also allowed their
investigation. Methanogen symbionts have been identified by isolating
single protozoal cells from rumen contents and PCR amplification of
associated methanogen 16S rRNA gene sequences (Irbis and Ushida, 2004;
Regensbogenova etal., 2004) or via separation of entire protozoal communities
followed by 16S rRNA or mcrA gene sequencing (Chagan et al., 1999;
Tokura et al., 1999; Tymensen et al., 2012; Xia et al., 2014, Valle et al., 2015).
Methanogens benefit from this association by having access to H,, produced
as a result of hydrogenosome metabolism by protozoa, thereby producing
more CH,, while the protozoa benefit by the lowered H, partial pressure,
allowing energetically more favourable end products (Muller, 1993; Finlay
etal., 1994; Akhmanova et al., 1998). Methanobrevibacter species were found
to dominate the methanogens associated with protozoa, although species
from the order Methanomassiliicoccales and the genera Methanosphaera and
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Methanomicrobium also contributed minor populations (Janssen and Kirs,
2008; Paul et al., 2012; lino et al., 2013). The types of methanogens associated
with particular rumen protozoa varies (Finlay et al., 1994; Lloyd et al., 1996), but
no clear difference in methanogen diversity associated with different protozoal
species was found (Belanche et al., 2014).

The advent of PCR also spawned several new microbial ‘finger-printing’
techniques targeting the 16S rRNA genes of methanogens. Denaturing
Gradient Gel Electrophoresis (DGGE) and Temperature Gradient Gel
Electrophoresis (TGGE) have been used to electrophoretically separate 16S
rRNA gene amplicons varying in sequence in a gradient of denaturant (DGGE)
ortemperature (TGGE). Nicholson et al.(2007) used the PCR-TTGE technique to
examine rumen methanogens of cattle and sheep, while Yu et al. (2008) found
that fat supplements altered PCR-DGGE profiles of methanogens, increasing
the presence of Ms. stadtmanae and decreasing that of Methanobrevibacter sp.
AbM4. Zhou et al. (2010) analysed PCR-DGGE profiles of rumen methanogens
in cattle fed a growing diet compared to a finishing diet and saw strong
transition from a methanogen community dominated by Mbb. ruminantium
to a mixture of different methanogen species. Terminal Fragment Length
Polymorphism (TRFLP), in which the PCR-amplified 16S rRNA gene amplicon is
digested using a restriction endonuclease and the size of the labelled terminal
fragment is analysed, has also been applied to characterise methanogens from
different gut compartments in dairy cows (Frey et al., 2010) and associated
with rumen protozoa (Belanche et al., 2014). While these techniques were
useful for showing broad changes in methanogen communities, they had
several limitations. These included difficulties interpreting multiple bands and
whether they arise from the same or different genomes, a lack of quantitative
information of each phylotype and the need to sequence excised bands or
cloned fragments to gain more definitive identification of organisms, and now
these techniques have been superseded.

16S rRNA gene clone libraries therefore gained greater use, and have been
used extensively to characterise rumen archaeal communities under a range
of conditions (Ohene-Adjei et al., 2007; Regensbogenova et al., 2004; Shin
et al., 2004; Skillman et al., 2006;Tajima et al., 2001; Tokura et al., 1999; Wright
et al., 2004, 2006, 2007, 2008). These studies were summarised in a meta-
analysis by Janssen and Kirs (2008) which showed that the majority of rumen
methanogens fell into two known genus-level groups; the Methanobrevibacter
spp., the Methanomicrobium spp., and importantly showed the presence of a
large uncharacterised clade, referred to variously as Rumen Cluster C (RCC) or
Thermoplasmatales-associated lineage C (TALC). The 16S rRNA gene evidence
for this uncultivated group spurred new attempts to retrieve these organisms
in pure cultures (Jeyanathan, 2010; Denman et al., 2011 unpublished results
Genbank CP002916.1; Li et al, 2016a). These rumen organisms have
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recently been recognised, along with similar organisms detected in the
human gut and environmental samples, as a new order of methanogens, the
Methanomassiliicoccales.

A disadvantage of using clone libraries is that the PCR reaction amplifies
DNA exponentially and therefore a particular microbe’s abundance can only be
expressed relative to that of other organisms amplified by the same primer set,
and an absolute number of methanogens is not produced that can be related
to a microbial density observed in the rumen. Quantitative real-time PCR (gRT-
PCR)was developedto allow quantitation of a target from the early phase of PCR
amplification. When compared to a reference standard, the absolute quantity
of the target can be determined. The method has found use in quantifying the
absolute abundance of archaeal communities (Hook et al., 2009; Ohene-Adjei
etal.,, 2008; Zhou et al., 2009, 2010) and to compare microbes in animals with
differing feed efficiencies (Zhou et al., 2009). A particular advantage of the
technique is its ability to detect low numbers of Archaea in digesta samples
(Frey et al., 2010), but its high cost and low throughput have limited its use for
microbial ecology applications.

The low throughput of the 16S rRNA gene cloning and sequencing
technique also limited the number of clones that could be analysed. However,
rapid advances in DNA sequencing technologies have subsequently allowed
the high throughput sequencing of amplicon libraries which has greatly
increased the number of sequences which can be analysed in each sample.
Barcoding the primers used in generating the 16S rRNA gene amplicons has
also allowed the multiplexing of samples within a single sequencing run, and
barcoded Archaea-specific primers are now used routinely for rumen microbial
community amplification and sequencing via a variety of sequencing platforms
(Kittelmann et al., 2013, 2014; Shi et al., 2014; Henderson et al., 2015; Seedorf
et al., 2015; Myer et al., 2016; Lee et al.,, 2012; Li et al., 2016a; de la Fuente
et al., 2014; Snelling et al.,, 2014; McCabe et al., 2015; Fouts et al., 2012;
Indugu et al., 2016). These high-throughput techniques have been compared
between themselves and with other microbial quantitation approaches (Myer
et al., 2016; Snelling et al., 2014; de la Fuente et al., 2014, Li et al., 2016a;
Indugu et al., 2016), used to characterise the archaeal communities associated
with cattle and sheep (Seedorf et al., 2015; Fouts et al., 2012) and between
high and low CH, yield sheep (Kittelmann et al., 2013, 2014; Shi et al., 2014),
correlated with rumen metabolites (Lee et al.,, 2012) and used to examine
bacterial and archaeal communities in diet-restricted cattle (McCabe et al.,,
2015). The landmark, global rumen census study by Henderson et al. (2015)
used this approach and found that methanogens are similar in ruminants
farmed around the world and are influenced mainly by the diet of the host
animal. The most abundant methanogen species were hydrogenotrophs
belonging to the genus Methanobrevibacter: principally the species Mbb.
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ruminantium and its relatives (called the RO clade), and Mbb. gottschalkii
and its relatives (called the SGMT clade). These two methanogen clades on
average made up 74% of all rumen Archaea. A species of the methylotrophic
Methanosphaera and two other, more distantly related, methylotrophic
methanogens affiliated with the newly identified methanogen family
Methanomassiliicoccaceae, comprised almost 16% of the Archaea found in
the rumen. Some of the methanogens identified by marker gene analyses are
not yet represented in culture collections, so their functions remain unknown.
By using the marker gene abundance information and assigning physiologies
to each methanogen group based on knowledge of the metabolism of closely
related methanogens that have been cultivated, it can be deduced that the
majority (~78%) of Archaea in the rumen are hydrogenotrophic methanogens,
while others (~22%) are likely to grow via methylotrophy using H, to reduce
methyl groups derived from methanol or methylamines (Henderson
et al., 2015). The study also confirmed that the rumen archaeal communities
worldwide are almost exclusively made up of methanogenic Archaea. Two
groups of uncultured Archaea have been detected in 16S rRNA gene libraries,
the QId26 group (Wright et al., 2006, 2007) and a clade of Crenarchaeota (Shin
et al., 2004). The phylogenetic affiliation of the Qld26 group suggests that it
has an hydrogenotrophic mode of methanogenesis, but the physiologies
and functions of the Crenarchaeota group are not known. The Global Rumen
Census study also found some sequences defined as ‘Other’ or with no BLAST
matches, on average at less than 0.04% abundance in any single sample and at
less than 1% maximum relative abundance (Henderson et al., 2015); therefore,
these groups are unlikely to contribute significantly to the rumen methanogen
community.

The analysis of 16S rRNA gene amplicon data requires comprehensive
and well-curated reference sequences to make useful inferences regarding
the community relationships between organisms detected in the analyses.
In this regard, a database designed for species-level taxonomic assignment
of 16S rRNA gene amplicon data targeting methanogenic Archaea from the
rumen and from animal and human intestinal tracts has been developed
(Seedorf et al.,, 2014). The database is called RIM-DB (Rumen and Intestinal
Methanogen-DB) and it contains 2379 almost full-length chimera-checked
16S rRNA gene sequences. The database is compatible with the Quantitative
Insights Into Microbial Ecology (QIIME) analysis pipeline and can be used in
conjunction with the SILVA database.

The next-generation sequencing (NGS) technologies used in the high
throughput analysis of 16S rRNA gene amplicons have developed rapidly
and these massively parallel sequencing technologies have also enabled the
deep shotgun sequencing of metagenomic DNAs from the rumen. Their first
application to the rumen was the study by Hess et al. (2011) which characterized
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the biomass-degrading genes and genomes from microbes adherent to plant
fiber incubated in the rumen of a cow. The study sequenced and analyzed
268 gigabases (Gb) of metagenomic DNA, identifying 27755 putative
carbohydrate-active genes, and importantly, demonstrated the feasibility of
re-assembling uncultured microbial genomes from the rumen metagenome
data. The increased capacity and throughput of NGS technologies has also
enabled the retrieval of less abundant sequences, including those of the
ruminal Archaea. This high throughput, deep sequencing approach also
recovered methanogen genes in sufficient numbers for robust reconstruction
of their metabolic pathways and estimation of gene expression activities
from transcript abundances in rumen samples from NZ sheep selected for
their CH, yield phenotypes as being either high or low CH, emitters (Shi
et al., 2014). This study demonstrated a similar abundance of methanogens
and methanogenesis pathway genes in the high and low CH, yield animals,
but transcription of the hydrogenotrophic methanogenesis pathway genes
was substantially increased in sheep with high CH,. These results indicated a
response of methanogenesis functions of the resident methanogens to the
supply of H,, and it was hypothesised that the changes in methanogen gene
expression were controlled indirectly by the rumen size, the particle retention
time and/or digesta passage rate in sheep (Shi et al., 2014) and related to a
lactate formation and utilisation metabolism leading to less H, and less CH,
(Kamke et al., 2016). Wirth et al. (2018) have also examined the rumen fluid
fraction of 10 Holstein dairy cows using whole metagenome and transcriptome
sequencing by lon Torrent sequencing technology. Although the number of
sequence reads retrieved was low, they reported a core microbiome consisting
of 47 bacterial genera and a single archaeal genus, Methanobrevibacter.
Recently, 913 draft bacterial and archaeal genomes were re-assembled
from 800 Gb of rumen metagenomic sequence data generated from 43 Scottish
cattle (Stewart et al., 2018). The study used a combination of metagenomic
binning and a DNA crosslinking method that physically connected DNA
molecules in close proximity thereby capturing long-range genomic contiguity.
Many of these metagenome re-assembled genomes (MAGs), (designated as
Rumen Uncultured Genomes (RUGs)) represented previously unsequenced
strains and species, and collectively contained more than twice the number of
CAZYme genes than found in the Hess et al. (2011) study. The re-assembled
genomes also included 28 rumen uncultured methanogen sequences,
of which 17 clustered with the Mbb. gottschalkii-related SGMT clade, 8
clustered with the Mbb. ruminantium-related RO clade, 1 was affiliated with
Methanosphaera strain WGK&é isolated from a kangaroo and 2 were closely
related to Candidatus Methanomethylophilus. This publication highlights the
emergence of MAGs as a powerful new approach for improving the coverage
of rumen microbial genomes in the public databases and their tremendous
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potential for enhancing the identification and classification metagenomic
reads from rumen ecology studies. The NGS technologies have dramatically
decreased the costs of DNA sequencing and have allowed more methanogen
genomes to be sequenced. Currently in the JGI GOLD database, there are 17
genome sequences of rumen-derived methanogen cultures, 8 genomes from
methanogen cultures isolated from non-rumen sources but for which there are
16S rRNA sequences retrieved from the rumen, and 25 methanogen MAGs
derived from rumen metagenome sequence data (Table 4). The genomes from
rumen methanogen cultures are dominated by representatives of the genus
Methanobrevibacter reflecting their numbers among the cultivated isolates,
and their abundance in the rumen. However, there are also genomes available
from the less numerous methanogen groups, including additional genera
of the family Methanobacteriaceae (Methanosphaera, Methanomicrobium,
Methanobacterium), the order Methanosarcinales (Methanosarcina) and three
representatives of the new methanogen order Methanomassiliicoccales. The
following sections describe the main features of rumen methanogens derived
from analyses of their genome sequences, first dealing with hydrogenotrophic
methanogens using Mbb. ruminantium M1 as the model hydrogenotroph,
followed by a genomic analysis of the methylotrophic methanogens using
Methanosphaera and Methanomassiliicoccales sp. ISO4-H5 as examples.

5 Hydrogenotrophic methanogens:
Methanobrevibacter ruminantium M1

Hydrogenotrophic methanogens make up the majority of Archaea found in the
rumen and asindicated previously they are adapted to grow using the fluctuating
H, concentrations found in the rumen. Methanobrevibacter ruminantium M17
(DSM 1093) is an hydrogenotrophic methanogen, representative of the RO
clade of Methanobrevibacter strains found in a range of ruminant species
under a variety of dietary conditions (Henderson et al., 2015). On average,
16S rRNA gene sequences attributed to Mbb. ruminantium accounted for
27% of rumen Archaea across samples analysed in a global rumen census.
Mbb. ruminantium M1T is one of the best studied rumen methanogen strains
and because M1 cultures were amenable to routine growth in the laboratory
(Smith and Hungate, 1958; Bryant, 1965), this organism was selected as the
first rumen methanogen for genome sequencing (Leahy et al., 2010). The Mbb.
ruminantium genome confirmed that this methanogen has a hydrogenotrophic
mode of methanogenesis, encoding all of the enzymes, and most of the
cofactors, required for conversion of H, + CO, and formate through to CH,
(Fig. 1). M1 did not encode a methyl coenzyme reductase Il (mcrll or mrt), an
isoenzyme of the methyl CoM reductase | (mcr) enzyme which is differentially
regulated during growth (Reeve et al., 1997) to mediate CH, formation at high
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partial pressures of H,, suggesting it is adapted to operate at low H, partial
pressures in the rumen.

The genes encoding the hydrogenotrophic methanogenesis pathway in
M1 are strongly conserved (Fig. 2), reflecting the importance of this pathway
in the generation of energy in rumen methanogens. The methanogenesis
pathway deduced from the M1 gene compliment proceeds via carrier-bound
intermediates and unique cofactors, and reducing equivalents are provided
from H, by the action of hydrogenases or from formate through formate
dehydrogenase. M1 contains five hydrogenase genes, two membrane-bound
energy converting [Ni-Fe] hydrogenases, (ehaABCDEFGHIJKLMNOPQR,
ehbABCDEFGHIJKLMNOPQ), a F,,-non-reducing hydrogenase (mvhABDG),
a F,,,reducing hydrogenase (frhABB2DDG) and a H,-forming methylene-
H,MPT dehydrogenase (hmd), the encoded enzymes of which are all
predicted to be located in the cell cytoplasm. The pathway begins with
the binding of CO, to methanofuran (MF) and its reduction to formyl-MF,
catalysed by tungsten (W)-containing formylmethanofuran dehydrogenase,
(fwdABCDEFGH). Formyl transferase (ftr) then transfers the formyl moiety

Figure 2 Methanogenesis gene conservation in rumen methanogens. The presencepp
of a black square indicates the presence of the gene in the corresponding genome,
a number within a black square indicates the number of genes of a particular type
present, while a white square indicates the absence of the gene. Gene abbreviations:
fdh, formate dehydrogenase (F,,,) (EC 1.2.99.-); fdhC, formate/nitrite transporter; fwd,
tungsten formylmethanofuran dehydrogenase; ftr, formylmethanofuran-tetrahydrom
ethanopterin formyltransferase (EC 2.3.1.101); mch, methenyltetrahydromethanopterin
cyclohydrolase (EC 3.5.4.27); mtd, methylenetetrahydromethanopterin dehydrogenase
(EC 1.5.99.9); hmd, H,-forming methylenetetrahydromethanopterin dehydrogenase
(EC 1.12.98.2); mer, methylenetetrahydromethanopterin reductase (EC 1.5.99.11);
frh, coenzyme F,-reducing hydrogenase; fno, reduced coenzyme F,:NADP
oxidoreductase; mcr, methyl-coenzyme M reductase; hdr, CoB-CoM heterodisulfide
reductase; mvh, methyl viologen-reducing hydrogenase; adh 7, NADP-dependentalcohol
dehydrogenase; adh, alcohol dehydrogenase; npl/G1, reduced coenzyme F,,:NADP
oxidoreductase (EC 1.6.99.-); acr, acyl-CoA reductase; mtaC, methanol corrinoid
protein; mtaA, methyl:coenzyme M methyltransferase; mtaB, methanol:corrinoid
methyltransferase; mtmB, monomethylamine:corrinoid methyltransferase; mtmC,
monomethylamine corrinoid protein; mtbB, dimethylamine:corrinoid methyltransferase;
mtmB, methylamine-specific methylcobalamin:coenzyme M methyltransferase, mtmB,
monomethylamine:corrinoid methyltransferase; mtmC, methylamine methyltransferase
corrinoid  activation protein; mtbC, dimethylamine corrinoid protein; mttB,
trimethylamine:corrinoid methyltransferase; mttC, trimethylamine corrinoid protein;
mtsA, bifunctional methylthiol:corrinoid methyltransferase; mtsB, methylthiol corrinoid
protein; eha, membrane-bound hydrogenase; ehb, membrane-bound hydrogenase;
ech, energy converting hydrogenase; atp, V/A-type H+-transporting ATPase; nha,
Na+/K+/cation/H+ antiporter; mtr, tetrahydromethanopterin S-methyltransferase; fpo,
F,,H, dehydrogenase/NADH dehydrogenase/NADH quinone oxidoreductase; hya,
methanophenazine-reducing hydrogenase, H,MPT, tetrahydromethanopterin; F
cofactor F

4207

: MF, methanofuran; CoBS-SCoM; CoB-CoM heterodisulfide; Fd, ferredoxin.
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to tetrahydromethanopterin to form Formyl-H,MPT. Next, N>-formyl-H*MPT
is hydrolysed to N®N'"-methenyl-H,MPT catalysed by N°, N'-methenyl-
H,MPT cyclohydrolase, (mch). Methenyl-H,MPT is subsequently reduced to
methylene-H,MPT catalysed by methylene-H,MPT dehydrogenase (mtd) and
further to methyl-H,MPT, both reactions using reduced F,,; as the reductant.
A second methylene-H,MPT dehydrogenase (hmd) links methenyl-H MPT
reduction directly with the oxidation of H, without using reduced F, . The
methylene-H,MPT is reduced to methyl-H,MPT catalysed by methylene-H,MPT
reductase (mer) using reduced F,, .

The methyl group is then transferred from N*>-methyl-H,MPT to coenzyme
M (HS-CoM) catalysed by a tetrahydromethanopterin S-methyltransferase
(mtrABCDEFGH; mtrA2, mtrH2). The final reduction of methyl-CoM is catalysed
by methyl-coenzyme M reductase (mcrABCDG; mrtAGDB) involving two
coenzymes; B9 (HS-HTP) and factor F,,. The B9 acts as electron donor in
the reduction of methyl-CoM to CH, and a mixed disulfide of HS-CoM and
HS-HTP (CoM-S-S-HTP). The heterodisulfide (CoM-S-S-HTP) formed in the
methylreductase reaction is reductively cleaved to regenerate HS-CoM and
HS-HTP by the H,-dependent heterodisulfide reductase system (hdrABCD/E).

Avery unusual feature of the M1 genome was that it encoded two NADPH-
dependent F,,, dehydrogenase (np/G1,2) genes and three NADP-dependent
alcohol dehydrogenase (adh1, 2, 3) genes. These genes encode enzymes which
allow growth on ethanol or isopropanol in some non-rumen methanogens via
NADP*-dependent oxidation of alcohols coupled to F,,, reduction of methenyl-
H,MPT to methyl-H,MPT (Berk and Thauer, 1997). Although growth on ethanol
or methanol had not previously been reported for M1 (Smith and Hungate,
1958), its growth was shown to be stimulated by ethanol and methanol in the
presence of limiting amounts of H, + CO,, although these alcohols did not
support growth when H, was absent (Leahy et al., 2010). Because M1 lacked the
methanol utilization genes (mta) it seems likely that the M1 Adh enzymes link
the oxidation of alcohols to F,,, reduction, and thereby increase the intracellular
pool of reduced F
generate reduced F,, . The stimulation of M1 growth by short chain alcohols
may represent an important ancillary capability for this abundant methanogen
clade, and this point is elaborated later regarding similar activities observed in
strains closely related to M1.

Like other methanogens, M1 has particular growth requirements, including
the need for acetate, 2-methylbutyrate and co-enzyme M (CoM) in culture

and stimulate growth of M1 by sparing H, usually used to

media (Bryant et al., 1971) and the M1 genome sequence has helped explain
these growth requirements. Acetate is needed for cell carbon biosynthesis
after activation to acetyl CoA via acs and acsA, followed by reductive
carboxylation to pyruvate (porABCDEF). The branched chain volatile fatty acid,
2-methylbutyrate, is needed for isoleucine biosynthesis as M1 lacks a gene
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encoding a homoserine kinase required for the usual pathway from threonine.
Three genes needed in the CoM biosynthetic pathway (comADE) are also
missing in M1 meaning that it needs exogenously supplied CoM for growth.
These growth requirements probably reflect M1 adaptation to the rumen
environment. Other rumen methanogens synthesize CoM, so it seems M1 has
dispensed with its own CoM biosynthetic pathway and relies on uptake of this
cofactor from its surroundings. Similarly, acetate and branched chain VFAs are
produced in the rumen, so it also makes biological sense for M1 to obtain these
compounds from its environment rather than synthesize them itself. M1 has a
gene encoding a putative transporter SSS family protein (mru1786) which may
encode a sodium-acetate symporter function for acetate uptake.

The cell envelope of M1 serves as a barrier to its external environment
and mediates important interactions with rumen metabolites and other
co-resident microorganisms. The cell surface proteins and polysaccharides
of rumen methanogens are also of interest as they are potential targets for
the development of anti-methanogen vaccines which may be able to reduce
ruminant CH, (Leahy et al., 2010). Ultrastructural studies of M1 cells revealed
that the cell wall is composed of three layers; a rough irregular outer layer
(assumed to be composed of cell wall glycopolymers, wall-associated proteins
and possibly other components), a thin electron-dense inner layer composed of
compacted newly synthesised pseudomurein and a thicker less-electron-dense
middle layer also composed of pseudomurein (Zeikus and Bowen, 1975; Miller,
2001; Graham and Beveridge, 1994). Outside of the three-layered M1 cell wall,
there is an array of large adhesin-like proteins which are attached via different
cell-anchoring domains, including a single LPxTG-domain containing protein,
and multiple adhesins with pseudomurein-binding, C-terminal and C-terminal
transmembrane anchors (Leahy et al., 2010). Some of these adhesins are very
large; two are greater than 5000 amino acids (aa), and there are 11 over 3000 aa
in length. The abundance of these very large proteins, and the cellular resources
needed to synthesize them, suggests that they perform important functions in
M1, probably mediating a range of interactions with their environment and
with other rumen microorganisms. Indeed, M1 co-cultured with the xylan-
degrading, H,-producing bacterium, Butyrivibrio proteoclasticus, up-regulated
the expression of six of these adhesin-like proteins and microscopic examination
of the co-cultures showed co-aggregation of M1 and B. proteoclasticus cells
(Leahy et al., 2010). One of these upregulated adhesins (Mru_1499) contains
three bacterial immunoglobulin-like 1 (Big_1) domains that are commonly
found in bacterial adhesins (Bodeldn et al., 2013). Mru_1499 was subsequently
shown to function as an adhesin in M1 and is capable of binding to a broad
range of rumen protozoa (including Epidinium and Entodinium) and to B.
proteoclasticus (Ng et al., 2016). Over 60 adhesin-like proteins are encoded in
the M1 genome, several of them containing Big_1 domains, and although the
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role(s) of these adhesin-like proteins is not known, it seems likely that they are
important for methanogen ecology in the rumen. Like other hydrogenotrophic
methanogens, M1 requires H, for growth and the observation that Mru_1499
mediates interactions with H,-producing rumen microbes suggests that at
least some of these proteins are involved in facilitating interaction with other
H._-producing bacteria and protozoa. It also seems probable that a multitude
of other types of interactions are possible with various, potentially symbiotic,
rumen organisms, or indeed the host animal itself.

During the sequencing of M1 an approximately 70 Kb region of the
genome was highly over-represented in the sequencing reads. This region
was subsequently identified as containing a prophage and was probably
over-represented in the genome sequence due to the prophage excising and
replicating during the large-scale cultivation used to isolate genomic DNA of
M1. The prophage region was found to contain 70 ORFs (mru0256-0325) over
a 62 Kb GC-rich (39% G+C content) region and was designated @-mru. Distinct
modules encoding integration, DNA replication, DNA packaging, phage
capsid, lysis and lysogenic functions were detected and within the lysis module,
a gene encoding a putative lytic enzyme, endoisopeptidase PeiR (mru0320),
was identified. PeiR represented a novel enzyme, as it did not show significant
homology to any sequence in public databases. The ability of recombinant PeiR
to lyse M1 cells in pure culture was subsequently demonstrated and the enzyme
has been coupled to polyhydroxyalkanoate beads and used to inhibit CH,
formation from a range of methanogen cultures in vitro (Altermann et al., 2018).

An unforeseen and novel feature of M1 is the presence of two large proteins
(mru0068 and mru0351) showing the distinctive domain architecture of non-
ribosomal peptide synthetases (NRPSs). NRPSs produce a wide variety of small
molecule natural products that have biotechnological applications as peptide
antibiotics, siderophores, immunosupressants or antitumor drugs (Amoutzias
et al., 2008) and the M1 NRPSs were the first reported in an archaeal species.
The NRPSs encoded by mru0068 are predicted to encode two modules, each
containing condensation, adenylation and thiolation domains. The presence of
a condensation domain in the first module is often associated with NRPSs that
make N-acylated peptides (Fischbach and Walsh, 2006). The second module
is followed by a terminal thioesterase domain which is thought to release the
peptide from the final thiolation domain. Mru0068 is surrounded by genes
that encode two serine phosphatases (mru0066, mru0071), an anti-sigma
factor antagonist (mru0067) and a MatE efflux family protein (mru0069), which
are likely to be involved in environment sensing, regulating NRPS expression
and export of the NRP, respectively. Mru0068 displays full-length protein
alignment with a putative NRPS from Syntrophomonas wolfei subsp. wolfei
strain Géttingen, a gram-positive bacterium known to participate in syntrophic
interactions with methanogens (Mclnerney et al., 1979). The second NRPS
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gene (mru0351) contains 4 modules and a thioesterase domain. Downstream
of mru0351 is another MatE efflux family protein (mru0352), presumably
involved in NRP export. A third, smaller cluster of genes located elsewhere in
the genome (mru0513-0516) appears to encode NRPS-associated functions.
This cluster includes a phosphopantetheinyl transferase (mru0514) which
primes NRPSs by adding a phosphopantetheinyl group to a conserved serine
within the thiolation domain, an acyltransferase (mru0512) possibly involved in
NRP acylation, a serine phosphatase (mru0515), an anti-sigma factor antagonist
(mru0513), and an anti-sigma regulatory factor serine/threonine protein kinase
(mru0516) that may function in sensing the environment and NRPS regulation.
Although the products of each NRPS are unknown, an analysis of adenylation
domain amino acid sequences predicts 10 residues which are important for
substrate binding and catalysis. Horizontal gene transfer analyses (Darkhorse;
Podell and Gaasterland, 2007) indicate that these genes may be bacterial in
origin.

6 Other hydrogenotrophic methanogens
6.1 Methanobrevibacter olleyae YLM1

Mbb. olleyae YLM1 was isolated from a lamb rumen (Skillman et al., 2004).
The YLM1 genome is very similar in size and its overall gene content is largely
comparable to that of Mbb. ruminantium M1, suggesting that the basic
metabolism of these two hydrogenotrophic methanogens is similar. YLM1
contains a prophage but is slightly smaller in size compared to @-mru at 40
Kb and encodes 2 clustered regularly interspaced short palindromic repeats
(CRISPR) domains. It has 64 large adhesion-like proteins which may mediate
interactions with other rumen microbes. YLM1 has two genomic regions that
are predicted to be importantin cell functionality: a 10-gene insertion encoding
the CoB-CoM heterodisulfide reductase genes (hdrABC), enzymes involved
in coenzyme M production (comADE), a methanogenesis marker protein 16,
an adhesin-like protein, and two hypothetical proteins; and a second 9-gene
region which encodes a set of formate dehydrogenase genes, a hydrogenase
maturation protein, an ATPase and the mrtBDGA (methylcoenzyme M reductase
I) operon which is thought to enable growth at high H, concentrations. The
ability to synthesize its own CoM and to grow at high H, concentrations are likely
to allow YLM1 to occupy a slightly different niche in the rumen compared to M1.

6.2 Methanobrevibacter sp. AbM4

AbM4 was originally isolated from the abomasal contents of a sheep and it is
most closely related to the Mbb. wolinii-type strain SH (95% 16S rRNA gene
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similarity). It was chosen as a representative of the Mbb. wolinii clade for
genome sequencing, and its genome was found to be smaller than that of
M1 (2.0 Mb versus 2.93 Mb); it encoded fewer open reading frames (ORFs;
1,671 versus 2,217) with a lower %G+C (29% versus 33%), but very similar to
the genome of Mbb. wolinii-type strain SH (JGI Project ID: Gp0047017) of 2.0
Mb. The AbM4 and SH™ genomes are very syntenous and share many of the
genes encoding the methanogenesis pathway (Fig. 2), suggesting that the
metabolisms of these strains are highly similar. AbM4 and SHT use only the Mcrl
system for the final methyl-CoM reduction and appear adapted for growth at
low levels of H,. AbM4 is capable of growth on methanol but does not contain
methanol:cobalamin methyltransferase genes (mtaABC), whereas SH™ encodes
a methanol:corrinoid methyltransferase (T523DRAFT_00271) and a methyl-
Co(lll) methanol-specific corrinoid protein]:coenzyme M methyltransferase
(T523DRAFT_00274). Like M1, AbM4 encodes two NADP-dependent F,,
dehydrogenase genes (AbM4_0649 and AbM4_1626) and three alcohol
dehydrogenase genes(AbM4_1002, AbM4_1297 and AbM4_1629; Leahy etal.,
2013), which suggested that AbM4 can use alcohols as alternative sources of
reducing potential for methanogenesis. When the medium was supplemented
with both ethanol and methanol at 20 mM, AbM4 was able to grow without H,,
and this feature has allowed a high-throughput, microtitre plate-based bioassay
to be developed for the screening of inhibitory compounds (Weimar et al.,
2017). AbM4 has a complete CoM biosynthesis pathway but does not contain
a prophage or any NRPS genes. However, it does have a large CRISPR region
and several Type | and Type Il restriction-modification system components.
Unusually, AbM4 has DNA-directed RNA polymerase f'and 3" subunits that are
joined, a feature only previously observed in some thermophilic Archaea. AbM4
has fewer genes encoding adhesin-like proteins which suggests it occupies a
ruminal niche different from that of M1.

6.3 Methanobrevibacter millerae SM9

SM9 was isolated from a sheep on a fresh forage diet, and its 16S rRNA gene
sequence is 99% similar to that of Mbb. millerae ZA-107 (DSM 16643) which
also has a genome sequence available (JGI GOLD genome ID 2593339167).
These two organisms are representatives of the Mbb. gottschalkii clade (Mbb.
gottschalkii, Mbb. millerae and Mbb. thaueri; Janssen and Kirs, 2008) which
dominate the rumen with a mean abundance of 42.4% of archaeal rRNA gene
sequences in the global rumen census (Henderson et al., 2015). The SM9
and ZA-10" genomes are highly syntenous with each other, and both have
methanogenesis genes very similar to Mbb. ruminantium M1. However, they
differ by having the mrtAGDB methyl CoM reductase genes, 2 copies of F

420°
dependent methylene tetrahydromethanopterin dehydrogenase (mtd), and
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a second set of formate dehydrogenase genes (fdhAB). SM9 and ZA-10 have
comABCDE genes for CoM biosynthesis and genes for cobalamin synthesis,
and although they do not have the biotin biosynthesis genes, they do contain
a BioY transporter for biotin uptake. Both genomes encode genes with high
homology to an extracellular tannase (TanALp) from Lactobacillus plantarum,
and therefore may have an advantage on diets with higher levels of plant
tannins. Both SM9 and ZA-107 encode NRPSs; SM9 has 2, while ZA-107 has 3,
but they do not share homology, although their NRPS do show weak homology
to different NRPSs from M1. The combination of these features differentiates
between the Mbb. ruminantium and Mbb. millerae clades and may allow them
to occupy separate ruminal niches and explain why both groups are always
found in 16S rRNA gene surveys of the rumen.

6.4 Methanobacterium formicicum BRM9

Methanobacterium sp. BRM9 was isolated from the rumen of a Friesian cow
grazing a ryegrass/clover pasture in NZ and its 16S rRNA gene sequence is
99.8% similar to the Mb. formicicum type strain DSM 1535 (Jarvis et al., 2000).
BRM9 is hydrogenotrophic and produces CH, from formate and H, + CO, only,
and itis a non-motile, short rod which tends to become longer and irregular at
later stages of growth. Its genes encoding the methanogenesis pathway are
similar to other members of the family Methanobacteriaceae except it does not
encode an [Fe]-hydrogenase/dehydrogenase (hmd) and it uses the mrtAGDB
methyl CoM reductase system. A particularly notable feature of BRM9 is thatithas
many enzymes predicted to be involved in oxidative stress response, including
a superoxide dismutase, a catalase/peroxidase and a peroxiredoxin (alkyl
hydroperoxide reductase). It also has 3 ectoine biosynthetic genes (ectABC)
producing the compound ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidin
ecarboxylic acid) that has a function as an osmolyte helping organisms survive
osmotic stress. BRM9 appears to monitor redox potential, oxygen and energy
levels very closely as it has a large number of genes encoding components
of histidine kinase/response regulator signal transduction systems sensing
these conditions. BRM? also seems to encode several nitrogen assimilation
mechanisms: it has two ammonium transporters, a glutamine synthase (GS)/
glutamate synthase (glutamine:2-oxoglutarate aminotransferase, GOGAT)
pathway and surprisingly, it also has a nif operon encoding a nitrogenase and
nitrogenase cofactor biosynthesis genes.

7 Methylotrophic methanogens
Methylotrophic methanogenesis involves CH, formation from methylated

compounds including methanol, methylamines and methylated thiols,
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and members of the orders Methanobacteriales, Methanosarcinales and
Methanomassiliicoccales have this metabolism. Analysis of genome sequences
of the new CH,-forming phyla mentioned previously, the Bathyarchaeota and
the Verstraetearchaeota, indicate they have methylotrophic CH, metabolisms
(Evansetal., 2015; Vanwonterghem et al., 2016). In the rumen the main methyl-
compounds found are methanol and methylamines. Methanol is present at
around 0.8 mM in the rumen of cattle fed hay and grain (Vantcheva etal., 1970)
and is thought to be derived from demethyoxylation of dietary pectins via
the action of pectin methyl esterases (PMEs; EC3.1.1.11) encoded by rumen
bacteria including Lachnospira multipara (Silley, 1985, 1986) and species
of the genera Butyrivibrio and Prevotella. Mono-, di- and tri-methylamines
are produced mainly as the end-product of plant phosphatidylcholine
degradation (Dawson and Hemington, 1974) via choline. Methylamine has
been measured at around 85 pM in the rumen fluid of dairy cows fed a cereal
grain diet (Ametaj et al., 2010) and ranges from 28.5 to 703 uM in the rumen
of cows fed varying amounts of barley grain (Bovine Rumen Metabolome
Database, 2018).

Very little is known about how methylamines are produced in the rumen.
It has been shown that labelled choline dosed into the rumen was rapidly
metabolized to trimethylamine (TMA) by rumen microorganisms and the
labelled methyl groups ended up as CH, (Broad and Dawson, 1976; Neill
et al, 1978). A more recent study found a negative relationship between
rumen Methanomassiliicoccales populations and urinary trimethylamine-
N-oxide (TMAQ) concentration (Morgavi et al., 2015), thought to be due to
Methanomassiliicoccales using TMA for CH, formation in the rumen, and
diverting it from being oxidised to TMAQ in the liver.

7.1 Methanogens belonging to the order
Methanomassiliicoccales

Tajima et al.(2001) were the first to notice a novel cluster of uncultured archaeal
sequences distantly associated with Thermoplasma during their study on the
diversity of Archaea in the bovine rumen. Wright et al. (2004) also observed
these novel Thermoplasma-affiliated sequences from the rumen of sheep in
Western Australia, Queensland, Australia (Wright et al., 2006) and in potato-fed
feedlot cattle in Ontario and Prince Edward Island, Canada (Wright et al., 2007).
The meta-analysis of all the available methanogen 16S rRNA gene sequences
by Janssen and Kirs (2008) conclusively showed a large group of uncultured
rumen Archaea affiliated with Thermoplasmatales making up almost 16% of
the global dataset and proposed the name Rumen Cluster C (RCC). In later
studies, Thermoplasmatales-affiliated sequences were found to dominate in
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methanogen clone libraries from yak and cattle in the Qinghai-Tibetan plateau,
China (Huang etal., 2012) while the Methanomassiliicoccaceae family members
from Mmc. Group 10 and Mmc. Group 4 were dominant in amplicon sequences
from yak and Tibetan sheep and Mmc. Group 12 were dominant in introduced
cattle and crossbred sheep (Huang et al., 2016). In Jinnan cattle from China,
Thermoplasmatales-affiliated sequences were widely distributed in the rumen
epithelium, rumen solid and fluid fractions (Pei et al., 2010). Thermoplasmatales-
affiliated sequences have been also found in rumen samples from a variety
of ruminant species, and in some cases constituted the dominant rumen
methanogen present (King et al., 2011; Gu et al.,, 2011; Franzolin et al., 2012;
Jeyanathan et al., 2011; Cheng et al., 2009).

All of the information on the RCC-Thermoplasmatales-affiliated sequence
up to this stage was inferred from 16S rRNA gene libraries, but as indicated
above a strain of the Thermoplasmatales-associated lineage C (TALC)
group, BRNA1, was enriched from the bovine rumen (Denman et al., 2011;
unpublished data) and a pure culture, Methanoplasma gallocaecorum DOK-1,
was obtained from the faeces of a chicken (Padmanabha et al., 2013) and used
H, to reduce both methylamines and methanol to CH,. The BRNA1 strain was
part of a multispecies enrichment, but a draft sequence of the TALC organism
was reassembled from metagenomic data of the mixed culture and its gene
complement confirmed it was capable of CH, production. Poulsen et al. (2013)
showed that Thermoplasmata Archaea inthe bovine rumen were methylotrophic
methanogens and that dietary supplementation with rapeseed oil in lactating
cows reduced their numbers. Using a metatranscriptomic approach,
Thermoplasmata 16S rRNA and mcr transcripts decreased at the same time as
mRNAs of enzymes involved in methanogenesis from methylamines, indicating
methylamine use. Methylotrophic methanogenesis was confirmed using in
vitro incubations, where methylamine supplementation was accompanied
by enhanced growth of the Thermoplasmata organisms and elevated CH,
production. Subsequently, metagenome sequences from trimethylamine
enrichments of rumen fluid from Brown Swiss cattle yielded reassembled
genomes of two methanogenic Methanomassiliicoccales organisms (Sollinger
et al., 2016). The RumEn M1 MAG consisted of 182 contigs with an estimated
genome size of 2.21 Mbp and its 16S rRNA gene sequence confirmed it is a
novel member of the family Methanomassiliicoccaceae. The second MAG,
RumEn M2, contained 18 contigs with an estimated genome size of 1.28
Mbp and represented a novel member of a gastrointestinal (GIT) clade of
the Methanomassiliicoccales. Another enrichment culture from bovine rumen
contents which produced CH, from trimethylamine and methanol contained
a 'Candidatus Methanomethylophilus' sp. 1R26 and represented an additional
member of the Methanomassiliicoccales order (Noel etal., 2016). More recently,
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work with the methanogen inhibitor, 3-nitrooxy propanol (3-NOP) in cattle has
shown that Methanomassiliicoccales decreased when this compound was fed
to cattle (Martinez-Fernandez et al., 2018). At the same time, trimethylamine
accumulated to around 1.2 mM in the rumen of 3-NOP-fed animals compared
to 0.33 mM in control animals, supporting a role for Methanomassiliicoccales in
trimethylamine metabolism.

Around the same time, Dridi et al. (2012) isolated a strain affiliated with the
Thermoplasmatales from human faeces and called it Methanomassiliicoccus
luminyensis, while Borrel et al. (2012) sequenced the genome of another RCC-
related isolate, Candidatus Methanomethylophilus alvus Mx1201. Paul et al.
(2012) pulled all the Thermoplasmatales 16S rRNA genes and mcrA gene
sequences together, along with the enriched cultures from the higher termites,
millipedes and the Mms. luminyensis isolate and proposed that they formed a
seventh order of methanogenic Archaea, the Methanomassiliicoccales.

The previously mentioned methanogen culture work by Jeyanathan
et al. (2011) generated 3 mixed enrichment cultures containing RCC-like
organisms as the sole methanogens. The ISO4-H5 mixed culture contained a
single Methanomassiliicoccales strain and a bacterial partner identified as a
Succinivibrio dextrinisolvens, and genomic DNAs from this mixed culture were
sequenced. Methanomassiliicoccales-related sequences were reassembled
into 47 contigs in a single scaffold and its genome was closed (Li et al., 2016b).
The Methanomassiliicoccales sp. 1ISO4-H5 genome was found to be 1.9 Mb
and had 54% G + C content, similar to the genomes of Mx1201, B10 and
BRNA1. ISO4-H5 encodes the genes enabling H,-dependent methylotrophic
methanogenesis by reduction of methyl substrates but does not have the ability
to oxidize methyl substrates to CO,. It is predicted to use H, and methanol,
mono-, di-, tri-methylamine and methyl-3-methylthiopropionate giving
ISO4-H5 more metabolic versatility than other methylotrophic methanogens
in the rumen.

As described in other Methanomassiliicoccales, 1SO4-H5 uses a
heterodisulfide reductase (hdrABC) and a methyl-viologen hydrogenase
(mvhADG) to recycle CoM, using reducing equivalents generated from the
hydrogenase, and is coupled to a F,,-dehydrogenase Fpo-like complex to
generate the membrane potential and ATP. ISO4-H5 does not encode CoM
biosynthesis genes, which suggests it has adapted to the rumen environment,
where CoM produced by other methanogens is available. It also lacks the genes
encoding cofactor F,,, synthesis, which agrees with microscopic observations
that it does not fluoresce under illumination at 420 nm. ISO4-H5 can produce
pyrrolysine and has the specific aminoacyl-tRNA synthetase that enables
readthrough of the amber stop codon UAG. In-frame amber codons signalling
pyrrolysine insertion are found in 46 1ISO4-H5 genes, including many of the
genes encoding methylamine and methanol use.
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The 1ISO4-G1 enrichment culture from Jeyanathan et al. (2011) has also
been genome sequenced, revealing a single 1.6 Mb circular chromosome,
with a GC content of 55.5%, and 1501 predicted protein-coding genes, but
does not contain any identifiable plasmid, prophage, or CRISPR sequences
(Kelly et al, 2016c). Like ISO4-H5, I1SO4-G1 relies on H,-dependent
methylotrophic methanogenesis to produce energy, with methanol and
methylamines as substrates. It also lacks the genes for CoM production and
tryptophan biosynthesis, but does encode many transporters, including 15
ABC transporters predicted to be involved in Fe®* or siderophore uptake.
ISO4-G1 has a complete operon (AUP07_0651- AUP07_0654) for pyrrolysine
biosynthesis and the specific aminoacyl-tRNA synthetase and 25 genes
encoding pyrrolysine-containing proteins, 9 of which are mono-/di-/tri-
methylamine:corrinoid methyltransferases. 1ISO4-G1 also encodes an NRPS
which is predicted to incorporate a pyrrolysine residue, but the function of its
predicted NRP is not known.

The CH, formation pathway from methyl compounds in both ISO4-H5 and
ISO4-G1 likely pumps only one ion across the cell membrane to generate a
membrane gradient for every two CH, molecules that are formed, compared
to two ions pumped by Msp. stadtmanae, which uses essentially the same
metabolism. Therefore, it is predicted that I1ISO4-H5 and ISO4-G1 have
much lower ATP yields and therefore slower growth than Methanosphaera
spp. which agrees with the very low culture densities achieved by ISO4-H5
and 1SO4-G1. However, the differing stoichiometries for CH, formation
(Table 1) means that ISO4-H5 and ISO4-G1 can be expected to have
lower thresholds for H,, allowing them to grow at lower H, concentrations
compared to Methanosphaera spp., their main methylotrophic competitor in
the rumen. This differentiates the Methanomassiliicoccales ecologically from
Methanosphaera. The wide range of fermentation conditions in the rumen
when animals are feeding or ruminating likely presents opportunities for
both these groups of methylotrophic methanogens to grow and co-exist in
the rumen.

7.2 Methanosphaera sp. BMS

Methanosphaera sp. BMS was isolated from a methanol enrichment of a rumen
sample collected from a Brahman steer in Australia (Hoedt, 2017). Growth tests
showed that BMS is a H,-dependent methylotroph using only methanol, and not
methylated amines, acetate, formate, propanol or a mixture of H, + CO,. BMS
was unable to use ethanol as an alternative to H, to support methanogenesis, as
has been observed in the isolate obtained from a kangaroo (Methanosphaera
sp. WGK6; Hoedt et al., 2016). The BMS genome was larger (2.9 Mb, 2204
protein coding sequences) than the genomes from Methanosphaera isolates
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of human and kangaroo origin (both ~1.7 Mb). KEGG pathway analyses for CH,
metabolism indicated that BMS encodes all the genes required for H,-driven
methanol reduction and encodesthe Type Il mrt system along with the coenzyme
M methyltransferase subunits mtrABC. Methanosphaera sp. MAGs were also
reassembled from various metagenome datasets and H,-dependent reduction
of methanolto CH, appearedto be a common feature of all the Methanosphaera
genomes. However, as indicated earlier, culture-based studies of the kangaroo
Methanosphaera isolate WGK6 revealed it could use ethanol as a sole source of
reducing power for methanol reduction and methanogenesis, using alcohol and
aldehyde dehydrogenases (Hoedt et al., 2016). Homologues of these alcohol
and aldehyde dehydrogenase genes were also detected in a Methanosphaera
sp. MAG (SHI1033) assembled from the low CH, yield sheep metagenomes
(Shi et al., 2014), but not in any of the other MAGs or the Methanosphaera sp.
BMS and Methanosphaera stadtmanae DSMZ 30917 genomes. This raises the
interesting possibility that ethanol-driven methanogenesis by Methanosphaera
sp. is a common feature of low CH,-producing gut environments.

8 Acetoclastic methanogens: Methanosarcina sp. CM1

Acetate is not metabolized to CH, to any significant extent in the rumen
(Hungate et al., 1970), and methanogens able to form CH, from acetate (via the
acetoclastic methanogenesis pathway) are extremely rare in this environment
(<0.015%; Henderson et al., 2015), supporting this notion. Despite these
observations, Methanosarcina have been isolated from the rumen on several
occasions (Patterson and Hespell, 1979; Mclnerney et al., 1981b; Jarvis et al.,
2000) so their rarity in the rumen microbial community appears not to preclude
their cultivation. Methanosarcina sp. CM1 (99% 16S rRNA gene similarity to
that of the Ms. barkeri MST DSM 800) was isolated from the rumen of a NZ
Friesian cow grazing a ryegrass/white clover pasture and grew as large cell
aggregates in broth culture, the characteristic morphology associated with
Ms. barkeri. It grew and produced CH, from H, + CO,, acetate, methanol
and methylamines, but not formate, even though it encodes a formate
dehydrogenase gene. The CM1 genome is much larger than other rumen
methanogens (4.5 Mb; 3656 predicted genes) and encodes acetoclastic,
hydrogenotrophic and methylotrophic methanogenesis pathways. CM1 does
not encode a [Fel]-hydrogenase/dehydrogenase (hmd), or mrt, but does
encode a CoM biosynthesis pathway, although the pathway differs from that
in other sequenced rumen Methanobacteriales. Several features make CM1 a
rumen curiosity. It encodes pyrrolysine biosynthesis (pylSBCD) together with
a specific pyrrolysine aminoacyl-tRNA synthetase and its methyl transferase
genes are predicted to incorporate pyrrolysine into their amino acid sequences.
Its cell surface is predicted to be composed of a protein S-layer rather than the
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pseudomurein found in other rumen Methanobacteriales, and it has a glycoside
hydrolase family 18 (GH18; chitinase) protein which is predicted to be secreted
from the cell and may mediate interaction with the chitin-containing rumen
anaerobic fungi. Although CM1 has an operon encoding a flagellum (flaB-flaJ)
and associated chemotaxis genes, CM1 has not been observed as a motile
organism, suggesting these flagellar proteins may serve a different purpose
in CM1. Like Mb. formicicum BRM9, CM1 contains two different nif operons
with nitrogenase and nitrogenase cofactor biosynthesis genes which function
in nitrogen fixation. Having the ability to use a wide range of substrates marks
CM1 as a generalist able to occupy a range of different environments, although
it does not attain high populations and is practically undetectable in the rumen
under most circumstances. However, when pectin is used to induce methanol
production in the rumen, Methanosarcina can be enriched and isolated (Pol
and Demeyer, 1988).

9 Conclusions

The realisation that CH, emissions from ruminant animals contribute to
anthropogenic GHG emissions and global warming has seen a renewed interest
in characterising the methanogens in the rumen and finding ways to reduce
their activities. The summary of rumen ecology studies outlined here indicates
that there have been numerous cultivations of rumen methanogens, but only
a handful of these have been successfully isolated as pure cultures and even
fewer have been fully described and deposited in internationally recognised
and accessible culture collections. There is a strong need for new initiatives,
such as the Hungate 1000 project (Seshadri et al., 2018), to get more rumen
methanogens into culture and to carry out detailed phenotypic and genomic
characterizations. A more comprehensive catalogue of methanogen strains is
needed to better characterize their physiology and to further understand the
detail of the different modes of CH, formation. While methanogen genome
sequences go some way explaining why there are multiple methanogen types
found in the rumen, there is a great deal more work required at the organism
level to elucidate their growth characteristics and how they respond to varying
levels of their main energy source, H,, and to a lesser extent, short chain
alcohols. Furthermore, understanding the interactions of H,— and methyl-
compound-producing rumen microbes with methanogens is crucial to defining
the role of interspecies H, transfer and the extent to which this process governs
CH, formation.

Most of the biochemistry of methanogenesis pathway enzymes has
been carried out in non-rumen methanogens, principally Methanobacterium
thermoautotrophicum and Methanosarcina barkeri (Thauer et al., 2008). It
is important to at least confirm that the biochemistry of methanogenesis in
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rumen methanogens proceeds via the same mechanisms and pathways as
characterised elsewhere, and preferably to fully elucidate the enzymology
of the main rumen methanogen groups. It would also be desirable to have
genetically tractable strains of the main rumen methanogen groups to allow
targeted inactivation of specific methanogen genes to support gene function
experiments. In non-rumen Archaea, genetic modification systems have been
developed which have subsequently become the workhorses of archaeal
microbial research (Metcalf et al., 1997; Rother and Metcalf, 2005). Systems for
genetic manipulation of rumen methanogens do not currently exist but these
will be required if real progress is to be made in determining the role of the
myriad methanogen genes without known function. Some of the raw materials
for genetic systems exist in rumen methanogens in the form of plasmids, phage
and CRISPR-Cas systems, so there needs to be a concerted effort to put these
genetic elements to work to reveal the details of rumen methanogen biology.

The high throughput, NGS technologies undoubtedly have an important
role to play in the future characterisation of rumen methanogen communities.
NGS technologies are already making genome sequencing of cultivated
methanogen species routine and are amplifying our ability to catalogue and
analyse methanogen marker genes. They are also offering powerful new tools
to retrieve methanogen metagenomic sequences to ever increasing depths,
thereby allowing access to genomic information directly from rumen samples
via metagenome re-assemblies. It is anticipated that these new approaches will
produce large amounts of marker gene, genomic and metagenomic sequence
data that will require interpretation in the context of methanogen biology
before the derived understanding can be applied to practical treatments for
CH, mitigation in the rumen. Well-annotated and curated reference genes and
whole genome sequences organised by taxonomic and functional categories
in dedicated databases, will be crucial to accurate interpretation of these new
datasets. The ever-increasing amounts of data will also require significantly
expanded computing capabilities coupled with better software to identify,
extract and analyse these new datasets. While these challenges are significant,
the opportunities these new datasets afford are considerable, and augur well
for a much-enhanced understanding of the biology of rumen methanogens in
the future.
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1 Introduction

Rumen protozoa were first reported by Gruby in 1843. Since then efforts in
understanding the function of these organisms have increased, albeit at a
slower rate than efforts applied to understand the rumen bacteria, due to the
increased complexity of working with rumen protozoa. Rumen protozoa belong
mainly within the phylum Ciliophora and belong to one of the two orders,
Vestibuliferida and Entodiniomorphida (often referred to as the holotrich and
entodiniomorphids, respectively). Although they are less enumerate than
rumen bacteria they are larger in size and account for anywhere between
5 and 50% of microbial biomass in the rumen. It is also known that ruminants
possess defined populations of rumen protozoa (types A, B, O and K), the exact
reason being unknown, although host genomics and/or predatory behaviour
(i.e. protozoa feeding on other protozoa) have been implicated. The rumen
protozoa possess two types of nuclei, the micronuclei and the macronuclei,
with the micronuclei behaving as a germline nucleus which is not involved in
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RNA transcription, whereas the macronuclei undergo RNA transcription for
vegetative growth.

The presence of these protozoa in the rumen also has profound effects
on the bacteria, fungi and archaea present. For example, many of the rumen
protozoa display selective predation, resulting in changes in the rumen
microbiome. Rumen methanogenic archaea also form close associations with
the rumen protozoa, particularly the order Vestibuliferida, due to the fact that
the ciliate protozoa possess hydrogenosomes, which compartmentalise the
terminal reactions of energy metabolism resulting in hydrogen release, thus
allowing the methanogens to utilise the hydrogen to form methane more
effectively.

The rumen protozoa also interact closely with dietary plant material, for
example, Epidinium spp. actively seek, engulf and store plant chloroplasts within
their cytoplasm. The reason for this is unclear, but as the plant chloroplast is rich
in lipids and protein it is likely due to their energy requirements. Many of the
protozoa within the order Entodiniomorpha also possess the ability to degrade
fibre, through possession of glycosyl hydrolases, which have likely been
acquired through horizontal gene transfer from rumen bacteria. In vivo studies
based mainly on defaunation studies (absence of rumen protozoa) and meta-
analyses of a number of these in vivo studies, confirm that the rumen protozoa
increase fibre degradation and methane emission, but reduce microbial
protein supply and average daily weight gain suggesting a negative effect on
host growth and environmental impact. Nonetheless, it should be noted that
removal of all rumen protozoa, as a future methane mitigation strategy, may
not be the best approach, and innovative technologies to eliminate the order
Vestibuliferida may be favourable due to their larger role in methane emissions
and minimal role in dietary fibre digestion. Given that removal of all protozoa is
challenging, developing innovative technologies to target removal of specific
protozoa will be even more problematic.

2 Discovery of rumen protozoa

The pioneering work of Antonie van Leeuwenhoek led to the first discovery of
free-living protozoa in 1676. Nonetheless rumen protozoa were not reported
until 1843 (Gruby and Delafond, 1843). This is likely due to the challenges of
obtaining rumen samples and the surprising fact that protozoa survive in such a
harsh environment, making it an environment in which scientists would be less
likely to prospect for protozoa in the first instance. The rumen is warm (39°C),
anoxic, contains an abundance of food particles and contracts in a regular and
frequent manner to increase the flow of particles to the lower intestines. As
such the rumen is analogous to a chemostat and the slow generation time of
the protozoa, approximated as ranging from 5h to 15.7 h (Warner, 1962; Karnati
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etal., 2007), coupled with a flow rate of approximately 2 x 10! protozoal cells/
day (Karnati et al., 2007), means that they have had to develop strategies to
persist and survive in this environment. For example, they will often attach
to fresh rumen digesta (Orpin, 1985) or sequester to the reticulo-rumen wall
(Abe and Iriki, 1989) to avoid outflow from the rumen. The rumen protozoa
can also adjust their generation time in response to changes in passage rate or
substrate, which again aids their survival (Dehority, 1998, 2004; Karnati et al.,
2007).

From earlier works, itis now clear that a small number of the cells described
as protozoa were in fact zoospores produced by the other group of rumen
eukaryotes, the rumen fungi, which are present at very low densities (Orpin,
1975). However, it is now well recognised that those confirmed as rumen
protozoa are less dense than rumen bacteria (typically 10%-10¢ cells/mL as
compared with 10°-10"" cells/mL for rumen bacteria). Yet they may account for
anywhere between 5% and 50% of microbial biomass in the rumen, depending
on the host animal’s diet, due to the larger size of the protozoa (Williams and
Coleman, 1992; Denton et al., 2015).

3 Rumen protozoal taxonomy and population ‘types’

The rumen protozoa are mainly ciliates belonging to the phylum
Ciliophora, with very low numbers of flagellates, such as Trichomonas spp.,
Monocecromonas spp. and Chilomastix spp. occasionally seen (Williams and
Coleman, 1992; Fig. 1). Rumen ciliates form the part of a monophyletic group,
together with ciliates seen in the foreguts of camelids (Kubesy and Dehority,
2002) and the hindgut of other herbivores, such as horses and rhinoceroses
(Moon-van der Staay et al., 2014). They are classified into two main orders
depending on their morphology, namely order Vestibuliferida (often called
holotrichs) and order Entodiniomorphida (often called entodiniomorphs;
Kamra, 2005; Fig. 1).

The order Vestibuliferida consists of four families: Isotrichidae,
Blepharocorythidae, Beutschliidae and Paraisotrichidae. Of these, the
Isotrichidae is far more widespread and has been reported to account for up to
40% of the ciliate population (Williams and Coleman, 1992). Within the order
Vestibuliferida, family Isotrichidae tend to utilise soluble carbohydrates, are
somewhat aero-tolerant, and can be physically characterised by cilia of uniform
length, covering the entire cell surface (Williams and Coleman, 1992; Dehority,
2003; Fig. 2). These cilia are fused around the vestibulum and the flexible
pellicles (Williams and Coleman, 1992; Dehority, 2003; Fig. 2). Three principal
Isotrichidae species inhabit the rumen, namely Isotricha intestinalis, |. prostoma
and Dasytricha ruminantium, with some other species making up a very minor
portion (Hobson and Stewart, 1997; Figs. 1 and 2).
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Phylum Ciliophora
Subphylum Intramacronucleata
Class Litostomatea
Subclass Trichostomatia
Order Vestibuliferida
Family Isotrichidae
Genus Aviisotricha
Genus Dasytricha
Genus Isotricha
Order Entodiniomorphida
Suborder Entodiniomorphina
Family Ophryoscolecidae
Sub-family Entodiniinae
Genus Entodinium
Sub-family Diplodiniinae
Genus Diplodinium
Eodinium
Eudiplodinium
Ostracodinium
Enoploplastron
Metadinium
Elytroplastron
Polyplastron
Subfamily Ophryoscolecinae
Genus Epidinium
Epiplastron
Opisthotrichum
Ophryoscolex
Caloscolex

Figure 1 Taxonomy of the dominant rumen-ciliate protozoa (adapted from Imai, 1998).

The order Entodiniomorphida is composed of family Ophryscolecidae,
which contains most of the genera of rumen protozoal entodiniomorphs
(Fig. 1). Nonetheless, two other genera, namely Parentodinium spp., which
belong to the family Cycloposthiidae, and Rhinozeta spp., which belong
to the family Rhinozetidae, are present in the rumen but are less enumerate
than protozoa belonging to the family Ophryscolecidae (Imai, 1998).
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Figure 2 Light photomicrographs of various Lugol’s stained rumen protozoa ciliates.
From (a) to (e) Entodinium spp; from (f) to (h) Diplodinium spp; (i) Eremoplastron spp.; (j)
Ostracodinium spp.; (k) Eudiplodinium spp.; (I) Metadinium spp; (m) and (n) Epidinium
spp.; (o) Dasytricha spp.; and (p) Isotricha spp. Images are the author’s own (Williams,
2018) and all belong to type B rumen protozoal populations.

These entodiniomorphid protozoa also differ morphologically from the
Vestibuliferida, in that they display congregations of cilia at their anterior and/
or posterior end and are classified using characteristics such as ciliary zones,
the number of skeletal plates, caudal projections and the arrangement of cilia
on the cell surface (Dehority, 2003; Fig. 2). The order Entodiniomorphida is
also less flexible than the order Vestibuliferida, due to the thick outer pellicle
that they possess, which is thought to be an adaptation for survival in the
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harsh rumen environment (Williams and Coleman, 1992). There are several
subfamilies within the Entodiniomorphida, such as Entodiniiae, Diplodiniiae,
Epidiniinae, Opisthotrichinae, Ophryoscolecinae and Caloscolecinae, which
are found in ruminants worldwide (Williams and Coleman, 1992; Henderson
et al., 2015; Figs. 1 and 2). Identification of entodinomorphids at the species
level is complex due to the intraspecific variation, for example Entodinium
caudatum only produces a caudal spine in the presence of Entodinium bursa
(Hobson and Stewart, 1997).

The 'rumen census’ publication (Henderson et al., 2015) has provided, to
date, the most comprehensive study of ruminant and camelid microbiomes
across the geographical location, host and diet. This study examined the
ruminant microbial communities in a total of 768 samples, using molecular
based-sequencing analysis targeting all known bacteria, archaea and ciliates,
with additional reference to the rumen fungiandviruses(Henderson etal., 2015).
Over 99% of protozoal sequence data were assigned to 12 genus-equivalent
groups: Entodinium, Epidinium, Enoploplastron, Ophryscolex, Anoplodinium/
Diplodinium,  Eremoplastron/Diploplastron,  Eudiplodinium, Metadinium,
Ostracodinium, Polyplastron, Dasytricha and Isotricha. The Entodinium spp. and
Epidinium spp. dominated and were represented in 32.2% and 16.5% of the
768 samples respectively (Henderson et al., 2015). It was also apparent that
the variation in protozoa was much more pronounced than that of bacteria in
relation to the geographical location (Henderson et al., 2015).

Before the advent of advanced omic technologies, it has been shown that
ruminants typically possess a distinct ‘type’ of rumen protozoa population,
defined by the presence of certain genera only (Eadie, 1962; Williams and
Coleman, 1992; Table 1). These rumen protozoal populations have been
defined as types A, B, O and K, with types A and B being the most diverse
in composition and also the predominant population types encountered in
ruminants. Within these populations, individual genera, such as Diplodinium
and Ophryscolex, may disappear for no apparent reason and the larger
entodiniomorphid protozoa tend to vary most between animals, while the
holotrichs remain relatively constant (Eadie, 1962; Williams and Coleman,
1992).

The reason that ruminants possess specific rumen protozoal ‘types’ coupled
with the variability in the rumen protozoa across geographical locations is
unclear. Nonetheless, it has been postulated that the genetics and physiology
of the host animal, its diet, transfaunation (the introduction and spread of a
spectrum of protozoal species) and antagonism among ciliate species are
important factors in establishing both the composition and concentration
of the rumen-ciliate community. Indeed, larger protozoa are capable of
predatory behaviour through ingestion of smaller species of protozoa, which
again may partially explain why large and small protozoa rarely exist together
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Table 1 A classification scheme for protozoal population types found in cattle, sheep and goats

Type A Type B Type O Type Ke (cattle only)
Entodinium Entodinium Entodinium Entodinium
Polyplastron Epidinium (except E. Elytroplastron bubali
multivesiculatum tricaudaum)
Diploplastron affine Eudiplodinium maggii Eremoplastron
rostratum
Orphryoscolex (cattle Eremoplastron Diplodinium
and sheep)
Ostracodinium (cattle Ostracodinium (sheep)
and sheep)
Eremoplastron (rarely Orphryoscolex (goat)
cattle)
Diplodinium Diplodinium
Enoploplastron Enoploplastron (rarely
cattle)
Eodinium Diploplastron
Eodinium

Source: adapted from Williams and Coleman (1992).

in the rumen (Williams and Coleman, 1992). Eadie (1967) demonstrated that
Polyplastron multivesiculatum predated upon Epidinium spp., Eudiplodinium
magii, Eremoplastron bovis and Ostracodinium spp. Therefore, the presence or
absence of P multivesiculatum appears to define whether a ruminant possess
type A or Type B protozoal populations.

4 Rumen protozoal genomics

The rumen protozoa possess two types of nuclei: the macronuclei and the
micronuclei. In non-rumen ciliates, the micronucleus has been shown to act as
the germline nucleus and does not express its genes, whereas the macronucleus
transcribes RNA for vegetative growth (Prescott, 1994), providing the genes
encoding all enzymes that the protozoa express. It is assumed that this is also
the case in the macro and micronucleus of the rumen ciliates. The macronucleus
is the larger of the two nuclei, despite only containing a sub-component of the
genetic material in the micronucleus. This is a consequence of it possessing
multiple copies of many of the DNA sequences present in the micronucleus.
Some non-ruminant ciliates have single gene chromosomes, chromosomes
containing a single gene flanked by telomeres. Rumen ciliates, on the other
hand, have relatively short chromosomes, but these are considerably longer
than single-gene chromosomes (Thomas et al., 2004) and have been referred
to as midi-chromosomes. Both nuclei are known to be extremely AT-rich, with
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the coding regions showing a strong preference for codons using A or T where
possible and only using a limited subset of the available codons (McEwan et al.,
2000a,b). In the past, the AT richness of the rumen protozoa has proved a
limiting factor when applying molecular techniques. DNA with a low GC content
(or AT richness) is less stable than that with a higher percentage mainly due to
interactions during base stacking. This has caused problems with sequencing
AT-rich genomes as read coverage is biased in favour of GC-balanced regions,
often leading to few or no reads from AT-rich or GC-rich regions (Chen et al.,
2013).

Due to the similarity in size between micronuclei and larger bacteria,
micronuclei have proved difficult to purify, although macronuclei have been
successfully isolated (Young et al., 2015). Consequently, it is only recently
that the first, and only, draft macronuclear genome sequence of the rumen
protozoa was published (Park et al., 2018). This draft macronuclear genome
of the ruminal ciliate Entodinium caudatum is the first of its kind, providing
sequencing data from the transcriptionally active nucleus. Gene prediction
was trained using Tetrahymena thermophila and showed similarity to Oxytricha
trifallax. While these data provide an excellent foundation, this annotation is
less than ideal as the differences between symbiotic ciliates of the ruminant
gut are likely to be significant relative to that of a free-living protozoa. The lack
of reference sequences for the rumen protozoa often results in their mis- or
under-representation in metagenomic datasets as well as poor coverage
during annotation. Similar problems have been encountered with the genome
of the rumen anaerobic fungus Orpinomyces which contains 80-85% AT bases
(Nicholson et al., 2005; Quail et al., 2012). Nonetheless, this is a major step
forward in our gene-based functional understanding of the rumen protozoa
and provides a foundation for macronuclear sequencing of other rumen
protozoa in the future.

5 Ecological fluctuations in protozoa populations

In response to feeding, the entodiniomorphid population decreases by more
than 50% in the 6 hours post-feeding, after which the population increases
again over 24 hours to reach pre-feeding levels (Williams and Coleman, 1992).
Itis thought that this is due to an increased amount of saliva and water entering
the rumen which dilutes the microorganisms; however, the protozoa recover
quickly (usually in approx. 8 hours) due to the abundance of nutrients (Williams
and Coleman, 1992). This pattern appears to be consistent regardless of how
many times a day an animal is fed, taking longer when fed once a day but
occurring more rapidly when fed several times (Williams and Coleman, 1992).

The two orders of rumen protozoa also display their own, independent
diurnal cycles. Purser and Moir (1959) noted that entodiniomorph densities
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decreased at feeding and then rose again post-feeding, while Purser (1961)
later observed that holotrich densities of the Vestibuliferida peak atfeeding time
and then gradually diminish. It is thought that the contractions of the reticulum
wall before and during feeding, coupled with the presence of soluble sugars,
stimulate the migration of protozoa belonging to the order Vestibuliferida in
the rumen (Hobson and Stewart, 1997). Predominantly this happens with those
protozoa which graze on bacteria and can digest components of plant material
(cellulose, hemicelluloses, fructosans, pectin, starch, insoluble sugars, proteins
and lipids).

Although rumen protozoa are a natural, and indeed normal, component of
the rumen ecosystem, it is possible for animals to survive without a protozoal
population. This can be achieved either by rearing animals in isolation from
other ruminants (Belanche et al, 2015) and preventing the population
developing (non-faunated animals), or removing the protozoal population later
in life (defaunated animals) by chemical treatments such as the use of 2% (w/v)
copper sulphate and dioctyl sodium sulphosuccinate, delivered to the rumen
via a nasogastric tube or fistula (Aban and Bestil, 2016). While bacteria and
fungi alone are able to perform the digestion of a plant material, experiments
with defaunated or non-faunated animals show a significant decrease in fibre
digestibility overall, with compensatory digestion in the large intestine and
caecum (Demeyer, 1981).

6 Protozoa interactions in the rumen
6.1 Rumen bacteria-protozoa interactions

Observations by Bryant and Small (1960) showed a doubling of rumen bacteria
from 6.0 x 107 bacteria/mL in calves inoculated with whole rumen contents
(i.e. including protozoa) to 13.6 x 10° bacteria/mL in defaunated calves.
This highlights the considerable effect that protozoa have on the bacterial
population, with some protozoa fully digesting bacteria and releasing H,, which
contribute towards CH, production and release (Williams, 1986; van Zijderveld
et al., 2011). Bacteria are possibly the most important source of nitrogenous
compounds for protozoa, and genera within the orders Entodiniomorphida
and Vestibuliferida show a distinct preference in bacterial species, for example,
Entodiniomorphids will ingest Selenomonas ruminantium and Butyrivibrio
fibrisolvens much quicker than other bacteria (Coleman, 1964). The protozoa
utilise a range of specific and active enzymes in the digestion of rumen
bacteria and fungi. Both exo- and endo-chitinolytic enzymes are produced by
Eudiplodinium maggii, for example, which serve the sole purpose of breaking
down fungal cell walls (Miltko et al., 2012). Metatranscriptomes constructed
from the rumen protozoa have also revealed cathepsins (B and F) which show
predominantly the lysosomal activity and are likely to be used in the breakdown
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of bacterial cell walls (Williams, 2018). The fate of the engulfed bacteria also
depends upon the bacterial species, for example, E. caudatum has been
observed to kill Escherichia coli and Klebsiella aerogenes rapidly, while Proteus
mirabilis appears relatively resistant to digestion (White, 1969). Irrespective of
the effects on bacterial densities and diversity, it has also been shown that the
rumen protozoa harbour unique intracellular endosymbiotic bacteria, different
to those found in the planktonic phase with class Entomicrobia, symbiotic
bacteria of termites being found intracellularly in low abundance (Levy and
Jami, 2018).

6.2 Rumen fungi-protozoa interactions

The meta-analysis performed by Newbold et al. (2015) suggested that rumen
defaunation causes a reduction in the cellulolytic microorganisms, including
fungi. Newbold et al. (2015) suggest that this observation may be due to the
fact that fibre digestion in the rumen is complex and requires the symbiotic
collaboration of several fibrolytic microbes, including rumen protozoa.
Therefore, the absence of rumen protozoa may have a detrimental effect on
the fibrolytic consortium and ultimately in fibre digestion. However, Hsu et al.
(1991) reported an increase in ruminal fungal zoospores in defaunated animals,
which they hypothesised, was due to the removal of protozoal predation and
competition for nutrients. In support of protozoal predation of rumen fungji,
Morgavi et al. (1994) showed that rumen protozoa possessed chitinases
capable of degrading the chitin found in the cell wall of rumen fungi.

6.3 Rumen methanogen-protozoa interactions

Rumen protozoa possess hydrogenosomes, which compartmentalise the
terminal reactions of energy metabolism resulting in hydrogen release, allowing
the methanogens to utilise the hydrogen to form methane more effectively.
This means that the protozoa have strong intra and extracellular interaction
with the rumen protozoa, giving them direct access to the hydrogen and thus
increasing the methane output (Fenchel and Finlay, 2006; Belanche et al.,
2014).In a recent publication it has also been demonstrated that the dominant
methanogen found in association with rumen protozoa is hydrogenotrophic
Methanobrevibacter (Tymensen et al., 2012; Belanche et al., 2014; Wang et al.,
2017). Holotrich protozoa have also been shown to harbour slightly different
endosymbiotic methanogens than entodiniomorphids (Belanche et al., 2014),
possibly due to the fact that holotrichs have more active hydrogenosomes
than entodiniomorphids (Paul et al., 1990) and/or rapid synthesis of glycogen
by holotrichs in the presence of excess carbohydrates, resulting in increased
hydrogen generation (Hall, 2011; Denton et al., 2015). In a subsequent study
by Belanche et al. (2014), holotrichs were introduced to defaunated sheep,
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and it was observed that methane emissions increased to a greater extent than
animals which were inoculated with whole protozoal populations (holotrich
and entodiniomorphs).

6.4 Rumen plant-protozoal interactions

It is well documented that the rumen microbiome shows a distinct and rapid
response to feeding, to which the protozoa are no exception (Williams and
Coleman, 1992; Newbold et al., 2015; Nikkhah, 2016). The larger members
of the order Entodiniomorphida generally prefer particulate matter and often
associate closely with plant fibres during digestion, for example, Epidinium
and Polyplastron spp. (Huws et al., 2009, 2012, 2018). Epidinium spp. have
been shown to swim through fresh perennial ryegrass ad orchard grass leaves,
engulfing plant chloroplasts as they move (Akin and Amos, 1979; Huws et al.,
2018; Fig. 3). Bauchop (1980) also noted that the association of Epidinium
spp. with plant material in vitro was rapid and after prolonged incubation,
digestion of the mesophyll tissue occurred in the presence of antibiotics, which
suppressed the activity of rumen bacteria, suggesting that these ciliates were
major digesters of the mesophyll tissue.

It is postulated that the rumen protozoa play a role in starch, cellulose,
cellobiose, pectin and hemicellulose breakdown (Wright, 1960; Bailey et al.,
1962; Coleman, 1978, 1985; Forsberg et al., 1984; Orpin, 1984, Veira, 1986;
Varel and Dehority, 1989; Jouany and Ushida, 1999; Wang and McAllister, 2002;
Newbold et al., 2015). In fact, it has been proposed that the rumen bacteria and
fungi are responsible for 80% of plant cell wall degradation while the protozoa
contribute to around 20% of degradative activity (Wang and McAllister, 2002;
Newbold et al., 2015). However, these results may underestimate the protozoal
role, as attempts to study protozoal enzymes have been hampered in the
past by difficulties in successfully culturing and maintaining the organisms in
vitro (Wang and McAllister, 2002). Regardless, many rumen protozoa have
been shown to exhibit potential cellulolytic, hemicellulolytic and pectinolytic
activities simultaneously: Eudiplodinium maggii, Ostracodinium dilobum,
Metadinium affine, Eudiplodinium bovis, Orphryoscolex caudatus, Polyplastron
multivesiculatum, Isotricha intestinalis and Isotricha prostoma (Wang and
McAllister, 2002). In addition to these species are Entodinium caudatum,
Diplodinium pentacanthum, Endoploplastron triloricatum, Orphyroscolex
tricoronatus, Ostracodinium gracile and Entodinium caudatum (Dehority, 1993).

The majority of these studies concerning carbohydrate-active enzymes
of the rumen protozoa span the period between 1960 and 2000, pre-dating
the genomic era (Guttmacher and Collins, 2003; Konstantinidis et al., 2006). As
such, very little sequence data are available and most research uses faunated
versus defaunted animals or simple agar-based assays with pure cultures to infer
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(a)

Figure 3 Light microscopy images of an (a) Epidinium spp. fractionated from a steer 2
h post grass feeding saturated with intracellular chloroplasts (scale bar = 10uM) and (b)
the contrasting epifluorescent image. (c) Light microscopy images of an Entodinium sp.

fractionated from a steer 2 h post grass feeding saturated with intracellular chloroplasts
(scale bar = 10uM) and (d) the contrasting epifluorescent image.

activity. Nonetheless, such studies have reasonably provided a solid evidence of
protozoal involvementin fibrolytic breakdown inthe rumen (Jouany and Senaud,
1979). Indeed, wide ranges of plant cell wall polysaccharases have been found
in the Epidinium genus based on zymogram studies. A study by Bailey and
Gaillard (1965) showed that three hemicelluloses in the grass were hydrolysed
by cell-free extracts of E. caudatum, and determined that arabinofuranosidases,
endo-1, 4-B-xylanases and endo-1, 4-B-xylodextrinases were being produced.
In the same suspension, cellobiose was released from B hemicellulose
suggesting cellodextrinase activity, in addition to B-1,3-glucosidase activity.
Another study by Bailey et al. (1962) confirmed the hydrolysis of wheat xylan
with the release of arabinose, xylobiose and xylose in similar, cell-free extracts
of E. ecaudatum. Research concerning other protozoal species has also been
carried out: cell-free extracts of Eremoplastron bovis demonstrated xylanase,
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xylodextrinase, cellodextrinase and exo-1,4-B-glucanase activity, and similar
suspensions of E. maggii were shown to digest cellulose and pectate (Hungate,
1942, 1943; Bailey and Clarke, 1963; Coleman, 1978, 1986).

In the post-genomic era, a number of different fibrolytic genes have
been identified in rumen protozoa, especially the larger entodiniomorphs
(Devillard et al., 1999; Ricard et al., 2006; Wereszka et al., 2004, 2006). For
example, Devillard et al. (1999) constructed a metagenomic library from the
rumen protozoan P. multivesiculatum, the study successfully identified and
characterised GH family 11 xylanases from the P. multivesiculatum cDNA library.
But upon construction of a phylogenetic tree from family 11 xylanase catalytic
domains, it was clear that the Polyplastron xylanase was more closely related
to sequences from the rumen bacteria Ruminococcus flavefaciens and Bacillus
pumilus than to other xylanases of eukaryotic origin. This raises the possibility
that the protozoal glycosyl hydrolases may have been acquired via horizontal
gene transfer (HGT), perhaps from ingested bacteria (Devillard et al., 1999;
Friedman and Ely, 2012). More recently, a glutamate dehydrogenase cDNA
clone was isolated from Entodinium caudatum and was assumed to have been
acquired by the ciliate via HGT (Newbold et al., 2005).

On a larger scale, a study by Ricard et al. (2006) investigated the concept
of HGT from rumen bacteria into ciliates using approximately 4 000 Expressed
Sequence Tags (ESTs) from representatives from the main groups of rumen
ciliates. The study selected some of the more abundant and common
ciliates: E. simplex, E. caudatum, E. maggii, Metadinium medium, D. affine, P,
multivesiculatum E. ecaudatum, I. prostoma, |. intestinalis and D. ruminantium
to ensure maximum coverage when constructing cDNA libraries. Phylogenetic
trees were constructed for each cluster, which revealed those that clustered
within the bacterial portion of the tree. Among the HGT candidates was an over-
representation of enzymes involved in carbohydrate transfer and metabolism
(around three-quarters), and that of all enzymes encoded, 35% of these were
glycosyl hydrolases. Interestingly, a significant difference was observed between
the enzyme profiles of the orders Entodiniomorphida and Vestibuliferida with
the Vestibuliferida expressing enolases, fructokinases and glucokinases that
were absent in the Entodiniomorphida. The Entodiniomorphida on the other
hand, expressed cellobiose phosphorylases, cellulases, xylanases, pectate
lyase, aspartate-ammonia lyase and nitroreductase that were absent in the
order Vestibuliferida. In fact, the only GHs found in the order Vestibuliferida
were not fibrolytic, supporting the conclusion that this type of protozoa does
not digest fibres to a major extent. This study by Ricard et al. (2006) suggests
that HGT is an important process in the adaptation of the rumen protozoa to a
carbohydrate-rich environment, with 4.1% of ESTs being the result of HGT.

Itis also widely acknowledged that in fast-growing microorganisms, such as
the rumen bacteria, codon biases occur either by neutral mutation or by natural
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selection for optimal translation efficiency (Rocha, 2004; Behura and Severson,
2013; Brandis and Hughes, 2016). A more comprehensive investigation of this
unusual codon usage pattern was conducted by McEwan et al. (2000b) where
it was shown that the rumen ciliates follow the ‘universal’ codon code, unlike
certain other ciliates which use TAA, TAG or TGA to encode amino acids. As
would be expected in organisms with a high AT content, the preferred stop
codon is TAA. Although all 61 codons in the ‘universal’ codon code were used,
there was a distinct preference for a sub-group of codons, most interestingly
in terms of their preferential usage of AGA to encode arginine, a codon whose
usage is often minimised in many other organisms. In addition, the rumen
ciliates make use of unusual nucleotide patterns within their 3’ untranslated
regions of mRNA, for example, not using the ‘universal’ polyadenylation signal
(Destables et al., 2005).

7 Challenges of working with rumen protozoa

The rumen protozoa present a number of challenges in terms of genetic studies
and cultivation experiments. Many of the issues related to genetic studies have
been discussed previously: dual-nuclear structures, unusual codon usage
patterns, non-standard polyadenylation and so on. In terms of culturing rumen
protozoa in vitro it is currently not possible to grow them as axenic cultures (i.e.
in the absence of bacteria) or as monoaxenic cultures (i.e. one bacterial species
present). Many studies involving individual species of rumen protozoa have
involved introducing single species of protozoa into the rumen of defaunated
or non-faunated animals to achieve animals with a mono-faunated status
allowing their study. This can be achieved by using a micromanipulator to pick
out individual protozoal cells which share sufficient morphological identity to
suggest they are a single species. These can then be used to inoculate host
ruminants. The animals being used as hosts must be free of protozoa in the
rumen before inoculation; however, it is also important that if they have ever
had a protozoal population that the omasum (third chamber of the ruminant
foregut) is also free of protozoa before introducing the inoculum (Michatowski
etal., 1991). This can be problematic where more than one species shares very
similar morphological structures, with the potential for inclusion of more than
one species in the initial inoculum being a serious issue. Even when there is a
single speciesin the initial inoculum introduced into the rumen, the host animals
must be maintained in isolation from other ruminants to avoid contamination
with other protozoal species.

Coleman et al. (1976) detailed methods for the culture of six species
of rumen protozoa (Enoploplastron triloricatum, Eudiplodinium maggii,
Diploplastron affine, E. caudatum, Diplodinium monacanthum and Diplodinium
pentacanthum) along with a screening method for cellulolytic activity using
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a-["“C] cellulose in the form of C-labelled perennial ryegrass. Five species
showed activity against the cellulose, although the assay was not successful in
the case of D. monacanthum. As always, it was challenging to truly discriminate
between protozoal and bacterial activity but after centrifugation to remove
bacteria, cell-free extracts of these organisms continued to show cellulolytic
activity as measured by sugar production. However, there still remained the
potential for a few bacterial cells to persist in the protozoal fraction following
centrifugation.

Alternatively, the micromanipulator method used to pick individual
cells and establish monofaunated populations in the rumen of otherwise
protozoa-free animals may also be used to establish in vitro cultures. A
number of different approaches involving salt solutions have been used with
some success for in vitro growth of rumen protozoa: Hungate salt solutions
(Hungate, 1942), 'caudatum’ salt solution (Coleman et al., 1972), 'simplex’
type solution (Coleman et al., 1972) and ‘artificial rumen fluid’ (Michatowski
et al., 1999). However, these approaches can be difficult to establish and
again normally rely on inoculation with several morphologically similar
cells - which again may or may not actually be a single species. Even after
successfully establishing a culture, many protozoa will die after a number of
rounds of cell division. In non-rumen ciliates this has been attributed to a
lack of conjugation taking place between cells to produce new sexual nuclei
(micronuclei), with cultures relying on asexual reproduction alone having a
limited level of stability and longevity. Although, it is assumed that rumen
ciliates utilise conjugation as a means of sexual reproduction, this has not
been reported.

8 The effects of protozoal function on ruminant
nutrition, health and emissions

Irrespective of the challenges of understanding the function of rumen protozoa,
Gruby and Delafond (1843) hypothesised that due to the dramatic appearance
of these protozoa, they must play a role in host nutrition. Subsequently, it has
been demonstrated that the rumen protozoa play an important role in ruminant
function, despite not being essential for survival (Newbold et al., 2015; Li
et al., 2018). Previously discussed protozoal functionality within this chapter
is largely based on fundamental lab-based studies; in this section data from
largely in vivo studies are discussed. Defaunation studies provide the bulk of
available information with regard to assessing the overall impact of the rumen
protozoa on animal production. Recent meta-analyses based on defaunation
experiments have also been published, building strength in our understanding
of the role of the rumen protozoa in host phenotype, due to the amalgamation
of available datasets (Eugéne et al., 2004; Newbold et al., 2015; Li et al., 2018).
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8.1 Rumen protozoa and Nitrogen-use efficiency

Research into protozoal protein metabolism is limited and often contradictory,
for example, Forsberg et al. (1984) and Coleman (1983) found little activity of
protozoal enzymes on casein at a neutral pH, whereas others had no difficulty
producing enzymatic activity under the same conditions (Brock et al., 1982).
Although results are ambiguous, evidence suggests that entodiniomorphid
protozoa do indeed produce proteolytic enzymes of the ‘thiol’ and ‘carboxyl’
types which show weak activity overall (Coleman, 1983; Forsberg et al., 1984).
It must be noted that such early studies were unable to differentiate between
enzymatic activity of ingested bacteria and enzymes produced by the protozoa
themselves, as such; older results may not be as reliable as results from more
recent studies (Hess et al., 2011).

Defaunation has been shown in many studies to increase rumen nitrogen
retention (Eugéne et al., 2004; Newbold et al., 2015; Li et al., 2018), but in others
no difference has been seen (Nguyen et al., 2016). These discrepancies in the
data could be a result of many reasons, including using different host breeds,
diets, length of defaunation and so on, which makes meta-analytical approaches
all the more powerful in obtaining a more holistic outlook. Based on a varying
number of studies and inclusion/exclusion factors, three meta-analyses have
been published, all of which demonstrate that the absence of rumen protozoa
increases ammonia N concentrations inthe rumen (Eugéne etal., 2004; Newbold
et al., 2015; Li et al.,, 2018). This is likely due to their capacity to digest rumen
bacteria and fungi, subsequently releasing high-quality microbial protein for
use by the host. As a result of bacterial digestion, soluble protein is also supplied
back to the rumen microbiome for growth as rumen protozoa cannot utilise
ammonia nitrogen (lvan et al., 1991; Demeyer and Fievez, 2004). The rumen
protozoa have also been shown to contribute towards the flow of microbial
nitrogen from the foregut into the duodenum, due to their ability to engulf large
molecules, such as proteins and carbohydrates (Bach et al., 2005). Nonetheless,
because protozoa are selectively retained in the rumen their contribution to the
total supply of crude protein is approximately 11% (Shabi et al., 2000).

8.2 Rumen protozoa and fibre digestion

Evidence has been found that the removal of protozoa from the rumen causes
a significant decrease in organic matter degradation and that fibre digestion
is a complex task requiring the cooperation of several fibrolytic microbes,
the protozoa being responsible for the initial stages of fibre colonization and
digestion (Newbold et al., 2015). While the activity of the holotrichs is lower
than that seen in entodiniomorphids (possibly due to relative abundances),
they do actively participate in metabolic processes. Holotrich densities have
been observed to greatly increase when the animals’ diet contains high levels of
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soluble carbohydrates. In general, the holotrichs are heavily influenced by the
host diet. Although, it is worth noting that most studies of metabolic activity in
this group have been performed using only the three principal holotrich species
mentioned above. Therefore, itis well documented that these species are mostly
involved in the utilisation of soluble sugars and non-structural polysaccharides
and will migrate towards this material using chemotaxis. They also associate
with ingested plant material but probably have a limited ability to degrade
plant cell wall polysaccharides (Hobson and Stewart, 1997). Defaunation also
has an impact on the whole microbial community with fungal concentrations
greatly decreasing while populations of cellulolytic bacteria increase (Newbold
et al., 2015). The effect of defaunation on feed conversion rate is disputed.
Williams and Coleman (1992) reported an improved conversion and greater
average daily gain; however, this may be due to fewer nutrients being absorbed
(because of poor digestibility) so those which are obtained must be used
more efficiently. Another significant result of defaunation is the increased flow
of microbial protein to the duodenum. This is because no bacteria are being
ingested by protozoa, which also results in a larger and more diverse rumen
bacterial population (Williams and Coleman, 1992; Newbold et al., 2015).

8.3 Rumen protozoa and healthiness of ruminant products

The role of the rumen protozoa in lipid metabolism is debated, as the protozoa
have been found to be rich in human health beneficial polyunsaturated
fatty acids (PUFA) (Huws et al., 2009). It is thought that this is not due to
direct involvement in lipid metabolism but rather their tendency to saturate
themselves with PUFA-rich chloroplasts, which leads to their high C18:3 n-3
content (Huws et al., 2009; Fig. 3), as discussed previously. After engulfment
some chloroplasts are partially metabolised by the engulfed bacteria, which
can also result in the accumulation of conjugated linoleic acid (CLA) and cis-9,
trans-11 vaccenic acid, which have also been shown to have some human health
benefits, within the protozoal cell (Lourenco et al., 2010). The rumen protozoa
effectively protect PUFA in the rumen from lipolysis and biohydrogenation, thus
increasing the chloroplast content of protozoa via diet consequently providing
the opportunity to enhance the flow of PUFA to the duodenum and into
meat and milk products as suggested in studies by Huws et al. (2009, 2012).
Indeed, a recent study by Francisco et al. (2019) showed that rumen protozoal
densities were positively correlated with deposition of human health beneficial
fatty acids in meat. Nonetheless, many studies show that rumen protozoa are
retained in the rumen, therefore the intra-protozoal chloroplastic PUFA flow to
the duodenum is minimal (Huws et al., 2012), and consequently absorption of
human health beneficial fatty acids is not increased in the duodenum in the
presence of protozoa (Huws et al., 2012).
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8.4 Rumen protozoa and methane emissions

Ruminants are responsible for a significant proportion of agricultural methane
(approx. 14% of methane released annually into the atmosphere) (Huws et al.,
2018). Within these animals the principal site of methane production is in the
foregut, most notably the rumen. This methane is produced by a population
of archaea (methanogens) which inhabit the rumen ecosystem. As noted
previously many of these archaea are associated with the rumen protozoa,
either on the surface of the cells or endosymbiotically. This interaction has
been shown to be highly dependent on the gaseous component of rumen,
and when the rumen is high in N, methanogens have a high association with
ciliate protozoa, conversely when the rumen is high in H, the association is
reduced and the methanogens are found in higher concentrations in the
planktonic (Stumm et al., 1982). This study suggests that association of rumen
methanogens with protozoa is an evolutionary adaptation to ensure access
to hydrogen when concentrations are low in the rumen itself. Irrespective,
targeting the rumen protozoa has been proposed as a mechanism to reduce
methane levels, albeit in an indirect manner. While defaunation does not have
a significant effect on levels of methanogens, methane production is reduced;
a possible explanation for this lies in the elimination of endosymbiotic,
protozoa-associated methanogens (Finlay et al., 1994). Indeed, there is a linear
relationship between protozoal concentration and methane emissions, which
has prompted research into methane mitigation via manipulation of the rumen
protozoa (Newbold et al., 2015).

9 Case study: manipulating the rumen ciliates

The current data on function of the rumen protozoa suggest that lowering their
densities or removing them entirely from the rumen microbiome may be an
effective strategy to ensure high production and lower environmental impact of
ruminants. The rumen protozoa are passed between animals by direct transfer
through saliva (Becker and Hsiung, 1929; Yahez-Ruiz et al., 2015). Ciliate
protozoa can normally be seen in the rumen of young ruminants within 2 weeks
of birth with small Entodinia established before the large protozoa (Eadie,
1962). As such, protozoal-free rumen populations may be established in calves
or lambs by rearing them in an environment devoid of other ruminants with a
normal protozoal population from an early age (typically around 24-48 hours
after birth, following initial suckling to expose them to maternal colostrum).
Likewise, chemical treatment of the foregut can be used to remove the protozoal
population later in life. While both of these approaches can be achieved in a
research environment, neither is particularly practical in an agricultural setting.
Instead manipulation, including either reduction or eradication, of the rumen
ciliate population must be achieved by alternative means to make it practical.
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One of the most successfully implemented examples of the use of
supplements to reduce protozoal numbers and improve ruminant production
efficiency, while minimising environmental impact, are the ionophores(including
monensin) (Nagaraja et al., 1997). lonophores have growth-promoting effect
on ruminants. Their mode of action is, to date, not fully understood although
monensin has been shown to inhibit proteolysis within storage vesicles in the
non-rumen ciliate Paramecium (Fok and Ueno, 1987) and inhibits lysosomal
fusion of the food vacuole (Gautier et al., 1994). As a consequence, itis assumed
that monensin works in a similar way against the related rumen protozoa, albeit
this has not been confirmed. Nonetheless, the rumen protozoa have also been
shown to adapt to the addition of ionophores, thus reducing their ability to
reduce protozoal density (Nagaraja et al., 1997). This protozoal adaptation
coupled with a ban in 2006 for ionophore use in livestock production in
the European Union due to concerns on the development of antimicrobial
resistance means that alternatives need to be found.

Following the ban on ionophores, a substantial focus was placed onto
evaluating phytochemicals as replacements. In particular, much emphasis has
been given to the plant saponins, which consist of an aglycone or sapogenin
linked to one or more sugar moieties through a glycosidic bond (Francis et al.,
2002). Different sources of saponins have been shown to have different levels of
effect (Wallace et al., 2002), for example, saponins from alfalfa have been shown
to alter fermentation in a continuous culture (Lu et al., 1987) and reduce both
protozoal numbers and methane production (Patra and Saxena, 2009). However,
the results of application of saponins in the ruminant diet are mixed, with many
studies reporting no effects (Sliwinski et al., 2002; Holtshausen et al., 2009)
but some reporting reductions in methane of 6.7% (Santoso et al., 2004). It is
suggested that reductions in methane production are indirect and are a result
of an increase in propionate production and reduction in protozoal numbers
(Hristov et al., 1999). It is hypothesised that this variation in results is due to the
differing sources and concentrations used in studies, for example, extracts from
the fruit Sapindus saponaria were used in a study by Hess et al., (2004) which
resulted in an inclusion rate of 0.75% which are much higher than the levels
occurring in Yucca extracts (Sliwinski et al., 2002; Goel and Makkar, 2012). There
is also the added complication of the accompanying diets in these studies, which
vary from grazed pasture to forage/concentrate diets (Goel and Makkar, 2012).

Tannins work in a similar way to saponins as naturally occurring plant
secondary metabolites with antimicrobial action and effects on rumen
fermentation pathways. Two types of tannins exist - condensed and hydro-
lysable, both of which may have adverse and beneficial effects on the animal
simultaneously. To that end, condensed tannin-rich plants or their extracts
are mostly used to reduce the risk of toxicity (Beauchemin et al., 2008). It is
suggested that the methane-reducing effects of tannins may be a result of one
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of two actions: by direct effects on the rumen methanogens or by reducing
feed degradation which lowers hydrogen production (Tavendale et al., 2005).
The negative effects of tannin application on ruminal fibre degradation are
likely due to a reduction in cellulolytic bacteria and the formation of recalcitrant
tannin-cellulose complexes (McSweeney et al., 2001; Makkar et al., 1995).
However, as with studies investigating the effects of saponins, the research
surrounding tannins can be inconsistent and contradictory, with conflicting
evidence for effects on the rumen protozoa and the magnitude of effects
observed (Benchaar et al., 2008; Goel and Makkar, 2012).

Other dietary supplements have also been used with some degree
of success in reducing protozoal numbers (Benchaar et al., 2008). This has
included essential oils which have previously been shown to be effective against
certain populations of rumen bacteria, and also tannins. The main issue in
applying essential oils to the diet of animals is a lack of clarity about their exact
mechanism and the contradictory research that has been published. While
some studies are able to demonstrate significant effects, others are unable
to replicate these results (Patra, 2011). There are also regulatory and safety
concerns associated with the use of essential oils, as often high concentrations
are required to produce a significant result which may lead to toxic effects as
well as feeding into poor profitability.

Despite the research conducted on phytochemical supplementation
of ruminant diets, these supplements are currently not used extensively in
practice, mainly due to regulatory challenges, practical and financial concerns
and limited feed industry uptake, although a company has been established
(Delacon), which sell phytogenic supplements for enhancing ruminant
production and health. It should also be noted that future strategies should
aim to target removal of the order Vestibuliferida, due to their association with
methanogens. Conversely, the current data suggest that due to their fibrolytic
capacity, the order Entodiniomorphida should be retained.

10 Future trends and conclusions

With the global human population predicted to reach around 9.8 billion in 2050
one of the primary concerns facing society is the provision of adequate and
nutritional food (UN, 2017). As a result, the agricultural industry will likely see a
majorsurge in demandforfood of animal origin, while concurrently experiencing
pressure to increase sustainability and minimise environmental impact. One
method of addressing this issue is to maximise rumen function and efficiency,
however, to achieve improvements it is essential that we first have a complete
understanding of the rumen microbiome. As previously highlighted, our
knowledge of the rumen protozoa is far from complete, as such, further research
using the latest sequencing and molecular techniques is vital. These methods
offer the greatest potential to help truly elucidate the role of the protozoa in the
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rumen and therefore how best to manipulate the microbial population in our
quest to improve sustainability. Meta-omic technologies such as metagenomics,
metabolomics, metaproteomics and metatranscriptomics offer the opportunity
to examine whole populations as opposed to the more limited methods that use
pure cultures. Used in conjunction, these methods could provide an in-depth
meta-analysis detailing interactions within the microbiome as well as between
the microbiome and the host or ingested plant material. The biggest advantage
of these technologies, in terms of the rumen protozoa, is their ability to bypass
the roadblock of developing and maintaining a protozoal culture (Newbold
et al., 2015). Despite the development of advanced, culture-free techniques,
the current representation of the rumen protozoa in sequence libraries is poor
and limited to one macronuclear genome sequence of Entodinium caudatum
alongside a handful of fibrolytic proteins (Park et al., 2018). As such, during
bicinformatic analyses it is feasible that the protozoal fraction of a sample is
significantly mis- or under-represented leading to unrepresentative results and
a smaller perceived role in many metabolic processes (Comtet-Marre et al.,
2017). Itis therefore important that research utilises NGS and omic technologies
to their fullest to deliver further functional annotation and genome sequencing
of the rumen inhabitants - specifically the protozoa. The collection of more,
in-depth and robust data seems to be the key to many potential interventions,
including the development of microbiome biomarkers, protozoal-methanogen
relationships and host-microbiome interaction, all of which affect the efficiency
and environmental impact of the animal.

There is also a gap in the literature for more in-depth characterisation of the
interactions between protozoa and the other microbial groups in the rumen,
in particular the relationship of the methanogen populations with protozoa.
It is currently established that abundance and structure of methanogen
colonisation of the rumen protozoa differ depending on the genera, for
example, smaller Entodinium spp. have been associated with higher levels of
methane production than larger species, such as P multivesiculatum (Ranilla
etal., 2007).

The relationship between the host genotype and microbiome also
remains to be fully elucidated, particularly in relation to methane production.
When examining the effect of host genetics and the microbiome on methane
production, a study by Difford et al. (2018) attributed 13% of variation to the
rumen microbiome and 21% to host genetics, further suggesting that the two
may not be linked. If this were the case then these two factors could be targeted
independently. In summary, working with rumen protozoa is challenging,
leading to difficulties for enhancing our understanding of their exact role in
the rumen. Therefore, research on these unique protozloa still needs to be
enhanced in order to fully understand their function and allow development
of innovative strategies to target specific rumen protozoa to improve host
phenotype and environmental impact.
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11 Where to look for further information
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1 Introduction

Members of the phylum Neocallimastigomycota have been shown to be widely
distributed in rumen and hindgut of herbivorous mammals and play key roles
in digestion of fibrous feeds (Gruninger et al., 2014). These strictly anaerobic
fungi are the first colonizers of ingested plant materials and act as a biological
crowbar to break down fibrous materials through their hyphal tips bearing
high concentrations of fibrolytic enzymes, thus increasing access to the plant
carbohydrates for other cellulolytic microbes. Despite accounting for very small
percentages of the gut microbiota in their hosts (7-9%), anaerobic fungi release
more than 50% of the fermentable sugars from ingested plant matter and thus
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play a critical role in the digestion of fibrous feed (Theodorou et al., 1996). It
was shown that removal of anaerobic fungi from the digestive tract of sheep
decreased feed intake severely (Gordon and Phillips, 1993).

2 The life cycle of anaerobic fungi

Rumen fungi reproduce asexually and possess a life cycle consisting of a motile
flagellate (zoospore) stage and a non-motile vegetative and reproductive
(thallus) stage (Mountfort, 1987). It is during the non-motile stage that rumen
fungi colonize and degrade fibrous feeds, thus enabling them to play a role in
the digestion of fiber in the rumen. The life cycle begins with the differentiation
of the reproductive bodies (sporangia) into zoospores as response to increased
concentrations of soluble carbohydrates, haem, and other related porphyrins
released into the rumen liquid (Orpin and Greenwood, 1986). Abundance
of zoospores, which can be monoflagellate or polyflagellate, peaks after
30-60 min of feeding (Orpin and Joblin, 1997). Although zoospores remain
motile for several hours (Lowe et al., 1987), they usually attach and encyst on
plant fragments within 30 min after they have been released from a sporangium
(Heath et al., 1986). Motile zoospores accumulate at the potential attachment
site on the ingested fiber by chemotaxis following a gradient of soluble
sugars and phenolics (Wubah and Kim, 1996). Once attached, they increase
in size, shed their flagella, and form cysts by thickening their cell wall, but
remain capable of ameboid movement. Cyst germination, which involves the
production of a germ tube at the polar end opposite from where the flagella
originated, differs between rumen fungi with one sporangium (monocentric)
and multiple sporangia (polycentric). Monocentric fungi undergo an
endogenous cyst germination, during which the nucleus remains within the
cyst producing a zoosporangium and an anucleate rhizoid system that acts as
an anchor and as trophic interface (Ho and Barr, 1995). After zoosporogenesis,
the remaining thallus is autolyzed (Lowe et al., 1987). Polycentric fungi display
an exogeneous cyst germination during which nuclei migrate into the rhizoids
system enabling the formation of multiple sporangia (Barr et al., 1989). The life
cycle of monocentric anaerobic fungi (zoospore attachment-cyst germination-
thallus  development-reproductive stage-zoospore release) is about
14-32 h (Lowe et al.,, 1987; Ho et al.,, 1996). The polycentric anaerobic fungi
besides producing zoospores for reproduction are capable of reproducing
through vegetative growth as mycelia contain nucleus and hence capable
of indeterminate growth. In case of two bulbous genera (Caecomyces and
Cyllamyces), nuclei are present in holdfast and sporangiophores consistent
with exogenous development and development of thalli in these two genera
are not strictly determinated as in the case of monocentric genera but is more
limited than polycentric genera.
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Besides their biological relevance, zoospores have also been used as
a technique to determine the abundance of anaerobic fungi in strained
rumen fluid using agar roll tubes (Bauchop, 1979; Joblin, 1981). Like other
methods, this approach only provides an estimate, as there are considerable
fluctuations of zoospores abundance over a 24 h period and the relation
between zoospores per sporangium is still not fully understood. Despite its
limitations, this method has the advantage that morphological phenotypes
can be observed, facilitating a preliminary identification and classification, and
it has been used successfully to isolate various different genera of anaerobic
fungi (Phillips and Gordon, 1988, 1995; Borneman et al., 1989). An alternative
approach to the roll tube technique is to inoculate agar plate in an anaerobic
chamber (Borneman et al., 1989). Taking into consideration that different
anaerobic fungi have been isolated from the distinct compartments of the
gastrointestinal (Gl) tract of herbivores, the Gl tract versus feces, and from
domesticated versus wild herbivores, it is possible that these differences are
caused by employing different isolation techniques. A combination of these
techniques should be considered to maximize the success of any isolation
effort and the most accurate representation of fungal isolates from these
niches.

A number of means, such as saliva, feces, and aerosols, have been
suggested to facilitate the transfer between animals (Lowe et al., 1987;
Orpin, 1989). Milne et al. for example reported that it was possible to isolate
anaerobic fungi from sheep saliva stored at 39°C for up to 8 h and from dried
sheep feces stored at 39°C for up to 128 days (Milne et al., 1989). Feces
were reported to contain substantial counts of fungal sporangia, with counts
declined very slowly and maintaining viability for up to 10 months once feces
were dried (Theodorou et al., 1990). Based on the observation that survival
rate in dried feces were higher compared to those determined for feces
stored under moist conditions, Trinci et al. (1988) hypothesized that the drying
process stimulates the formation of resistant structures (Trinci et al., 1988).
This in combination with the loss of fungal viability due to bacterial activity
under moist conditions (McGranaghan et al., 1999) might explain increases
in fungal survival under low moisture conditions. The ability of anaerobic
fungi to form aero-tolerant survival structures, such as the multi-chambered
spores of Anaeromyces (Brookman et al., 2000; Ozkose et al., 2001), would
explain the presence of anaerobic fungi in landfill sites (McDonald et al.,
2012), deep-sea sediments (Nagahama and Nagano, 2012), and as part of
the microbial community in biogas reactors (Haitjema et al., 2014). It would
also explain the difficulty of maintaining the Gl tract of ruminant animals free
of anaerobic fungi, although the processes responsible for the formation and
later germination of these spores remain currently unknown (Gruninger et al.,
2014).
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3 Taxonomy and morphological features of anaerobic fungi

The historical pilgrimage of rumen fungi and their taxonomic classification
system lasted for almost a century. When flagellate microbes from rumen
fluid were described for the first time early in the twentieth century, they were
classified as protozoa (Liebetanz, 1910; Braune, 1913); although the observed
cells were much smaller than true flagellate protozoa cultured from rumen
liquor (Jensen and Hammond, 1964). It was not until 1975 that Colin Orpin
described the stages of their life cycle (Orpin, 1975), discovered chitin as
their main cell-walls structural polysaccharide (Orpin, 1977a), and reclassified
them correctly as the first species of anaerobic fungi (Orpin, 1976, 1977b). The
reclassification of these microbes as true fungi contradicted the mycological
dogma of that time (Foster, 1949; Vavra and Joyon, 1966), which claimed that
fungi are highly oxidative in nature and are unable to metabolize carbohydrates
in the absence of oxygen.

In 1980, the rumen fungi were assigned to the class Chytridiomycetes,
order Spizellomycetales (Barr, 1980), which was supported later based on the
sequence of their 18S ribosomal RNA (rRNA; Dore and Stahl, 1991; Bowman
et al,, 1992; Li and Heath, 1992). Despite the molecular evidence, unique
phenotypic features of rumen fungi, like their strict anaerobiosis, the absence of
mitochondria, the presence of hydrogenosomes and polyflagellate zoospores
(Li et al., 1993), not found in other Spizellomycetales ultimately raised doubts
about Barr's classification system (Barr, 1980, 1988). This disagreement led to
a new order inside the class Chytridiomycetes, namely the Neocallimastigales
with a single family the Neocallimastigaceae, accommodating only anaerobic
fungi (Li et al., 1993).

Significant advances in fungal systematics were achieved by the
‘Assembling the Fungal Tree of Life’ project that employed a multigene
approach to decipher the low-level evolutionary phylogenetic relationships
between members of the fungal kingdom (James et al., 2006). A combination
of a 'six-gene phylogeny’, four genes from the rRNA operon (i.e. 18S rRNA,
28S rRNA, ITS) and two protein-coding genes (i.e. EF1a, RNA polymerase ||
largest subunit RPB1, and its second largest subunit RPB2), and the distinct
morphological features of the rumen fungi ultimately led to the separation
of anaerobic fungi from the Chytridiomycota and the formation of a new
phylum, the Neocallimastigomycota. This phylum is comprised of the
Neocallimastigomycetes, Neocallimastigales, and Neocallimastigaceae on the
class, order, and family level, respectively (Hibbett et al., 2007). In contrast to
this six-gene phylogeny, a classification based on the three nuclear ribosomal
regions (i.e. ITS, LSU, and SSU) and a region of one protein-coding gene (i.e.
RPB1) (Schoch et al., 2012) as well as a phylogenomic classification based on
46 slowly evolving and 107 moderately evolving, orthologous, protein-coding
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Table 1 Commonly used taxonomic classifications of anaerobic fungi

Tedersoo et al. (2018) Hibbett et al. (2007) NCBI taxonomy

Kingdom Fungi Fungi Fungi
Subkingdom Chytridiomycota® - -
Phylum Neocallimastigomycota®  Neocallimastigomycota® Chytridiomycota®

Subphylum  Neocallimastigomycotina®

Class Neocallimastigomycetes® Neocallimastigomycetes® Neocallimastigomycetes®
Order Neocallimastigalesf Neocallimastigales’ Neocallimastigales’
Family Neocallimastigaceae? Neocallimastigaceae?® Neocallimastigaceae?®

2 Subkingdom: Chytridiomycota Tedersoo et al. subkgd. nov. (Tedersoo et al., 2018).

® Phylum: Neocallimastigomycota M. J. Powell, phylum nov. (Hibbett et al., 2007).

¢ Phylum: Chytridiomycota (Barr, 2001).

4 Subphylum: Neocallimastigomycotina Tedersoo et al. subphyl. nov. (Tedersoo et al., 2018).
¢ Class: Neocallimastigomycetes M. J. Powell, class. nov. (Hibbett et al., 2007).

fOrder: Neocallimastigales (Li et al., 1993).

¢ Family: Neocallimastigaceae (Li et al., 1993).

genes (Ebersbergeretal., 2012) suggesta monophyletic origin of the zoosporic
chitinous fungi. Tedersoo et al. (2018) found sufficient support for a separate
phylum of the anaerobic fungi and proposed nomenclatural changes at the
higher taxonomic level that led them to the introduction of fungal subkingdoms
(Table 1). Based on molecular phylogenies, divergence time, and monophyly
criterion, they proposed the new subkingdom Chytridiomyceta comprised
of three phyla, namely the Chytridiomycota, Monoblepharomycota, and
Neocallimastigomycota (Tedersoo et al., 2018).

To determine the most recent common ancestor of the anaerobic
fungi, Wang et al. (2018) used genome and transcriptome data from 27
Neocallimastigomycota to calculate the divergence time of anaerobic fungi.
Their analysis suggest that anaerobic fungi diverged approximately 73.5 = 5
million years ago, which corresponds to the estimated time when mammalian
herbivory evolved.

4 Genera and species of anaerobic fungi

Eighteen genera of anaerobic fungi have been described until today, although
culture-independent studies have suggested at least 25 anaerobic fungal
genera. Due to the challenges associated with the classification of anaerobic
fungi, the number of described species ranges between 31 and 41. Considering
the challenges associated with the accurate classification of anaerobic fungi
and the possibility that some of the described species might be redundant, it
appears advisable to consider the lower number to be correct. A more precise
classification will evolve with the development of more advanced isolation
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and cultivation approaches and with new molecular techniques targeting
specifically anaerobic fungi.

Morphological features have been the key for the classification of
anaerobic fungi, and genera were defined based on the formation of a mono-
or polycentric thallus, filamentous or bulbous rhizoids, the shape of sporangia,
and if an organism forms mono- or polyflagellate zoospores. However, the
morphological approach to the systematic differentiation of anaerobic fungi
is encumbered with difficulties, mainly from the extensive morphological
variations, pleomorphism in sporangial and rhizoidal structures, similarities
in morphological features of monocentric and uniflagellate genera, failure to
produce sporangia, and the absence of zoosporogenesis in some polycentric
species. Key morphological features of currently recognized anaerobic fungal
genera are summarized in Table 2.

Most of the culture-dependent and culture-independent studies
performed to date have used ITS-based sequences. Recent studies have
confirmed that internal transcribed spacer (ITS) sequences analysis is inferior
for species-level differentiation of several anaerobic fungal genera to the
sequence analysis based on the ribosomal large subunit (LSU), although the
number of curated LSU sequences for comparative is currently still limited.
Morphologically independent molecular approach based on DNA analyses,
thus, represents an extremely powerful tool to shed light into the otherwise
cumbersome classification system, and the differentiation and relationship
of the individual anaerobic fungi. A LSU sequence-based phylogenetic
analysis has been performed recently by Hanafy et al. (2019) to visualize the
evolutionary relationship of all currently known 18 genera of anaerobic rumen
fungi (Fig. 1).

5 Monocentric genera
5.1 Neocallimastix

Neocallimastix is the first described genus of anaerobic fungi, named after
Callimastix frontalis originally classified as flagellate protozoan by Braune (1913).
This isolate was renamed in 1966 into Neocallimastix frontalis but remained
classified as protozoa (Vavra and Joyon, 1966) until reclassified as fungus by
Orpin (1975). A more detailed description of N. frontalis was performed later by
Heath et al. (1983). This strain, however, differed from those studied originally by
Orpin, which led Orpin to rename his culture to N. patriciarum (Orpin and Munn,
1986). Neocallimastix is widely distributed among ruminant as well as non-
ruminant herbivores and represents the best-studied anaerobic fungus to date.
Species: Over the years, seven distinct species have been reported inside
the genus Neocallimastix (MB#25486), including Neocallimastix frontalis (Heath
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Figure 1 Evolutionary relationship of all currently known genera of anaerobic rumen
fungi based on their LSU sequence. Source: adapted with permission from Hanafy et al.
(2019). Sequences were aligned in MAFFT (Nakamura et al., 2018) and phylogenetic trees
were constructed in MEGA7 (Kumar et al., 2016) using a maximum likelihood approach.
Bootstrap values from 100 replicates are shown for nodes with more than 70% bootstrap
support.

etal., 1983), Neocallimastix patriciarum (Orpin and Munn, 1986), Neocallimastix
joyonii (Breton et al., 1989), Neocallimastix hurleyensis (Webb and Theodorou,
1991), Neocallimastix variabilis (Ho et al., 1993b), Neocallimastix cameroonii
(Ariyawansa et al., 2015), and Neocallimastix californiae (Li et al., 2016).
Neocallimastix joyonii was found to be identical with Orpinomyces, which
caused this strain to be renamed to Orpinomyces joyonii (Li et al., 1991). In
1991, a direct comparison of the type cultures of N. patriciarum and N. frontalis
revealed those to be morphologically and culturally indistinguishable (Wubah
etal., 1991).Ho and Barr later proposed to place both Neocallimastix patriciarum
and N. variabilis in synonymy with N. frontalis and they questioned the status of
N. hurleyensis as a distinct species (Ho and Barr, 1995). A phylogenetic analysis
of three loci published in 2017 provides molecular evidence that N. hurleyensis
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should indeed be synonymous with N. frontalis (Wang et al., 2017), which
implies that N. frontalis, N. cameroonii, and N. californiae are the only three
species successfully isolated and cultured from the genus Neocallimastix to
date.

5.2 Piromyces

Monoflagellate protozoans from the rumen were reported for the first time
more than 100 years ago (Liebetanz, 1910), but it was not until the late 1970s
that these were recognized as fungi (Orpin, 1977a). Orpin named his isolate
Piromonas communis and assigned itits own genus, the Piromonas. To underline
the fungal kinship, Piromonas was later renamed Piromyces (Gold et al., 1988)
and a detailed description of P communis was published the following year
(Barr et al., 1989). Piromyces appears to be the most heterogeneous genus
among the anaerobic fungi, but since phylogenetic analysis and alignments
indicate that isolates of Piromyces are polyphyletic (Wang et al., 2017), a
detailed revision of this genus might be required.

Species: Within the genus Piromyces (MB#25332), nine species have
been described as of now, namely P communis (Barr et al., 1989), P mae (Li
et al., 1990), P dumbonicus (Li et al., 1990), P. rhizinflatus (Breton et al., 1991),
P. spiralis (Ho et al., 1993c), P minutus (Ho et al., 1993d), P polycephalus (Chen
et al., 2002), P irregularis (Ariyawansa et al., 2015), and P, finnis (Li et al., 2016).
An additional species (i.e. P cryprodigmaticus) has been detected by 16S rRNA
amplicon sequencing.

5.3 Oontomyces

Dagar et al. (2015) isolated the first cultured representative of this genus from
the forestomach of an Indian camel. Cultures were morphologically similar to
members of the genus Piromyces. Genetic analyses, however, demonstrated
this genus to be closer related to members of the polycentric Anaeromyces
clade. To date, sequences identical or similar to those associated with this genus
have been reported exclusively for samples derived from camels, suggesting
fungus may be specific to camelids.

Species: Within the genus Oontomyces (MB#550795), a sole species,
Oontomyces anksri (Dagar et al., 2015), has been described to date.

5.4 Buwchfawromyces

A clade previously denoted as SK2 and that contained only uncultured
anaerobic fungi (Kittelmann et al., 2012; Koetschan et al., 2014). It was renamed
Buwchfawromyces after a cultivar that was obtained in 2015 (Callaghan et al.,
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2015). This genus contains representatives, which are morphologically similar
to Piromyces and that have been isolated from feces of cows, sheep, and
horses. However, they are genetically different to Piromyces and form a sister
clade of the Anaeromyces instead.

Species: Buwchfawromyces eastonii (Callaghan et al., 2015) is currently the
only characterized representative of the genus Buwchfawromyces (MB#550797).

5.5 Pecoramyces

Previously denoted as Orpinomyces 5 (Kittelmann et al., 2012), then renamed
Orpinomyces sp. C1A (Youssef et al., 2013) and reclassified as Pecoramyces
ruminantiumin 2017 (Hanafyetal.,2017).Morphologicallyits sole representative
is similar to members of other anaerobic fungi, but genetically it is unique,
forming a monophyletic cluster with strong bootstrap support as a sister clade
to the genus Orpinomyces.

Species: Pecoramyces ruminantium (Hanafy et al., 2017) is currently the
only characterized representative for the genus Pecoramyces (MB#552530).

5.6 Liebetanzomyces

Clade previously denoted as SP4 (Paul et al., 2018) but renamed within the
same year to Liebetanzomyces after its first cultured representative (Joshi
et al., 2018). Its cultured isolate, derived from rumen digesta of a goat, was
morphologically similar to other monocentric genera, but genetically quite
distinct, forming sister clade of Anaeromyces.

Species: Inside the genus Liebetanzomyces (MB#554794), only species
Liebetanzomyces polymorphus (Joshi et al., 2018) has been described to
date.

5.7 Feramyces

Clade of uncultured anaerobic fungi detected from environmental sequences
(Liggenstoffer et al., 2010) and classified later as AL6 (Kittelmann et al., 2012).
In 2018, its first and currently only cultured isolate was described and the
genus was renamed accordingly to Feramyces (Hanafy et al., 2018a). Cultivars
were isolated from fecal samples and rumen digesta of wild, undomesticated
Barbary sheep and fallow deer. Morphological representatives of Feramyces
are similar to other genera of anaerobic fungi, but genetically it is unique,
forming a distinct lineage basal to the Neocallimastix-Pecoramyces-
Orpinomyces clade.

Species: Inside the genus Feramyces (MB#823650), only species Feramyces
austinii (Hanafy et al., 2018a) has been described to date.
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5.8 Agriosomyces

Isolated from the feces of the mouflon and wild boer goat (Hanafy et al., 2019).
BasedonthelSUsequences,Agriosomycesformsasisterclade of Khoyollomyces,
clustering with the Oontomyces-Anaeromyces-Liebetanzomyces clade. Based
on the phylogenetic analysis of its ITS 1 region, this genus forms a sister clade
to the Ghazallomyces-Orpinomyces-Pecoramyces cluster.

Species: Inside the genus Agriosomyces (MB#830737), only species
Agriosomyces longus has been described up to now (Hanafy et al., 2019).

5.9 Aklioshbomyces

This genus exhibits some morphological similarities to Oontomyces and
Feramyces (i.e. pseudo-intercalary endogenous sporangia) and Piromyces mae
(i.e. papillated sporangia), but phylogenetically it appears to be rather distant,
forming a sister clade to all hitherto-cultured anaerobic fungi (Hanafy et al., 2019).

Species: As of now, only one species (Aklioshbomyces papillarum) had
been described within the genus Aklioshbomyces (MB#830735).

5.10 Capellomyces

A glade represented by two species isolated from the feces of the wild boar
and domesticated goat. Morphological representatives share some features
with Piromyces rhizinflatus (Ho and Barr, 1995) and Neocallimastix frontalis (Barr
et al., 1995), but they are genetically unique. LSU sequences place this fungal
genus into the Oontomyces-Anaeromyces-Liebetanzomyces supragenus clade.

Species: Inside the genus Capellomyces (MB#830739), two species, namely
Capellomyces foraminis and Capellomyces elongatus, have been described up
to now (Hanafy et al., 2019).

5.11 Ghazallomyces

A genus described only recently with one representative isolated from the feces
of the wild axis deer by Hanafy et al. (2019). This genus forms a monophyletic
cluster with strong bootstrap support as a sister clade to Orpinomyces and
Pecoramyces.

Species: Inside the genus Ghazallomyces (MB#830733), only species
Ghazallomyces constrictus has been described up to now (Hanafy et al., 2019).

5.12 Joblinomyces

A genus represented currently by one species (Joblinomyces apicalis)
isolated from the feces of the domesticated goat and sheep by Hanafy
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et al. (2019). Exhibits zoospore release pattern and sporangia morphology
similar to those described for Piromyces minutus (Ho and Barr, 1995), but
genetically is unique. Based on its ITS 1 sequence, this genus forms a separate
clade distantly related to the cluster of the Neocallimastix, Feramyces,
Agriosomyces, Ghazallomyces, Orpinomyces, and Pecoramyces. Based on the
LSU sequences Joblinomyces forms a sister clade of the Buwchfawromyces
and Tahromyces.

Species: Inside the genus Joblinomyces (MB#830867), only species
Joblinomyces apicalis has been described up to now (Hanafy et al., 2019).

5.13 Khoyollomyces

A clade first described by Liggenstoffer et al. (2010) from environmental
sequences, later denoted as AL1 (Kittelmann et al., 2012), and renamed
Khoyollomyces based on the name of its first cultured representatives that
was isolated from the feces of the domesticated horse and zoo-housed
zebra (Hanafy et al., 2019). Based on ITS 1 sequence analysis, this genus
forms a distinct clade. Based on the LSU sequences, Khoyollomyces forms a
monophyletic cluster with strong bootstrap support as a sister clade to the
genus Agriosomyces.

Species: Inside the genus Khoyollomyces (MB#830741), only species
Khoyollomyces ramosus has been described up to now (Hanafy et al., 2019).

5.14 Tahromyces

A recently described genus with one representative species was isolated from
the feces of the wild nilgiri tahr by Hanafy et al. (2019). Morphologically is similar
to genera Piromyces, Buwchfawromyces and Neocallimastix, but genetically
unique and forming a monophyletic cluster with bootstrap support as a sister
clade to the genus Buwchfawromyces.

Species: Inside the genus Tahromyces (MB#830865), only species
Tahromyces munnarensis has been described up to now (Hanafy et al., 2019).

5.15 Morphology of monocentric genera

Fungi displaying a monocentric thallus have either monoflagellate
(Piromyces, Oontomyces, Buwchfawromyces, Pecoramyces, Liebetanzomyces,
Aklioshbomyces, Agriosomyces, Capellomyces, Joblinomyces, Khoyollomyces,
Tahromyces) or polyflagellate (Neocallimastix, Feramyces, Ghazallomyces)
zoospores of spherical to broadly ellipsoidal shapes (4-13 um dia), which may
germinate either endogenously or exogenously. Occasional (6-9%) biflagellate
zoospores are formed (Hanafy et al, 2017, 2019) and for Piromyces even
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four flagella have been observed (Barr et al., 1989). Polyflagellate zoospores
can carry 7-17 flagella. Length of flagella, which become detached from the
cells prior encystment, range between 15 and 37 pm. The vegetative stage
of monocentric genera is anucleate and highly branched with sporangia
of globose, ovoid, ellipsoidal, clavate, triangular, pyriform, heart-shaped,
egg-shaped, subcylindrical or irregular shapes (40-185 pm long, 20-100
pm wide). The main rhizoid can be tubular or inflated below the neck of the
sporangia. Ovoid-to-subovoid intercalary rhizoidal swellings were observed
for Oontomyces (Dagar et al., 2015) and Khoyollomyces (Hanafy et al., 2019).
The wide hyphae can display multiple constrictions at irregular intervals.
Sporangia can be located on unbranched or branched sporangiophores.
Sporangiophores vary in length (15-600 pm), frequently are coiled or wide
and flattened, often forming an apophysis-like or eggcup-like swelling below
the sporangium (Hanafy et al., 2017, 2018a,b; Joshi et al., 2018). A septum is
often visible in mature zoosporangia, separating the zoosporangium from the
sporangiophore (Heath et al., 1983; Callaghan et al., 2015; Joshi et al., 2018).
Pleomorphism in sporangial and rhizoidal structures on different substrates is
typical (Joshi et al., 2018).

6 Polycentric genera
6.1 Orpinomyces

Barr et al. (1989) described Orpinomyces bovis as type species of this genus
and in the same year Breton et al. (1989) described Neocallimastix joyonii
with highly similar specification. This strain was recognized to be synonymous
with Barr’s strain and 2 years later N. joyonii was placed in the new genus
Orpinomyces and renamed to Orpinomyces joyonii (Li et al., 1991).

Species: Inside the genus Orpinomyces (MB#25326), three species have
been described up to now, namely O. bovis (Barr et al., 1989), O. joyonii (Li
etal, 1991), and O. intercalaris (Ho et al., 1994). Orpinomyces bovis, however,
was later identified to be a synonym of O. joyonii.

6.2 Anaeromyces

In 1990, two papers described isolates from a new polycentric anaerobic fungal
genus: Anaeromyces mucronatus isolated from the rumen content of a cow
(Breton et al., 1990) and Ruminomyces elegans isolated from the rumen of a
steer (Ho et al., 1990). Based on some morphological differences, R. elegans
was described initially as a new species inside the Anaeromyces genera and
renamed Anaeromyces elegans (Ho et al., 1993a). Later, Ho and Barr (1995)
expressed doubts about the status of A. elegans. Since no culture or DNA of
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A. elegans was available to obtain further clarification, it remains uncertain
whether this species is synonymous to A. mucronatus or not. It was suggested
that these two genera are synonymous and Anaeromyces mucronatus was
determined as the valid species name.

Species: Inside the genus Anaeromyces (MB#27188), four species have
been described up to now including A. mucronatus (Breton et al., 1990), A.
polycephalus, A. robustus (Li et al., 2016), and A. contortus (Hanafy et al.,
2018b). In 2012, it was suggested that the previously described Piromyces
polycephalus (Chen et al., 2002) should be renamed into Anaeromyces
polycephalus (Kirk, 2012) based inits ITS sequence. However, since this species
is morphologically and genetically distinct from members of the Piromyces
and Anaeromyces, it is more likely that it belongs to neither of these genera
and should be reclassified.

Another candidate for reclassification within the Anaeromyces is
A. robustus, which together with Oontomyces forms the sister clade of
Anaeromyces. Analysis of its partial 28S rRNA sequence, however, places A.
robustus as a unique out-group unrelated to Anaeromyces genus (Li et al.,
2016).

6.3 Morphology of polycentric genera

Fungi with polycentric thallus have either monoflagellate (Anaeromyces)
or polyflagellate (Orpinomyces) zoospores of spherical or oval shape
(8-16 pum dia). Polyflagellate zoospores can carry 10-25 flagella (30-50 pym
long). The vegetative stage consists of dense polynucleate rhizomycelium
of extensively branched hyphae that are considerably larger than those of
monocentric species. These hyphae are highly branched, large, often with
numerous constrictions imparting a bead-like or sausage-like appearance
(Barr et al., 1989; Breton et al., 1990; Fig. 2). Hyphae with delicate and
root-like appearance were observed for Anaeromyces (Breton et al., 1990).
Sporangia have globose, subglobose, ellipsoidal, or irregular shape (30-120
pum long, 8-80 pm wide), in Anaeromyces with typical acuminate (mucronate)
apex (Breton et al., 1990). Sporangia of Orpinomyces are terminal, formed at
the apices of the simple or branched sporangiophore complexes (Li et al.,
1991) or intercalary developed as a small swelling in the hyphae or as a
lateral outgrowth of a hypha (Ho et al., 1994). Sporangia of Anaeromyces can
be located on erect, solitary, unbranched sporangiophore (5-100 ym long)
arising laterally or terminally from the hyphae (Breton et al., 1990). Some
cultures, however, fail to produce mature sporangia, and zoospores are rarely
seen making classification by morphologic means difficult (Ho and Bauchop,
1991).
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Figure 2 Features of anaerobic fungi examined by light microscopy. (a) Anaeromyces:
sporangia with acuminate (mucronate) apex located on unbranched sporangiophore.
(b) Caecomyces: bulbous rhizoid. (c) Piromyces: long unbranched sporangiophore.
(d) Anaeromyces: hyphae with numerous constrictions imparting a sausage-like or
bead-like appearances. (e) Piromyces: bifurcated sporangiophore. (f) Piromyces:
sporangiophores forming an eggcup-like swelling below the sporangium. (g) Piromyces:
release of zoospores from sporangium. (h) Piromyces: branched sporangiophore with
nuclei concentrated in the tips (DAPI staining). (i) Orpinomyces: dense polynucleate
rhizomycelium of extensively branched hyphae (DAPI staining). (j) Piromyces: irregular
shape of sporangia (lugol staining).
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7 Bulbous genera
7.1 Caecomyces

Strains exhibiting the Caecomyces morphology were originally described as
Sphaeromonas. The generic name Sphaeromonas was first used by Liebetanz
(1910) for flagellate protozoa and later by Orpin (1976) for fungal isolates with
zoospores similar to the cultures described by Liebetanz. To emphasize that
these isolates belong to the anaerobic fungi, a new genus Caecomyces was
established by Gold et al. (1988) and Sphaeromonas communis was renamed
to Caecomyces communis.

Species: Inside the genus Caecomyces (MB#25287), four species have
been described up to now including C. communis (Gold et al., 1988), C. equi
(Gold et al., 1988), C. sympodialis (Chen et al., 2007), and C. churrovis (Henske
et al., 2017). The status of C. equi as a distinct species was questioned by Ho
and Barr (1995); however, since no culture of C. equi is available for further
study, it is difficult to determine whether this species is synonymous to C.
communis or not.

7.2 Cyllamyces

The first representative of the genus Cyllamyces, capable to form a bulbous
mycelium, was isolated from fresh cattle feces of milking cows in Wales (Ozkose
et al., 2001). Cyllamyces sp. have been also been reported from rumen fluid
and fresh feces of cattle and buffaloes (Sridhar et al., 2007) and from feces of
bison and antelope (Liggenstoffer et al., 2010). Increased relative abundance
of Cyllamyces was reported in dairy cows fed high-energy diet (Kumar et al.,
2015). However, according to current knowledge, Cyllamyces is a genus that is
not ubiquitous among herbivores.

Species: Inside the genus Cyllamyces (MB#28540), only two species,
namely C. aberensis (Ozkose et al., 2001) and C. icaris (Sridhar et al., 2014),
have been described up to now.

7.3 Morphology of bulbous genera

Bulbous morphology is typical for monocentric Caecomyces and polycentric
Cyllamyces, both having monoflagellate zoospores of spherical, oval, ellipsoid,
oramoeboid (Caecomyces) shape (7-9 um dia; Fig. 2). Occasionally two or three
flagella (20-30 um long) can occur, zoospores of Caecomyces sympodialis can
be even quadriflagellate (Chen etal.,2007). The vegetative stage of Caecomyces
is absent in a developed branching rhizoidal system and consists of spherical
or ovoid bodies (holdfast or haustoria), tubular sporangiophores, and bulbous
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rhizoids. Nuclei are usually present both in sporangia (22-33 ym dia) and
vegetative cells (Gold et al., 1988). Thallus development may terminate at the
unisporangiate or multisporangiate stage (Gold et al., 1988). The vegetative
stage of Cyllamyces consists of bulbous holdfast(30-50 pm dia) without rhizoids
with multiple spherical or ovoid sporangia (12-15 pm dia; Ozkose et al., 2001).
Sporangia can be born on a single elongate or branched sporangiophore
(85-pum long). Even if authors described the Cyllamyces thallus as polycentric,
thallus development is considered as monocentric-polysporangiate, because
nuclei are present in the vegetative part of the thallus (bulbous holdfast and
sporangiophores) and numerous sporangia are consistently produced (Ozkose
etal., 2001).

8 Genomics of anaerobic fungi

Anaerobic fungi are recognized as key players in the decomposition of
lignocelluloses, which they accomplish by a combination of physical penetration
andthe enzymatic activity of a diverse repertoire of cell wall-degrading enzymes.
Advances in molecular and computational biology techniques resulted in the
experimental and technological framework, respectively, that now enables us
to decipher complex fungal genomes and the biological role of individual fungi
without the need of an extensive bioinformatics network and highly trained and
specialized staff. The unusually high A+T content, high number of non-coding
intergenic regions, and gene duplications within fungal genomes, as well as
the unknown ploidy and complex life cycles of anaerobic fungi, have made
nucleotide sequencing and analysis of the obtained data rather challenging
(Brownlee, 1989; Chen et al., 2006; Youssef et al., 2013; Gruninger et al., 2014).

In the past, these challenges were solved by brute force sequencing efforts,
affordable to only a few institutes. An excellent example of the encountered
obstacles and how they were addressed is the draft genome of Piromyces
sp. E2, a highly prolific biomass degrader. An initial assembly using Sanger
data was generated by the US Department of Energy Joint Genome Institute
in 2011 (https://genome.jgi.doe.gov/PirE2_1/ PirE2_1.info.html). It took
another 6 years before data generated using lllumina’s short-read sequencing
technology allowed to complete the initial assembly to provide useful insights
into the biology of and the molecular machinery employed by Piromyces sp. E2
(Haitjema et al., 2017).

More recently, 'single molecule real time’ (SMRT) sequencing, a technology
developed by PacBio, has opened new possibilities for genome sequencing. The
high errorrate associated withthe long reads generated with the SMRT technology
can be addressed by polishing SMRT data with lllumina. The combination of the
various types of 'next generation sequencing’ (NGS) technologies has been
used successfully to yield genomes of a variety of anaerobic rumen fungi, such
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as Pecoramyces ruminantium (formerly classified as Orpinomyces sp. strain
C1A; Youssef et al., 2013; Hanafy et al., 2017) as well as Anaeromyces robustus,
Piromyces finnis, and Neocallimastix californiae (Haitjiema et al., 2017).

A summary of the genomes from anaerobic rumen fungi that have been
sequenced to date is provided in Table 3. Findings for these genome studies,
which so far have been limited to members belonging to the Orpinomyces,
with the exception of Pecoramyces ruminantium as a representative of the
Pecoramyces, confirmed the hypothesis that cellulosomes, which are large
multiprotein complexes that consolidate a wide array of plant biomass-
degrading enzymes for improved biomass hydrolysis (Artzi et al., 2017), are
employed by members of the Neocallimastigaceae.

8.1 Single-cell genomics

Sequencing of individual cells has become a powerful tool for deciphering
genomic variation in human cells since the 1990s and a decade later when basic
PCR-based methods and advanced isothermal DNA amplification approaches
were developed, respectively (Zhang et al., 1992; Dean et al., 2001). It did not
take much longer until single-cell genomics (SCG) was adapted successfully
to sequence genomes from archaea and bacteria (Raghunathan et al., 2005;
Zhang et al., 2006; Podar et al., 2013). Even draft genomes of an uncultured
rumen microbe (Hess et al., 2011) and unicellular marine eukaryotes (Yoon
et al,, 2011; Strassert et al., 2018) were assembled. Challenges associated
with SCG of fungi remain the same as those encountered with traditional
sequencing approaches (e.g., higher ploidy, mitochondrial genomes, multiple
chromosomes, transposable elements, and wide GC variation). However, with
SCG the highly robust fungal cell walls are a more significant problem, since it
hinders access to the DNA for subsequent amplification rendering only a limited
number of cells of the target organism available for the downstream process

Table 3 Statistics of currently available genomes from anaerobic fungi

Genome size? Numbers
Name of organism (base pairs) of genes? Reference
Anaeromyces robustus 71685009 12832 Haitjema et al. (2017)
Caecomyces churrovis 165495782 15009 Henske et al. (2017)
Neocallimastix californiae 193495782 20219 Haitjema et al. (2017)
Pecoramyces ruminantium (formerly 100954185 18936 Youssef et al. (2013)
Orpinomyces sp. C1A)
Piromyces finnis 56455805 10992 Haitjema et al. (2017)
Piromyces sp. E2 71019055 14648 Haitjema et al. (2017)

2 https://genome.jgi.doe.gov/neocallimastigomycota/.
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(Ahrendt et al., 2018). To overcome this obstacle, Ahrendt et al. developed a
robust capture and de-novo assembly protocol that enabled the assembly of
genomes from individual single cells of aerobic fungi up to a completeness of
88%; with an additional improvement to ~97% when combining multiple cells
of the target organisms prior to sequencing (Ahrendt et al., 2018). It appears
to be only a question of time before this highly powerful technology will be
applied to capture genomes from anaerobic fungi.

8.2 Transcriptomics

Transcriptome as well as proteome studies, in which gene expression and
protein profiles of individual organisms under a set of defined metabolic
conditions are determined and compared to each other, provide a more
functionalistic view than the traditional genome studies in which the overall
metabolic potential of organisms is determined. The additional benefit of
those two approaches when applied to eukaryotes, including anaerobic fungi,
is that they render the assembly of introns and longer repetitive reads, both
a major challenge in the assembly of fungal genomes, obsolete (Gruninger
etal, 2014).

Hybridization-based approaches to determine the gene expression
profile of bacteria were used widely in late 1990s, but gained little traction
for mycology (Nilsson et al., 2019). Function-based hybridization arrays,
such as the CAZyChip, FibroChip, and GeoChip, were developed to quickly
quantify the expression of functional key enzymes even by complex microbial
communities (Tu et al., 2014; Abot et al., 2016; Comtet-Marre et al., 2018).
These arrays contain probes that allow to quantify the expression of genes
that are similar enough in their sequence to bind to the probe attached to
the array matrix. The need for a relatively high similarity of bait and target is
a significant drawback since key genes might not possess sufficient affinity.
As the cost for nucleotide sequencing and sequence analysis continuous
to decrease, it is expected that these hybridization arrays will become less
common.

Transcriptomic  analysis of Anaeromyces robustus, Neocallimastix
californiae, and Piromyces finnis suggested that N. californiae and P, finnis had a
threefold increase in the xylanolytic activity compared to commercially available
Aspergillus enzyme mixtures, with approximately 2% of the transcripts coding
for lignocellulolytic glycoside hydrolase (GH) and other carbohydrate-active
enzymes (CAZymes; Solomon et al., 2016). All three of these anaerobic fungi
expressed an increased number of hemicellulases (i.e. GH10) as well as pectin-
degrading enzymes compared to Trichoderma and Aspergillus, rendering
them as superior in removing hemicelluloses and pectin to access the energy-
rich carbohydrates of plant cells. Interestingly, A. robustus preferred glucose
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over the more complex carbohydrates and this for simpler sugars suggests that
this fungus might be more important for the degradation plant material once
the more complex components of the plant fiber have been digested by other
microbes (Solomon et al., 2016).

In addition to the wide array of transcripts-encoding GH families
categorized as cellulases and hemicellulases, transcriptomics also revealed an
increased number of genes for auxiliary enzymes (AAs) and carboxylesterase
(CE) being expressed by these fungi. This explains why members of the
Neocallimastigomycota, including Pecoramyces ruminantium, can degrade
an array of lignin-rich grasses without prior pretreatment (Couger et al., 2015;
Solomon et al., 2016). Wang et al. used a combination of Roche’s and lllumina'’s
NGS technologies to identify 288 unique GH-like contigs actively expressed by
the anaerobic rumen fungus Neocallimastix patriciarum W5 in the presence of
rice straw (Wang et al., 2011). These GH-like contigs were predicted to encode
a variety of cellulases, hemicellulases, including members belonging to the
GH10 family, chitinases, and open reading frames containing non-catalytic
dockerin domains (NCDDs), the latter being characteristic for cellulosomes
(Gilmore et al., 2015).

Gruninger et al. (2018) identified a large repertoire of CAZymes,
accounting for 8.1%, 9%, 11.2%, and 8.9% of the total transcripts from
Anaeromyces mucronatus, Neocallimastix frontalis, Orpinomyces joyonii,
and Piromyces rhizinflata. Furthermore, Gruninger et al. were able to
identify 12 CAZy families and ten carbohydrate-binding modules (CBMs)
that were more than twofold more abundant in the transcriptome of these
three anaerobic rumen fungi when compared to transcriptomes of aerobic
fungi, non-rumen bacteria, and rumen bacteria (Table 4). Of these enriched
CAZyme families, GH6, GH11, GH48, and CE1 as well as CBM1, CBM26, and
CBM29 were even fivefold more within transcriptomes of these anaerobic
fungi. More strikingly, transcripts for the cellulose-specific CBM10 and the
chitin-binding CBM18 were more than 20-fold more abundant in these
expression profiles (Table 4).

Due to their lack of overall similarity of these NCDDs that are part of
cellulosomes to their bacterial counterparts, it was suggested previously
that fungal cellulosomes evolved independently, but acquired some of the
beneficial properties (i.e. catalytic domains) via horizontal gene transfer from
their bacterial neighbors that coexist with the anaerobic fungi in the rumen
ecosystem (Haitjema et al., 2017). First insights into the gene expression of
Caecomyces churrovis, an anaerobic fungus that lacks the extensive rhizoidal
system that is characteristic for many of the other known gut fungi, were
obtained via lllumina's short-read data (Henske et al., 2017). Henske et al.
were able to show that C. churrovis contained the significant lower fraction
(15%) of CAZyme transcripts that contained NCDDs, compared to the ~30%
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(a) Anaeromyces mucranatus Orpinomyces joyonii ( b) Anaeromyces robustus Piromyces finnis
Neocallimastix frontalis Piromyces rhizinflata Neocallimastix californiae Piromyces sp. E2
Pecoramyces ruminantium

Secreted CAZymes
‘ GHS, GH6, GH9, GH45, GH48 .AA4. ARG Secreted CAZymes

GHS, GH6, GH9, GH45, GH48
@ GH8, GH10, GH11, GH26, GH53 ‘CELCEZ,CEA, CE6, CE16 ¢ O H1, GH3, GHas, GHs2

(1 GH8, GH10,GH11 ‘CE4
‘ GH78 8PL1, PL3 ,PL4

“ GH1, GH2, GH3, GH39, GH43 Carbohydrate Binding Modules & associated CAZymes

) GHS5. GH6, GHO, GHas, GHag ‘ CE1, CE4, CE6

(7 GHio,GH11 e

O GHs, GH39, GHa3

Carbohydrate Binding Module associated CAZymes

CBM1, CBMé, CBM10, CBM18, CBM26

(c) Neocallimastix patriciarium W5 CBM1, CBMS, CBM13, CBM29

Secreted CAZymes
‘ GHS, GH6, GH12, GH45, GH48 () GH1, GH3, GHa3

@ GH10, GH11, GH26, GH53

(d) Caecomyces churrovis

Secreted CAZymes

() GHs,GHo, GH9, Gras, Grag () GH1, GH3, GH39, GH43
Carbohydrate Binding Modules & associated CAZymes
(1 GHe, GH10,GH11

Carbohydrate Binding Modules & associated CAZymes

CBM1, CBMS, CBM10 ‘ GHS, GH6, GH9, GHas, GHag (4 GH3, GH39, GHa3
(e) Pecoramyces ruminantium (1 GHe,GH10,GHIT
Secreted CAZymes

‘ GHS, GH6, GH9, GH45, GH48 “GHLGHZ, GH17, GH39, GH43

@ GH8, GH10, GH11, GH26, GH28 ‘ CE1, CE2, CE3, CE4, CE6

Legend
PL1, PL3, PL4, PL5, PL9 Cellulase Oligosaccharide-degrading
‘ GHé7, GH78 8 ‘ “ e
Carbohydrate Binding Modules & associated CAZymes @ Hemicellulase . Auxiliary Activity enzyme

@) Debranching enzyme ) Polysaccharide lyase

o ‘ Carboxylesterase W carbohydrate Binding Module

Figure 3 The carbohydrate-active enzyme (CAZyme) repertoire of anaerobic rumen fungi.
(a) Transcripts of CAZymes detected in the expression profile of Anaeromyces mucranatus,
Neocallimastix frontalis, Orpinomyces joyonii, and Piromyces rhizinflata (Gruninger et al.,
2018). Only the five most abundant CAZyme families detected in the transcriptomes of
all four organisms are reported. (b) CAZymes detected in the expression profile of A.
robustus, N. californiae, Pecoramyces ruminantium, and P. finnis (Solomon et al., 2016)
and in the genomes of A. robustus, N. californiae, Pecoramyces ruminantium, P. finnis,
and Piromyces sp. E2 (Haitjema et al., 2017). Only the five most abundant CAZyme
families detected in both the transcriptomes of A. robustus, N. californiae, Pecoramyces
ruminantium, and P. finnis and in the genomes of all five organisms (i.e. A. robustus, N.
californiae, Pecoramyces ruminantium, P. finnis, and Piromyces sp. E2) are reported. (c)
CAZymes detected in the expression profile of Neocallimastix patriciarium W5 (Wang
et al., 2011). Only the five most abundant CAZyme families detected are reported. (d)
CAZymes detected in the expression profile of Caecomyces churrovis (Henske et al.,
2017). Only the five most abundant CAZyme families detected are reported. (e) CAZymes
detected in the expression profile of Pecoramyces ruminantium (Couger et al., 2015).
Only the five most abundant CAZyme families detected are reported.
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of CAZyme transcripts associated with at least one NCDD that has been
reported for rhizoid forming anaerobic fungi. This observation let Henske et al.
(2017) hypothesize that instead of a cellulosome-based biomass-degradation
strategy, C. churrovis appears to rely more heavily on free CAZymes to degrade
plant carbohydrates.

While recent genome and transcriptome studies have provided significant
insights into the molecular machinery employed by a number of anaerobic
fungi, the differences in data acquisition, analysis, and reporting make a direct
comparison of the data rather difficult. Despite these challenges, results from
these studies have confirmed that fungal CBMs as well as fungal CAZymes-
containing catalytic domains play a key role in the degradation of complex
plant material in the anaerobic rumen ecosystem. GH families belonging to
the cellulases reported for all anaerobic fungi for which genomes are available
are GH5, GH6, GH9, GH45, and GH48. Interestingly, representatives of these
GHs were also always found to be associated with cellulosome-specific CBMs
in studies that reported sufficient details (Fig. 3 and Table 4). The same is the
case for GH10 and GH11, which are predicted to target xylose and a set of GH
classified as oligosaccharide-degrading (Table 4). Although the repertoire of
hemicellulases employed by the anaerobic fungi always contained members
of the GH10 and GH11, a slight variation in the set of additional GH families
was observed for the degradation of hemicelluloses components by the
individual fungi (Fig. 3). These additional hemicellulases belonged to either the
GH8, GH26, and GH53, which are classified as families comprised of enzymes
possessing endoxylanase, xylanase, and endo-1,4-B-galactanase activity,
respectively.

Despite these ubiquitous CAZymes, more detailed transcriptome
studies have revealed the importance of the previously often neglected AAs,
CEs, and polysaccharide lyases (PLs). These enzymes enhance the catalytic
activity of the historically more studied GH by breaking down or modifying
the recalcitrant structural components surrounding the crystalline cellulose
core, thus mechanically weakening the cellulose structure (Ochiai et al.,
2007; Gilbert, 2010; Makela et al., 2018). Transcripts classified as AA4 and
AA6 were identified for A. mucranatus, N. frontalis, O. joyonii, and P. rhizinflata
(Gruninger et al., 2018), whereas CEs (i.e. CE1, CE4, and CE6) were reported
from the transcriptome of Pecoramyces ruminantium (Couger et al., 2015), A.
robustus, N. californiae, P. finnis, and the genome of Piromyces sp. E2 (Solomon
et al., 2016; Haitjema et al., 2017). PLs of the PL1, PL3, and PL4 family were
reported for A. mucranatus, N. frontalis, O. joyonii, and P. rhizinflata (Gruninger
et al., 2018) and Pecoramyces ruminantium, with PL5 and PL9 transcripts also
detected from Pecoramyces ruminantium (Couger et al., 2015). Members of the
PL4-containing NCDD were also detected in the genomes of A. robustus, N.
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californiae, Pecoramyces ruminantium, P. finnis, and Piromyces sp. E2 (Haitjema
et al., 2017). Figure 3 shows the most abundant CAZyme families detected
across the different transcriptomes and genomes of anaerobic fungi. A more
detailed breakdown of the different CAZyme families identified from each
individual anaerobic rumen fungus can be found in Table 4.

Gene expression is a complex and tightly regulated process that remains
poorly understood. Transcription of non-coding RNA strand that then interacts
with the coding strand has been reported as a major mechanism for regulating
gene expression control across all domains of life (Wagner and Simons, 1994;
Katayama et al., 2005; Donaldson and Saville, 2012; Britto-Kido Sde et al.,
2013). Antisense-based expression regulation has been shown to adapt rapidly
to evolutionary pressure (Yan and Wang, 2012), but more importantly can
achieve a switch-like response (Pelechano and Steinmetz, 2013), which explains
why natural antisense transcripts (NATs) have been found throughout fungal
genomes and to play vital roles in their metabolism. A recent study (Solomon
et al., 2018) revealed that NAT-mediated gene regulation is conserved within
the early branching anaerobic rumen fungi (i.e., A. robustus, N. californiae,
and P. finnis). Although ubiquitous in the three studied specimen, overall
NAT abundance was low compared to other fungi, which led the authors to
the conclusion that this might reflect the early divergence of anaerobic fungi
and the significant rate of horizontal gene transfer with bacteria. Of the NAT-
regulated processes identified during the comparative analysis, 10% were
associated with lignocellulose degradation, which suggests that in order to
fully understand the biomass-degrading phenotype, and most likely other
phenotypes as well, of anaerobic fungi might require a thorough analysis of the
corresponding NAT profiles.

To our knowledge, there is no stand-alone proteomic survey that aims to
generate a global protein profile or identify previously unknown enzymes of
anaerobic fungi as of today. Protein profiles generated to date have only been
used to determine which of the previously identified CAZyme families or solute
transporters are involved in the carbohydrate metabolism of Neocallimastix
patriciarium W5, A. robustus, N. californiae, Pecoramyces ruminantium,
and P, finnis (Wang et al., 2011; Seppala et al., 2016; Solomon et al., 2016).
Secretion of proteins belonging to the cellulases (i.e. GH6, GH9, GH45, and
GH48), hemicellulases, (i.e. GH10 and GH11), as well as other oligosaccharide-
degrading enzyme families (i.e. GH1, GH3, and GH43) were verified via mass
spectrometry for N. patriciarum W5 (Wang et al., 2011). Anaeromyces robustus,
N. californiae, and P. finnis secreted the same repertoire of cellulases and
hemicellulases (Solomon et al., 2016), providing additional support to the
hypothesis that similar protein repertoires are employed by these organisms to
overcome the recalcitrance of complex plant polymers.
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9 Meta-omics of anaerobic fungi
9.1 Metagenomics

Utilizing nucleotide sequencing to obtain a better understanding of the
assemblage and the potential function of a microbial community in a given
environment has become a standard approach in microbial ecology. In the
simplistic form of metagenomics that has been well established for several years
now, amplicons are generated from hypervariable regions of the 16S rRNA
gene, which then facilitate to generate abundance profiles of the prokaryotic
population at relatively low costs. Although shotgun metagenomics, in which
whole genomes of archaea, bacteria, and even viruses can be assembled from
the generated short-read data, amplicon sequencing often remains the first
step to obtain initial insights into the microbial community and its potential
response to external factors.

Despite the limitation of amplicon sequencing, such as PCR bias and
limited resolution, the obtained data remains of great value, when having to
plan subsequent experimental and analyses approaches for more complex
studies that involve shotgun metagenomics or transcriptomics, since those
are more resource intensive (Turaev and Rattei, 2016; Staley and Sadowsky,
2018). For fungal community profiles, the ITS region of the nuclear rRNA
operon is commonly used as the taxonomic barcode of choice (Schoch et al.,
2012). Molecular surveys of anaerobic fungi have mainly focused on the ITS1
region and have provided insights into the diversity and structure of the fungal
community associated with the digestive tract of a variety of herbivorous
animals (Dill-McFarland et al., 2019; Mura et al., 2019).

When only a limited number of known fungi are of interest, probe-specific
approaches such as the automated ribosomal intergenic spacer region
analysis developed by Denman et al. (2008) can be sufficient and allow to
track abundances of the targets over an extended period. Recently, Dollhofer
et al. (2016) published a PCR-based approach that allows a quick and rather
inexpensive option for an initial assessment of the assemblage of the fungal
population and its cellulolytic activity by targeting regions of the 18S rRNA
and 28S rRNA genes as well as a gene that codes for a endoglucanase of the
GH5. Despite these advances in the area of fungal amplicon sequencing, the
major challenge remains the rather poor resolution that can be achieved with
any of the fungal taxonomic marker genes, a problem that might eventually be
overcome with an increasing number of cultivars and, therefore, with increasing
reference databases of these marker genes.

Shotgun metagenomics in which the environmental DNA is directly
sequenced and then assembled into long contagious DNA fragments (contigs)
and eventually into draft genomes provides the opportunity to obtain a more
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holistic understanding of the functional potential of the microbiome associated
with any given environment. Morphological and genomic characteristics that
have hindered the acquisition and analysis of genomic information from
individual anaerobic fungi as well as the low natural abundance of anaerobic
fungi and the use of sample preparation techniques, such in-sacco techniques
that use nylon bags with pores sizes that hinder the larger and slower
replication rumen fungi from colonizing rumen incubated biomass, might be
significant factors that have prevented the co-assembly of fungal contigs from
metagenome data. There have been the few occasional reports of successful
co-assembly of longer eukaryotic fragments from metagenome data, but
these occasions have been rare (Sharon et al., 2013; Kantor et al., 2015, 2017;
Quandt et al., 2015; Mosier et al., 2016; Raveh-Sadka et al., 2016). In order to
assemble eukaryotic fragments from metagenome data of diverse microbial
communities, the Banfield Lab at UC Berkeley developed a k-mer-based
approach called EukRep to identify assembled eukaryotic sequences in data
sets from diverse environmental samples, which then improve the quality of
gene predictions and further binning decisions (West et al., 2018). When they
tested this approach on 268 Gbp of rumen metagenome data they published
previously (Hess etal., 2011), EukRep did notidentify any eukaryotic assemblies,
emphasizing the importance of sampling strategy (unpublished data). In this
particular case, plant material was incubated for 72 h in rumen of a fistulated
cow after the biomass was ground and placed in an in-situ nylon bag with a
pore size of 50 um, which allowed rumen prokaryotes to enter and colonize
the ground biomass, but might have resulted in insufficient colonization of the
fiber by anaerobic rumen fungi in order to detect their genetic material in the
generated metagenome.

9.2 Metatranscriptomics

Similar to expression profile analyses of individual fungal isolates, many
of the bioinformatic challenges associated with fungal metagenomics can
be addressed via metatranscriptomics approaches. However, as of today,
insights into the expression profile of the fungal population associated with
the rumen are rather a side product of whole community expression profiles
in which prokaryotic transcripts make up the majority of the generated reads.
In a benchmark paper, Qi et al. (2011) reported 59129 contigs, with an
average length of 310 base pairs (bp) that were assembled from 2.8 Gbp of
metatranscriptome sequence data (Qi et al., 2011). These data were generated
after total mRNA of solid rumen content from two muskoxen was enriched for
polyadenylated mRNA, a feature of RNA processing in eukaryotes (Stewart,
2019). Of the reads predicted to encode proteins, ~14.4% were classified as
fungal, with approximately half of them being derived from members belonging
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to the Neocallimastigomycota phylum. Further analysis revealed the presence
of a variety of CAZymes, including GH classified as cellulases (i.e. GH5, GHé,
GH7, GH9, GH45, and GH48), endocellulases (i.e. GH8, GH10, GH11, GH26,
and GH28), debranching enzymes (i.e. GH67 and GH78), and oligosaccharide-
degrading enzymes (i.e. GH1, GH2, GH3, and GH38), as well as a variety of
CEs, PLs and CBMs, such as CBM1, CBM6, CBM10, CBM13, CBM18, and
CBM29. Qi et al. also identified several highly expressed genes that contained
multiple CAZyme domains, in many cases a combination of a CBM10 and a
GHé6 or GH48, suggesting that anaerobic fungi utilize cellulosome that contain
GHé6 or GH48 catalytic domains. Overall, this work provided firsthand omics
evidence that the fungal population is a major player in the degradation of
complex carbohydrates and utilizes a multi-modular machinery of enzymes
that facilitate the breakdown of recalcitrant plant material within the rumen
ecosystem.

Metatranscriptome data of a mixed microbial community generated from
the rumen of two dairy cows 1 h after feeding, when active degradation in the
rumen is known to occur, revealed that only ~0.12% of the total reads were
derived from rumen fungi (Dai et al., 2015). Of these fungal reads, the majority
were assigned to be from members of the Piromyces or the Neocallimastix,
with 54% and 41% of the fungal reads, respectively. Despite the low abundance
of the fungal transcripts, they represented ~14% of the total GH48 that were
identified, suggesting that they are a major producer of these proteins.
Furthermore, fungal transcripts-encoding cellulases (i.e. GH6, GH9, GH48),
hemicellulases (i.e. GH10 and GH11), B-glucosidases (i.e. GH1 and GH3), as
well as CBMé6 and the cellulosome-specific CBM10 were detected. A similar
study that utilized lllumina’s paired-end sequencing technology to generate
an expression profile from mixed-community mRNA revealed that anaerobic
fungi contribute ~7.5% of the active free-floating community in lactating
dairy cows with members of the Neocallimastigacea contributing to the gene
expression profile with significant amounts of cellulases transcripts (Sollinger
et al., 2018). These findings suggest that the role of anaerobic fungi in plant
biomass degradation within the rumen ecosystem has been underestimated.
The increased abundance of fungal cellulase transcripts in both these
metatranscriptomes from mixed-rumen mRNA correlates with their previously
suggested importance in rendering recalcitrant biomass more accessible, via
mechanical and enzymatic means, for subsequent colonization by microbes
such as Prevotellacea that possess genomes sporting a rich repertoire of genes
related to hemicelluloses, starch, and protein degradation but not for cellulose
degradation (Flint et al., 2012; Accetto and Avgustin, 2015). However, it will
be essential to obtain a more detailed insight into the fungal repertoire of
genes that are actively expressed during biomass degradation and more fungi-
targeted meta-omics approaches such as the one by Foster et al. (Qi et al.,
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2011) will be essential. Otherwise, we will keep evaluating the tip of the fungal
iceberg.

10 Interactions between rumen fungi and other
components of the rumen ecosystem

10.1 Interaction between anaerobic fungi and methanogens

In the rumen, anaerobic fungi coexist with a diverse population of bacteria,
protozoa, methanogenicarchaea, and bacteriophages. Exceptfor methanogens
and bacteriophages, these microbes produce enzymes required for the
breakdown and fermentation of feed material, resulting in the production
of end products such as volatile fatty acids (mainly acetate, propionate, and
butyrate), hydrogen, and carbon dioxide. When grown with methanogens, the
fermentation profile of anaerobic fungi was shifted from electron sink products
(i.e. ethanol and lactate) to more reduced products (i.e. acetate and formate;
Theodorou et al., 1996). In methanogenic coculture of anaerobic rumen fungi,
acetate was a major productand carbon dioxide increased, whereas lactate and
ethanol decreased (Bauchop and Mountfort, 1981). In addition to the changes
in fermentation, methanogenic coculture showed significant increase in fungal
biomass because of the removal of fermentation inhibitory intermediates (i.e.
ethanol, formate, and lactate).

Major metabolic products of anaerobic fungi include acetate, formate,
hydrogen, and carbon dioxide. Hence, it is not surprising that methanogens
have been reported to be physically associated with their surface where they
can mediate interspecies hydrogen transfer and contribute to an energetically
favorable disposal of electrons through methanogenesis (Edwards et al.,
2017; Li et al.,, 2019). Many studies have now found syntrophic associations
of methanogens with anaerobic fungi (Cheng et al., 2009; Jin et al., 2011,
2014; Leis et al., 2014). A novel rumen methanogen species belonging to
uncultured archaea group ‘Rumen Cluster C', subsequently classified as
Methanomassiliicoccus (Seedorf et al., 2014; Paul et al., 2015), was found
associated with anaerobic fungal cultures (Jin et al., 2014). Jin et al. (2011)
reported Methanobrevibacter spp. as a dominant methanogenic group
associated with the Piromyces, Anaeromyces, and Neocallimastix. Leis et al.
(2014) established a syntrophic coculture of Caecomyces communis with
methanogens belonging to the order of Methanobacteriales. Sun et al. (2014)
also obtained three cocultures of Methanobrevibacter olleyae such as strains
with Piromyces, Neocallimastix, and Caecomyces, and one Neocallimastix/
Methanobrevibacter thaueri coculture. The positive effect of this syntrophic
association has also been observed on fungal growth (Cheng et al., 2009; Li
et al., 2019), substrate utilization (Bootten et al., 2011), enzyme production
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(Teunissen et al., 1992), fermentation products (Cheng et al., 2013), and
resistance to toxic carboxylic ionophores (Stewart and Richardson, 1989).
However, the interactions of these fungi with protozoa and some rumen
bacteria, especially the ones competing for the same substrate, have mainly
been classified as competitive. Conversely, certain groups of rumen bacteria
that lack efficient lignocellulolytic machinery benefit positively from anaerobic
fungi because of increased access to internal parts of lignocelluloses following
physical degradation by fungal rhizoids.

10.2 Effect of feed composition on fungal rumen population

The addition of grain to herbage being consumed by ruminants is a common
means of increasing both the energy density of diet and the intake of available
carbohydrates, but the inclusion of easily fermentable starchy concentrates
in diet had different effects on anaerobic fungi. Grain additions supported
slightly lower populations of anaerobic fungi in the rumen (Orpin, 1977a;
Gordon, 1985; Grenet et al., 1989), while addition of maize to a sorghum-
silage diet increased the degradation ability of anaerobic fungi, when tested
in vitro (Akin and Windham, 1989). Also, the addition of a mainly grain-
containing concentrate to a hay diet substantially increased the count of fungal
zoospores in the rumen of sheep (>20-fold) but the increase in fungal biomass
was only one- to twofold (Faichney et al., 1997). A possible explanation for
these apparent differences may be that only some anaerobic fungi, generally
species of the genera Neocallimastix, Piromyces, and Orpinomyces, produced
amylases and, therefore, possessed the ability to ferment starch (Phillips and
Gordon, 1988, 1995; Yanke et al., 1993; Mountfort, 1994). The attack on cereal
grains by amylolytic anaerobic fungi was documented by McAllister et al.
(1993), and it seems to be apparent that complex interactions occur within
the rumen microbiome. Currently, there is no common conclusion relating to
effects on rumen fungal populations. The feeding of free lipid to ruminants can
have a detrimental effect on rumen fermentation, retarding fiber degradation
(Jenkins, 1993), an important consideration given the increasing use of lipid-
containing oilseed meals. Anaerobic fungi, as one component of the rumen
microbial population, were adversely affected by the addition of lipid to the
diet. The addition of rapeseed oil led to a considerable decrease in the fungal
population but the mechanism was not elucidated (Fonty and Grenet, 1994).
Elliott et al. (1987) and Calderon-Cortes et al. (1989) found that feeding a
supplement of sunflower meal to sheep consuming a barley straw diet resulted
in depression of the fungal population in the rumen to below detectable levels.
Fungal zoospore counts in the rumen were reduced below detectable levels
and fungal DNA could not be detected when a supplement of cottonseed
meal was provided to sheep. The feeding of calcium salts of medium-chain
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fatty acids (C6-12) to sheep resulted in reduced numbers of fungal zoospores
in the rumen, whereas the salts of long-chain fatty acids (C12-14) had no effect
on anaerobic fungi (Ushida et al., 1991), indicating that the inhibitory effects of
the long-chain fatty acids common in oilseed meals can be alleviated, at least
partly, by chemical pretreatment.

10.3 Effect of anaerobic rumen fungi on metabolic
intermediates for host utilization

Studies have shown an increase in the anaerobic fungal population in animals
fed recalcitrant lignocelluloses diets, which can be attributed to the unique
ability of these fungi to penetrate, colonize lignified tissues, and solubilize plant
cell walls (Akin et al., 1983; Grenet et al., 1989), thus facilitating subsequent
plant fermentation by bacteria. Fungi are abundant in animals fed on stalky,
hard stem diets and low in numbers when fed on soft leafy diets (Grenet et al.,
1989). The removal of fungi from sheep rumen decreased straw digestion
(Calderon-Cortes et al., 1989) and was reversed when fungi were reintroduced
in the system. The in-vivo digestibility increased from 3% to 8% in the presence
of anaerobic fungi (Elliott et al., 1987; Gordon and Phillips, 1993; Kumar et al.,
2004; Dayananda et al., 2007; Tripathi et al., 2007; Sehgal et al., 2008; Saxena
etal., 2010). Neocallimastix sp. and Piromonas sp. were better than Caecomyces
sp. in degrading fragments of plant tissues, possibly because filamentous
rhizoids are more effective than bulbous rhizoids at penetrating harder tissues
(Orpin, 1989), and addition of Neocallimastix to mixed-rumen bacteria during
culturing increased the degradation rate of wheat straw by up to 15% (Hillaire
and Jouany, 1989). Taking these observations into consideration, it appears
to be extremely likely that anaerobic rumen fungi play a significant role in
the degradation of fibrolytic feedstuff and rendering otherwise not digested
carbohydrates available for further metabolic use in the host animal.
Anaerobic fungi also contribute to the protein supply of the host animal,
both through the production of proteolytic enzymes and as a microbial
protein synthesized in rumen that passes to the abomasum and intestines for
digestion and absorption. Unlike bacteria, rumen fungi are protease-positive
and, hence, penetrate the proteinaceous part of feed via rhizoids, and they
play an important role in degrading fiber-associated protein or tannin-protein
complex (Wallace and Munro, 1986; Gordon et al., 1995). However, the extent
of fungal contribution to proteolysis in rumen is not yet determined (Bonnemoy
et al., 1993). Rumen fungi have also been shown to have aminopeptidase
activity (Michel et al., 1993). A high proportion of the protein component of
the monocentric anaerobic fungi, Neocallimastix, Piromyces, and Caecomyces,
was digested and absorbed by the intestine of sheep (Gulati et al., 1988, 1989).
Although the overall contribution of anaerobic fungi to microbial protein to host
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was minor, the fungi-derived protein was of high quality and readily available
to the host (Faichney et al., 1997). Since anaerobic fungi can use ammonia as
a sole source of nitrogen (Lowe et al., 1985; Guliye and Wallace, 2007), it is
possible to manipulate the rumen fungi population, either by direct inoculation
of the strains or by stimulating their activity through dietary supplementation,
in both cases with the result to enhance the supply of high-quality microbial
protein to the host ruminant.

Fermentation by anaerobic fungi was governed by the substrate and
presence of other microbes (Theodorou et al., 1996; Sirohi et al., 2012). The
major fermentation end products were acetate, ethanol, formate, lactate,
succinate, carbon dioxide, and hydrogen when glucose was used as a substrate
(Lowe et al., 1987). Polycentric anaerobic fungi produced less lactate than
monocentric fungi (Borneman et al., 1989; Phillips and Gordon, 1995) and
Piromyces did not produce any lactate (Ho et al., 1996). On glucose and xylose,
Neocallimastix sp. produced formate, acetate, lactate, and ethanol (Lowe et al.,
1987). Borneman et al. (1989) concluded that accumulation of fermentation
products was concomitant with substrate utilization. The major fermentation
products were formate, acetate, D(-)lactate, ethanol, carbon dioxide, and
hydrogen. All fungal strains, irrespective of their origin, produce lactate except
Piromyces strain isolated from the cecum of donkey that did not produce
lactate (Julliand et al., 1998).

Within half an hour of feeding, zoospores of anaerobic fungi are released
and attach to the plant cell and damaged surfaces (Edwards et al., 2008).
After attachment, the zoospores first penetrate the plant tissue and then are
branched to form a mesh-like pseudo-root structure (Dollhofer et al., 2015;
Chengetal.,, 2018). Fungal zoospores show a chemotactic response to phenolic
acids (p-coumaric acid, ferulic and syringic acids) that are found in the lignified
tissues (Wubah and Kim, 1996) and attack lignin to release phenolic acids from
the cell wall. The locomotion of anaerobic fungal zoospores has a chemical
tendency to attach soluble sugars and phenolic acid (Orpin and Bountiff, 1978)
that are released from plant material. After the zoospores attach to the plant
tissue, the flagellum falls off and a cyst is formed. The germ tubes are generated
at the position of the original flagella, and subsequently develop a branched
rhizoidal system that can penetrate the plant tissues by the combination
of enzymes and rhizoides (Ho et al., 1988). This characteristic of anaerobic
fungi allows them to quickly erode plant tissues that enter the digestive tract
before other microorganisms (Edwards et al., 2008; Cheng et al., 2018).
Phenolic monomers are toxic to rumen fungi at a high concentration, although
resistance to these acids is much higher than that of other rumen microbes
(Akin and Rigsby, 1987; Paul et al., 2003). Rumen fungi produce extracellular
feruloyl and p-coumaroyl esterase enzymes that release hydroxycinnamic
acids from arabinoxylans (Borneman et al., 1990). The ability of Neocallimastix
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patriciarium to digest model lignin compounds and lignified plant material was
studied by McSweeney et al. (1994). The fungus did not degrade model lignin
compounds nor did it solubilize acid detergent lignin isolated from spear grass.
The fungus cleaved the ester bonds that cross-link lignin and polysaccharides
but failed to cleave ether bonds between lignin and polysaccharides. Akin and
Benner (1988) and Chesson (1993) also concluded that rumen fungi are able to
solubilize but not to degrade it to end products of metabolism.

10.4 Manipulation of rumen fungal population for
increased lignocelluloses degradation

The application of anaerobic fungi as direct-fed microbes has been studied,
in ruminant and non-ruminant livestock production, to improve utilization
of low-quality forages and dosing fungus-free sheep with fungi increased
to 40% intake of straw-based diets (Gordon and Phillips, 1998). The results
of in-vitro fiber digestibility and rumen fermentation analyses have also
revealed the positive effect of fungal supplementation in increasing acetate,
in-vitro dry-matter digestibility, partition factor values, and microbial biomass
synthesis levels (Sirohi et al., 2013). Administration of cultures of anaerobic
fungi in the diets of ruminants has been shown to improve feed intake, animal
growth rate, feed efficiency, and milk production (Lee et al., 2000; Dey et al.,
2004; Paul et al., 2004; Tripathi et al., 2007; Sehgal et al., 2008; Saxena et al.,
2010; Paul et al., 2011; Gao et al., 2013; Kumar et al., 2015). The benefits of
dosing with anaerobic fungi were higher in young ruminant (Sehgal et al.,
2008) and sheep devoid of anaerobic fungi (Elliott et al., 1987; Gordon and
Phillips, 1993). Studies illustrate that the application of anaerobic fungi as a
direct-fed microbes can be used to improve digestibility by enhancing rumen
fermentation characteristics (pH, volatile fatty acids, ammonia-N), microbial
populations, and cellulolytic enzyme activities. On the contrary, the inclusion of
enzymes secreted by anaerobic fungi alone does not alter rumen fermentation,
highlighting the importance of using viable cultures as a ruminant feed additive
(Lee et al., 2000). However, feasibility of improving fiber digestion in rumen is
still questionable, considering the difficulty in culturing and administration of
these strict anaerobic fungi.

The sulfurcontentof hay diets or pasture was a significantfactorin governing
the fungal population in rumen (Akin et al., 1983; Gordon, 1985). When the
sulfur level in the diet was at 1.0 g S/kg organic matter or less, anaerobic fungi
were absentfrom the rumen of sheep fed on hay made from the tropical pasture
grass Digitaria pentzii (Akin et al., 1983). The anaerobic fungal population in
rumen increased considerably after either an application of a sulfur fertilizer
to the pasture used to make the hay (Akin et al., 1983) or a sulfur-containing
dietary supplement to the low-sulfur hay (Gordon et al., 1983). Fertilization of
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the pasture also resulted in an average increase of 38% in ad lib. feed intake
(Akin et al., 1983; Gordon, 1985). A diet of another tropical grass hay that had
a low sulfur content also resulted in an undetectable population in rumen
fungi (Morrison et al., 1990). Alternatively, diets of cereal straw that were low in
sulfur supported a low, but detectable, population of anaerobic fungi (Gordon
et al., 1983; Gulati et al., 1985; Weston et al., 1988). The relation between a
reduced sulfur content of pasture and a declining rumen fungal population did
not apply to a ryegrass pasture (Millard et al., 1987), where anaerobic fungal
populations were higher in sheep consuming an unfertilized hay (containing
0.9 g S/kg DM) than in those fed a hay prepared from fertilized pasture (2-4
g S/kg DM). The additional sulfur of fertilized pasture was predominantly
contained in the sulfate and non-protein fractions which was similar to the
sulfur distribution in the fertilized D. pentzii used by Akin et al. (1983), where the
additional sulfur was in the soluble, nonprotein fraction. It is likely that the form
and distribution of sulfur in herbage of low total sulfur content was as important
as the total sulfur content in determining the size of the fungal population in
rumen. Diets of low-sulfur Digitaria when supplemented with methionine and
elemental sulfur (Gordon, 1985), and cereal straw supplemented with either
methionine (Gordon et al., 1983; Gulati et al., 1985) or sulfate (Weston et al.,
1988), also supported anaerobic fungi in rumen. Supplementation of spear
grass with sulfate supported a higher fungal population compared to hay
when un-supplemented (Morrison et al., 1990). Importantly, anaerobic fungi
grown in vitro required reduced sulfur (Orpin and Greenwood, 1986; Gordon
and Phillips, 1995), indicating the need for reduction of supplementary sulfate
in rumen before it is available for anaerobic fungi. Sulfur content of dietary
supplements (elemental sulfur, sulfate, or methionine) used so far to stimulate
anaerobic fungi in rumen were potentially available to all rumen microbiota.
Two organic sulfur nutrients mercapto-1-propionic acid (MPA) and 3-mercapto-
1-propanesulfonic acid (MPS) were tested in cattle trials and compared to an
inorganic sulfur supplement. It was reported that these organic sulfur sources
improved N utilization and microbial protein production, but surprisingly this
was due to a general improvement in the efficiency of microbial fermentation
of lignocellulose and not from specific stimulation of fungi (McSweeney and
Denman, 2007). A sulfur supplement specific for anaerobic rumen fungi
remains to be identified.

The feasibility of transfer of anaerobic fungi between different ruminant
species has been demonstrated (Orpin, 1989). Lee et al. (2000) reported that
inoculation of goat originated Orpinomyces strain to sheep rumen increased
nutrient digestibility. Similarly, Paul et al. (2004) reported that feeding of cultures
of an elite anaerobic fungi (Piromyces sp. FNGS5; isolated from feces of wild
blue bull), having higher lignocellulolytic activities than those normally isolated
from buffalo, to buffaloes, resulted in increased digestibility. On intra-rumen
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dosing of the fungal isolate, concentrations of volatile fatty acids increased
substantially. There was also an increase in cellulolytic, hemicellulolytic activities
and total bacterial and fungal counts on administration of fungus. Activities of
carboxymethyl cellulase, xylanase, microcrystalline cellulase, acetyl esterase,
feruloyl esterase, and protease of rumen content also increased. Gordon et al.
(2000) noticed that dosing of sheep with a nonindigenous anaerobic fungus
(Piromyces sp. CS15 isolated from cattle), having higher cellulolytic activities
than isolated from sheep, resulted in a 12% increase in voluntary dry-matter
intake.

11 Conclusion

Although the ecological importance of anaerobic rumen fungi has been widely
accepted, very little research has been aimed at this group of microorganisms.
Recently developed advanced molecular techniques have improved the ability
to detect and classify fungi in general and they have provided the first insights
into the true phylogenetic and functional diversity of anaerobic rumen fungi.
The pace at which new isolates of hitherto unknown fungal genera has been
proceeding recently as well as the identification and enzymes and enzyme
repertoires that were previously thought to be absent in anaerobic fungi and
have opened up new possibilities. These will hopefully encourage the scientific
community to pay more attention to this currently, still-poorly understood
group of microorganisms and their role in the rumen ecosystem.

12 Where to look for further information

Our knowledge of anaerobic fungi is still relatively limited but there are several
articles available that provide a good introduction in the biology of these
intriguing organisms. Furthermore, latest advances in omics technology have
resulted in some significant insights into the molecular processes of these
recalcitrant biomass degraders. A very good place to stay up-to-date with
the latest developments in the area of anaerobic fungi is the website of the
Anaerobic Fungi Network (https://anaerobicfungi.org/). This site contains a list
of most of the researchers working on anaerobic fungi. A general introduction
(https://youtu.be/VEisRWzNyfl) and summaries of the life cycle (https://
youtu.be/x8jJbkT7t30) and taxonomy (https://youtu.be/vMhb4QL5zRQ) of
anaerobic fungi by Dr. Joan Edwards can be found on You tube for those
of us who want to get a quick introduction into the field. Another useful
resource on anaerobic eukaryotes is a research topic site containing open
access peer-reviewed articles on anaerobic fungi and other eukaryotes that
inhabit the gut of herbivores. The URL of this research topic site is https://ww
w.frontiersin.org/research-topics/9250. An excellent collection of protocols
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for fungal genomics, including genomics of anaerobic fungi, can be found
in Fungal Genomics by de Vries et al. (2018). A recent paper by Wang et al.
(2019) utilizes a comparative omics approach to shed light onto the timepoint
of when anaerobic fungi emerged and the potential role of horizontal gene
transfer in the evolution and exceptional metabolic abilities of anaerobic fungi.
Work by the group of Prof. Elshahed has resulted in a significant expansion
of the phylogeny of anaerobic fungi (Hanafy et al., 2019). Last but not least,
two hallmark publications that are highly recommended are Orpin (1975) and
Gordon and Philipps (1998).
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1 Introduction

It was noted by Marvin Bryant in the 1950s that the rumen is a natural microbial
habitat that ‘appears to be more susceptible to analysis by microbial ecologists
than many other microbial habitats’ (Bryant 1959). To this day this interest
remains, and for good reasons: both economic and environmental. The
rumen of herbivores is now known to contain a diverse microbial community
of prokaryotes (bacteria, archaea) and eukaryotes (protozoa, fungi), which
contribute to the efficient fermentation of plant-based feeds which would be
otherwise indigestible. Many of these microbes have been characterised on
a genetic and functional (enzymatic) basis, with a focus on the development
of strategies to improve rumen function and feed efficiency and reduce the
environmental impact of ruminant livestock production.

Despite the sustained research focus on rumen microbial ecology,
there is still a relative lack of knowledge surrounding the rumen mobilome
including the major factors that contribute to the mobilome (e.g. viruses and
plasmids) and the extent to which the mobilome impacts on rumen function.
Viral populations have been shown to co-exist with, or predate on, the rumen
microbiota; however, there is still a relative lack of basic biological and genetic
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information. Even more striking is the paucity of information regarding non-
viral extrachromosomal elements, such as plasmids, which are often intrinsically
linked with rumen microbial populations. This chapter aims to review the
current understanding of rumen viral populations and extrachromosomal
elements, and describes the carriers of mobile genetic elements (MGEs), such
as extracellular membrane vesicles (MVs). Building on research conducted in
rumen-based studies and advances in other microbial ecosystems, the possible
impacts of the mobilome on rumen function are also explored.

2 Extrachromosomal elements

The term ‘extrachromosomal elements’, most simply, describes the genetic
elements present within a cell that are not integrated into the chromosome.
Extrachromosomal elements occur in eukaryote and prokaryote cells and
may be able to self-replicate. Extrachromosomal elements are in constant
exchange with the more stable chromosome and constitute an important
feature of genomes, contributing to the genetic capacity of cells and gene
transfer between organisms (horizontal gene transfer or HGT). In this regard,
extrachromosomal elements can also be described as MGEs and collectively as
the mobilome (Koonin and Wolf 2008), with all of these elements contributing
to HGT and ultimately microbial evolution (Brussow et al. 2004; Koonin and
Dolja 2014; Croucher et al. 2016; Krupovic et al. 2019).

There are four main strategies for HGT: (1) transformation: the natural ability
of cells to take up exogenous DNA from the environment; (2) transduction:
the transfer of DNA from one cell to another via, for example, viruses; (3)
conjugation: the contact-dependent unidirectional transfer of DNA from a
donor cell to a recipient cell via a conjugation (mating) apparatus extruding
from the donor; and (4) fusion: joining of either two cells or cells with DNA-
containing vesicles, such as MVs (reviewed by Bellanger et al. 2014; Johnson
and Grossman 2015; Guedon et al. 2017; Rowan-Nash et al. 2019). All of these
strategies are likely to occur in the diverse and densely populated microbial
ecosystem of the rumen (Morrison 1996), with extrachromosomal elements
playing an integral role. In the context of previous studies undertaken with
rumen microbes, the term ‘extrachromosomal elements’ encompasses all of
those contributing to the mobilome: (1) viral genomes (intact and remnants
of viral genomes); (2) plasmids; and (3) other genetic material, such as DNA
contained in extracellular MVs (Fig. 1).

2.1 Viral genomes

Viruses of prokaryotes are the most well-studied and understood
extrachromosomal elements found in the rumen, so much so that they are
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Figure 1 The rumen mobilome: macroscopic and microscopic interactions explained.
The mobilome contributes to genetic transfer via mechanisms such as recombination,
chromosomal integration and transduction, at the sub-microscopic genetic level. The
mobilome includes microbial viruses (e.g. lytic, lysogenic and transducing phages),
plasmids (e.g. extrachromosomal and episomal), large chromids, as well as EVs extruded
directly from the cell or within a nanotube structure, outer membrane vesicles (OMVs),
and outer-inner-membrane vesicles (O-IMVs). Elements of the mobilome may also be
released following microbial cell lysis and be captured by biofilms. At the microscopic
level, mobilome elements are produced by, and can potentially be transferred between,
rumen populations of prokaryotes (bacteria, archaea) and eukaryotes (fungiand protozoa).
At the macroscopic level, the mobilome is transferred via mother:calf interactions (e.g.
saliva, aerosols); interactions between individual members of a herd (e.g. saliva, aerosols,
faecal material); and by interactions with the environment (e.g. food, water).
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usually described as independent entities (viruses or phages), rather than
being referred to as extrachromosomal elements. Intracellular viral genomes
or prophages can be found in cells as episomes (both integrated into the
chromosomal and extrachromosomal elements in a population) or as plasmids
(solely extrachromosomal) (Deutsch et al. 2018). In this regard, viral genomes
may also be grouped with and described as, integrative and conjugative
elements (ICEs) (Delavat et al. 2017), with phages capable of integrating new
DNAintotheirgenome also described astransducing phage (Toussaintand Rice
2017). The broader definition of ICEs, however, also includes modular genetic
elements such as conjugative transposons, which typically contain genes
for conjugation (type IV secretion system relaxase or proteins for replication
initiation and translocation) and integration (integrases of the tyrosine, serine
or DDE family) (Liu et al. 2019) and are often derived from defective prophages
(Bobay et al. 2014). Although prophages, which confer a selective advantage,
may avoid mutation and maintain viability, selective pressures tend to operate
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on prophages, as extrachromosomal and integrated prophage sequences
can represent a genetic, replicative burden to the host. As a result, prophages
may be susceptible to accumulating mutations that render them defective
(Winstanley et al. 2009; Koonin and Dolja 2014).

Defective prophages can be readily detected in rumen bacterial genomes
(Gilbert and Klieve 2015). These appear as prophage-like sequences;
however, either single genes or whole genetic modules, usually those
encoding for structural proteins (coat and tail proteins), can be lost and only
the integration and replication proteins remain. These defective prophages
may be identified using computational tools for the detection of prophages
in prokaryote genome sequences, for example PHASTer and PhiSpy (Akhter
et al. 2012; Arndt et al. 2016). However if these tools are used, efforts to more
comprehensively annotate prophage-associated genes and identify expected
phage gene modules (Gilbert et al. 2017) are required to determine if the
identified prophages possess a full complement of phage-related genes.
Defective prophages, however, may be the basis for the formation of new
ICEs and, therefore, contribute to HGT between rumen bacteria. The extent to
which viruses (intact or defective) contribute to HGT in the rumen is difficult to
fully ascertain; however, their impact is expected to be significant given the
extent to which they occur (Seshadri et al. 2018). As rumen viruses are the most
extensively studied genetic elements contributing to the rumen mobilome,
developments in the field of rumen virus research are reviewed further in
Section 3.

2.2 Plasmids

The first report of a plasmid being associated with a rumen bacterial isolate was
made by Teather (1982), who found the type strain of Butyrivibrio fibrisolvens
ATCC19171 and six new bovine isolates of B. fibrisolvens - all contained
plasmids. This report also suggested that these plasmids could be important in
conferring competitive fitness to this common rumen bacterial genus and could
affect its ability to ferment sugars and polysaccharides and degrade proteins.
Further studies followed, with several plasmids detected in other isolates of
the genus Ruminococcus (Asmundson and Kelly 1987), and with the advent
of DNA sequencing, plasmid sequences were reported for the isolates of
Ruminococcus, Selenomonas, Butyrivibrio and Prevotella (later re-classified as
Bacteroides) (Champion et al. 1988; Attwood and Brooker 1992; Hefford et al.
1993; May et al. 1996; Ogata et al. 1996; Ohara et al. 1998). These sequences
showed the presence of modules of replication and mobilization proteins, as
well as often unidentified accessory proteins (Ohara et al. 1998) as would be
expected for a self-replicating extrachromosomal element (Thomas et al. 2017).
There were also some investigations into the transfer of plasmids encoding
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antibiotic (tetracycline) resistance between strains of Bacteroides ruminicola
(Flint et al. 1988). Much of this research was driven by the trend towards
biotechnology at that time, with the goal of discovering new enzymes involved
in carbohydrate breakdown and developing tools for genetically transforming
rumen bacteria in order to increase the efficiency of fibre breakdown (Morrison
1996; Flint 1997).

While interest in genetic transformation has waned, interest in the
plasmids of rumen bacteria has continued. With improvements in genome
sequencing technologies, plasmid sequences are being reported for many
rumen bacterial isolates, including the original type strains of Ruminococcus
albus (Suen et al. 2011; Dassa et al. 2014), as well as metabolically diverse,
complex fibre-degrading strains of Butyrivibrio (Kelly et al. 2010; Palevich et al.
2017), and the resistant starch degrader Bifidobacterium choerinum (Jung
et al. 2018). As genome annotation has also significantly improved since the
original attempts for the isolation and sequencing of plasmids in the 1990s,
the genes these newly identified plasmids carry are being assigned functional
identity. For example, the plasmid associated with B. choerinum FMB-1 carries
a phenicol efflux pump gene associated with antibiotic resistance (Jung
et al. 2018). Genome sequencing of several R. albus strains have shown that
plasmids found in this species, for example, R. albus strain 7, contain genes for
dockerins (Dassa et al. 2014), which are required for the formation of cellulose-
degrading, multi-enzyme cellulosome complexes (Nash et al. 2016). In contrast,
two megaplasmids associated with Butyrivibrio proteoclasticus B316 appeared
to encode genes important for survival in the rumen but made no detectable
contribution to plant polysaccharide degradation (Kelly et al. 2010).

Interestingly, a relatively large percentage (7.7%) of the Butyrivibrio
hungatei MB2003 genome is not directly chromosome associated, as it contains
four replicons, a single chromosome (3 143 784 bp), a smaller chromid or
secondary chromosome (91 776 bp), a megaplasmid (144 470 bp) and a small
plasmid (6284 bp) (Palevich et al. 2017). Of these extrachromosomal elements,
the chromid was found to encode genes for the intracellular breakdown
of carbohydrates (B-glucosidase, B-galactosidase and a polysaccharide
deacetylase). Chromids have been previously described in prokaryotes
(Harrison et al. 2010) and differ from smaller plasmids, having a GC content
similar to that of the main chromosome, yet containing plasmid-like genes
for maintenance and replication. As more attention is focussed on annotating
and characterising the plasmids associated with rumen microbial genomes,
it can be anticipated that a greater understanding of the impact of these
extrachromosomal elements on rumen function will be developed.

In an alternative approach to characterising and understanding the role
of plasmids in the rumen, metagenomic sequencing has been undertaken of
a plasmid fraction (plasmidome) purified from the rumen fluid from dairy cows
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(Kav et al. 2012). This study developed new methodology for the purification of
plasmids from the rumen fluid, examined the types of rumen microbes carrying
plasmids and determined plasmid gene function. Results indicated that rumen
bacteria were more likely to carry plasmids than archaea and eukaryotes, with
the distribution of dominant bacterial phyla associated with plasmids being
Firmicutes (47%), Bacteroidetes (22%), Proteobacteria (20%) and Actinobacteria
(9%). Functional analysis of plasmid-associated genes using SEED assignment
(Overbeek et al. 2005), as well as comparison to plasmid databases, showed
a high representation of subsystems for amino acids; DNA metabolism;
cofactors, vitamins etc.; cell wall and capsule; carbohydrates; respiration;
and protein metabolism. This functional analysis indicated that plasmids of
rumen bacteria may contain a mixture of plasmid-associated genes including
replication and lateral gene transfer (LGT), as well as accessory functional
genes, normally associated with survival and substrate utilisation in the rumen
(including cell wall glycosyltransferases, capsular polysaccharides, enzymes for
protein metabolism and carbohydrate-degrading enzymes).

Most recently, with advances in metagenomics and bioinformatics,
metagenome assembled genomes (MAGSs) have been obtained from bovine
rumen samples, together with plasmid sequences (Stewart et al. 2018).
Although obtaining and analysing plasmids was not the major focus of this
investigation, two plasmid contigs were identified which showed similarity to a
R. albus 7 plasmid (pRUMALOQ2) (Dassa et al. 2014), which also included genes
for dockerin proteins. In addition, these plasmid contigs appeared to be shared
across four other assembled genomes including three which were classified
as Clostridiales and one R. flavefaciens (Stewart et al. 2018). While the genus
Ruminococcus is also classified in the bacterial order Clostridiales, these results
suggest that plasmids provide a mechanism for cross-species transfer of key
proteins responsible for carbohydrate breakdown in the rumen.

2.3 Other extrachromosomal elements and membrane vesicles

The extent to which rumen microbes can uptake genetic material via
extracellular elements other than viruses and plasmids is still largely unknown
and to date has not been an active area of investigation. This may, in part,
be attributed to the nature of the rumen fluid itself, from the considerable
phylogenetic and phenotypic diversity of the microbes present, to the physical
complexity this diversity entails. Within the rumen there is stratification between
the raft of plant material (digesta) and fluid fractions, formation of biofilms and
production of extracellular polysaccharide slime (polymeric matrix), as well as
interactions with the rumen epithelium (Bryant 1959; Russell and Rychlik 2001;
Huws et al. 2018). It has been well established that microbial cells within the
rumen can lyse, releasing their contents into the rumen fluid (Wells and Russell
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1996), and the protein components are quickly absorbed by other microbes
(Leng and Nolan 1984). The nucleic acids released from lysed cells are very
vulnerable to degradation in the rumen (Russell and Wilson 1988); therefore,
it was hypothesised that physical structures, such as MVs, also known as outer
membrane vesicles (OMVs), extracellular vesicles (EVs) and the double-layered
inner-outer membrane vesicles (I-F-OMVs) (Fig. 1), may play a major role in
protecting nucleic acids from degradation in the rumen (Klieve et al. 2005).
In this way, MVs may play a major role in the transport of extrachromosomal
elements and facilitate gene transfer in the rumen.

MVs may be packed not only with DNA, but they can also contain proteins
and lipids (reviewed by Willms et al. 2016; Clarke 2018; Volgers etal.2018). MVs
are spherical, bilayer structures, ranging from 20 to 400 nm in size (Toyofuku et al.
2019). MVs are usually formed by gram-negative bacteria, where they slough
or bleb away from the cell surface, but the ability to release MVs from the cell
surface is conserved across all prokaryotes (bacteria, archaea) and microbial
eukaryotes (fungi and protozoa) (Deatherage and Cookson 2012). MVs may be
used by microbes to acquire nutrients, defend against other microbes, enable
a method for cell-to-cell communication, resist pressures from the hostimmune
system and contribute to biofilm formation (Ellis and Kuehn 2010; Pope et al.
2011). They may also be used as a defence against virus or phage infection,
with receptors on the MV providing a decoy for particle attachment; however,
MVs can export and carry virus particles, as well as extracellular DNA (Toyofuku
etal. 2019).

While MVs have been shown to be produced by rumen fungi, such as
Sphaeromonas communis, during the colonization of straw (Gaillard et al.
1989), the majority of research into MVs in the rumen has focused on the ability
of bacterial MVs to transport enzymes involved in feed breakdown. This has
been experimentally shown for the rumen bacteria R. albus (Kim et al. 2001) and
Fibrobacter succinogenes (Groleau and Forsberg 1981; Gong and Forsberg
1993; Arntzen et al. 2017). MVs are also produced by Bacteroides ruminicola;
however, their role in plant degradation or DNA transfer is unknown (Huws
et al. 2018). It is likely that many more species of rumen bacteria produce MVs,
with these MVs assisting with feed breakdown but also actively contributing to
the transport and LGT of extrachromosomal elements within the rumen.

3 Rumen viruses

Although some viruses may be ingested into the rumen from the environment
via feed, water, aerosols, and between-animal transmission (e.g. saliva, contact
with faecal material; Fig. 1), the majority of viruses found in the rumen are
those which actively infect and replicate within the microbes. As the most
dominant microbes presentin the rumen are bacteria (Hungate 1966; Seshadri
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et al. 2018), the vast majority of viruses present in the rumen fluid are viruses
infecting bacteria or bacteriophages (phages) (Adams et al. 1966; Hoogenraad
etal. 1967). Archaeal populations found in the rumen have also been shown to
be infected by archaeal viruses (Baresi and Bertani 1984; Attwood et al. 2008)
and are sometimes also referred to as phage or archaeaphage (Abedon and
Murray 2013). Given findings from other microbial ecosystems (Ghabrial et al.
2015; Grybchuk et al. 2018), the eukaryote populations of the rumen (protozoa
and fungi) are also likely to be infected by viruses. However, eukaryotic viruses
are yet to be isolated from the rumen, with their existence shown only in silico
through the detection of genes related to known protozoal viruses in the
metagenomic analyses of the rumen virome (Berg Miller et al. 2012; Anderson
etal. 2017).

Advances in rumen phage research have closely followed advances
in the technologies available for their study. With the development of the
transmission electron microscope (TEM), researchers began examining rumen
samples from domesticated herbivores (cattle and sheep) and reindeer in order
to establish whether viruses existed and undertook morphological surveys of
the virus-like particles they observed (Adams et al. 1966; Hoogenraad and Hird
1970; Tarakanov 1972). Although the schematics for viral classification have
changed with time, these studies were the first to determine that the rumen was
dominated by tailed phages of the viral order Caudovirales, including long-
tailed Siphoviridae, contractile-tailed Myoviridae and short-tailed Podoviridae.

A TEM morphological survey of a sample obtained from an anaerobic
fermentation system started with an inoculum of goat rumen fluid (Fig. 2)
showed the presence of Siphoviridae, Myoviridae and Podoviridae. While it
can sometimes be difficult to distinguish the small tail structures of Podoviridae
using TEM, this survey also found examples of non-tailed viral particles, possibly
belonging to the viral families Tectiviridae, Corticoviridae and Microviridae,
which are also known to infect bacteria (Ackermann and Prangishvili 2012).
These particles have been previously observed by our laboratory during TEM
of the bovine rumen fluid; however, these phages have not been isolated from
the rumen. Filamentous phages (Inoviridae) have also been observed in the
rumen fluid; however, it is difficult to distinguish these long, thin particles,
lacking a head structure, in crude viral preparations from rumen fluid, due
their similarity to broken phage tails and bacterial extracellular filamentous-like
structures (thin pili and flagella).

During the era of TEM, researchers also began to isolate and purify
infective phages from rumen fluid and introduced these phages into culture
collections. As the isolation of individual phage requires the use of a bacterial
host which is susceptible to infection and phages may have a limited host range
(De Jonge et al. 2019), the choice of microbial host to use for phage isolation
can dictate the chances of successful phage isolation. Rather than using a
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Figure 2 Example of common rumen viral morphotypes including Siphoviridae (a-d),
Myoviridae (e-g), Podoviridae (h,i) and potentially non-tailed phages (j-n), such as
Corticoviridae and Microviridae (scale bar 200 nm). All particles were purified from asingle
sample collected from an in vitro fermentation system (Infors), started with the rumen
fluid obtained from a wild goat. Phage particles were fixed with 2.5% glutaraldehyde
and stained with 1% ammonium molybdate pH 7.0, with all images taken at the same
magnification using a Joel 1400 transmission electron microscope. Images taken with the
assistance of Dr Kathy Crew, DAF.

broad-spectrum approach, employing a wide variety of rumen bacterial host
strains, most isolation studies focused on using a limited number of bacterial
genera of specific interest, reviewed by Gilbert and Klieve (2015). The majority
of isolated phages have, therefore, been selected on bacterial hosts with the
intent of developing phage therapies to control problematic rumen microbes
(e.g. Streptococcus bovis), or for use in biotechnological approaches, for
example, to introduce genes for plant detoxification (Bacteroides ruminantium,
Bacteroides ruminicola) (Gregg et al. 1994; Tarakanov 1994; Wong et al. 2003).

The majority of phages isolated from the rumen to date have been
Siphoviridae, infecting Streptococcus strains sourced from the rumen, formally
classified as S. bovis and now classified as S. equinus (Schlegel et al. 2003).
These studies were undertaken in several different countries and therefore
encompass phages sourced from ruminants (cattle, including dairy cows,
and sheep) being maintained on different diets (Adams et al. 1966; Brailsford
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and Hartman 1968; Iverson and Millis 1976a; Tarakanov 1976; Styriak et al.
1989; Klieve and Bauchop 1991). Phage host ranges are often narrow; that
is, each phage isolate can infect only a limited number of Streptococcus host
strains (Klieve et al. 1999), although there are exceptions, with one report of a
phage infecting five out of ten S. equinus strains examined (Styriak et al. 1994).
From the bacterial perspective there are also exceptions, with the S. equinus
strain 2B (Iverson and Millis 1976a) appearing to be more receptive to phage
infection than other strains of Streptococcus (Klieve et al. 1999; Gilbert et al.
2017).

The number of reports describing the isolation and characterisation
of phages from the rumen has decreased considerably with the advent of
molecular and genetic methods to characterise rumen phage populations;
however, much can be learnt about the biology of phages in the rumen using
phage isolates. For example, early culture-based studies of rumen phage
infecting Streptococcus determined not only host range but also attributes such
as the growth rate (replication time from phage infection to host cell lysis) and
burst size (the number of particles released following infection and replication)
(Iverson and Millis 1976a). Other studies using phage isolates determined the
rate of viral particle decay in rumen fluid (Orpin and Munn 1974; Tarakanov
1976; Swain 1999), the development of phage resistance (Klieve and Bauchop
1991) and the interactions of phages with rumen epithelial cells (Styriak et al.
1991).

With the advent of molecular biology, research shifted away from TEM
surveys and culture-based studies, instead of using DNA-based methods to
enumerate and obtain an overall picture, or snapshot, of the rumen phage
population within any one sample or at a specific point in time (Klieve and
Gilbert 2005). TEM studies had estimated rumen phage populations to be
at least 5 x 107 phages per mL cattle rumen fluid (Paynter et al. 1969) and
between 2 x 107 and 1 x 10® phages per mL cattle and sheep rumen fluid
(Klieve and Bauchop 1988), with the highest estimates for cattle being >
107 phage particles per mL rumen fluid (Ritchie et al. 1970). The enumeration
of rumen phage populations based on phage DNA concentrations estimated
phage populations to be slightly higher than those from the previous TEM
studies, with 3 x 107and 1.6 x 10" phage particles per mLrumen fluid reported
(Klieve and Swain 1993). These methods also enabled a profile or fingerprint of
phage populations to be obtained based on the genome length and showed
two major components consistently occurring in the rumen fluid: first, a broad
range of genome lengths (30-200 kb) representing DNA genomes from many
different phages and encompassing the expected genome sizes of tailed
phages; and, second, discrete bands of DNA arising from a single or several
phages and presumably representing blooms of phage particle production
(Swain et al. 1996).
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These studies also demonstrated for the first time that diet and dietary
components may affect phage numbers in the rumen, with sheep grazing
green pasture having significantly higher phage populations than sheep fed a
basal diet of chopped hay (oats:lucerne 70:30). They also showed differences
occurring in overall phage numbers between individual animals and between
ruminant species (sheep, cattle and goats) (Swain et al. 1996). The dynamics of
phage populations in once-a-day fed sheep were also determined, showing
that phage numbers in the rumen were not always constant and changed in
response to feeding, with increases in total phage numbers occurring 4 h post-
feeding, with maximum phage numbers occurring 8 to 10 h post-feeding.
These patterns were similar to those previously observed for rumen bacterial
populationsin once-a-day fed cattle (Leedle etal. 1982), and it was hypothesised
that phage numbers were fluctuating in response to changes in total bacterial
numbers, albeit with phage numbers peaking approximately 2 h after the peak
in bacterial numbers. This time delay is thought to be a consequence of the
time taken for phage replication and host cell lysis.

At this time in vitro studies were also undertaken to develop models
for manipulating rumen phage numbers, using dietary compounds or feed
supplements to either stimulate phage lysis or remove phage particles from
the rumen (Swain 1999). Compounds examined included secondary plant
compounds (saponin, rutin, catechin, quercetin and tannic acid), the plant
hormone phenyl acetic acid, the ionophore antibiotic monensin and the
montmorillonite clay bentonite. Of these compounds, none appeared to be
able to increase phage numbers; however, bentonite appeared to precipitate
phage particles, binding and removing them from the rumen fluid. Similarly
tannic acid also reduced phage numbers, presumably by binding the protein
components of phage particles. A consequent animal trial with sheep (Swain
1999) showed that the intra-ruminal addition of tannic acid reduced phage
population concentrations over a 24-h period (Fig. 3). These studies provided
an insight into how dietary compounds may chemically affect or physically
interact with phage particles in the rumen, and although there have been many
more recent studies into the effect of plant compounds on rumen microbial
populations (Hart et al. 2008; Huws et al. 2009; Belanche et al. 2012; Wang
etal. 2019), the effect of most dietary compounds on rumen phage populations
has remained unstudied.

Advancesinbacterial genomesequencingtechnologieshavealsoimpacted
our understanding of rumen phages. This is due to the fact that common phage
replication strategies can result in the incorporation of phage genomic DNA
into the genome of the host cell. Whole genome sequencing technologies can
effectively include this phage genetic material in the total bacterial genome
sequence data, and the interrogation of genomic sequence data can lead to
the detection of phage-related genetic material (Koonin and Wolf 2008). While
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Figure 3 Effect of the model secondary plant compound, tannic acid, on rumen phage
populations over a 24-h sampling period based on total phage DNA concentrations
(ug mL=" RF) for (a) four sheep without intra-ruminal tannic acid addition, and (b) the
same four sheep with intra-ruminal tannic acid addition (50 mL of 8% wt/vol. solution) at
4 h (09:00). All sheep were fed once daily (Oaten:Lucerne chaff diet, 70:30 ratio) at 4 h
(09:00) with (o) Sheep A, (A) Sheep B, (o) Sheep C and (e) Sheep D. Figure modified from
Swain (1999).

the terminology used to describe phage replication strategies is sometimes
inconsistent and under review (Hobbs and Abedon 2016), the ability of phages
to infect and incorporate their genome into that of the host cell, resulting in
a stable, heritable state, is most commonly referred to as lysogeny, and this
replication cycle is called the lysogenic cycle (Fig. 3). Phages which undergo
lysogeny are often referred to as a temperate, and the phage genome residing
in the host cell is referred to as a prophage (Zabriskie 1964; Howard-Varona
et al. 2017). Prophages either integrate their DNA into the host chromosome
or become circularised in the cytosol as a plasmid, with these states being
inter-changeable (episomal) (Deutsch et al. 2018). Lysogenic phages were
first shown to exist in the rumen in the 1970s, with reports of intact phage-
like particles being detected in S. equinus strains following the application of
the chemical inducing agent, mitomycin C (Tarakanov 1974; Iverson and Millis
1976b). A study examining 38 strains of rumen bacteria, representing five
different genera, shows that nine strains (23.7%) could produce intact phage-
like particles following the application of mitomycin C (Klieve et al. 1989).
Alternatives to lysogeny, such as carrier states and chronic infections, whereby
phages can cause persistent infections and the phage can be maintained and
co-exist with the microbial host (Weinbauer 2004; Clokie et al. 2011), have
also been shown in rumen bacteria such as Bacteroides ruminicola (Klieve
et al. 1991). While the existence of these states can be suggested using
bacterial genomics (i.e. the presence of an intact prophage sequence), further
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Figure 4 Diagrammatic representation of phage replication cycles previously shown
to occur in the rumen. Following phage adsorption and infection, the lytic cycle may
immediately commence, with the phage genome being transcribed, replicated and
phage proteins produced, enabling the assembly of mature phage particles which are
released following host cell lysis. The lysogenic cycle involves the establishment of stable,
heritable state, with the phage genome forming an episome, either integrating into the
host chromosome or circularising, that is referred to as a prophage and is retained during
vegetative growth or sporulation. Most phage genes are transcriptionally repressed in
prophages, but following induction, this repression is removed, resulting in phage
replication and the lysis of the host cell to release mature phage particles, as in the lytic
cycle.

@

culture-based experimental approaches are required to validate the use of
these replicative lifestyles (Fig. 4).

To date, there are very few rumen phage genome sequences deposited
in publicly available genetic databases. These sequences include lytic phages
infecting the rumen microbial genera - Streptococcus, Bacteroides and
Ruminococcus - and represent phages of the Siphoviridae and Podoviridae
families (Gilbert et al. 2017). Of these phages, the Streptococcus phage ¢pSb01,
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originally sourced from the bovine rumen fluid, has been the most characterised
biologically (Klieve and Bauchop 1991). This phage has a typical Siphovirus
morphology and lacks any genetic modules for developing and maintaining
lysogeny (Fig. 5). In anaerobic culture, Sb01 can lyse the host strain S. equinus
2B within 3 h post-infection, with phage-resistant cells being developed
following the continued incubation of infected cultures. The phage-resistant
cells change their growth habit to a clumping growth, with the formation of
thick polysaccharide capsules (Klieve and Bauchop 1991). Phage particles of
@Sb01 have been shown to be degraded in rumen fluid (Fig. 5), with particle
decay rates ranging from 36.6% to 53.0% per hour in repeated experiments
(Swain 1999).

Technological developments in whole genome sequencing of rumen
microbes (bacteria and archaea), however, have rapidly expanded the rate
at which prophages can be detected. Surveys of the prevalence of prophage
sequences in publicly available genome sequences of cultured rumen bacteria
and archaea (Berg Miller et al. 2012; Gilbert and Klieve 2015; Seshadri et al.
2018) have revealed that the majority of rumen bacterial genera include strains
which maintain prophage-related sequences within their genome. Whether
these prophage sequences can encode for intact, viable phage particles,
however, remains to be experimentally shown for the majority of these
prophages. Although lytic phages infecting methanogenic archaea are known
to exist (Meile et al. 1989; Nolling etal. 1993; Weidenbach etal. 2017; Wolf et al.
2019), to date there has only been one publication describing a lytic archaeal
virus infecting the rumen archaea (Baresi and Bertani 1984), and no further work
has been reported for this virus. Several prophages have been reported to be
present in the genome sequences of methanogenic rumen archaea, including
M. ruminantium M1, Methanobrevibacter sp. JH1 and Methanobacterium
formicicum BRM9 (Attwood et al. 2008; Leahy et al. 2013; Kelly et al. 2014). All of
these prophages genetically appear to represent tailed phages; however, they
have proved difficult to be induced or cultivated in vitro. Despite the difficulty
in obtaining intact phage particles, archaeal prophage-encoded proteins
have been experimentally expressed and shown to specifically hydrolyse the
pseudomurein cell wall component of the methanogenic archaea (Altermann
etal. 2018).

Whole genome sequencing of bacteria and archaea has also revealed
the presence of defence systems against phage infection, including restriction
modification (RM) systems and clustered regularly interspaced short
palindromic repeat sequences (CRISPR) and CRISPR-associated (Cas) proteins.
RM systems enable specific and non-specific methylation and/or cleavage of
incoming foreign DNA (Koonin et al. 2017), thus protecting against phage
infection. RM systems have been identified in several rumen strains including
Streptococcus, Ruminococcus, Bacteroides, Megasphaera, Mitsuokella,
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Selenomonas and Treponema (Styriak et al. 1998; Piknova et al. 2004; Pristas
and Piknova 2005; Gilbert et al. 2017), with species-specific differences in the
types and abundance of RM systems observed, indicating that some species of
rumen bacteria may be more susceptible to phage infection than others.

The presence of CRISPR-Cas systems in rumen microbes have also been
noted in several studies of rumen bacterial genomes (Attwood et al. 2008; Berg
Miller et al. 2012; Kelly et al. 2014; Gilbert et al. 2017; Seshadri et al. 2018).
CRISPR-Cas systems are found in archaea and bacteria (Sorek et al. 2008) and
provide microbes with immunity to incoming DNA, with immunity built up over
time through the acquisition of short stretches (termed ‘spacers’) of invasive
nucleic acids into CRISPR loci (Barrangou 2013). This provides a mechanism
to recognise (via homology to spacer regions) and cleave (via Cas proteins)
incoming DNA, including viral DNA. The most comprehensive study of CRISPR
sequences in rumen bacterial genomes (Seshadri et al. 2018) showed that of
the 410 genomes examined, 241 of these contained a total of 6344 CRISPR
spacer sequences. Associations were noted between 83 viral operational
taxonomic units (OTUs) and 31 Hungate hosts, following searches against
the IMG/VR database (Paez-Espino et al. 2017), and only a single instance of
identical spacer sequences, occurring between isolates of Enterobacteriales
and Pseudomonadales. These findings further indicate the highly diverse and
genetically heterogeneous nature of rumen phage populations, with very few
cultured strains having developed immunity to, or experienced infection by,
highly related phages.

Another advance in genetic technology which has contributed to our
understanding of rumen phage populations has been the development of viral
metagenomics, with the resulting dataset sometimes referred to as a virome.
Metagenomics involves obtaining sequence data for all the genetic material in
an environmental sample, including viruses. However with their considerably
smaller genome length, viruses tend to be relatively under-represented in
metagenomic datasets. Viral metagenomics usually involves pre-processing
of the environmental sample to concentrate or ‘enrich’ the virus particles and
reduce concentrations of contaminating, non-viral DNA (Edwards and Rohwer
2005; Thurber et al. 2009). Unless specific steps are introduced to clone
and sequence ssDNA and transcribe and amplify any viral RNA contained in
these enriched viral samples (Edwards and Rohwer 2005; Bolduc et al. 2012),
these ssDNA and RNA viruses will not be detected by the DNA sequencing
technologies. This may preclude the detection of families of viruses with RNA
genomes which may infect rumen-associated eukaryotes (fungi, protozoa),
such as the Partitiviridae and Totiviridae (Nibert et al. 2009; Goodman et al.
2011), and RNA viruses infecting bacteria and archaea such as the Cystoviridae
and Leviviridae (Krupovic et al. 2011). Viral metagenomics has the advantage
of overcoming the limitations of traditional culture-based approaches for the
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detection of new viruses and has already revealed the enormous diversity and
abundance of viruses in the rumen and microbial ecosystems in nature (Paez-
Espino et al. 2016).

To date, viral metagenomes have been reported for rumen samples
from dairy cows (Berg Miller et al. 2012; Ross et al. 2013), buffalo (Parmar
et al. 2016), cattle (Anderson et al. 2017) and goats (Namonyo et al. 2018).
Viromes have also been generated from the rumen metagenomes of dairy
cows (Dinsdale et al. 2008), sheep (Yutin et al. 2015) and moose (Solden et al.
2018). An alternative approach to metagenomic analysis using viral signatures,
generated using annotation-independent kmers (short nucleotide sequences),
has also been undertaken using rumen metagenomes from dairy cows (Willner
et al. 2009), showing that rumen viral populations are quite distinct to those
occurring in other environments. Despite differences in diet and breed and
technical differences in viral sample preparation and sequencing technologies
(454-pyrosequencing, lllumina HiSeq and lon torrent), all of these studies have
indicated that rumen viral populations are dominated by populations of tailed
phages belonging to the viral order Caudovirales. Siphoviridae are usually the
most abundant tailed phage family, followed by Myoviridae and Podoviridae.
These findings are, therefore, in accordance with the early TEM studies of
rumen viral morphology where tailed phage morphologies were found to
predominate rumen samples from cattle, sheep and more recently goats (Fig. 2).
To date, most viral metagenomics studies have used a limited number of rumen
samples to explore viral diversity (Berg Miller et al. 2012; Parmar et al. 2016;
Namonyo et al. 2018) and kept experimental conditions such as diet, breed
and stage of lactation constant (Ross et al. 2013). Only one recent study has
examined larger numbers of samples and has incorporated more experimental
variables, for example the effect of diet (Anderson et al. 2017). Despite these
limitations, however, the depth of information obtained using high-throughput
sequencing and bioinformatics techniques undoubtedly surpasses all previous
technologies used to describe the composition of rumen viral populations.
Viral metagenomics and metagenomic studies without viral enrichment enable
the identification, functional classification and taxonomic assignment of viral
genes as well as the assembly of partial and/or near-complete viral genomes.

All of the viral metagenome studies undertaken so far have shown that
the rumen contains numerous and highly diverse viral populations. The use
of gene-based methodologies for determining the numbers of different
virus types (species richness), for example Phage Communities from Contig
Spectrum (PHACCS) and CatchAll (Angly et al. 2005; Bunge et al. 2012), have
resulted in considerable variation in the numbers of phage types present;
however, all reports agree that there are thousands of different viral types
present (Berg Miller et al. 2012; Ross et al. 2013; Anderson et al. 2017). As
sequencing technologies improve to better capture viral populations, through
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increased sequencing depth and the ability to assemble more complete viral
contigs, for example (Solden et al. 2018), viral species estimation techniques
may no longer be required.

Rumen viromes typically contain a high abundance of genes which
are classified within the SEED subsystem grouping of Phages, Prophages,
Transposable elements and Plasmids (Aziz et al. 2008; Berg Miller et al. 2012).
Specific viral functional genes identified include functional genes relating
to viral replication (DNA replication and control proteins) and structural
genes contributing to viral particle formation (head and tail proteins), and
cell lysis proteins (including lysins and endoisopeptidases) (Ross et al. 2013).
Interestingly, a recent microbial and viral metagenome study of the moose
rumen (Solden et al. 2018) also compiled a metabolic reconstruction and
used metaproteomics to detect the expression of viral genes (viral protein
production). While most (80%) of the viral proteins detected were of unknown
function, some of the detected proteins could be classified as structural proteins
(e.g. capsid proteins) (Solden et al. 2018).

As well as the three major Caudovirales families rumen viral metagenomes
have also detected non-tailed virus families, such as Tectiviridae (Berg Miller
et al. 2012; Ross et al. 2013; Solden et al. 2018), which have previously been
observed in rumen fluid but never cultivated. Rumen viral metagenomics
studies have also discovered genes highly related to very large or giant viruses
(e.g. Mimiviruses) (Berg Miller et al. 2012; Anderson et al. 2017), which are
thought to infect and replicate in rumen protozoal populations. The methods
usually used for the purification of viral particles from rumen fluid samples,
including filtration through 0.22 um filters, would be expected to exclude these
very large viruses (e.g. Acanthamoeba polyphaga mimivirusis has a diameter
of 400 nm). Whether these giant virus genes are actually homologous genes
arising from smaller, novel rumen viruses which are otherwise absent from
genetic databases is not known. A study which mined a microbial metagenome
of sheep rumen fluid detected the presence of novel virophages, which
parasitise the giant viruses of the Mimiviridae family (Yutin et al. 2015). In this
way, metagenomics is rapidly expanding our understanding of the types of
viruses associated with rumen microbial populations.

The other way rumen virus:host interactions can be studied in the absence
of any virus:microbe cultivation uses CRISPR spacers (described earlier).
Viral metagenome sequences or assembled viral contigs are compared for
sequence homology to CRISPR spacer sequence databases or CRISPR spacer
sequences derived from bacterial genome sequences (Berg Miller et al. 2012;
Anderson et al. 2017). This approach has sometimes shown little similarity
between rumen viral populations and known CRISPR spacer regions; however,
the most recent viral metagenome study, which also assembled microbial
genomes from the same rumen fluid sample, used a CRISPR-based approach
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to associate 113 viral contigs (from the 1907 viral contigs >10 kb obtained in
the study) with microbial hosts from four phyla (Seshadri et al. 2018). In this way,
this study showed, using a metagenomic approach, that viral predation in the
rumen could affect major microbial populations involved in feed breakdown,
including those involved in the breakdown of complex polymers (xyloglycan,
hemicellulose polymers and sugars, such as xylose).

4 Role and impact of the mobilome on rumen function

Much can be learned about the potential roles and impact of the mobilome
in the rumen from studies undertaken in other microbial ecosystems, such as
soil, water and other gut ecosystems (Wommack et al. 1996; Srinivasiah et al.
2008; Letarov 2012; Roux and Brum 2019; Shkoporov and Hill 2019). However,
there are some physical attributes of the rumen environment which make the
microbial communities (bacteria, archaea, fungi and protozoa), as well as the
virus populations associated with these microbes, distinct from those which
establish in other environments.

The rumen environment is well adapted to the maintenance of the
microbial population contained within it (Bryant 1959), consisting of a large
intestinal chamber, with a constant temperature (approx. 39°C) and a low
oxygen tension of the gaseous phage (anaerobic conditions). A steady supply
of nutrients (feed, including easily fermentable sugars as well as complex
carbohydrates) and water, combined with the effects of a heavily buffered
saliva, maintains a relatively constant, near-neutral (slightly acidic) pH. There
is absorption of fermentation products through the rumen wall into the blood
stream and removal (outflow) into the lower digestive tract of smaller, digested
feed particles, products of microbial fermentation, as well as the microbes
themselves (Mackie et al. 2002). This keeps the rumen microbial populations
actively growing, without desiccation events which may occur in the soil and
with no effects of sunlight, as occurs in the upper layers of aquatic environments
(Weinbauer et al. 1999; Weinbauer 2004). In this regard, the rumen is similar
to other host-associated gut environments; however, the larger volume of the
rumen, the act of rumination, relatively slow retention times and the intake of
solely herbivorous feedstuffs which are not pre-exposed to an acid stomach
(as in the human gut) contribute to the unique nature of rumen microbial
populations.

Of the elements contributing to the rumen mobilome, viruses and
plasmids are by far the most studied, and their impacts on rumen function
can be hypothesised, if not experimentally proven. The roles of viruses and
plasmids within the rumen microbial ecosystem include microbial cell lysis,
HGT, modulation of rumen microbial populations, development of phenotypic
traits and, potentially, effects on the animal host (e.g. immunity).
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4.1 Cell lysis

It has been well established that viral lysis is a major cause of bacterial death in
many different environments, and prokaryote viruses are considered to have a
significant impact on nutrient cycling (Weinbauer and Hofle 1998; Weinbauer
2004; Clokie et al. 2011). In the context of the rumen, virus (phage) lysis has
long been suggested as a cause of intra-ruminal, bacterial lysis (Jarvis 1968;
Nolan and Leng 1972; Klieve et al. 1989). From the perspective of ruminant
nutrition and protein efficiency, phage-mediated bacterial lysis represents a
negative impact, with protein being recycled in the rumen rather than being
passed into the lower intestine for utilisation by the animal (Leng and Nolan
1984). From a microbial ecology perspective, the opposite may be true, with
phage-mediated bacterial lysis and intra-ruminal recycling of protein actually
representing a positive, advantageous impact on the rumen microbiome. This
type of positive contribution to the overall ecosystem carbon and nutrient
cycling has previously been demonstrated in aquatic (e.g. marine) ecosystems
(Fuhrman 1999; Roux and Brum 2019). Phage-mediated cell lysis may provide
proteins (including enzymes), DNA and products of bacterial metabolism
(simple sugars, degraded plant compounds) to other organisms within the
rumen.

Blooms of lytic phage activity and changes in total phage numbers,
presumably corresponding to episodes of bacterial lysis, have previously been
observed in the rumen of sheep (Klieve and Swain 1993; Swain et al. 1996). A
recent study suggested that viral predation may assist in interspecies cross-
feeding (nutrient recycling) in the rumen (Solden et al. 2018), with viruses
infecting and lysing key microbial populations involved in the breakdown of
complex plant compounds. In addition, proteomics undertaken as part of the
same study then showed that the most commonly expressed viral proteins
were those relating to structural phage components (e.g. head proteins)
(Solden et al. 2018), rather than phage-encoded enzymes involved in bacterial
cell wall lysis (e.g. endoisopeptidases, lysins and holins). Further studies,
utilising multiple techniques and analytical measures (e.g. proteomics, viral and
microbial metagenomics and rumen ammonia levels), will be required to more
completely understand the extent to which virus-mediated lysis impacts rumen
microbial populations.

4.2 Horizontal gene transfer

In all microbial ecosystems, the mobilome enables the flow of genetic material
between organisms (HGT), ensuring genome and phenotype plasticity,
maintaining microbial diversity and providing a mechanism for adaptation
(Koonin and Wolf 2008; Jargensen et al. 2014; Hdlter et al. 2017). The transfer
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of toxin and antibiotic resistance genes between microbes has traditionally
been a focus of HGT research, due to the serious clinical implications of these
factors and the emergence of human pathogens (Aminov 2011; De Sordi et al.
2019; Dunivin et al. 2019). Toxin genes can be transferred to phage genomes,
with a notable example being the transfer of neurotoxins by phages CEf and
DER into Clostridium botulinum (Eklund et al. 1971; Eklund et al. 1972). In
addition, most of the regulators and cofactors required for toxin expression
are also encoded by the phage; therefore, phage infection and integration of
the phage genomic DNA into the bacterial chromosome to form a prophage
(lysogenic conversion)is critical for ‘toxin conversion’ of susceptible Clostridium
strains (Brussow et al. 2004).

The ability of mobilome elements to successfully undergo HGT by
transferring to and forming a stable, heritable state can vary largely between
different microbes. Some species, for example Streptococcus pyogenes,
harbours a large number of MGEs, and up to 10% of the total genome of
sequenced strains can be prophage related and are often described as
polylysogenic (Brussow et al. 2004). In some instances, the HGT of multiple
MGEs may be required for the development of pathogenicity. For example,
while most Escherichia coli strains are benign, commensal gut bacteria, some
strains have evolved via HGT into virulent pathogens. These strains are now
classified on the basis of their virulence factors and the diseases they cause,
such as enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC),
shiga-toxin producing E. coli (STEC), enteroinvasive E. coli (EIEC), diffusely
adherent E. coli (DAEC) and uropathogenic E. coli (UPEC) (reviewed by Kaper
et al. 2004; Blount 2015). The HGT virulence factors associated with these
strains include pathogenicity islands, transposons, plasmids and phages
(Brussow et al. 2004). While phages encode the AB-type toxins (shiga-toxin
genes stxT and stx2), which inhibit protein synthesis and cause severe illness,
it requires a combination of pathogenicity factors to enable the virulent E. coli
strains to colonise the gut wall and excrete the toxins, with the formation of an
attaching and effacing lesion facilitated by the locus of enterocyte effacement
(LEE) genomic island (Hazen et al. 2015). Plasmid-encoded genes, including
a-haemolysin (hlyA), contribute to the virulence of strains such as O157:H7
(Johnson and Nolan 2009). In some E. coli strains, plasmid-associated genes
also encode for the type IV pilus, which confer localised adherence and
cytotoxicity to the surface of intestinal epithelial cells (Lang et al. 2018).

While one of the major roles of the rumen mobilome is undoubtedly
HGT (Morrison 1996), and it can be anticipated that rumen microbes of many
different genera undergo genetic exchange, resulting in strain variation, there
is currently very little experimental evidence of this. This may be due, in part,
to the phylogenetic complexity of the rumen microbial ecosystem. While
phages, plasmids and extrachromosomal elements have been shown to exist
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in several different rumen genera, for example Streptococcus, Ruminococcus,
Bacteroides and Methanobrevibacter (Klieve et al. 1989; Attwood et al. 2008;
Gilbert et al. 2017), whether the genes these MGE carry are found in other
rumen microbes has not been investigated. Many different rumen organisms
also carry closely related genes with the same functionality, for example
enzymes for the breakdown of complex carbohydrates (Seshadri et al. 2018).
This makes determining the flow of specific genes between organisms difficult
to focus on experimentally.

HGT can also be studied using predictive networks based on shared
sequences (Shapiro and Putonti 2018). Networks can be developed from
rumen metagenomics data to connect viral and microbial genomes (Solden
et al. 2018), giving an indication of genetic linkages and potentially historical
gene flow, but cannot specifically determine recent transfer events of
individual genes of interest. A recent study suggested that genes encoded
by rumen viruses (glycoside hydrolases) augment the breakdown of complex
carbohydrates in the rumen (Anderson et al. 2017), with this finding predicted
from viral metagenomic data. In contrast, a viral and microbial metagenome
study by Solden et al. (2018) found that genes involved in the breakdown of
complex carbohydrates were not commonly associated with rumen viruses.
Interestingly, studies into microbial and viral evolution have suggested that
many smaller viruses (5-50 kb genome size) may only rarely capture or acquire
genes from their hosts and tend not to carry non-essential, accessory genes
within their genome (Forterre and Prangishvili 2013). More prokaryote viruses
and extrachromosomal elements (plasmids and prophages) need to be
sourced from the rumen, and their sequences deposited in genetic databases
in order to develop a better understanding of the types of genes carried by and
therefore potentially transferred by these genetic elements.

4.3 Modulation of microbial populations

Specific components of the rumen mobilome, such as plasmids, may convey
genes which may give a beneficial, selective advantage to recipient microbes,
therefore encouraging proliferation of carrier or host microbes (Teather 1982).
Similarly, virus-derived extrachromosomal elements (prophages) may increase
the competitiveness or environmental fitness of host microbes (Winstanley
et al. 2009). This has been shown to occur not only in prokaryotes but also
in microbial eukaryotes (fungi, protozoa); for example, yeasts and fungi
(including Saccharomyces, Hanseniaspora, Ustilago and Zygosaccharomyces)
infected by mycoviruses may have increased capacity to produce ‘killer toxins'
(Ghabrial et al. 2015), although the majority of mycoviruses cause apparently
asymptomatic infections (Sato et al. 2018). The effect of viruses on either the
anaerobic fungi or protozoa found in the rumen has not been reported.
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The other way extrachromosomal elements, specifically phages, can
modulate bacterial populations in microbial ecosystems is through large-scale
host cell lysis events or blooms. This phenomenon, whereby phages control
the most highly abundant or dominant microbial population, has previously
described as ‘kill-the-winner’ (Weinbauer 2004) or ‘top-down control’ (Sieradzki
etal. 2019) and serves to maintain population diversity, allowing less successful
competitors to co-exist. This has been shown to occur most often in relatively
nutrient-limited aquatic ecosystems where microbial blooms can periodically
occur and may involve the activity of both lyticand lysogenic phages (Wommack
and Colwell 2000; Suttle 2007; Howard-Varona et al. 2017).

In the rumen nutrient limitation is not usually as much of an issue as in
freshwater and marine environments; however, phage numbers have been
shown to fluctuate in response to feed intake (Swain et al. 1996). Previous
studies have also shown that a significant proportion of dominant rumen
bacterial genera may be infected by lysogenic phages, which can replicate
upon prophage induction (Klieve et al. 1989); therefore, lysogenic phages
may also play a role in regulating the relative abundance of rumen bacterial
populations. For most rumen genera, however, there is a distinct lack of basic
information regarding virus:host interactions, such as host range (the number
of species a virus can infect), burst size (the number of viral particles released
by an infected cell) and the rate of phage particle degradation in rumen
conditions. This lack of knowledge makes it difficult to accurately demonstrate
the rate at which new viral infections occur and to predict the true extent to
which viruses may modulate rumen microbial populations.

4.4 Influence development of phenotypic traits and growth habits

To date there has been very little research undertaken on the impact of the
mobilome on the development of phenotypic traits and growth habits of
microbial populations in the rumen. However, in other microbial ecosystems,
extracellular elements such as plasmids have been shown to confer traits such
as antimicrobial resistance (Heuer and Smalla 2012; Hulter et al. 2017) and
can directly impact and improve microbial survival and persistence. Phage
infection has also been shown to result in bacterial toxin production (Kuhl et al.
2012; Penadés et al. 2015) and can contribute to photosynthesis and oxygen
production by cyanobacteria (Sieradzki et al. 2019), as well as provide the
bacterial host resistance to infection by other phages (phage superinfection)
(Refardt 2011).

In the rumen bacteria S. equinus 2B, phage infection has been shown to
result in the development of phage-resistant strains with an altered growth
habit by the formation of thick polysaccharide capsules (Klieve and Bauchop
1991), presumably masking the phage receptors on the cell surface from
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phage attachment and protecting the cell from phage attack. Interestingly, the
ability of bacteria and archaea to form extracellular polysaccharide capsules
often facilitates the formation of biofilms (Orell et al. 2013; Turnbull et al.
2016). The colonisation of plant material in the rumen results in the formation
of bacterial biofilms, and the ways in which phage particles interact with
or possibly contribute to the formation of these biofilms in the rumen may
represent a new aspect for investigation. To date metagenomics appears
to have difficulty in detecting the development of phage-resistant bacterial
phenotypes via approaches such as the detection of mutations in the loci
relating to phage receptors (De Sordi et al. 2019). Further in vitro studies using
either simplified communities or individual microbial isolates are required in
order to fully understand the extent of mobilome-mediated growth habits in
the rumen.

4.5 Influence on the ruminant host

Given the intrinsic and sometimes inseparable association of the mobilome
and microbes, it is highly likely that with the colonisation and establishment
of microbial populations in the developing ruminant (Fonty et al. 1987; Dill-
McFarland et al. 2017; Dias et al. 2018), the mobilome (e.g. viral populations)
also becomes established during the early stages of rumen development. To
date, any direct effects of the mobilome on the ruminant host is unknown.

Recent developments in human gut-associated microbial communities
have shown that viruses, including bacteriophages, may permeate the gut
lining and have effects on host immunity (reviewed by Barr 2019; De Sordi
etal. 2019; Shkoporov and Hill 2019), and several forms of immunomodulation
by phage particles, via interactions with immune cells (e.g. dendritic cells)
associated with the human gut epithelium, have also been demonstrated to
occur (Keen and Dantas 2018). In addition, the release of lipopolysaccharides
(LPS) and other bacterial immunogens, following the phage-mediated lysis of
bacteria, may stimulate antibacterial innate immunity (Duerkop and Hooper
2013). It has also been suggested that the ability of phage particles to attach to
mucin glycoproteins, referred to as the BAM model (bacteriophage adherence
to mucus), enables phage accumulation in the mucus layer of the gut and
results in a phage-rich protective layer, which can reduce bacterial infiltration
and colonisation of the gut lining (Barr et al. 2013).

These aspects of mobilome:host interaction can be considered an
important, emerging field of research. Whether factors such as the relatively
large rumen volume, proteolytic nature of the rumen fluid and physiological
differences occurring between the rumen wall and the lining of the human large
intestine reduce or preclude any possible effects on ruminant host immunity is
currently unknown.
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5 Conclusion and future trends

Research into the rumen mobilome has not traditionally been considered
a high priority area. Although individual elements of the mobilome, such as
rumen viruses, are recognised as a normal, commensal component of the
rumen, to date the mobilome has generally not been considered a ‘problem’
requiring urgent investigation. As more research is undertaken, the extent to
which the mobilome occurs is, however, both surprising and inspiring for new
researchers to further investigate the potential impacts on the balance and
functioning of the rumen microbiome (Kav et al. 2012; Anderson et al. 2017;
Solden etal. 2018).

Future trends of research into rumen viruses and extracellular elements
are therefore anticipated to revolve around two main foci: (1) finding answers
to unknown questions, and (2) developing practical applications. Progress
towards successfully achieving both of these hinges around the developments
in technology. In this regard, with the current rate of developments in
sequencing technologies, bioinformatics and proteomics, we are now better
placed than ever before to characterise and model the impact of viruses
and extrachromosomal elements in the rumen. When used in combination
with culture-based techniques, these technologies are expected to provide
information that will vastly exceed the amount of information that was
obtained about the life-cycles and biology of rumen-associated viruses and
extrachromosomal elements, in the pre-sequencing and bioinformatics era.

Asthe agricultural production sector moves away from the use of antibiotics,
new approaches for the biological control of problematic bacterial populations
are required. Phage-based therapies using either intact viruses (phage
therapy) or virus-encoded enzymes (phage-based enzybiotics) have already
been developed for the control of pathogens in the horticulture, poultry and
aquaculture industries, and production issues and regulatory constraints are
being increasingly addressed (Monk et al. 2010; Chan et al. 2013; Fernédndez
et al. 2018; Seal et al. 2018). In the context of ruminant production systems,
including the more intensive dairy industry, issues such as mastitis, shedding
of pathogenic E. coli strains and enteric methane can potentially be addressed
using phage-based therapies (Klieve and Hegarty 1999; Raya et al. 2011;
Dias et al. 2013; Gilbert et al. 2015; Gutiérrez et al. 2019). The use of phage-
encoded enzymes, which target the integrity of microbial cell walls (e.g. holins
and lysins, endopeptidases and tail spike proteins), represents a powerful new
avenue for the development of practical applications to reduce and control
rumen microbial populations of concern.

Future research efforts for the rumen mobilome can be anticipated to
rapidly expand, taking advantage of advances in technology. The increased
presence of high-quality, annotated sequences for rumen-specific microbes,
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viruses and plasmids in publicly available databases is essential to this
expansion of knowledge. New reference sequence data will greatly enhance
the currently limited capacity to confer relevant sequence homology to novel
genetic elements. Only with the collective development of these resources will
the full extent and impact of the mobilome on rumen function be revealed.
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7 Where to look for further information

An introduction to the subject of prokaryote viruses and extrachromosomal
elements can be provided by the following publications: Brussow et al. (2004),
Weinbauer (2004), Ackermann and Prangishvili (2012), Bellanger et al. (2014),
Delavat et al. (2017), Keen and Dantas (2018), Roux and Brum (2019) and
Shkoporov and Hill (2019). Additional information and links to bioinformatics
resources are listed at: https://www.ncbi.nlm.nih.gov/genome/viruses/ and
http://www.isvm.org/resources.html.

More specific information describing the rumen and its microbes, as
well as rumen viruses and plasmids, is included in the following publications:
Kav et al. (2012), Gilbert and Klieve (2015), Gilbert et al. (2017), Huws et al.
(2018) and Seshadri et al. (2018). International research efforts, linkages and
collaborative programs in rumen microbiology are also detailed at: https://
globalresearchalliance.org/research/livestock/networks/rumen-microbial-g
enomics-network/.
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