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Foreword

Fish form one of the important food sources for human nutrition, as they are rich sources of pro-

teins, fats, minerals, and vitamins. The need for food security, interest in a healthier diet, and meet-

ing the demands of the rising population worldwide have led to the promotion of aquaculture as

well as captured fish techniques. However, equally important is the production of healthy and

pathogen-free fish, as they are vulnerable to microbial infestation by bacteria, viruses, and fungi.

Among these, fish bacteria have been studied and documented extensively. A literature review pro-

vides an understanding of the various bacterial species infecting fish, based on the identification of

bacterial genomes concerning virulence, virulence factors, host adherence, colonization, structural

components, extracellular factors, secretion systems, iron acquisition, and quorum sensing mechan-

isms. Fish are found in seawater, freshwater, and also cultured in man-made aquaculture facilities.

All these water sources are prone to contamination by toxins, industrial effluents, anthropogenic

pollutants, pesticides, and other wastes, which affect the health and the immune system mechan-

isms of the fish. From this perspective, there is a need in the research and academic fields to under-

stand the nature, mode, consequences, and control of bacteria-related disease in fishes. This book,

Bacterial Fish Diseases, is a detailed account of all the common bacterial pathogens, their mechan-

isms related to disease phenomenon in fish, and the strategies in their alleviation. Furthermore, it

highlights the problems associated with the culturing of fish. This book will be a useful resource to

ecologists, environmentalists, nutritionists, and scientists in general for understanding the bacteria-

related diseases in fish.

The book includes 19 chapters, contributed by different authors from different origins world-

wide. The hard work of the authors provides a wide-ranging view of bacterial diseases of fish fauna

and possible treatment to control these dreadful diseases. The book has also provided enough space

for discussing the economic losses that occur due to fish diseases.

Chapter 1, Aquatic Pollution and Marine Ecosystems, has been contributed by scientists from

Romania, who report that the contamination of the marine ecosystems has gained sizeable propor-

tions and also elaborate on how human interventions have induced huge contamination of marine

ecosystems. Chapter 2, Heavy Metals as Pollutants in the Aquatic Black Sea Ecosystem, was also

written by the Romanian authors and explains the role of heavy metals as toxic pollutants that enter

the biogeochemical circuits and accumulate in natural and artificial ecosystems, including in the

xxix



Black Sea ecosystem. In addition, on a global scale, there is evidence that anthropogenic activities

have polluted the environment with heavy metals from the poles to the tropics and from the moun-

tains to the depths of the oceans. Chapter 3, Effects of Heavy Metals and Pesticides on Fish, pre-

sents the severe damage caused by heavy metals and pesticides in fishes. The pesticides that cause

several behavioral and migratory changes in fishes that lead to their decline have been addressed in

Chapter 4, Pesticide Toxicity and Bacterial Diseases in Fishes, by authors from India. These

authors stress the enforcement of strict environmental laws for checking and controlling the exces-

sive use of pesticides. Chapter 5, Impacts of Aquatic Pollution on Fish Fauna, illustrates the role of

molecular, cellular, and biochemical biomarkers in the monitoring of the environment and aquatic

pollution. The bacterial diseases in fishes due to close contact between the marine environment and

the fish pathogens that disrupt the stable supply of fishes around the world caught the attention of

Indian authors, as illustrated in Chapter 6, Bacterial Diseases in Fish With Relation to Pollution

and Their Consequences—A Global Scenario. Chapter 7, Common Bacterial Infections Affecting

Freshwater Fish Fauna and Impact of Pollution and Water Quality Characteristics on Bacterial

Pathogenicity, expounded by authors from India and Saudi Arabia, highlights the impact of bacte-

rial infection in fish populations and corroborates the role of stress factors, that is, poor diet, inade-

quate husbandry procedures, and polluted environmental conditions around the host body (fish).

Chapter 8, Global Status of Bacterial Diseases in Fish in Relation to Pollution and Their

Consequences, has been presented by scientists from India. In this review, the authors discuss the

role of different bacteria, that is, Aeromonas, Mycobacterium, Streptococcus, Edwardsiella, and

Flavobacterium, causing diseases in fishes at the global level. Chapter 9, Understanding the

Pathogenesis of Bacterial Diseases in Fish, elucidates the role of the pathogenesis of bacterial dis-

eases caused by gram-positive and gram-negative bacteria in fishes, to expound the possible targets

for treatment and disease prevention measures. Chapter 10, Evaluation of the Fish Invasiveness

Scoring Kit (Fisk v2) for Pleco Fish or Devil Fish, is a case study exemplified by authors from

Mexico. Furthermore, they stress FISK v2, a fish invasiveness detection tool to detect the potential

risk of invasion of the pleco fish introduced into the aquatic systems of the Huasteca Zone of the

State of San Luis Potosi, Mexico. Chapter 11, Profiling of Common Bacterial Pathogens in Fish,

contributed by authors from Nigeria, Yobe State, and Uganda, is an extensive and critical review of

aquaculture practice; its impact; its current status of production in Nigeria and major sub-Saharan

Africa; and three major bacterial fish pathogens, Aeromonas hydrophila, Flavobacterium psychro-

philum, and Flavobacterium columnare. The review considers the genome, pathogenesis, and con-

trol of the pathogens, immune response of the host, host�pathogen interaction, and recent advances

in vaccine development. Furunculosis, a worldwide severe, contagious, principal, and economically

the most significant disease, caused by Aeromonas salmonicida in fresh and seawater fishes, has

been addressed by an author from Pakistan in Chapter 12, “Status of Furunculosis in Fish Fauna.”

Chapter 13, Bacterial Gill Disease and Aquatic Pollution: A Serious Concern for the Aquaculture

Industry, focuses on the impact of water pollution on fishes, especially the emergence of bacterial

gill diseases along with their etiological agents, pathogenesis, epizootiology, diagnosis, and control,

which are significant for successful management. Chapter 14, Common Bacterial Pathogens in

Fish: An Overview, has been written by Indian authors, who have compiled specific dispersed liter-

ature published about several bacterial pathogens associated with fish. Chapter 15, Bacterial

Diseases in Cultured Fishes: An Update of Advances in Control Measures, addresses the recent

updates of the control tools for bacterial infection. The development of fish vaccines, antimicrobial
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peptides, probiotics, prebiotics, synbiotic concepts, and herbal biomedicines derived from plants are

covered in this chapter. Chapter 16, Ulceration in Fish: Causes, Diagnosis, and Prevention, provides

an exhaustive review of the dreadful disease of ulceration syndrome in fishes. The authors discuss

major causes, diagnostic methods, and some preventive measures, hence providing an insight into

the early detection of this disease at the hatcheries level and in farms. The antibiotic resistance in

fishes and impedance of the beneficial microbiota of the gastrointestinal ecosystem drew the atten-

tion of Chinese and Indian authors, who addressed this issue in Chapter 17, Application of

Probiotic Bacteria for the Management of Fish in Aquaculture. Furthermore, this review deals with

the analysis and corroborates that probiotics could act as growth promoters, increase disease resis-

tance, enhance the immune response in fish, and improve the water quality for better survival.

Chapter 18, Efficacy of Different Treatments Available for Bacterial Pathogens in Fish, is aimed at

summarizing the various bacterial diseases and effective treatments available to combat the patho-

genesis of these bacterial diseases. The authors have addressed many fish infections (“columnaris

referred to as cottonmouth, gill infection, itch, swelling, tail and fin rot, fungal disease, pop and

cloudy eye, swim bladder disease, lice and nematode worm infestations, water quality-induced dis-

ease, alimentary stoppages, anorexia, chilodonella, ergasilus, TB, glugea, henneguya, hexamita,

head and lateral line erosion disease, injuries, leeches in an aquarium, lymphocystis, marine velvet,

and neon tetra disease”) that are most prevalent in fish farms. Different methods/treatments

employed for controlling fish diseases, including antibiotics, bioremediation (improving water qual-

ity), disinfectants, prebiotics, and synbiotics, have been addressed by the authors in this chapter.

Chapter 19, Summary of Economic Losses due to Bacterial Pathogens in Aquaculture Industry,

addresses the economic losses incurred due to the incidence of bacterial diseases in fishes. The

authors summarize the numerical data on production losses worldwide, according to pathogenic

bacteria, with a particular focus on the Mexican region.

The book structure is designed to cover essential aspects of bacterial fish diseases concerning

the aquatic environment. It is unique and provides an ideal source of scientific information for

research scholars, faculty, and scientists involved in fish and fish health, fish diseases, and the

mechanism of controlling bacterial infections in fish fauna. I greatly appreciate the efforts expended

by the editors for efficaciously bringing together this informative and comprehensive volume.

Karuna Rupula
Department of Biochemistry, University College of Science,

Osmania University, Hyderabad, India
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Núbia Alexandre de Melo Nunes
Institute of Biological Science, Federal University of Minas Gerais, Belo Horizonte, Brazil

Diksha
Division Zoology, Department of Biosciences, Career Point University, Hamirpur, India

Mir Zahoor Gul
Department of Biochemistry, University College of Science, Osmania University, Hyderabad,
India

Shefali Gulliya
Department of Zoology, DPG Degree College, Gurugram, India

Shabana Gulzar
Plant Reproductive Biology, Genetic Diversity and Phytochemistry Research Laboratory,
Department of Botany, University of Kashmir, Srinagar, India

Younis Ahmad Hajam
Division Zoology, Department of Biosciences, Career Point University, Hamirpur, India

Afrozah Hassan
Plant Reproductive Biology, Genetic Diversity and Phytochemistry Research Laboratory,
Department of Botany, University of Kashmir, Srinagar, India

Tasaduq Hussain Shah
Division of Fisheries Resource Management, Faculty of Fisheries, Sher-e-Kashmir University of
Agricultural Sciences and Technology of Kashmir, Srinagar, India

Cesar Arturo Ilizaliturri-Hernandez
Professor of Multidisciplinary Graduate Program in Environmental Sciences, Autonomous
University of San Luis Potosi, San Luis Potosi, Mexico

J. Immanuel Suresh
Department of Microbiology, The American College, Madurai, India

xx List of contributors



Swapnali Jadhav
Government Institute of Forensic Science, Aurangabad, India

Arizo Jan
Division of Fisheries Resource Management, Faculty of Fisheries, Sher-e-Kashmir University of
Agricultural Sciences and Technology of Kashmir, Srinagar, India

Hanan Javid
Plant Reproductive Biology, Genetic Diversity and Phytochemistry Research Laboratory,
Department of Botany, University of Kashmir, Srinagar, India

Rajeev Kumar
Department of Forensic Science, School of Basic and Applied Sciences, Galgotias University,
Greater Noida, India

Rajesh Kumar
Department of Biosciences, Himachal Pradesh University, Shimla, India

Breno Luiz Sales Lemos
Institute of Biological Science, Federal University of Minas Gerais, Belo Horizonte, Brazil

Moline Severino Lemos
Institute of Biological Science, Federal University of Minas Gerais, Belo Horizonte, Brazil
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Preface

Fish supply people with long-term benefits, including food and the direct financial benefits of pro-

viding employment, profits, and saving money. More indirect but equally valuable benefits of fish

and aquatic ecosystems include recreational boating, sport fishing, swimming, and relaxation.

Consumption of seafoods has taken place from ancient times. Fish are the most essential source of

proteins for humans and have high nutritional value. Fish are rich in omega-3 fatty acids, with

much medical evidence behind their efficacy. On the other side, fish health is affected due to close

contact between the marine environment and the fish pathogens, which disrupts the stable supply of

fishes around the world as well as affects fish health. Fish diseases are caused by bacterial and fun-

gal pathogens and aquatic environmental factors, such as poor water quality, are accountable for

mass mortalities of fishes. Environmental and industrial pollutants are a neglected source that

impacts the aquatic ecosystem. Pollutants can have direct and indirect impacts on the behavior of

aquatic organisms. The fish biota may be affected by pollution by altering their biochemical, respi-

ratory, and population structure, as well as developmental and structural functions. Many types of

organic and inorganic contaminants including plastics, pharmaceuticals, pesticides, and metals are

released by humans into the environment, both aquatic and terrestrial. Contaminants from agricul-

tural activities, such as pesticides, are highly toxic to nontarget organisms, including fish.

Diseases and infections inside the host body or in its physiology have a tendency to take place

only when the fish is stressed due to insufficient diet, poor husbandry procedures, and/or polluted

environmental conditions. Therefore, in order to understand the various bacterial diseases of fish

species, it is equally important to comprehend the correlation between the bacteria and its host as

well as its environment. The upsurge of bacterial gill diseases in fishes is believed to occur when

there is deterioration of ecological conditions of the aquatic habitat. The triggering of diseases in

fishes by pollution reveals that human-induced attributes are widely responsible for the onset of

pathogenic disease in them, because these attributes are directly proportional to the vulnerability of

host species in their habitat. Furunculosis is a worldwide severe, contagious, principal, and econom-

ically very important disease in fresh and seawater fishes. The major bacterial fish pathogens,

Aeromonas hydrophila, Flavobacterium psychrophilum, and Flavobacterium columnare, are

severely affecting fish species worldwide. Fish infections (“columnaris referred to as cottonmouth,

gill infection, ich, swelling, tail and fin rot, fungal disease, pop and cloudy eye, swim bladder dis-

ease, lice and nematode worm infestations, water quality-induced disease, alimentary stoppages,

anorexia, chilodonella, ergasilus, TB, glugea, henneguya, hexamita, head and lateral line erosion

disease, injuries, leeches in aquariums, lymphocystis, marine velvet, and neon tetra disease”) are

common in fish farms and can cause “mass mortalities”; and the treatment of these requires the

intensive use of chemicals and antibiotics.

Recent progress in aquaculture production parallels the growing number of disease incidences

that harm global aquaculture production, profitability, and sustainability. Bacteria-related diseases

can cause severe mortality in both wild and cultured fish. Bacterial diseases and infections associ-

ated with them are very widespread and are one of the most challenging health problems to resolve

effectively. An array of bacterial pathogens causes major losses to aquaculture, comprising around

34% of total diseases. Antibiotics are frequently used as a control measure against bacterial dis-

eases in fish, but the risk of developing antibiotic-resistant bacteria strains is increasing. Research
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on various options other than antibiotics is being carried out and therapeutic alternatives are being

developed. Fish vaccines, antimicrobial peptides, probiotic, prebiotic and synbiotic concepts, and

herbal biomedicines derived from plants are often regarded as beneficial developments to control

bacterial diseases in aquaculture. However, despite the strong impact this has had on production in

the aquaculture industry, there are still a number of environmental and health factors that can affect

and trigger fish diseases, causing significant economic losses. Among these diseases are those gen-

erated by the attack of pathogenic bacteria, more specifically by the genera of gram-negative bacte-

ria and, to a lesser extent, gram-positive bacteria.

This book has examined in detail the ill consequences of the rising pollution levels in our

aquatic systems on fish species. The starting chapters give an elaborative outline of pollution and

its detrimental impacts on the fish fauna of different ecosystems. A considerable space has been

given to highlighting the major bacterial pathogens that are having an impact on fish health and

triggering different types of diseases in them. Furthermore, sufficient attention is given to the dif-

ferent types of treatments available to deal with these rapidly increasing bacterial infections in fish.

The book also contains a detailed description of the economic losses suffered from bacterial infec-

tions in fish.

In general, the book is a valuable source of information on different bacterial diseases in fish

and highlights advanced research on the theme. This book addresses the diverse challenges faced

by fish fauna and suggests some unique future action plans to deal with them. The content of the

book is therefore diverse and addresses the needs of students, researchers, ichthyologists, microbiol-

ogists, and scientists worldwide.

Gowhar Hamid Dar

Rouf Ahmad Bhat

Humaira Qadri

Khalid M. Al-Ghamdy

Khalid Rehman Hakeem
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CHAPTER

1Aquatic pollution and marine
ecosystems

Monica Butnariu
Banat’s University of Agricultural Sciences and Veterinary Medicine “King Michael I of Romania” from Timisoara,

Timis, Romania

1.1 Background
An aquatic environment is considered to be polluted when it has been permanently altered by the

intake of excessive quantities of more or less toxic compounds from natural sources or from human

activities. These contaminants can cause different types of pollution, some of which can increase

mortality for certain species of animals and plants, change physiological capabilities, or degrade

water physicochemical properties to the point of making the water unusable by humans. Not all

contaminants pose the same hazards to ecosystems (defined as the ensemble of biotope and bioce-

nosis, or all living things of a biocenosis), as some are biodegradable.

Ecosystems are rich in animal and plant species and microorganisms, and thus are naturally

able to transform or eliminate biodegradable compounds in part or in whole, thus maintaining the

natural balance as well as the natural water properties. However, if the amounts of these com-

pounds exceed a critical threshold, self-purification capacities become insufficient. If the contami-

nants cannot be removed quickly enough, they accumulate and disturb the natural dynamic balance

of the aquatic environment and may even become toxic, allowing a state of aquatic pollution to be

identified. Other contaminants, such as plastics, metals, and certain pesticides, are not biodegrad-

able, or are only partially biodegradable; the self-purification process described is thus inoperative

in this case and consequently the compounds can accumulate in the ecosystem and possibly become

toxic to living species that ingest them.

Certain compounds, such as heavy metals or pesticides, accumulate in organisms and build up

in tissues and organs at concentrations that are sometimes much higher than those measured in

water, due to the phenomenon of bioaccumulation.

Population growth, increased urbanization and industrialization, and more intensive agriculture

are inevitably accompanied by an increase in water pollution. Under these conditions, it is not

always easy to identify the sources of contamination or to estimate the effects, which depend on

both the nature and the concentration of the contaminant and the ecosystem in which it acts; the

circumstances surrounding contamination are thus very complex. Consequently, it is often difficult

to determine for each toxic compound a maximum acceptable concentration for an ecosystem, as

there is no consensus on the threshold not to be exceeded, and in the rare cases where rules and

regulations are in place, they tend to vary by country (Alimba & Faggio, 2019).
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As water flows, it seeps through different layers of soil and rock in the subsoil, dissolving and

absorbing the compounds it encounters. Inorganic minerals, fertilizers applied in agriculture, and

toxic products used and discarded by factories and household consumers are absorbed by water,

polluting it and making it unsafe, sometimes even nonpotable.

In large cities with water distribution networks, polluting compounds can also be found in pipes,

old tubing, tanks, or in other equipment that has contact with water along its route to the consumer.

Impurities can also enter the water through small cracks in the pipes. Contaminants such as gaso-

line, fluoride, lead, drugs, pesticides, asbestos, nitrates, and radioactive waste all have negative

effects on the water they come in contact with. Many of these cannot be detected with our natural

senses; we cannot, for example, detect dissolved lead, mercury, or trihalomethanes in water. And

sometimes even a glass of clear water can contain one or more harmful compounds, even though

the water looks perfectly clean.

Within our planetary ecological system, the presence of water is an indispensable condition of life,

and for human civilization it represents that natural resource on which any domain of economic activity

depends. It plays different roles in the body; without water all biological responses become impossible.

Lack of water or contaminated water both have multiple negative repercussions on humans and their

health. Water shortages have increased as a result of population growth, urban sprawl, rising living stan-

dards, and industrialization, and there is a profound danger of deteriorating water wells.

Most contaminants that find their way into aquatic ecosystems come from human activities,

both along coastlines and far inland (see Fig. 1.1).

NONPOINT SOURCE 

CONTAMINATION 
septic tanks, vehicles, 

farms, livestock ranches, 

and timber harvest 

areasresult of runoff  

AQUATIC 

CONTAMINANTS 

POINT SOURCE 

CONTAMINATION

 IS ALSO EXAMINED  oil or toxic compound

spills, leakage from

unfinished/faulty or

damaged factories or water 

treatment systems 

single source  

often have large consequences, but fortunately, 
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Types of contaminants of aquatic ecosystems.

2 Chapter 1 Aquatic pollution and marine ecosystems



The increase in maritime oil delivery from global buying and selling, has the excessively

accompany the trends of oil exhaustion and fabrication, testing every year delivery volume

increases, from approximately 1100 million tonnes (Mt) in 1970 to approximately 2000 Mt in

2006. Even more impressive progress has been shown in the seaborne trade of petroleum products,

which has grown from approximately 200 Mt in 1970 to approximately 700 Mt in 2006. Nautical

delivery of oil and petroleum articles has hold, for the last time intervals, specially last four dec-

ades, a constituent that can lead to a finishing degree of hazard in terms of aquatic contamination

escapades, notwithstanding the fact that oil construction technology has made significant progress

during that time. After 1970, maritime transport of liquefied natural gas also increased significantly.

Thus, in recent years, a sizable global fleet of specialized liquefied gas tankers has been developed,

employed in delivery of two distinct product types: liquefied petroleum gas (LPG) (flammable mix-

ture of hydrocarbon gases) and liquefied natural gas (LNG) (predominantly methane, CH4, with a

mixture of ethane, C2H6). This fleet today totals approximately 27 Mt. The extraction and proces-

sing of offshore oil and gas have developed rapidly in recent decades.

Note that over 80% of aquatic contaminants of marine ecosystems come from land-based activi-

ties as described in Fig. 1.2.

Physicochemical characteristics of the aquatic environment are identified in Fig. 1.3.

The progression of offshore drilling and manufacturing has been rapid. At the start of 1974,

approximately 192 fixed platforms and 239 mobile platforms were in operation globally. The

Oil

Fertilizers

AQUATIC CONTAMINANTS OF AQUATIC

ECOSYSTEMS (ensemble of biotope and biocenosis)

Seas of garbage

Sewage disposal

Toxic products

FIGURE 1.2

Aquatic contaminants of marine ecosystems (ensemble of biotope and biocenosis) from land-based activities.
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Transparency

Turbidity

Density 

Surface 

tension

Surface tension is the force acting on the separating surface of a liquid in a gaseous 

medium.

Viscosity 

Hydrostatic 

pressure

Temperature

Light 

Dependence

Depending on the light, biorhythms are formed, some migrations are triggered, 

certain forms of refabrication are initiated, etc.

pH

Salinity Salinity is the total quantity of salts contained in surface waters.

Nitrogen is one of the components of substances dissolved in water, coming mainly from 

the excretions of fish.

Phosphorus
Phosphorus is essential for biological processes but in large quantities favors 

eutrophication circumstances.

Oxygen (O2) 

and carbon 

dioxide (CO2)

Transparency depends on the intensity of the light on the water surface, the angle of incidence 

of the rays, the materials dissolved in the water and the suspended substances. It is an essential 

property of water basins, conformable to which the primary productivity is achieved. The most 

transparent water is in the Sargasso Sea, through which the Secchi disc can be seen at up to 

66.5 m depth. In general, the transparency of ocean waters varies between 50–60 m.

Turbidity is due to the presence in the water of gaseous or solid particles in suspension. 

Sources of turbidity can be sand, mud, fine alluvium, organic substances, and planktonic 

organisms. Turbidity influences the activity of hydrobionts, either directly by 

physicochemical action, or indirectly by reducing the quantity of light.

The density of water changes based on the temperature, pressure, salt concentration, 

and the content of suspended substances. The highest water density is recorded at a 

temperature of 4°C.

The viscosity of the aquatic environment is about 60 times higher than the air in 

identical conditions, disfavoring the movement of animals in the aquatic environment.

The hydrostatic pressure depends on the height of the water column and its density. 

For fresh water, the density is maximum at a temperature of 4.3°C. In principle, 

the pressure increases by 1 atmosphere every 10.3 m and for water at 9.98 m.

Temperature influences water properties (quantity of O2, water chemistry, etc.; speed 

of biochemical processes increases approximately twice as the temperature increases 

by 10°C) and the activity of hydrobionts (locomotion, refabrication, feeding, rate 

of metabolic processes).

Ionic reaction. Most commonly, aquatic life is only possible between pH values 5 -9.

The maximum quantity of O2 in the water depends on the temperature; the higher 

it is, the lower the quantity of O2 in the water (at 25°C there is 18% less O2 than 

at 15°C). CO2 comes from the respiration of fish, plants, bacteria.

The hardness 

of water

The hardness of water corresponds to the set of substances based on Ca and Mg, which it 

contains. Many other substances are found in solution in water. Their content is generally 

low and does not cause problems; some are even beneficial, such as trace elements. Various 

elements are grouped under this term, including vitamins and metals, which in very small 

quantities are indispensable to life.
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Physicochemical characteristics of the aquatic environment.
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numbers have grown tremendously in the last decade, today totaling over 7000 oil installations.

Based on statements by the United Nations Secretariat (UNS), about 27% of the worldwide totals

of crude oil and gas are obtained from offshore environments.

Water properties are being regulated by standards, due to their relevance for the safety of life

and their important role in economic activities. Water properties are monitored by standardized

indicators, and calculations and analyses are performed on both surface and groundwater. The

World Health Organization (WHO) and various health and medical investigation councils and envi-

ronmental protection agencies are promoting a preventive approach to protecting drinking water

applied by consumers. The protection of properties of water intended for consumption is a signifi-

cant objective included in the EC directives, aimed at protecting the public health.

The water, air, and soil, the components of the biosphere, are related environmental elements.

In each of them different flora and fauna grow and live, which, in order for the system to endure,

must be sustained with a clean and healthy environment. For this to occur, it is mandatory to under-

stand the sources of pollution, that is, the contaminants that could harm the evolution of life and

have dire consequences on life and the environment, leading to measures to prevent and decrease

contamination of all the environmental elements (Brown & Takada, 2017).

1.2 Sources of contamination in aquatic ecosystems
Most environmental contaminants endanger not only human environments and lives, but also the

integrity and function of ecosystems (namely, all living things of a biocenosis). Water pollution is

the predominant form of contamination from the moment the contaminants enter seas, rivers, lakes,

and wetlands.

Aquatic and coastal ecosystems are characterized by their complexity and sensitivity to different

organic and inorganic pollutants. Priority investigations of potential areas of human and environ-

mental hazards have identified and monitored different biomarkers in the hazard assessment process

in order to improve hazard integration and assessment.

Biomarkers (a biological characteristic that may be molecular, anatomical, physiological, or bio-

chemical) are identified as functional biological measures that occur due to exposure to contami-

nants or stressors, which are signaled at the physiological and behavioral level of a suborganism.

Attempts are currently being made to identify new responsive biomarkers, the characteristics of

which can be measured and evaluated objectively, to act as indicators of a standard or pathological

biological process, to be used in imaging in new biological tests to understand the immediate and

long-term effects of different compounds on aquatic life in general and on human health in

particular.

Water pollution affects life on a global scale. Water is the source of life for organisms in all

environments, as without water there can be no life. Water quality has begun to deteriorate more

and more as a result of bacteriological, chemical, and physical changes.

Water pollution is the alteration of the biological, chemical, and physical qualities of water,

caused directly or indirectly, naturally or anthropically. Polluted water is considered unfit for stan-

dard uses. The pollution can take place continuously, as is the case with sewage in cities or waste

from manufacturing that is discharged into water, or discontinuously, at irregular or regular time
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intervals; it can be temporary or accidental, as in the case of unforeseen damage (Kalogianni et al.,

2017).

Profound water pollution is caused by agriculture, manufacturing, shipping, and household

activities. The manufacturing discharges into natural water include toxic products, organic and inor-

ganic compounds, plant and animal waste, hydrocarbons, solvents, and heat. The substances can be

in a solid or liquid state, miscible or immiscible with water, easily or barely volatile, and more or

less toxic.

Water plays the most significant role in ecological balance, and its pollution is a current prob-

lem with serious repercussions for the population. Currently, there are tons of impurities in the

atmosphere that rain brings to the earth, and years of technological advancements in manufacturing

and agriculture have intensified the pollution of water sources. The effects of water source pollution

are complex and varied, depending on the nature and the concentration of the contaminants.

Contaminants introduced into waters from both natural and artificial sources are numerous, hav-

ing significant consequences on both surface and groundwater. From the point of view of the

source, water pollution can thus be either natural or artificial.

Natural pollution is due to sources of natural contamination, for example, the interaction of

water with the atmosphere when gases are dissolved in it, or the pollution that occurs when water

passes through soluble rocks (when the water is infused with different salts), or as a result exces-

sive growth of aquatic vegetation and living things, etc.

Artificial pollution is due to sources of wastewater of any kind, whether rainwater, mud, resi-

dues, from shipping, etc. Based on the degree of transformation of the water contaminants, we dis-

tinguish the deposition of suspended compounds from wastewater discharged into a body of

receiving water on its bed, and which begins as soon as the gases have accrued from the fermenta-

tion of organic matter in the compounds. Deposited suspensions entrain the rest of the suspensions

and bring them to the surface of the water, from where they are then delivered by the water current

(Fan et al., 2018).

Water contaminants can be categorized, based on their nature and the damage caused, into the

different types described in the following paragraphs.

Organic compounds (artificial or natural sources) are the main water pollutants. Organic com-

pounds of natural sources (vegetable and animal) consume oxygen from the water both for growth

and after death. Organic matter consumes oxygen (O2) from the water during decomposition, to a

greater or lesser extent, based on the quantity of organic matter discharged, leading to the destruc-

tion of fish stock and in general of all aquatic organisms (diversity of plants, invertebrates, fish,

wildlife, etc., is affected).

At the same time, oxygen is also needed for aerobic self-purification processes, in particular for

aerobic bacteria that oxidize organic compounds and which, in the end, lead to water self-

purification. The normative dissolved oxygen concentration varies between 4 and 6 mg/dm3, based

on the category of use; going below this limit causes the aerobic processes to cease, with very seri-

ous repercussions.

The most significant organic compounds from natural sources are carbohydrates, crude oil, lignin,

aquatic biotoxins, tannin, etc. Artificial organic compounds come from the manufacturing in refiner-

ies (diesel, gasoline, oils, organic solvents, etc.), organic chemical manufacturing, and petrochemical

manufacturing (detergents, halogenated hydrocarbons, hydrocarbons, etc.) (Bergmann et al., 2017).
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Inorganic, suspended, or dissolved compounds are the most common in industrial wastewater.

Of these, the heavy metals (Pb, Cu, Zn, Cr), chlorides, sulfates, and others are the most significant.

Inorganic salts lead to increased water salinity, and some of them can increase hardness. Chlorines

in large quantities make water unsuitable for drinking as well as for industrial water supplies, irri-

gation, and other applications.

Due to bioaccumulation, heavy metals have toxic effects on aquatic organisms (diversity of

plants, invertebrates, fish, and other wildlife) while inhibiting self-purification processes. Nitrogen

and phosphorus salts produce the rapid growth of algae on the water surface. Very hard water leads

to deposits on pipes, increasing their roughness and reducing their delivery and heat transfer

abilities.

Suspended materials, organic or inorganic, are deposited on the channel bed, forming banks

that can impede navigation; the consumption of oxygen from the water if the materials are of

organic source causes the formation of foul-smelling gases.

Floating suspended compounds, such as crude oil, foam due to detergents, and petroleum pro-

ducts, damage the effluents. Thus, they give the water an unpleasant taste and smell, prevent oxy-

gen absorption at the water surface and consequently self-purification, are deposited on different

installations, clog filters, are toxic to aquatic fauna and flora, and make water unusable for supply-

ing cooling, irrigation, leisure, and so on. Toxic compounds cannot be retained by water treatment

plants and some of them can reach the human body, instigating disease. These organic or inorganic

materials, sometimes even in very low concentrations, can quickly destroy the flora and fauna of

the receptor.

Radioactive compounds, radionuclides, and radioisotopes are some of the most hazardous toxic

compounds. The discharge of radioactive wastewater into surface water and groundwater presents

special dangers due to the action of radiation on living organisms. The effects of radioactive com-

pounds on organisms depend both on the concentrations of radionuclides and on how they act,

from outside or inside the body, with internal sources being the most hazardous (Karydis &

Kitsiou, 2013).

Compounds with pronounced acidity or alkalinity, evacuated with wastewater, lead to the

destruction of aquatic flora and fauna and the degradation of hydrotechnical construction, vessels,

and installations mandatory for navigation. They prevent the use of water for leisure, irrigation,

water supplies, etc. For example, the toxicity of sulfuric acid (H2SO4) to wildlife depends on the

pH value, with fish dying at pH5 4.5.

Sodium hydroxide (NaOH), applied in many industrial processes, is very soluble in water and

can rapidly raise the pH and alkalinity of water, interfering with different applications of water.

Concentrations of more than 25 mg/L NaOH destroy the fish fauna.

Dyes, mainly from textile, paper, tanneries, etc., prevent the absorption of oxygen (O2) and the stan-

dard processes of self-purification and photosynthesis (e.g., interfering with the sunlight energy in the

chemical equation for photosynthesis: 6CO21 12H2O1 Light Energy-C6H12O61 6O21 6H2O or

[6CO21 6H2O - C6H12O61 6O2]; Where: CO2- carbon dioxide; H2O-water; light is required;

C6H12O6-glucose; O2-oxygen; So, the equation may be stated as: Six carbon dioxide molecules and six

water molecules react to produce one glucose molecule and six oxygen molecules. The reaction requires

energy in the form of light to overcome the activation energy needed for the reaction to proceed.

Carbon dioxide and water don’t spontaneously convert into glucose and oxygen).
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Caloric energy, a characteristic of hot water from thermal power plants and some industries,

causes much damage to supplies of drinking and industrial water and prevents the normal growth

of aquatic flora and fauna. Due to the increase in water temperature, the concentration of dissolved

oxygen decreases, making the life of aquatic organisms difficult.

Microorganisms of any kind that reach a body of water, whether they develop improperly or

not, can disrupt the growth of other microorganisms or other lifeforms. Microorganisms from tan-

neries, slaughterhouses, and manufacturing plants can be very harmful, instigating infection of the

effluents that they make unusable (MacKenzie et al., 1995).

1.3 Causes of aquatic ecosystem pollution by hydrocarbons
Pollution of aquatic ecosystems by hydrocarbons is a worrying phenomenon, which has occurred

on an unprecedented scale since the 1960s. The sources and causes of this pollution have grown

year by year in proportion to the emergence and proliferation of greater operational risks, especially

between 1970 and 1980. Drilling, extraction, delivery, transfer operations, loading/unloading, refin-

ing, storage, and other activities represent imminent risks, given the hazardous nature of oil and

petroleum products.

Huge quantities of hydrocarbons reach aquatic ecosystems. The average global quantity of oil

that pollutes seas and oceans annually is about 6 Mt, of which about 3.3 Mt comes from land

sources (refineries in coastal regions, industrial and urban clearances, river inputs, atmospheric

sources, etc.); about 2.1 Mt (approximately 35%) from ocean transport/shipping; about 600,000

tons from natural seeps from the ocean floor; and about 8000 tons from drilling and offshore

activities.

The analysis of statistical data on the sources and causes of oil pollution of the aquatic ecosys-

tems published by the different international, regional, and national institutions shows that the larg-

est share of the oil polluting the Earth’s oceans and seas is from land-based sources (Rajendran

et al., 2018). Along with this category, among the most significant sources of oil pollution are cited

as marine shipping, natural seeps, oil extraction from offshore deposits, refineries and the oil term-

inals (Table 1.1). Thus the industrial sources are responsible for most of the quantity of oil that pol-

lutes the aquatic ecosystems globally, with approximately 60.8% of the total.

Table 1.1 Sources of oil contamination in the aquatic ecosystem, based on the United Nations

Environment Program (UNEP).

No. Percentage Sources of oil and ocean contamination

1. 60.8 Industrial leakages

2. 2.1 Offshore fabrication

3. 1.2 Oil refineries/terminals

4. 10.2 Natural seeps

5. 14.4 Nautical delivery, excluding oil tankers

6. 6.6 Oil tanker incidents

7. 4.7 Operation of oil tankers
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Notwithstanding that land-based sources provide most of the oil that pollutes the oceans and

seas globally, far exceeding all the other sources taken together, the worst-case accidents were due

to shipping. The ecological disasters caused by shipping incidents of oil tankers (e.g., Torrey

Canyon, Amoco-Cadiz, Exxon Valdez, Prestige) show that the hazards involved in ocean transport

of oil have much greater risks than those of other sources.

About 110,000 tons of oil are discharged annually in the Black Sea basin, which makes the

effects of pollution felt in the ecological balance of the entire basin. Continental sources pollute the

Black Sea the most. The rivers alone spill an approximate 53,000 tons a year, that is, about 50% of

the total quantity of oil spilled annually into the sea. Among the other terrestrial sources, the fol-

lowing are highlighted: approximately 30,000 tons of oil come from domestic wastewater; approxi-

mately 15,000 tons come from manufacturing, including oil manufacturing operations; and the

remaining approximately 12,000 tons is the input from other sources, which includes marine trans-

port of oil. Pollution due to oil spills as the result of shipping incidents is insignificant, this sea

basin having so far avoided profound incidents (Naser, 2013).

The causes of pollution of the aquatic ecosystems with hydrocarbons are analyzed, as a rule, in

relation to two main forms of pollution: operational and accidental.

Operational pollution consists of spills that occur unintentionally, in the following situations:

during loading-unloading operations of oil tanks; during bunkering operations (heavy and light

refills for ship engines); during ship voyages, by evacuating the ballast and bilge water without suf-

ficient purification; while stationed in ports, when there are leaks from washing the oil tankers in

preparation to switch to the delivery of other types of oil, etc.

Accidental pollution is caused by aquatic disasters, the most significant of which are collisions,

strandings, shipwrecks due to rupture of the hull or water holes, fires, and explosions.

Since 1974, there have been over 10,000 episodes of oil pollution as a result of operational and

accidental discharges from oil shipping/transport, but of these, the majority (about 83.5%) are in

the category of minor, with discharges of less than 7 tons. The percentage of discharges over 700

tons is only about 3.7%, and aquatic disasters hold a share of 46.6% of the total. During this period,

there were 573 collisions, 580 failures, 709 incidents due to failure of the ship’s hull (shipwreck,

water holes, etc.), 133 explosions, and 2361 incidents from other or unknown causes (Ménesguen

& Lacroix, 2018). Aquatic disasters account for about 46.6% of the total of 9351 incidents.

Operational pollution, in terms of the number of episodes, has the largest share and is largely

the result of poor management in the prevention of water pollution, both onboard ship and in ship-

ping companies and at the terminals of oil companies, port operators, or bunkering companies.

Compared to major accidental spills, operational pollution has not had obvious environmental

repercussions, notwithstanding that globally the annual quantity of hydrocarbons from operational

sources is about four times higher (Tibbetts, 2015).

However, the real ecological catastrophes were caused by the aquatic disasters involving large

oil tankers, as a result of which, not infrequently, the quantity discharged by some ships exceeded

about 50,000 tons, reaching even 287,000 tons in the case of the oil tanker Atlantic Empress.

From an analysis of the risk factors that were at the source of the aquatic disasters, we can high-

light the major contribution of five types of risk elements:

• Hazards caused by human error.

• Hazards caused by the ship’s hidden defects.
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• Hazards from acts of war, terrorism, and piracy.

• Hazards due to extreme hydrometeorological circumstances (thunderstorms with very vigorous

winds and sea conditions, tsunamis, hurricanes, etc.).

• Hazards due to dangerous physicochemical properties of certain delivered goods, including oil

and petroleum products.

In the period 1974�2007, major oil spills of over 700 tons mainly had accidental causes: collisions-

573, failures-580, incidents due to damage to the hull-709, fires and explosions-133, other causes or

unknown causes-2361. After the 1970s, when most spills in human history were recorded, the 10-year

average of spills of more than 700 tons decreased from one decade to the next (Richardson et al., 2017).

1.4 The effects of water pollution
A particularly serious effect of water pollution is the eutrophication of lakes, also called “lake

death,” due to their increased fertility through the intake of nutrients, especially phosphates and

nitrates, which promote the proliferation of phytoplankton and aquatic plants. Little by little, the

lake becomes clogged, narrows, and disappears.

The extent and diversity of pollution damage is easy to measure. First of all, human health is at

stake. After that, many economic activities are threatened. Finally, the degradation of aquatic life is

fraught with repercussions, as it tends to decrease foods from marine sources at a time when their

wider use is being examined. The fact that pollution can harm tourism is easy to understand: rare

are those who have never encountered a dirty beach.

The fact that pollution can be fatal to oyster crops is self-evident. Likewise, it is easy to under-

stand that our health can be severely affected by many pollutants: it is well-known that certain oils

spilled in the sea contain carcinogens (Benedetti et al., 2015).

Following is a list of other contaminants commonly found in water.

1.4.1 Aluminum

Aluminum (Al) is the most common metal on Earth, making up about 8% of the mass of the Earth’s

core. Different quantities of Al are naturally present in groundwater and surface water (including drink-

ing water sources). It is currently applied in the fabrication of machinery, equipment, construction, and

in different types of food packaging (cans, and especially Al foils). Al builds up in the bones and brain

and has been found to be linked to the onset of Alzheimer’s disease. Due to the hazards of Al consump-

tion, cooking or boiling tea/coffee in Al pots is not recommended (Golding et al., 2015).

1.4.2 Ammonia

Ammonia (NH3) is a colorless gas with a strong odor that is naturally released by the degrading of

nitrogenous materials (such as amino acids). It is produced by our body, being processed by the

enzymes of healthy humans. It is produced for commercial purposes by a catalytic reaction between

nitrogen and hydrogen and applied in the manufacture of toxic products such as fertilizers, explo-

sives, plastics, and petroleum articles. Ammonium is very soluble in water, but does not pose a haz-

ard to our health. However, it should be reduced due to its strong smell (Cao et al., 2011).
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1.4.3 Arsenic

Arsenic (As) is a metal, most commonly found as arsenic sulfide. It is applied in manufacturing in

the alloying of transistors, lasers, and semiconductors and in the manufacturing of dyes, glass,

paper, textiles, adhesives, and ceramics. It is introduced into water by dissolving minerals and ores

and through the atmosphere. In its natural state, it is found dissolved in rocks, hence the content of

As in groundwater used as a source of drinking water. It is determined to be carcinogenic to

humans, and is very poisonous, causing skin burns and circulatory problems (Lunde, 1977).

1.4.4 Barium

Barium (Benzene or Barium (Ba)) is an element present in volcanic and sedimentary rocks, making

up about 0.039% and being the 14th most common element of the Earth’s crust. Due to its high

reactivity, Ba is not found in nature in a free state, but only in the form of compounds, the most

common being barite and the least witerite (Ba carbonate). Ba compounds have a wide range of

uses in manufacturing, in pyrotechnics, as rat poison, as raw material for the manufacture of glass,

and in oil operations to increase the density of drilling mud. When ingested, it can cause side

effects such as high blood pressure (Kanduc et al., 2011).

1.4.5 Benzene

Benzene (Ba) is a hydrocarbon with a colorless, highly flammable, and volatile aromatic core with

a distinct odor. It is found in coal and oil and is naturally obtained from volcanoes and forest fires,

being present in many other combustion products, including cigarette smoke. It is a solvent widely

applied in chemical manufacturing and is a significant precursor to the chemical synthesis of drugs,

plastics, synthetic rubber, and dyes. Its compounds are applied in the manufacture of adhesives,

detergents, dyes, explosives, nylon, pesticides, plastics, resins, and tires. Benzene is also applied as

a fuel additive, but due to the negative effects on health and to reduce the hazard of groundwater

contamination with this compound, the maximum allowable emission of about 1% benzene has

been imposed. Benzene reaches the water through factory discharges and air contamination. It can

be inhaled, ingested, or can penetrate the skin. Once in the body, it concentrates in fats and bone

marrow, for which it is toxic, blocking the formation of blood cells. Benzene irritates the eyes, the

skin, and the respiratory tract (Soundarajan & Mohan Das, 2019).

Swallowing the fluid may cause it to be aspirated into the lungs, leading to chemical pneumo-

nia. Exposure to a higher level than allowed can lead to loss of consciousness and death. The com-

pound may affect the central nervous system, instigating dizziness.

Cigarette smoke contains a large quantity of this compound. A smoker inhales 10 times more

benzene than a nonsmoker, and lifelong passive smoking increases the risk of cancer. Benzene has

a boiling point of 80�C. Thus the higher the temperature, the faster it is released and it can reach

larger quantities in the body. Benzene poisoning is disastrous because it is carcinogenic and

damages the liver. Also, when the temperature increases significantly, the movement of the air is

faster, and the dust is suspended; consequently we inhale larger quantities (Kacar et al., 2016).

The limit value specified by legislation in Romania is 0% starting in 2010.
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1.4.6 Cadmium

Cadmium (Cd) is a gray-metallic transition metal that belongs to the group of rare metals, being

found only in the form of inorganic compounds, especially in zinc ores. The level of Cd found in

the atmosphere is from 0.1 to 5.0 ng/m3; in the Earth’s crust it is from 0.1 to 0.5 µg/g; in aquatic

sediments it is 1 µg/g; in seawater it is 0.1 mg/L. It is also found in manufacturing as an

inevitable by-product of the extraction process of zinc, lead, and copper. It is mainly applied in the

electrogalvanizing process and in atomic-nuclear reactors.

At the same time, Cd compounds are applied in the manufacture of pigments and dyes, as stabi-

lizers in plastic materials, in the electrodes of nickel-Cd alkaline batteries, in printing, textile manu-

facture, photography, lasers, semiconductors, pyrotechnics, dental amalgams, fluorescent lamps,

jewelry, engraving, automotive and aircraft manufacture, pesticides, and polymerization catalysts

(Bielmyer-Fraser et al., 2018).

About 10% of Cd released comes from secondary sources, mainly from dust coming from iron

and steel scrap in recycling. The largest quantity of Cd is released into the environment, about

25,000 tons per year. About half of this quantity of Cd is released into rivers, rocks and air, from

forest fires and volcanic eruptions, and the rest is released due to human activities (Cd is found in

polyphosphate and pesticide fertilizers, so it reaches the soil in the environment). Environmental

exposure to Cd can occur through the consumption of staple foods, especially seeds, cereals, and

leafy vegetables, which absorb naturally occurring Cd, or by contaminating soils with sewage

sludge, fertilizers, and contaminated groundwater (Chiarelli et al., 2019).

Exposure to Cd occurs mainly in workplaces where Cd products are manufactured, especially in

nonferrous metallurgy plants, in battery factories, and during welding.

Humans working in smelters, mining, textile manufacturing, Cd alloy manufacturing, jewelry

manufacturing, stained glass manufacturing, waste recovery, and battery manufacturing are at a high risk

of exposure to Cd. In the case of smokers, there is an exposure to a significant concentration of Cd.

Cigarette smoke carries Cd to the lungs. Cd is first delivered to the liver through the blood.

There, it combines with proteins and forms compounds that are delivered to the kidneys. Cd accu-

mulates in the kidneys, where it affects the filtration mechanism. It causes the excretion of essential

proteins and sugars from the human body and kidneys later. Cd accumulated in the kidneys requires

a very long time to be eliminated from the body (Le Croizier et al., 2018).

Cd is present in galvanized pipes and solder alloys applied in the installation of water heaters

and thus can contaminate water along its distribution route, only in the case of acid water.

However, the toxicity of Cd in food is very rare and occurs as a result of environmental contamina-

tion or the consumption of foods high in Cd. Studies on its involvement in the lung and prostate

cancer have yielded inconclusive results (Marshall et al., 2019).

1.4.7 Calcium

Calcium (Ca) is a gray alkaline earth metal, the fifth element in terms of its presence in the Earth’s

crust and the diffusion of ions dissolved in seawater, after sodium, chlorine, magnesium, and sul-

fates. Pure Ca is found in nature only in sedimentary rocks: limestone, dolomite, and gypsum. Ca

salts and Ca ion solutions (Ca21) are colorless regardless of the contribution of Ca. Ca is applied as
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a reducing agent in the extraction of uranium, zirconium, and thorium metals; as a deoxidant,

desulfurizer, or decarbonizer for different alloys; as an alloying agent in the fabrication of alloys

based on Al, beryllium, Cu, lead, and magnesium; and in the preparation of cement and mortar

applied in construction. The Ca compounds also have a wide range of uses in manufacturing of

glass, dental work, insecticides, fertilizers, the manufacture of yeast, rockets, fireworks, paint, and

chalk. Calcium hypochloride is applied in pool water disinfection as a bleaching agent, and calcium

permanganate is applied as a rocket fuel and as a water sterilizer. In solution, the Ca ion has a vari-

able taste, being declared to have a slightly salty, sour, or mineral taste. Ca plays a very significant

role in the human body, being the fifth most common element in the body. Ca is one of those

minerals that, when missing from the body, can cause many health problems. Especially during the

growth period of children, Ca has an essential role in strengthening bones and teeth, regulating

muscle function, ensuring better functioning of the heart muscle, and in blood clotting and regulat-

ing the endocrine system. Whether it occurs in childhood or adulthood, Ca deficiency can influence

the processes that take place in the nervous system. Ca enters water through the decomposition of

rocks, especially limestone, and from the soil through infiltration. Ca in water is inorganic, so it

cannot be absorbed by the body (Saari et al., 2017).

1.4.8 Chlorine

Chlorine (Cl) is a yellow-green gas, with a characteristic suffocating and irritating odor, being pres-

ent in the Earth’s crust in a proportion of about 0.02%. In the form of the Cl ion, it is a part of

common salts and other compounds, is abundant in nature, and mandatory for many lifeforms,

including humans. Cl makes up the majority of salts in ocean water—Cl ions represent about 1.9%

of the ocean mass, but are also found in the form of solid deposits in the Earth’s crust. Chlorine

also has everyday uses as a disinfectant, bleach, in the fabrication of the military gas mustard gas,

stationery, antiseptics, dyes, food, insecticides, paints, petroleum products, plastics, medicine, tex-

tiles, solvents, as well as in many other consumer products. And its compounds in the form of

hypochlorous acid, obtained by hydrolysis of sodium hypochlorite, are applied to eliminate bacteria

and other microbes from drinking water and swimming pools.

Infusion solutions, called saline, are 0.9% NaCl solutions. Like sodium, chlorine is usually

brought into the body in the form of sodium chloride (table salt), with a daily requirement of

2�3 g, which corresponds to 3�5 g of salt, a chemical made up of approximately 61% chlorine

and approximately 39% sodium (Pan et al., 2019).

From a dietary point of view, sea salt and even coarse salt should be preferred over refined salt,

which is pure sodium chloride. Chlorine is deadly in large quantities. Because it is heavier than air,

it replaces oxygen in the lungs. Excess salt destroys vitamin E (tocopherol) and is toxic to the

body. To replace the intestinal flora destroyed by the chlorine in tap water, increased sodium intake

is recommended. According to scientists, chlorinated water contains a variety of compounds, called

trihalomethanes (THMs), that produce genetic mutations that can cause cancer. These compounds

are absorbed by the skin, leading to the growth of disease in the organs, where it is more easily

assimilates (absorbs being fat-soluble) (Zeng et al., 2017).

In Romania, the limit imposed for drinking water is 250 mg/L Cl, and the exceptionally allowed

value is 400 mg/L of chlorides.
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1.4.9 Chromium

Chromium (Cr) is a hard, silvery-white, corrosion-resistant metal; in its native form it is easy to

process and is quite common in the Earth’s crust, but only in the form of chemical combinations,

such as chromite. Its name derives from the Greek word chroma, which means color, due to the

fact that most of its compounds are intensely colored. Since the last century, it has been observed

that the addition of Cr to steel contributes to the increase of its mechanical characteristics as well

as its corrosion resistance. Cr and derivatives are applied in the manufacture of engines, the use in

combination as an anticorrosive alloy on metal parts to be subjugated to high temperatures, in the

fabrication and burning of bricks, in the green coloring of glass, in the use of chromates as a pig-

ment in the manufacture of dyes, and in the fabrication of acoustic recording magnetic tapes

(Alomary & Belhadj, 2007).

Cr is a mineral that the body uses for standard functioning, such as digesting food. Cr exists in

many natural foods, such as bread yeast, meat, potatoes (especially if cooked in the peel), cheeses,

spices, wholemeal bread, cereals, fresh fruits, and vegetables. Cr deficiency can cause different eye

conditions. There is a link between low Cr levels and the risk of glaucoma. It slows down Ca loss,

so it can be helpful in preventing bone loss in menopausal women. Consumption of untreated tap

water provides a fairly large quantity of Cr to the body and cooking in stainless steel pots increases

the Cr content of food. The Cr found in food is not harmful. However, taking large quantities of Cr

can cause stomach problems. Too much Cr can affect the kidneys, liver, and nerves, and can cause

an irregular heartbeat (Jitar et al., 2015).

In Romania, the allowed concentration in drinking water is 0.05 mg/L Cr.

1.4.10 Copper

Copper (Cu) is a reddish metal, a very good conductor of electricity and heat. Cu with a purity of

over 99% is applied in the manufacture of gas and water pipes, roofing materials, utensils, and

ornamental objects. Because Cu is a good conductor of heat, it is applied in boilers and other

devices that involve heat transfer, and in Cu foil. One of the disadvantages of Cu is the phenome-

non of oxidation (greening), which can often be seen on old Cu vessels or coins. Following some

analyses, it was found that Cu sources are also found in the thermal waters of Acas, in Satu Mare

(a locality in Romania). In the existing thermal waters at Baile Herculane (locality in Romania)

you can also find a high Cu content with antiseptic and antiallergen rolea. Cu is common in foods,

fruits, and meat: in the liver, such as beef liver (39 mg/kg), oysters (9 mg/kg), nuts, vegetables,

most cereals, grapes (the richest source), bananas (1 mg/kg), shellfish (4�10 mg/kg), green vegeta-

bles, cow’s milk (0.06 mg/kg), seeds, mushrooms, chocolate (36 mg/kg), and cocoa powder.

Despite the fact that it is a metal, Cu is also an indispensable element of life. It is found in all

body tissues, but most of the Cu in the body is found in the liver, and smaller quantities are also

found in the brain, heart, kidneys, and muscles. As beneficial effects, Cu helps the body to use iron

in the blood, reducing the actions of free radicals on tissues (Zhou et al., 2018).

Eating Cu-containing foods can also prevent certain diseases or deficiencies, such as allergies,

baldness, AIDS, leukemia, osteoporosis, and stomach ulcers. Despite these beneficial effects, the

nonassimilation of Cu in the body can lead to three rare diseases: Wilson’s disease, when the body
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is unable to regulate the absorption of Cu and thus Cu accumulates in the liver; Menkes disease,

when the body cannot make Cu reserves, hence its lack; and toxicity through Cu (a disease of

unknown source and very rare, especially in children), when Cu accumulates in the liver. The pres-

ence of Cu in tap water can be observed through green stains on clothes and sanitary installations,

when it is in a concentration higher than 1 mg/L. Cu dissolved in water has a pungent, unpleasant,

and long-term effect; it has negative effects on the kidneys and causes gastrointestinal burns (Bao

et al., 2018).

In Romania, the limit imposed for drinking water is 0.05 mg/L Cu, and the exceptionally

allowed value is 0.1 mg/L Cu.

1.4.11 Magnesium

Magnesium (Mg) is the eighth element and the third metal after aluminum and iron (Al and Fe) in

abundance in the solid Earth’s crust, forming about 2% of its mass, and the third as a component in

salts dissolved in seawater. Mg is an alkaline-earth, silvery-white metal, and is consequently only

found in combination with other elements in deposits of magnesite (Mg carbonate), dolomite, and

other minerals. Mg compounds, mainly Mg oxide, are applied as a refractory material for furnaces

in steel manufacturing (in the fabrication of cast iron and steel), the nonferrous metals, glass, and

cement industries.

Mg oxide and other compounds are applied in agriculture (as fertilizers), chemistry, and the

construction industry. Mg carbonate powder is applied by athletes (to prevent perspiration of the

palms). Mg stearate is a white powder with lubricating properties. In the pharmaceutical industry, it

is applied in the manufacturing process of tablets.

Mg-Al alloy is applied mainly in the preservation of beverages, and other Mg alloys are applied

as components of the structures of cars and in the construction of aircraft and missiles. Mg is the

fourth most abundant mineral element in the body and is an element of great relevance in human

biology. The body contains about 21�28 g of Mg; of this about 53% is disposed in the bones, 19%

in tissues, and 1% in extracellular fluid.

Mg has a role in the metabolism of vitamin C, Ca, phosphorus, sodium, and potassium; it is

essential for the proper functioning of muscles and nerves, and intestinal absorption depends, above

all, on the quantity of Mg ingested.

Mg prevents the formation of Ca deposits in kidney and gallstones. It is a growth constituent, a

widespread tonic, a cell regenerator, a mental balancer, and a liver drainer.

Mg is an inorganic element present in the blood plasma and helps to maintain a healthy cardio-

vascular system by preventing heart disease; it has antidepressant action, is also known as an anti-

stress mineral, and, in combination with Ca, it acts as a natural tranquilizer. It improves the body’s

defense reactions and fights against the effects of senescence (Pearce & Mann, 2006).

Specialist studies show that approximately a quarter of the adult population suffers from a Mg

deficiency, and this is due to the stressful lives of humans, and also their poor/ with quantities

scanty diet of fruits, vegetables, whole grains, oilseeds, and dried vegetables. Mg deficiency it’s

getting bigger with the consumption of alcohol, caffeine, birth control pills, excess sugar, and diure-

tics. Mg deficiency in the body is recognized as the cause of a common disease, from which more

than 10% of the population suffers, namely spasmophilia.
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Mg requirements vary with age and sex. On average, to calculate the optimal requirement for

an adult, multiply the weight in kilograms by the number 6, obtaining the dose in mg/day: kg 3
65 ? mg Mg/day.

In surface waters, Mg occurs both from natural sources and from the discharge of industrial

wastewater (mainly from the glass and ceramic industry, refractory bricks, and chemical and metal-

lurgical manufacturing). Mg, together with Ca, is involved in the hardness of water and gives a wil-

low taste, slightly bitter, to the water. The most notable adverse effect of high Mg content in

drinking water is the laxative effect. Otherwise, it poses no health hazard (Liu et al., 2016).

In Romania, the limit imposed for drinking water is 50 mg/L Mg, and the exceptionally allowed

value is 80 mg/L Mg.

Oil spills have dramatic effects on aquatic ecosystems due to the exposure of organisms and

seabirds to chemical compounds. Oil pollution particularly affects large species such as seabirds

and aquatic mammals, which live long lives and spend time on the surface of the water. Oil spills

also contain contaminants such as polycyclic aromatic hydrocarbons (PAHs) that affect aquatic

communities over the long run. Due to the affinity for fatty tissues, these hydrocarbons can strongly

affect the components of food chains. Although there are many studies on the serious effects of oil

ingestion on avian physiology, there is too little investigation on exposure to oil contamination. A

better understanding of the long-term consequences of oil spills gives a strong advantage in manag-

ing and ameliorating the effects on the environment (Mearns et al., 2019).

A study of the situations in which oil tanker shipping incidents occurred shows that more than

half of the incidents were due to severe hydrometeorological conditions, most occurring in the Gulf

of Mexico, the Mediterranean Sea, The North Sea, the English Channel, the western Iberian

Peninsula, the Sea of Japan, the northeastern coasts of the United States, and the southern coasts of

Africa, during the high-frequency seasons of these circumstances. These elements were the cause

of some of the famous historical incidents, as in the cases of Amoco-Cadiz, Castillo de Bellver,

Prestige, Torrey Canyon, and others.

More than two-thirds of the incidents examined occurred in the cold season of the year, when

thunderstorms at sea are more frequent: in the northern hemisphere between October and March,

and in the southern hemisphere from March to October.

The hostile actions that resulted in the sinking of oil tankers during the two World Wars have

been extensively investigated; during this period there was a huge and uncontrolled risk for oil tan-

kers carrying oil, more precisely destruction through terrorism (Lan et al., 2015).

The French oil tanker Limburg, with approximately 7000 tons of oil on board, was subjugated

to a terrorist offensive in the region of the Gulf of Aden on October 2002. Due to the gas clear-

ances that occur in tanks, petroleum and oil products present a high danger of fires and explosions.

Consequently, special measures are needed on board these ships including gas equipment, fire

alarms and fire extinguishing systems, and operational plans for the safety of the navigation and

the cargo (Raddadi et al., 2017).

The case of the oil tanker Exxon Valdez, which failed in the Alaska Gulf, is the most bizarre

example. The ship’s captain was accused of driving the ship while intoxicated, instigating an eco-

logical disaster with particularly severe effects. Studies carried out by the IMO, Lloyd’s, ITOPF,

and other institutions involved in ship management show that the main causes of oil tanker ship-

ping incidents include noncompliance with safety rules and measures, through the easy registration

of ships under a flag of compliance, allowing ships older than 15 years to remain in service, thus
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subjecting ships to additional risks. Many shipping companies register their ships under the flags of

states such as Liberia, Singapore, Panama, Bahamas, Malta, Cyprus, and others, not only to pay

lower taxes and duties, but also to pass inspections more easily. The most demanding of the classi-

fication or registry companies of the respective states, being avoided, for the financial reasons of

some shipping companies. As a result, a large proportion of ships under a flag of convenience do

not meet all the requirements for the safety of navigation and the safety of nautical delivery, and

thus are exposed to shipping incident risks.

According to ITOPF statistics, out of a sample of 100 oil tankers with accidental discharges of

more than 1000 tonnes, 66 oil tankers were sailing under a flag of convenience. Regarding the old-

er ships, it was found that most of the lost ships were over 13 years old. In fact, the average age of

the worldwide oil fleet is 10 years, but ships over the age of 20 represent about 13.6% of the total.

Virtually all major incidents in which oil tanks broke in two and then sank occurred on ships over

the age of 13 (Vergeynst et al., 2018).

Another significant cause of oil and ocean pollution by hydrocarbons is the extraction and pro-

cessing/handling of aquatic oil and natural gas.

The execution of drilling works, the actual handling of hydrocarbons, their storage at sea or

near the coast, and the delivery by means of ships or subaquatic pipelines involve a series of

hazards regarding aquatic pollution. And in the case of these activities, we can see the two types of

pollution, as in the case of navigation: operational and accidental.

Operational contamination is due to compilation of relatively small leaks during standard opera-

tions of drilling and operating platforms, transfer facilities, storage and land delivery. However,

when constant leaks with significant flows occur, such as in the case of imperfect or damaged con-

nections, pollution can reach hazardous levels.

Accidental pollution during the manipulation of aquatic hydrocarbons is caused by major oil

spills as a result of accidents at offshore platforms, storage tanks, or subaquatic crude oil pipelines

to oil terminals or to land.

The oil leaves traces that cannot be erased for years. Over time, the ecological catastrophes

caused by massive oil spills have been more than numerous. Surprised by the sea, the oil tankers

lost their compass or were damaged by accidental collision with other ships at sea, leaving behind

huge stains that could not be erased, sometimes for years. The oil, which is insoluble in water and

much lighter, could not be removed at times due to vigorous thunderstorms, which did not allow

lifeboat access to damaged vessels. Or, in states bordering maritime areas unprepared to deal with

disasters, much of the fuel spilled at the time of the accident.

However, the unrecovered crude oil, which remains on the surface of the water, spreads rapidly

and forms an oily blanket, quite thick, which floats for a long time at sea, affecting the surrounding

fauna and flora (Zabbey & Olsson, 2017). Among the incidents of this type are the following cases:

• Santa Barbara Channel (1969), when about 11,200 tons of crude oil were spilled into the sea off

the coast of Santa Barbara, California, as a result of the explosion of a drilling rig in the oil

field Montesito;

• Ekofisk (1977), accident at the Bravo oil rig in the Ekofisk oil field in the central North Sea. An

instantaneous eruption caused the uninterrupted release of approximately 12,000 tons of oil. Half of

this quantity evaporated quickly, as the oil in this deposit had a high temperature (90�C) and is very
light, and the rest was deposited on the sea surface forming a huge film, over about 1000 km2;
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• Ixtoc One (1979). In the history of contamination incidents recorded on offshore oil rigs, the

worst accidental oil spill was at the Ixtoc One offshore drilling rig in the Gulf of Mexico,

after which about 600,000 tons of crude oil were spilled into the sea from June 1979 to

February 1980, which means the equivalent of three spills the size of the one caused by

Amoco-Cadiz.

• The sinking of the Romanian oil tanker UNIREA (1982), of approximately 88,285 Mt, which

took place off the coast of Bulgaria, 40 Mm southeast of Cape Kaliakra, was caused by fire and

explosions caused by gas accumulations. The hidden defects of the ship, the equipment, and the

installations on board had some of the most serious effects on the oil companies.

• On November (2007), due to a vigorous storm, with wind gusts of over 100 km/h and wave

heights exceeding 5 m, in the Black Sea (Kerch Strait) the oil tanker “Volgoneft-139” and

sulfur-laden “Volnogorsk,” “Nahicevan,” and “Kovel” freighters sank. Following the shipwreck,

1300 tons of crude oil and about 7000 tons of sulfur were spilled into the sea.

Oil pollution has destroyed local aquatic ecosystems. Tens of thousands of birds and fish

migrating from the Black Sea to the Sea of Azov have died. An inventory of animal species that

have disappeared or become very rare near the Romanian coast includes taxa from most groups.

Thus the oysters beds and bivalve Barnea candida beds disappeared from the bottoms near

Constanta (locality in Romania); bivalves like Irus irus, Pholas dactylus, Gibbomodiola adriatica,

and Petricola lithophaga have become rare; Solen marginatus and Teredo navalis have disap-

peared. Also, some species of coelenterates such as Lucernariopsis campanulata (a delicate species

that disappeared with the domains of brown algae of the genus Cystoseira) have become rare; sea

worms like Ophelia bicornis; gastropods such as Limapontia capitata; Gibbula divaricata, large

crustaceans such as Upogebia pusilla (tens of thousands of gulls once lived on the sandy bottoms

of Mamaia [locality in Romania], and now the species can only be found north of Cape Midia

[locality in Romania]), shrimp Hippolyte inermis, Lysmata seticaudata, Processa pontica,

Macropodia aegyptia, Pestarella candida, Carcinus maenas (so common in the past, now rarely

north of Agigea [locality in Romania]).

A number of oil tankers that were torn in two, or that endured damage to the steering gear or

radar equipment and that resulted in shipwrecks were suspected of hidden defects.

Notwithstanding, other causes were invoked, in the incidents involving the oil tankers Prestige,

Erika, and others, the shipowners requested expertise to prove that the breaking of the respective

ships in two was due to hidden defects (Raddadi et al., 2017).

Human error is often cited as the cause of oil tanker aquatic disasters. It is estimated that more

than half of aquatic disasters involve the mistakes of commanders or crews. In some cases, inci-

dents could be avoided by taking measures to prevent certain risks. We must convince ourselves

that a fight against pollution cannot be the work of one country or one generation, but everything

must be thought of universally. It is a great satisfaction to see Latinos from all over the world being

attracted to and sometimes even having an enthusiasm for this battle, meant to protect our environ-

ment. Notwithstanding the proportions in general, this spills are far from unprecedented, the studies

undertaken and the media coverage of these cases have been far below the level of major oil tanker

incidents. Aquatic oil pollution can also be caused by acts of sabotaging against offshore oil instal-

lations (Mason et al., 2017).
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In February 1991, during the Gulf War, Iraqi troops, retreating from Kuwait, opened the taps of

huge oil tanks in the conflict zone and set fire to the wells, triggering the largest oil spill in history.

About 60 million barrels (150 times more than in the case of the Exxon Valdez) flooded large

regions of land and coastline, with some of the oil reaching the Persian Gulf. Prior to Allied bomb-

ing, Iraqi soldiers dumped tens of millions of barrels of oil into Gulf waters, blowing up numerous

Kuwaiti oil terminals to prevent a sea invasion. The oil layer formed covered approximately

1600 km of coastline. The east coast of AbouAli Island, once made up of sandy beaches highly

sought after by tourists, has become a lifeless place (Thibodaux et al., 2014). The ecological catas-

trophe caused by the spilled oil has severely affected the entire ecosystem in the northern part of

the Persian Gulf.

Oil is the most significant fuel of our society but also the main source for products such as syn-

thetic plastics, lubricating oils, bitumen, etc. Oil is a danger to the aquatic environment due to spills

into the oceans during transport, amounting to several million tons/year annually. The oceans have

long been established as the easiest way to dilute industrial and municipal waste that has been

deposited in them.

The main constituent of oil is hydrocarbons (50%�90%) consisting of n-alkanes, branched

alkanes, cycloalkanes, and aromatic hydrocarbons (20%). Some of the aromatic hydrocarbons are

from the class of PAHs, of which benzopyrene is predominant. Other constituents are polar com-

pounds containing heteroatoms such as O, N, S. Sulfur compounds are numerous, such as H2S,

R-SH, R-S-R, and thiophenic derivatives. Among the physical properties of oil important for the

environment are significant density, lower than that which will cause an oil slick to float on the

surface of the water over large areas (the thickness of the oil layer on water is 0.1 mm), solubility,

and volatility. Oil forms emulsions with water: oil/water and water/oil.

The taste of petroleum hydrocarbons is most unpleasant for humans. All components of crude

oil are biodegradable, but it is only that the biodegrading speeds are very different. Both crude oil

and refined products contain a variety of toxic compounds. Low molecular weight compounds are

not very hazardous for water because they evaporate very quickly. High molecular weight com-

pounds are also less hazardous. The most hazardous are medium molecular compounds such as die-

sel. For port waters, the limit for dissolved hydrocarbons shall not exceed 0.03 ppm. From the point

of view of the source of pollution, it can be located in the Black Sea (breaking an oil pipeline,

washing the tanks of an oil tanker, large naval accident, etc.), near the shore (failed barge, clandes-

tine spillage of debris), at the mouths of rivers or urban sewers, on sea beaches or sunbeds related

to sea beaches. Depending on the magnitude, the pollution can take the form of incidents (for the

solution of which simple means, usually found in the incorporate of the potential polluting agent,

are sufficient), accidents (when the quantity discharged exceeds the possibilities of action of a sin-

gle pollution control unit properly equipped, requiring the intervention of other similar units), or

catastrophe (when all existing means in the area must come into play, including those operated by

neighboring riparian countries or various other foreign companies). As for direct damages, the eco-

nomic ones are significant: product losses, disturbance of river traffic and tourism in the area, com-

promise of fishing, damage to industrial facilities (ships, port facilities), payment of fines and

compensation, as well as short-term environmental damage (affecting individuals or species).

Among the consequences, the most significant are the social ones (public health, the shock of

public opinion, the disruption of some activities), the political ones (internal, but especially
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external), as well as the long-term ecological ones (breaking of food chains, numerical decrease of

some species or generations, metabolic changes, etc.).

Hydrometeorological constituents, that is, winds, waves, currents, and atmospheric state, also

have a role to play in the methods and means of intervention. If we add the particular situations of

each pollution accident (e.g., whether or not it is accompanied by fire, whether it threatens special

areas or industrial installations of special importance, etc.), as well as the fact that all of these are

variable over time, we will more easily understand why there is this great diversity of methods and

means of intervention.

The oil leaves traces that cannot be erased for years. In recent times, the ecological catastrophes

caused by massive oil spills have been more than numerous.

1.5 The repercussions of pollution of aquatic ecosystems with
hydrocarbons

Microalgae are responsive indicators of environmental change and due to the fact that they are the

basis of most freshwater and aquatic ecosystems, they are widely applied in environmental hazard

assessment. The toxicity of a particular element or compound can be tested at different levels of

biological organization.

For unicellular algae monocultures, the actions of toxic compounds can be tested using one of

the properties: growth rate, motility, gamete fabrication, cell division, cytoplasmic flow, protein

synthesis, cytoplasmic membrane permeability, blocking regions of absorption for a particular

nutrient, fabrication or fixation of CO2, or assimilation or fabrication of O2.

Of all forms of pollution, the one having the most severe consequences for aquatic ecosystems

is oil pollution. Oil, spilled in large quantities, covers a considerable area and severely affects water

quality and aquatic life. The most disastrous repercussions have been from oil spills occurring in

coastal regions and especially in locations where the oil slick was concentrated on small or shallow

areas: the English Channel, the Bay of Biscay, the Gulf of Alaska, the Persian Gulf, etc. (Patlovich

et al., 2005).

Experiments and observations carried out on accidental oil spills have revealed that the toxicity

of different petroleum products, such as crude oil or even finished products, has very different

effects on aquatic organisms. In general, hazardous toxicity has been observed to be caused by the

concentration of volatile compounds in hydrocarbons, including light and aromatic paraffins (gaso-

line, toluene, xylenes, naphthalene, etc.).

These compounds are more soluble in water than in hydrocarbons, which creates the toxic effect

of polluting sources.

Oil pollution in the seas and oceans globally has reached such a magnitude in the last 40 years

that, according to many experts, aquatic ecosystems will take years to fully recover, both in terms

of the health of biotopes and in terms of rehabilitating all species of flora and fauna that remain

from the results of pollution (Centers for Disease Control & Prevention CDC, 2008).

The ecological repercussions of oil spills from large oil tankers, coastal refineries, or offshore

oil rigs accompanied by the discharge of massive quantities of oil into the sea have proved to be

particularly serious and sometimes even catastrophic for aquatic ecosystems.
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Studies of oil spills show that the consequences of oil pollution on benthic and pelagic organ-

isms are considerable. In the North Atlantic, according to some estimates, oil pollution annually

causes the death of about 500,000 birds, the most affected families being those of Procellaride and

Alcidae.

The causes of death of seabirds are attributed to effects such as loss of feathers, wing distur-

bances, inability to move, impaired intestinal and glandular functions by which birds get freshwater

from seawater, and loss of the water-repellent feature of feathers, which leads to inability to main-

tain body heat in contact with water. During hatching, the oil that covers the feathers of adult birds

contaminates the eggs and causes the death of the embryos.

Observations show that approximately 20 mg of hydrocarbons deposited on the eggs of seabirds

are already highly toxic. The effects of oil pollution have decimated populations of diverse aquatic

flora and fauna, both as genera and as species: benthic and pelagic fish, oysters and mussels, gas-

tropods, crustaceans, dolphins, seals, sea otters, penguins, phytoplankton and zooplankton, coral

colonies, seaweed, etc. Moderate doses of oil have been shown to decrease the photosynthetic

activity of algae and phytoplankton. At the same time, fish that live in contaminated regions accu-

mulate hydrocarbons in the muscle tissues, which makes them inedible (Dar, Dar et al., 2016; Dar,

Kamili et al., 2016; Rogowska & Namieśnik, 2010).

Some species of aquatic fauna, including bivalves, fish, crustaceans, zooplankton, different

microorganisms, and bacteria, can consume or absorb certain quantities of hydrocarbons from pol-

luted regions. It has been shown that the tissues of many aquatic organisms can retain some frac-

tions of spilled oil for a long time. In the bodies of fish and other aquatic organisms, these fractions

are transformed into different compounds by metabolic processes.

The concentration of hydrocarbons in the body increases more when these creatures feed on

microorganisms contaminated with crude oil, with such cases exhibiting a higher mortality rate.

The effects of substances applied in the fight against pollution, especially detergent-based dis-

persants, which in some cases were more serious than the effects exhibited by oilcloth, were also

negative, even to the death of organisms (the cases of Torrey Canyon, Exxon Valdez, etc.) (Dar,

Dar et al., 2016; Dar, Kamili et al., 2016; Dar et al., 2020; Mackey & Hodgkinson, 1996).

The increases and changes over time of hydrocarbons discharged into aquatic ecosystems can

decisively influence aquatic ecosystems. The length of the contaminated coast depends very much

on the type of hydrocarbons, the hydrometeorological elements (wind, currents, tides, etc.), and the

viscosity, density, and flow point of crude oils, which can contribute to the dispersion of the oil

slick offshore or ability to drift to shore, sometimes pushing long distances, even hundreds of nauti-

cal miles. Also, the efficiency of forces and means of intervention for decontamination can have

significant effects on the progression of the oil slick. During an oil spill, a polluting oil slick (also

called a “film”) forms on the surface of the water.

Hydrocarbons, commonly having a lower density than seawater, remain floating on the sea sur-

face and only heavier fractions, such as fuel oil or some manufactured products such as asphalt,

can have a slight immersion, remaining in suspension to the surface.

However, the hydrocarbons that arrive in aquatic ecosystems do not remain unaltered; under the

action of the environment they undergo different transformations, which causes, over time, the con-

centration of hydrocarbons accrued from a spill to gradually decrease. This also explains the fact

that, notwithstanding that every year quantities of hydrocarbons on the order of millions of tons are

discharged into the oceans, the global concentration does not show a significant increase. As shown
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in recent studies, the analysis of the hydrocarbon content present in ocean waters showed that in

offshore waters the concentration is less than 1 ppb, and in coastal waters is about 1210 ppb (Ling

et al., 2018).

A higher concentration was highlighted near oil rigs, with values of 2�20 ppb. Unlike the

oceans, in the waters of seas it has been estimated that, commonly, the concentration of hydrocar-

bons is about 3 ppb offshore, 20�50 ppb in territorial waters, and can reach values of

100�1000 ppb in regions contaminated with oil products.

These values are averages and they differ from one sea to another, based on several elements:

the volume of oil spills from different sources, the intensity of nautical traffic (especially oil), the

characteristics of the sea (surface, volume of water, degree of opening, concentration of biodegrad-

able elements, etc.), intensity of the effects of hydrometeorological circumstances, etc. (Shahidul

Islam & Tanaka, 2004).

One of the cases, perhaps the most representative for the study of the ecological repercussions

of hydrocarbon contamination, is that of the oil spill caused by the failure of the Amoco-Cadiz oil

tanker. The observations and activities undertaken in an extensive investigation program have led

to significant findings and conclusions on the long-term consequences of oil contamination on a

valuable aquatic ecosystem.

From the conclusions drawn, it emerged that the contamination caused by the discharge of the

approximate 223,000 tons of crude oil affected about 300 km of coastline and led to the destruction

of 260,000 tons of aquatic biomass, on a contaminated region of about 250,000 ha.

Based on IFREMER estimates, among the approximate 19,000�37,000 birds and hundreds of

millions of fish perished in this environmental accident. The coastal region was contaminated with

50,000�60,000 tons of oil, and in the region affected by the oil spill (sea and coast), 30% of the

fauna and 5% of the flora were destroyed (Bilal et al., 2018).

Another famous case was the Exxon Valdez, a tanker that spilled 40,000 tons of oil in Prince

William Bay, Alaska. This oil slick had catastrophic ecological repercussions as it has lasted in a

responsive marine area populated by dolphins, seals, sea otters, salmon, eagles and a refuge for

many migratory birds. The sensitivity of the habitat was also increased by the physical characteris-

tics of the sea basin in which the pollution took place: it was a bay with a relatively narrow open-

ing, with shallow depths and dotted with many small islands. The spilled oil contaminated about

1770 km of coastline, including both the coastline of the Gulf of Alaska and the coasts of nearby

islands. The aquatic ecosystem has exhibited dramatic effects: the entire habitat has been severely

affected, and pollution has killed about 35,000 birds, 1000 sea otters, 300 seals, 250 eagles, 25

whales, and millions of fish (herring. salmon, and other species) (Reid & Whitehead, 2016).

The local population, which lives mainly from fishing, had to endure a dramatic period, as fish-

ery sources, especially those for salmon and herring, were decimated. Another consequence of the

contamination of the surface layer of the seas and oceans with hydrocarbons is the alteration of

ocean-atmosphere interactions.

Oil negatively influences, on the one hand, the transfers of matter within the biogeochemical

circuits, and on the other hand, the flows of caloric energy at the interface between the two envir-

onments. It has been estimated that 1 tonne of oil can cover 12 km2 of the ocean, which means that

at the annual quantity of millions of tons spilled across the aquatic ecosystems, the sea surface pol-

luted by this form of contamination would be tens, maybe even hundreds, of millions of square

kilometers (Mearns et al., 2017).
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In the Atlantic and Indian Oceans, the region annually contaminated with oil (dispersed by sea

currents) is estimated at over 50 million km2, which represents about 30% of the surface of the two

oceans. Due to the current concentration of contaminants at the surface, the ocean—which plays a

significant role in the exchange of gases with the atmosphere, absorbing some of them—takes up a

decreasing quantity of atmospheric CO2, so excess CO2 of anthropogenic sources contributes to

amplifying the greenhouse effect. At the same time, ocean surfaces contaminated with hydrocar-

bons, and also with other types of contaminants (detergents, pesticides, PCBs, etc.), reduce the pro-

cesses of photosynthesis, evaporation, and formation of oxygen and aquatic aerosols, whose role in

atmospheric circulation and in supporting some hydrometeorological circumstances is crucial. Due

to the affinity for fatty tissues, these hydrocarbons can drastically affect the components of food

chains. Notwithstanding that there are many studies on the serious effects of oil ingestion on avian

physiology, there is too little investigation on exposure to oil pollution. A better understanding of

the long-term consequences of oil spills brings a great advantage in managing and preventing envi-

ronmental effects.

1.6 Other sources of water pollution spread

1.6.1 Spray drift

This can become a problem when, during spraying, pesticides are delivered to nearby water sources

or to responsive locations by drift and concentrate large quantities of plant protection products in

the water. Elements influencing spray drift are: wind and tractor speed, wind direction, distance to

water/responsive regions, culture, air humidity, droplet size, air influence, and spray distance to

target.

Drift can be minimized by using discount nozzles, especially at the ends and edges of the

ground, by adjusting the equipment, by adapting the speed of the tractor, and by planning the work

based on the weather conditions (Glinski et al., 2018).

1.6.2 Leakage

After application, pesticides can reach the water from treated soils through soil eroded particles.

Polluted water can reach water sources, leading in the short to medium term to relatively high con-

centrations of pesticide products in the water. Elements that influence runoff to watercourses are

precipitation conditions, soil permeability, soil moisture, water flow rate, and distance to water.

Leaks can be avoided by adapting soil work to maximize water infiltration, the use of conserva-

tion work, contour plowing and cultivation systems, crop rotation, and the planting of live curtains.

After treatment, some pesticides can be delivered underground and then into groundwater by infil-

trating the soil. This results in low concentrations in the medium and long term, which can some-

times violate very low limits for drinking water in the EU.

The risk of leaching can be reduced by restricting the use of pesticides in regions identified as

vulnerable, such as soils with low organic matter, surface soils, soils with surface groundwater, or

sandy soils (Fogg et al., 2004).
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1.6.3 Drainage

After application, pesticides can be delivered with water that seeps into the soil in the drainage sys-

tem. Contaminated water then enters surface waters, leading in the short to medium term to signifi-

cant concentrations of pesticides in watercourses.

The risks can be reduced by avoiding the application of pesticides during the drainage season

and before the onset of torrential rains. If possible, it is recommended to isolate and store drained

water in an artificial collection region. Also, pesticides should not be applied on drained, cracked,

or most dry soils to reduce the risk of contamination (Macchi et al., 2018).

Protecting water and aquatic sources—and ensuring their environmental status—is one of the

pillars of EU environmental policy. The Water Framework Directive (WFD), introduced in 2000,

and the Aquatic Strategy Framework Directive (DCSMM) of 2008 set out the framework for the

management of all aquatic ecosystems.

Their aim is to achieve good ecological status for our aquatic sources and freshwater through an

ecosystem or holistic approach. Pollution can take many forms, ranging from organic compounds

and other toxic products to residues from the fabrication of different types of energy. The degree of

toxicity of a pollutant to human health and ecosystems depends on its chemical nature, quantity or

concentration, as well as its persistence.

The different effects of pollutants depend not only on the environment in which they are located

(air, water, or soil), but also on the interaction with coexisting pollutants, as well as the duration of

exposure. Some types of pollution, such as certain forms of polluted water, poor air quality, indus-

trial waste, garbage, light, thermal, or noise overload, are easy to observe, but there are more subtle

forms of pollution detectable only with different tools.

1.7 Conclusions and recommendations
Accidental introduction into aquatic ecosystems of nonnative (or invasive) plant and animal species

poses a threat to the ecosystem and is difficult to control. Aquatic organisms that cause this type of

contamination are often found on the outer surface of ships. Untreated ballast water also delivers

such organisms into the aquatic ecosystems. Currently, aquatic ecosystems are invaded by some

exotic species of crab, jellyfish, ringworm, mollusks, and algae. In addition to navigation, fishing

and restricted aquaculture, mining, tourism, recreation and military exercises are also practiced in

the aquatic ecosystems. The aquatic ecosystems platform and basin are also under intense pressure

due to intensive human activities, including urban growth, manufacturing, hydropower and nuclear

use, agriculture, and land use. The main elements that threaten the aquatic ecosystems are:

• Decreased natural sources caused by overmanipulation of aquatic life.

• Physical changes in the seabed, coasts, and rivers, and

• Contamination of the sea (by solid and liquid waste).

Water is an essential element for the existence of life and the evolutions of human communities,

the planetary water sources being about 1.37 billion km3, of which 97.2% are disposed in the seas

and oceans and 2.7% in groundwater and surface water. Of freshwater, only 1.44% are liquid, the

rest being glaciers. Being a partly renewable resource, water needs to be protected from harmful
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human activities, because contamination affects its ability to self-purify. Aquatic ecosystems, like

freshwater ecosystems, perform several vital functions: flood prevention; maintaining local and

global climate balance; protecting biological diversity; and last but not least, water filtration, dilu-

tion, and storage. Among the consequences, the more significant are the social ones (the shock of

public opinion, public health, the disruption of some activities), the political ones (internal, but

especially external), as well as the long-term ecological ones (breaking of food chains, metabolic

changes, numerical decrease of some species or generations, etc.). Due to the gas clearances that

occur in tanks, oil and petroleum products present a high danger of fires and explosions.

Consequently, on board these ships, special measures are needed both in terms of equipment with

inert gas installations, fire warning and extinguishing systems, and management for the safety of

navigation and operation of the cargo.
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Rouget, M. L., Le Bayon, N., Laë, R., & Tito De Morais, L. (2018). Significance of metallothioneins in

26 Chapter 1 Aquatic pollution and marine ecosystems



differential cadmium accumulation kinetics between two marine fish species. Environmental Pollution

(Barking, Essex: 1987), 236, 462�476. Available from https://doi.org/10.1016/j.envpol.2018.01.002.

Ling, S. D., Davey, A., Reeves, S. E., Gaylard, S., Davies, P. L., Stuart-Smith, R. D., & Edgar, G. J. (2018).

Pollution signature for temperate reef biodiversity is short and simple. Marine Pollution Bulletin, 130,

159�169. Available from https://doi.org/10.1016/j.marpolbul.2018.02.053.

Liu, H., Chen, X., Su, Y., Kang, I. J., Qiu, X., Shimasaki, Y., Oshima, Y., & Yang, J. (2016). Effects of cal-

cium and magnesium ions on acute copper toxicity to glochidia and early juveniles of the Chinese pond

mussel Anodonta woodiana. Bulletin of Environmental Contamination and Toxicology, 97(4), 504�509.

Available from https://doi.org/10.1007/s00128-016-1890-8.

Lunde, G. (1977). Occurrence and transformation of arsenic in the marine environment. Environmental Health

Perspectives, 19, 47�52. Available from https://doi.org/10.1289/ehp.771947.

Macchi, P., Loewy, R. M., Lares, B., Latini, L., Monza, L., Guiñazú, N., & Montagna, C. M. (2018). The
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2.1 Background
Although it does not have high biological diversity, the Black Sea has a complex aquatic ecosystem

with unique features in terms of physicochemical and biological characteristics. The environment

conducive to life generally is located on the continental aquatic platform, up to a depth of

150�200 m, and is largely influenced by environmental conditions and water dynamics. Below

that, the presence of hydrogen sulfide (H2S) causes 85%�90% of the entire body of water (except

anaerobic bacteria) to be completely lifeless.

The aquatic ecosystem consists of the biotope (water, substrate nature, geographical and cli-

matic factors, salinity, minerals) and the biocenosis (all aquatic organisms in the biotope, which

belong to various species and are functionally interdependent), which together form an integrated

ensemble in permanent interaction. A characteristic of the Black Sea ecosystem is its low salinity,

which is explained by the significant supply of fresh water it receives from the large rivers that

flow into its basin. The movements of the sea waters have a significant role in the dynamics of

aquatic species (Tsikliras et al., 2015). Occasional waves and surface currents are reflected in the

transport of alluvium. The thermal variation is quite large between the summer months, when the

waters reach 25�C�27�C, and the winter ones, when they can drop below 0�C. Temperature varia-

tions, with their reversals between the hot and cold seasons, take place only up to a depth of

75�100 m. Below this depth there is a constant temperature of 7�C which rises to the bottom up to

9�C.
The reaction of the medium is alkaline. Water oxygenation varies with season and depth. In the

cold period, the surface layers are oversaturated with oxygen. Oxygen concentration decreases with

depth. From 150 to 200 m to the bottom of the sea the dissolved gas is hydrogen sulfide (H2S).

The structure of the biotope determines the configuration of the aquatic ecosystem. The supralit-

toral floor consists of shoreline areas covered or accidentally splashed by waves. The area has a

high humidity and a generally large, or at least significant, amount of organic matter brought by

waves or of local origin. Usually organic matter decomposes to form methane and hydrogen sulfide

odor deposits.
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The flora consist mainly of certain forms of algae, or rarely lichens, with resistance to environ-

mental and hydrophilic variations. Angiosperms are also found at a lower frequency, especially in

the dry part of the supralittoral floor.

In addition to aerobic and less anaerobic bacteria, the fauna includes numerous crustaceans,

insects, and worms. Most of these creatures feed on deposits of organic matter. A smaller part con-

sists of small predators. To these must be added passenger life, especially seabirds (Fontaine et al.,

2012).

In general, pollution is the main culprit for declining aquatic biodiversity. However, pollution is

only one aspect of the range of man-made factors that have made the Black Sea ecosystem one of

the most affected sea basins.

2.2 Heavy metal poisoning

2.2.1 General properties of metals

The descriptive functional terms accepted for the classification of metals in environmental studies

are: trace metals, micronutrients, and heavy metals. Trace metals are those metals found in concen-

trations of less than 0.1% (,1000 mg/kg) in the soil.

The term micronutrient describes those elements that are needed in small quantities by certain

organisms (e.g., phytoplankton, crustaceans, fish) to perform their metabolic functions.

The term heavy metal describes elements that have an atomic number greater than 20. Heavy

metals have also been defined as that group of metals and metalloids with an atomic density greater

than 4 g/cm3 or five times greater than water density.

Metals circulate naturally in the environment, and metallic elements are found in all aquatic

organisms (e.g., phytoplankton, crustaceans, fish), where they play a variety of roles. They can be

structural elements, stabilizers of biological structures, components of control mechanisms and

enzyme activators, or components of redox systems.

Therefore some metals are essential elements, and their deficiency leads to impaired biological

functions. When present in excess, however, these essential metals can also become toxic. Other

metals do not have an essential function and can give rise to toxic manifestations even when their

intakes are small.

Unlike most organic chemicals, which can be removed from tissues by metabolic degradation,

metals are indestructible elements and therefore have the potential to accumulate. Excretion is the

main mechanism for removing metals from the tissue. Accumulation in the tissue does not neces-

sarily imply the appearance of a toxic effect, because in the case of certain metals, inactive com-

plexes or deposits are formed (Flora & Pachauri, 2010). Heavy metal poisoning (mercury, lead,

cadmium, chromium) occurs when the amount of that metal in the body exceeds a certain value.

Some metals can be absorbed only by ingestion, others by respiration, and finally some even by

simple contact with the skin. Their drawback is that they produce intoxication from cumulative

effects: once ingested/inhaled they are very difficult to eliminate, over years.

They are deposited, depending on the metal, in certain internal organs, muscles, or even bones

and teeth. Fish flesh may contain such metals, especially if the environment in which those fish

live is heavily polluted.
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Accumulation is more common in predatory fish, precisely due to the cumulative effect and

contamination “in the pyramid” (it consumes other potentially contaminated fish). The accumulated

metal is stored mainly in the liver and muscles, the deposits being all the more important the older

the fish.

Given that we rarely reach the age of Methuselah, not too many problems are posed as long as

we do not consume fish from certain affected tanks (downstream of chemical plants, settling tanks,

etc.). Beware of pools in tailings areas and thermal power plants: from burning, the tailings become

rich in certain heavy metals and radioactive components!

On the other hand, it is a fact that the Danube has a smaller amount of pesticides and heavy

metals at its discharge than at its entrance to the country, due to the decline of Romanian industry

and agriculture. Basically, our rivers now dilute the heavy metals brought in by the Danube (Varga

et al., 2002).

Closely related to heavy metal poisoning is lead poisoning, both acute and chronic. People can

get sick from lead poisoning in two ways: by ingestion, the most common (but with the “advan-

tage” that only 10% of ingested lead is absorbed), or by inhalation. The risk is increased in circulat-

ing areas (from burning lead tetraethyl from gasoline), especially since inhaled lead is absorbed in

a proportion of 90%. In this case, we are obviously interested in how much lead consumed fish can

contain.

From my point of view, the problem of poisoning from fishermen using lead weights is enor-

mously exaggerated. More than likely, significant economic interests are at the base (Bonaldo

et al., 2017). Theoretically, opponents of the use of lead as fishing weights are somewhat correct,

but basically problems occur only with the direct ingestion of lead by fish and other aquatic ani-

mals. (Lead poisoning, on the other hand, is relatively common in hunters, because bullets can

remain in the tissues for a long time, without causing the animal’s death.) In addition, in cold water

lead forms a film of lead oxide that is practically insoluble and does not allow water molecules to

reach the rest of the metal (it insulates the metal as a kind of varnish). X (Pain et al., 2019).

2.2.2 Fish species with “toxic” flesh

There is great confusion between the toxicity of fish flesh and other diseases induced by it.

Usually, the only common species that is said to have toxic flesh per se is the sea rooster, improp-

erly called “sea dog” (confusion with the Black Sea ecosystem shark), a species in the Bleniidae

family, and especially Blennius sanguinolentus, the fish often denigrated by the Ponticola cephalar-

goides fishermen on the Coast. There has not been found in any ichthyological treatise, regardless

of age, a phrase that says “the flesh is toxic”; all state instead “the flesh cannot be eaten.”

2.2.3 Toxicity of various organs/tissues of fish

True, there are fish species that contain venom glands. However, they are not the subject of this

article, most of them having edible flesh.

Heavy metals are chemical elements that are naturally present in ecological systems, but with

exploitation they have become metal with toxic potential. All of the exploitation has led to the

appearance in the aquatic environment of the risks from anthropic sources, which have become

much larger compared to the inputs from natural sources.
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A metal can be characterized by an anthropogenic enrichment factor. This factor is the percent-

age that is associated only with anthropogenic sources, calculated from the total annual emissions

of a metal. Thus, this factor has the following values for various metals: Pb—97%, Cd—89%,

Zn—72%, Hg—66%, and Mg—12%. This anthropogenic enrichment factor, together with the

potential for metal toxicity, indicates the priority to be given when choosing the metals to be ana-

lyzed (Lipowicz et al., 2013).

Heavy metals are of interest from an industrial point of view as well as ecologically and biolog-

ically. There are many metals that are of interest because of their toxic properties or because they

are essential for the health and survival of aquatic animals and plants. It is important to note that

most often importance is given to pollution and toxicity.

Metals that have an important role in the life of aquatic organisms (e.g., phytoplankton, crusta-

ceans, fish) can be in large quantities, like K, Mg, Ca, Na; or only in traces (less than 1 mg/kg tis-

sue), as in Cu, Fe, Mn, Zn, Se, Co, Mb, Cr, Ni, Si, V, and As.

The metal problem involves two special situations: in the first case the emphasis is on excess

metals in some compartments of aquatic ecosystems, which leads to disruption of their functionality

and damage to human health, and in the second case the problem is related to quantitative defi-

ciency of certain metals in agricultural systems, which leads to a limitation of productivity. Heavy

metals are considered to be a very important category of metal that are toxic and stable. Compared

to the organic pollutants, heavy metals are not biodegradable; they have a less mobile character,

such that they can persist much longer in the soil and in sediments (Rehman et al., 2018).

Heavy metals are not created by biological or chemical processes but are not destroyed either.

These processes have the ability to make possible only a transition of the metal from one valence

to another or from an organic to an inorganic form.

A main problem that is associated with the persistence of metals is related to their ability to

bioaccumulate and their bioamplification, phenomena that can cause an increase of the metal in the

aquatic ecosystem, posing possible long-term risks in ecological systems. In order to differentiate

the toxicity of heavy metals, their chemical properties and their compounds must be taken into

account, but the properties of organisms (e.g., phytoplankton, crustaceans, fish) that are exposed to

contamination must be taken into account.

However, a high potential for bioaccumulation does not necessarily imply a high potential for

toxicity, the situation differing from one element to another. Heavy metal contamination of aquatic

ecosystems is a problem of great importance because these metals enter the food chain and have

effects on the functioning of the biocenosis (Chaturvedi et al., 2015).

Heavy metals are considered particularly dangerous because, in the process of food preparation,

they do not decompose; on the contrary, their concentration per unit of measurement increases.

Metals also have the property of accumulating in the human body (bioaccumulation), so they slow

down or even block intracellular biochemical processes. Most metals have mutagenic and carcino-

genic properties, being difficult to remove from the human body (Ajima et al., 2015).

Lead is part of the group of metals with high toxicity potential. Because of this, the maximum

limit set by official health standards (Codex Alimentarius) is very strict: 0.5 mg/kg for all catego-

ries of meat. For carp flesh in Romania, the average varies between 0.45 and 0.62 ppm. However,

there is a limit below that set for other categories of food, such as that in cans.

Of course, the first source of contamination is waste discharged or emissions from various

industries, especially the (non) ferrous metals and steel industry. Within them, an important place
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is occupied by the processing of lead and lead alloys (batteries for the automotive industry, the

arms industry). Some of these residues reach the Danube through river waters, but also through

rainwater resulting from rains and melting snow, which effectively washes the surface of the soil

while entraining the impregnated residues.

Lead overgrowth has been revealed over time in fish with permanent habitat in the Delta.

Razelm Lake (Romania) is not found on the Danube stream, having a direct connection with the

Black Sea ecosystem, which is why the lead content of the shale in this lake is found in traces. It

should be noted that lead in contaminated water is not found as such, but in the form of com-

pounds. Some of them are insoluble, so they are in the form of microparticles.

Lead, like all metals, is not degradable, so its concentration in sediments gradually increases, as

long as there are sources of pollution. However, there are some lead products that are water solu-

ble; these, although quantitatively lower, are perhaps the most important source of fish pollution.

The fish takes in oxygen from the water, which it transfers to the blood in the gills. The water

stream for oxygenation has a permanent circuit on the mouth-gill path. During the fish’s breathing,

the amount of water that bathes the gills is enormous. At the level of the gills, some of the sub-

stances in the water are retained and passed directly into the blood. There are also fat-soluble lead

compounds (e.g., lead tetraethyl), which can penetrate directly through the skin, adding to those

that reach the body in other ways (Matache et al., 2013).

Cadmium is a metal whose toxicity appears to exceed that of lead (maximum limit set at

0.075 ppm). It is widely used as a coating to protect ferrous surfaces from corrosion. It is rarely

found in fish species in our country (Kim & Kim, 2016).

Zinc is a metal with relatively low toxic potential; it is found in fish flesh in disable quantities.

However, when the content is high, the consequence of contamination from pollution sources, mea-

sures are needed to restrict consumption. The maximum regulated limit for food is 50 ppm. The

values found in continuously studied fish are below this limit. Sometimes, higher values have been

found (in saltwater fish), but still within normal limits.

Tin has an almost insignificant toxic potential. Therefore, in the official health norms maximum

limits are established only for cans in metal boxes. Tin is widely used in the canning industry to

protect food stored in cans made of other metals. However, the tin layer on the inner surface has a

relatively poor stability. In prolonged contact with small amounts of hydrogen sulfide, which can

form in the sterilization process, it forms tin sulfide, which (relatively soluble) passes into the con-

tent. In this case, the first indication is the metallic taste imparted to the contents. The tin alloy is

made of tin with a small lead alloy (1% or even more). Therefore when stains or large white-bluish

areas (marbling) are found on the inside of tin cans, it is evidence of the appearance of tin sulfide

(Seto et al., 2013).

Copper is naturally found in most foods, but in very small amounts. When the content is high,

it presents a toxicological risk. The maximum limit recommended by the Codex Alimentarius for

fish is 3 ppm. This condition is currently being challenged by most researchers.

Numerous laboratory analyses have shown that in the copper circuit in the body, the maximum

level of accumulation and concentration is achieved in the liver, where the content exceeds the

value of 3 ppm naturally.

In the case of fish species from the Delta, the copper content is in the range of 1.3�1.5 ppm,

thus falling within the regulated values. In contrast, in oceanic fish (mackerel and horse mackerel)

the value exceeds twice the allowed limit (Freitas et al., 2018).
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2.2.4 Bioaccumulation factor

Given the close link between fish fauna and the environment in which they live, after determining the

concentration of heavy metals in water, sediment, and fish samples, it was necessary to determine the per-

centage in which the studied species accumulated metals from water or sediment. The bioaccumulation

factor (BAF) can be defined as the ratio between the concentration of the analyzed metal in an organism

and the concentration of the same metal in water, during steady state. The absorption of metals can be dif-

ferent in each organism, as if following a passive diffusion mechanism analogous to that of oxygen

absorption. In the case of sediments, the BAF is calculated with the same formula, replacing the metal

concentration in the body with the metal concentration in the sediment (Jitar et al., 2015).

Some studies characterize the aquatic environment as the ultimate “recipient” of natural or anthropo-

genic heavy metals. In the lists of potentially toxic substances, metals are considered to have a priority

role in monitoring water quality. Some heavy metals, such as mercury, lead, and cadmium, are com-

pounds that cannot be degraded naturally, remaining in the environment for a long time, a context in

which their danger is highlighted by the high potential for accumulation in the food chain.

Sewage, both domestic and industrial, exerts a significant pressure on the aquatic environment,

due to the loads of organic matter, nutrients, and hazardous substances. In rural areas, 95.9% of the

population is not connected to sewage systems, so the management of rural wastewater has been a

major problem. Aquatic organisms (e.g., phytoplankton, crustaceans, fish) exposed to these con-

taminants accumulate these elements and sometimes the amounts of metals compared to the body

mass of these organisms increase with the evolution of the food chain. If fishing activities occur in

the contaminated aquatic area and subsequently the catches are consumed, the toxic elements are

transferred to the human body, where they can cause a number of diseases whose severity depends

on the accumulated metal and the amount accumulated (Tang et al., 2020).

The Black Sea is a main source of aquatic catches for riparian countries. In a market study con-

ducted by the Ministry of Agriculture and Rural Development, it was stated that in the period

2005�13 the average share of fish production in Romania was as follows: 68% aquaculture, 27%

inland fishing, and 5% marine fishing.

Fish are among the most important groups of wild species, from an ecological but also an eco-

nomic perspective, representing a valuable food resource for both humans and wildlife. They play a

major role in the functioning of aquatic ecosystems. At the same time, fish are recognized bioindi-

cators in assessing the pollution of an aquatic environment with various chemicals. As a result, this

is possible by tracking the dynamics of heavy metal concentrations in aquatic organisms (e.g., phy-

toplankton, crustaceans, fish).

In order to avoid a polluting disaster, such as that in Minamata, Japan, manifested by chronic

mercury and cadmium poisoning of the human and animal population following the consumption

of contaminated fish, continuous monitoring of environmental pollution is mandatory (Dvorak

et al., 2018).

2.3 The role of heavy metals as pollutants
The spread of metals in water, sediments, and the atmosphere results from their presence in the

earth’s crust. In their natural concentrations, metals play an essential role in many biochemical

36 Chapter 2 Heavy metals as pollutants in the aquatic Black Sea ecosystem



processes in the body, but any concentration that exceeds the background concentration can become

toxic.

As a result of anthropogenic activities, current levels are higher than under natural conditions,

posing a threat to aquatic organisms, as many metals are harmful even in moderate concentrations.

The toxic potential of metals depends on their bioavailability and their physicochemical properties.

These properties depend on the atomic structure of metals, rendered in the periodic table of

elements.

Metals are divided into the following categories: alkaline, alkaline-earth, transitional, metalloid.

Examples of metals that are more relevant to the environment in terms of their toxic effects are

the following: cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), mercury (Hg),

nickel (Ni), tin (Sn), vanadium (V), and zinc (Zn). Arsenic is also considered a dangerous metal,

although chemically it is actually a semimetal (metalloid).

The general sources of pollution of the aquatic environment are represented by cities and coastal

industries, wastewater and industrial waste, household waste and stormwater; shipping, unloading

of waste at sea; wrecks, ammunition lost or thrown away intentionally, offshore drilling rigs, and

atmospheric deposits (Gao et al., 2019). The terrestrial sources that generate heavy metals are

mainly represented by wastewater treatment plants, manufacturing industries, mining, and agricul-

ture. Metals are transported either in forms dissolved in water or as an integral part of sediments.

2.3.1 Peculiarities of heavy metals found in aquatic ecosystems

In the aquatic environment, the toxicity and bioavailability of metals are influenced by various abi-

otic factors, such as pH, water hardness, alkalinity, and accumulation of humic substances.

The toxicity of metals in water increases in proportion to alkalinity, pH, salinity, temperature,

and conductivity. The two most important water parameters that influence the accumulation of

metals in the biota are pH and salinity. There is a strong correlation between these parameters and

the accumulation of metals, so that an acidic environment causes an increase in the accumulation

of metals in the biota. For many metals, alkalinity is a much more important cofactor than hard-

ness. Heavy metal salts (Mn, Co, Ni, Cr, As, Cd, Pb, Fe, Sn, Sb, Au, Ag, Cu, Hg) are stable and

toxic compounds, so they can be forms of severe pollution for surface waters (Bankar et al., 2018).

Inorganic, insoluble, or partially soluble organic complexes are less toxic than simple ions.

Analyzing their impact on fish, heavy metals can be classified as essential elements [iron (Fe), zinc

(Zn), copper (Cu), magnesium (Mg), selenium (Se), cobalt (Co), vanadium (Vn)] and nonessential

elements (potentially toxic trace elements) [aluminum (Al), arsenic (As), mercury (Hg), lead (Pb),

cadmium (Cd), bismuth (Bi)].

Some metals have a higher toxic impact on the environment than others, such as Cd, Cr, Cu,

Pb, Ni, and Zn. Metals in an aquatic environment can cause the loss of biodiversity by exerting

toxic effects on the biota. Heavy metals are of particular importance in water bodies due to their

inability to decompose, long persistence, bioaccumulation, and biomagnification in the food chain.

The bioaccumulation of heavy metals in aquatic organisms occurs as a result of their very long

half-life, but also is due to the fact that the body does not have physiological elimination capabili-

ties. In this way, exposure to heavy metals becomes cumulative, initially asymptomatic. When the

level of biostored metal is high enough, signs and symptoms begin to appear progressively, which
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are proportional to the degree of exposure of the body. The symptoms are very individual, so there

may be different symptoms at a similar level of exposure (Hao et al., 2019).

The second element is represented by bioacceleration. This phenomenon consists in the fact that

these heavy metals accumulate in the body in proportion to the evolution of the food chain.

Excessive pollution and unhealthy nutrition are the main factors affecting the organisms.

Heavy metals are characterized by two important properties: bioaccumulation in the body and

bioacceleration, as shown in Fig. 2.1.

Currently, we no longer talk about acute intoxications with heavy metals, except among workers

in an at-risk industry or in the case of industrial or environmental accidents. However, today we

are concerned about a new pathology associated with heavy metals, which is represented by low-

toxicity exposure. This type of particular exposure is characterized by heavy metal levels near nor-

mal, but the measurements made to determine the level of exposure in blood, urine, or tissues,

among which the most used is hair, do not provide a complete, real, or accurate picture of the bios-

tored amounts. For example, methylmercury is stored in the brain, making it extremely difficult to

estimate the amount stored there. It is this characteristic that defines and explains the levels of low

toxicity, which normally should not produce symptoms, but which in reality produce negative

effects felt by the organisms (e.g., phytoplankton, crustaceans, fish).

Within these low-toxicity exposures, a predominant enzymatic inactivation occurs at the level

of selenoenzymes or enzymes possessing thiol groups. In this way, dozens of enzymes essential to

the body’s homeostasis are inactivated, causing chaos in the functioning of various devices and sys-

tems (Yılmaz et al., 2017).

The contamination of the waters of the seas and oceans with mercury has caused a phenomenon

of accumulation of this metal in the aquatic things in these areas. The phenomenon of bioaccelera-

tion has been described for the first time in fish. As a result of this process, the more evolved the

fish in the food chain, the higher the amount of mercury accumulated. Making a comparison

between a sardine and a shark, we can conclude that the latter has accumulated an amount of mer-

cury over 300 times higher, knowing that the shark ingested all species of fish contaminated in turn

with mercury, below its trophic level (Saher & Siddiqui, 2019).

Once in the aquatic environment, these metals can follow several paths: dissolved in the water

column, stored in sediments, volatilized in the atmosphere, taken over by organisms (e.g.,

PROPERTIES SPECIFIC TO HEAVY METALS

BIO-ACCUMULATION BIO-ACCELERATION

occurs due to their very long half-life, but 

also due to the fact that the body does not 

have physiological elimination capabilities.

these heavy metals accumulate in 

the body in proportion to the 

evolution of the food chain.

FIGURE 2.1

The properties specific to heavy metals, which are manifested in aquatic organisms.
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phytoplankton, crustaceans, fish). Metals are also generated as a result of natural rock erosion pro-

cesses. This process is intensified following mining activities that expose various ores containing

metals. Leaks from tailing dumps and tailing ponds introduce substantial amounts of metals into

water resources. It is considered that, in the absence of appropriate measures, mining activities

pose a high long-term risk of the release of heavy metals into the environment.

Any activity involving the extraction or processing of metals can be a source of fine metallic

particles dispersed in the atmosphere. Rust and other forms of corrosion lead to the spread of

metals in the environment during the use or storage of various metal equipment.

The burning of fossil fuels or various categories of waste also causes the release of metals into

the atmosphere.

The greatest deposition of metal particles obviously occurs in the vicinity of mines, smelters, or

other categories of metal-processing activities, which are the major sources of emissions. But most

particles are so small they can be transported over enormous distances by wind. In particular, mer-

cury, which is present in gaseous form in the atmosphere, can be widely dispersed, far from the

sources.

Road transport is also responsible for significant lead emissions, following the use of lead-

containing fuels as an additive (Ighariemu et al., 2019).

The metals released into the atmosphere are deposited at ground level, where they remain for a

long time. Under certain conditions, for example lowering the pH, the metals in the soil, especially

mercury and cadmium, are solubilized and reach the water resources.

Understanding the mechanisms of interaction between heavy metals and aquatic organisms

involves the following aspects: the bioavailability and how to take over metals; the intervention of

possible protective mechanisms; the susceptibility of aquatic organisms (e.g., phytoplankton, crusta-

ceans, fish) to the various effects of exposure (Wang et al., 2018).

2.4 Bioavailability of heavy metals for aquatic organisms
Heavy metals are present in water, sediment, and the bodies of fish. The distribution of heavy

metals in the aquatic environment is as follows: distributed in the water column, precipitated in

sediments or accumulated in the benthic substrate and related to other organic elements or taken up

by organisms (e.g., phytoplankton, crustaceans, fish).

The metallic elements transported in the aquatic systems are subjected to specific processes,

manifested under the direct influence of the physicochemical parameters of the water. The phenom-

enon of bioavailability has been defined as the relative ease of an element to be transferred from

the environment to a specific location in an organism of interest and refers to both the water com-

ponent and the sediment component.

The bioavailability of metals in the water column refers to their water-soluble capacity, the sol-

uble form of the elements being one of the most toxic forms on fish. The purification of the water

column is achieved due to important mechanisms such as adsorption and sedimentation processes.

Sediments have the ability to immobilize metal ions through specific processes such as adsorption,

flocculation, and coprecipitation. Therefore sediments can act as “hot spots” of high concentration

of metals. In shallow lakes, metals are more likely to be resuspended and may cause secondary
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contamination of the aquatic environment (Kim et al., 2016). Thus sediments can act both as a

decanter and as a source of metals in the aquatic environment. A process of particular importance

is that of bioaccumulation in aquatic organisms. The rate of bioaccumulation is influenced by cer-

tain factors such as temperature and the physiological state of the body (sex, age, size).

Heavy metals, when ingested in excessive amounts, can lead to the creation of random bonds

with cellular biomolecules, such as enzymes or proteins to form complexes that can compromise

their structure and/or function. Heavy metals tend to accumulate in organisms at the top of the food

chain (such as fish in the aquatic environment), through biomagnification effects. The biomagnifi-

cation process is a complex process that involves increasing the concentration of toxins upwards in

the food chain.

The bioavailability of metals is defined by the fraction of the total concentration of metals that

has the potential to accumulate in the body. The factors that control the bioavailability of metals

are the following:

• the biological characteristics of the organism (metal assimilation efficiency, feeding strategies,

size/age, reproductive stage);

• metal geochemistry (water�sediment distribution, metal speciation);

• physicochemical factors of the environment, which influence the factors listed earlier

(temperature, salinity, pH, ionic strength, concentration of dissolved organic carbon, total solid

suspensions) (Speelmans et al., 2010).

The speciation of heavy metals in the aquatic environment is of fundamental importance due to

the fact that the bioavailability and toxicity of metals depend on their chemical form in water.

Speciation is in turn dependent on the specific physicochemical factors of the aquatic environment.

Heavy metals are present in the aquatic environment in various chemical forms (dissolved, col-

loidal, or particulate), as a result of the balance between metal ions and inorganic and organic

complexes.

The bioavailability of metals is one of the determining factors of their accumulation in aquatic

organisms. The uptake of metals occurs directly from seawater through the permeable surfaces of

the body, in the case of dissolved forms, as well as through food, in the case of particulate forms.

The uptake of metals from seawater is influenced by metal speciation, the presence of organic

or inorganic complexes, pH, temperature, salinity, and redox conditions. Intestinal uptake depends

on similar factors, plus feeding rate, intestinal transit time, and digestion efficiency (Carbonaro

et al., 2019).

Numerous studies have shown that the hydrated free ion form is the predominant bioavailable

form for copper, cadmium, and zinc, although exceptions have been reported. Thus the importance

of other chemical forms of dissolved metals, such as complexes formed with low molecular weight

organic ligands, should not be neglected.

It has been observed that the presence of organic ligands increases the bioavailability of cad-

mium in mussels and fish, due to the facilitation of the diffusion of the hydrophobic compound in

membrane lipids.

Organic compounds of some metals may be much more bioavailable than ionic forms, the best

example being organomercuric compounds, which are soluble lipids and penetrate rapidly into the

body, having an increased toxicity to mercury chloride.
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Adsorption on suspensions affects the total concentration of metals present in the water column.

The association of metals in the particulate phase is also critical for the process of uptake by organ-

isms through food ingestion.

Sediments accumulate insoluble metal compounds, which can under certain conditions be

released into the interstitial water, thus adding to the soluble or suspended metals in the water

column.

The concentrations of heavy metals in the sediments and suspensions are much higher than in

seawater, so a small fraction of them can be an important source for uptake, especially for filter

organisms (e.g., phytoplankton, crustaceans, fish) and those buried in sediment. Fine-grained oxi-

dized particles are expected to be the most important source of available metals (Menegário et al.,

2017).

Numerous studies have shown that the bioavailability of metals for bivalve molluscs that feed

in sediment depends on the type of sedimentary particles. If the particles are coated with bacterial

extracellular polymers or fulvic acids, the bioavailability of cadmium, zinc and silver is signifi-

cantly increased.

Binding to iron oxyhydroxides decreases the bioavailability of metals in the sediment. The

nature of different forms of metals in the aquatic environment remains a variable that is not fully

understood. Dissolved or particulate forms of metals have different uptake and accumulation path-

ways and require in-depth studies.

Specific pathways for taking up free ionic forms and those complexed with organic ligands

must be identified and characterized. It is not known whether there are specific mechanisms for dif-

ferent valence states or for different types of inorganic ionic complexes (Stenzler et al., 2017).

The transfer of heavy metals along aquatic food chains is of interest in environmental health

research for several reasons. Heavy metals are generally heavier than iron in the periodic table.

Some of them are necessary for human metabolism, such as organic compounds of iron, cobalt,

copper, and zinc. However, not all organic heavy metal compounds are beneficial, and some do not

exist in water and can only be found in food.

From water, we can consume only dangerous inorganic compounds, as well as a whole range of

other heavy metals that should be avoided by any means. This range is called xenobiotic because it

dramatically damages all life forms; lead is an example of a xenobiotic.

First, the accumulation of heavy metals in aquatic organisms may ultimately result in the tro-

phic transfer of metals to humans, leading to a potential risk to public health from the consumption

of contaminated aquatic products. The best-known and most tragic example was the appearance of

Minamata disease in Japan, following the consumption of aquatic products containing high concen-

trations of methylmercury.

From the point of view of aquatic ecosystem health, metals can be toxic to aquatic organisms,

preventing the functioning of the aquatic ecosystem through a wide range of harmful effects

(Matsuyama et al., 2018).

Aquatic organisms play an important role in the biogeochemical cycles of metals in the aquatic

environment. The factors that influence the accumulation of metals are the relative amounts of

metals present in the environment, as well as their chemical form. However, there is considerable

variation in the concentration of heavy metals between species, tissues, and even between indivi-

duals collected from the same location.
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This is due to the fact that the uptake and elimination of heavy metals are determined by biolog-

ical parameters, which include the permeability of external surfaces, feeding strategies, quantities

and types of internal ligands, efficiency of excretory systems, nutritional status, growth, season,

and reproductive stage (Gopalakrishnan et al., 2007).

Aquatic organisms have a certain selectivity in the accumulation of heavy metals, and a distinc-

tion must be made between essential and nonessential metals. Essential metals such as copper,

zinc, manganese, iron, or cobalt are vital components of many respiratory enzymes and pigments.

Consequently, aquatic organisms must provide metal tissues in sufficient quantities for metabolic

and respiratory needs. Deficiency of these metals, but also accumulation above certain levels, pro-

duce harmful effects.

Nonessential metals (lead, arsenic, mercury, cadmium) are very toxic, even at very low levels,

especially if they accumulate at metabolically active sites. The bodies of aquatic organisms are

obliged to limit the accumulation of nonessential metals or to change them into nontoxic forms.

Toxic heavy metals interfere with the normal metabolic functions of the essential elements.

Binding to protein macromolecules disrupts normal biological function. The catalyzed formation of

metals by oxygen free radicals is involved in the production of many pathological changes, includ-

ing mutagenesis, carcinogenesis, and aging. Thus, although metals are essential components of life,

they become harmful when they are present in excess (Zhang et al., 2016).

Rising bioavailable levels in the aquatic environment is a problem for human health and aquatic

ecosystems. Bioaccumulation is a common topic recently addressed in the field of research and

analysis of environmental risk because it is the body’s exposure to various environmental pollu-

tants. The last decade has shown that the bioaccumulation and bioamplification of chemicals,

through the food chain, can be a necessary condition for highlighting adverse effects in species and

individuals.

The redox potential, together with other physicochemical parameters (pH, different organic

compounds, humic substrate, complex particles, presence or absence of other metals, anions, differ-

ent ionic bonds, temperature, salinity, light intensity, dissolved oxygen) plays a role important in

the bioaccumulation of heavy metals. At a low redox potential, the metals bind to the sulfides in

the sediment, thus becoming immobile. High salinity influences the formation of metal chlorides,

preventing their absorption by plants and other aquatic organisms. The accumulation of metals in

aquatic sediments is a risk to the aquatic ecosystem, and the concentrations of heavy metals in

them can provide historical information about the pollution of an area. Unlike many organic pollu-

tants, metals do not degrade, but remain in the environment (Wei et al., 2020).

2.5 Effects of heavy metal pollution on aquatic ecosystems
In recent decades, increased contaminant inputs and habitat destruction have produced drastic

changes in aquatic ecosystems. In this direction, the scientific interest in the following fields has

increased: the accumulation and toxic effects of contaminants on aquatic organisms; taking over

and accumulating contaminants in aquatic resources intended for human consumption.

The effects of heavy metal can be detected at several levels of biological organization, from the

entire aquatic ecosystem to the subcellular and molecular level. The most relevant ecotoxicological
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assessments, from an ecological point of view, are those that describe changes in the structure and

function of aquatic ecosystems. These measurements are often difficult, lengthy, and do not allow

the degree of aquatic ecosystem change to be correlated with a particular level of contamination.

At the cellular and molecular level, pathological changes and biochemical markers have been iden-

tified that occur as a result of exposure to heavy metal (Kanhai et al., 2014).

Correlations were established between specific heavy metal present in certain concentrations

and pathological or biochemical responses. However, correlating the effects at the individual level

with the alterations at the level of communities or populations is quite difficult. There are concerns

about the relevance of applying physiological and biochemical methods to assess the effects of pol-

lution at the population level.

Interindividual variability in response to heavy metals is of major importance, as it is the key to

understanding the selection mechanisms that accompany pollution-induced ecological changes.

Heavy metals that do not exert selection pressure are not considered to cause significant biological

effects at the aquatic ecosystem level, as they do not result in community restructuring. There is a

wide range of methods available for assessing the effects of heavy metals in the aquatic environ-

ment, of particular importance being the integrated assessment, using several methods, each pursu-

ing a different level of biological organization (Schertzinger et al., 2018).

The interactions between heavy metal and aquatic organisms involve several aspects. The first

stage in aquatic toxicology studies consists of assessing the type of pollutant, its bioavailability,

and the methods of uptake by the bodies of aquatic organisms. The distribution of heavy metal in

the aquatic environment includes accumulation in the benthic substrate, distribution in the water

column, and uptake by aquatic organisms (e.g., phytoplankton, crustaceans, fish).

The fraction present in the water column (bound to colloids, particles, or dissolved) and in food

represents the bioavailable fraction. There are two major ways of taking it in: the respiratory system

(gills) and the digestive system.

Food as a source of uptake is especially important in benthic aquatic ecosystems, where

sediment-associated heavy metal are significant sources for aquatic ecosystems (Dar, Dar et al.,

2016; Dar, Kamili et al., 2016; Gholizadeh & Patimar, 2018).

The uptake of contaminants leads to their concentration in the tissues. The rate of bioconcentra-

tion depends on many factors, such as temperature, physiological state (sex, season) and the poten-

tial for biomagnification along the trophic level.

The first stage of the contaminant-organism impact is represented by the interaction with endog-

enous molecules. These interactions fall into three main groups, shown in Fig. 2.2.

Bioaccumulation signifies the bioconcentration, to which is added the food chain transfer; then the

sum (elimination1 growth dilution) is subtracted.

The contaminant may be sequestered and then neutralized, and/or may have specific interactions

with endogenous molecules (inhibition of some enzymes) and/or may be metabolized by the

enzymes of the biotransformation system. All these interactions can lead to:

• long-term storage (neutralized fraction);

• direct or indirect toxic effects (after biotransformation);

• excretion of contaminants or their metabolites.

The toxic effects of heavy metal have repercussions at the cellular, tissue, or body level, thus

changing the integrity of the population and ultimately the entire aquatic ecosystem. The response
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time to the impact with contaminants can vary from hours for the molecular and cellular level, to

several years for the population and community (Mohamed et al., 2016).

Specificity, in the sense of identifying the pollutant that causes an effect, can only be achieved

at the molecular level. A physiological response, such as the effect on growth, is a nonspecific

response to a number of environmental stimuli, providing a measure of the overall impact.

Even if in this case the ecological relevance exists, it is necessary to elucidate the molecular

mechanisms. The term biomarker defines biological parameters that change in an organism exposed

to environmental contaminants (Lacave et al., 2018). The concept of biomarkers does not only

mean biochemical measurements, but also includes cellular pathology, physiological processes and

even the behavior of an organism exposed to heavy metal.

This creates the possibility of sequential use of biomarkers, starting with nonspecific (physiolog-

ical) ones and ending with specific biochemical and cellular biomarkers (e.g., mixed-function oxi-

dase activity, metallothioneins, intracellular granules, tissue damage). The magnitude of the

response of biomarkers, together with the determination of tissue concentrations of heavy metal,

contributes to the overall assessment of the impact of pollution.

The behavior of metals in aquatic organisms is described by the mechanisms of uptake, storage,

excretion, and regulation. General models of metal uptake and accumulation will be discussed in an

attempt to understand and explain the variability of metal tissue levels.

First of all, in the process of food preparation the metals do not decompose; on the contrary,

their concentration increases. Second, metals have the property of accumulating in the human body,

so they slow down or even block intracellular biochemical processes. Third, most metals possess

mutagenic and carcinogenic properties. Heavy metals are difficult to remove from the human body.

A few words about the most common metals follow (Kim et al., 2018).

2.6 Methods of taking heavy metals from the bodies of organisms
The motivation for numerous studies on heavy metals comes from the need to understand the

impact of pollution on aquatic communities. There has been a tendency to investigate mainly the

uptake of heavy metals in solution in seawater, although the nutritional pathway is also of great

importance in the uptake of heavy metals.

FIGURE 2.2

Schematic presentation of the phenomenon of bioaccumulation of heavy metals in fish [bioconcentration 1

food chain transfer � (elimination1 growth dilution)].
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Heavy metals present in the water-soluble form penetrate the cells of aquatic organisms (e.g.,

phytoplankton, crustaceans, fish) either through passive diffusion processes (invertebrates) or

through a “carrier” molecule (fish) (Braz-Mota et al., 2018; Dar, Dar et al., 2016; Dar, Kamili

et al., 2016; Dar et al., 2020).

The absorption of heavy metals in solution in seawater occurs both through the general surface

of the body and through specialized areas such as the gills or intestinal walls. In most large crusta-

ceans and mollusks, the barrier through which the metals are taken over is represented by the respi-

ratory surfaces, the rest of the body being protected by the calcareous or chitinous exoskeleton.

Once heavy metal ions have crossed the barrier into the body, they are rapidly bound by intracellu-

lar ligands. The presence in the cell of ligands with high affinity for heavy metals, such as glutathi-

one and metallothioneins, ensures their continuous removal from the inner layer of the cell

membrane, thus reducing the concentration of cations in the cell and maintaining a permanent gra-

dient to the external environment.

The uptake of heavy metals bound to suspended matter is mainly related to the activity of the

digestive tract and is an important source for organisms (Armant et al., 2017). In aquatic inverte-

brates (mollusks, crustaceans), metal-bearing suspensions are taken up by endocytosis, an active

transport mechanism. At the level of lysosomes the biological material is degraded, and in this way

the metal becomes available to the cell or can remain bound to the resulting compounds. Water can

be an important source of heavy metals, as a result of discharges, the activity of sewage and pre-

treatment plants, the discharge of sewage water, and household waste. The hardness of the water

and the content of organic compounds can determine its enrichment with heavy metals.

As mentioned, not all heavy metals are harmful to the human body; some of them are essential

in the development of metabolic processes (Pereira et al., 2016). For example, magnesium is

involved in protein synthesis, blood sugar control, and prevents cardiac arrhythmia; zinc is involved

in the proper functioning of the thyroid, immune system, and reproductive system. Some adverse

effects are listed in the following paragraphs.

• Arsenic (by definition it is not a heavy metal, but it is an extremely toxic metal) inactivates

over 200 enzymes involved in the body’s functioning. Many of these enzymes are dedicated to

important functions, such as energy pathways at the cellular level, protein synthesis, and nucleic

acid repair (DNA). Chronic arsenic exposure is a multisystemic disease that affects the entire

body. Like mercury, arsenic is known to be a particle capable of inducing carcinogenesis.

Sources of exposure are water contaminated with arsenic, but also samples of rice from polluted

areas (Juncos et al., 2019).

• Cadmium binds at the mitochondrial level, blocking cellular respiration. It produces the

depletion of some molecules essential in the antitoxic defense, among which is glutathione, but

also of some antioxidant enzymes such as catalase and superoxide-dismutase (Le Croizier et al.,

2019).

• Lead is a toxic particle that has an affinity for the bone system. In addition, it exerts its toxic

effects on hemoglobin synthesis, causing anemia. Accumulation of lead in the body will affect

kidney function, with a progressive decrease in glomerular filtration rate. In most aquatic

organisms there is a balance of lead, excreting an amount equal to the lead introduced into the

body, and the tissue level of the metal remains below the concentrations that cause pathological

changes. However, an increase in intake will lead to metal accumulation or a positive lead
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balance. Because lead is a chemical metal very similar to calcium, the body assimilates it as

calcium. The first route of transport is thus plasma and soft tissue membranes. It is then

distributed to the teeth in growing children and in bones at all ages. Ocean fish and refined

chocolate are a source of lead and mercury (Lee et al., 2019).

• Manganese toxicity is frequently associated with iron deposits. It blocks calcium channels, and

chronic intoxication causes dopamine depletion in the brain (Jiang et al., 2017).

• Mercury/organic mercury reacts with sulfhydryl groups in the aquatic organisms, thus

interfering with cellular and subcellular functions. It modifies the synthesis of proteins and the

transcription of nucleic acids, especially DNA. These changes underlie current hypotheses that

place mercury among potentially carcinogenic toxins. Mercury has a toxic effect at the

subcellular level, affecting mitochondria and the integrity of cell membranes, intensifying the

production of oxygen free radicals and oxidative stress, and modifying neurotransmission in the

nervous system. It can cause damage both to the brain and to the peripheral nervous system. It

reduces the immune capacity, with the damage of some cells involved in the immune defense.

The main manifestation of mercury exposure is neurotoxicity. Trivial manifestations, such as

decreased attention span and concentration and unwarranted nervous fatigue, may be the first

signs of mercury poisoning. The presence of peripheral signs of toxicity represented by

paresthesias as tingling in the limbs can also complete the clinical picture. Mercury can

combine with a methyl group, turning into methylmercury, which is found in a variety of

environmental pollutants (heavy metals). The chemical element mercury is less labile, but

produces a similar set of toxic manifestations (Korbas et al., 2008).

• Nickel causes lung tissue damage with the slow development of malignancies. Large amounts

of nickel used in animal feed can lead to a decrease in nitrogen content and a decrease of

growth. The epidemiological investigations of workers related to the production of refined

nickel show that nickel and its compounds can cause diseases of the nasal cavity and throat, as

well as the lungs. Malignant kidney formations occurred in rats when nickel was introduced into

the kidneys. Teratogenic effects, such as exencephaly, brittle ribs, and soft palate

decomposition, occur in mammals that have been influenced by various nickel compounds

(Palermo et al., 2015).

For the most part, heavy metals bind to oxygen, nitrogen, and sulfhydryl groups in proteins,

leading to altered enzymatic activity. This affinity of metals for sulfhydryl groups is also protective

in metal homeostasis. Increased synthesis of heavy metal-binding proteins in response to their high

levels in the body is the first defense mechanism against poisoning (Rahmani et al., 2018).

For example, metalloproteins are induced by many metals. These molecules are rich in thiol

ligands, which allow the high-affinity binding of cadmium, copper, silver, and zinc among other

elements.

Other proteins involved in the transport of heavy metals and their excretion through the forma-

tion of ligands are ferritin, transferrin, albumin, and hemoglobin. All these mechanisms of action

can be diagramed as shown in Fig. 2.3.

The symptoms of heavy metal poisoning are not difficult to recognize, due to the fact that they

are usually severe, have rapid onset, and can be associated with a recent event (exposure or inges-

tion). Excess heavy metals have inhibitory effects on the development of aquatic organisms

(Gandar et al., 2017).
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2.7 Methods of accumulation and disposal of metals
Bioconcentration is a term used in aquatic toxicology and refers to the accumulation of a chemical

(heavy metals) when water is the sole source of the chemical in or on an organism (e.g., phyto-

plankton, crustaceans, fish).

A bioconcentration factor (BCF) describes the level of chemical (heavy metals) division

between the environment and the body. BCF is usually expressed in units of liters per kilogram and

is a measure of the milligrams of chemicals per kilogram of body mass, to milligrams of chemicals

per liter of water. The factor is the chemical concentration (heavy metals) of the body in relation to

the concentration of water (Zhong et al., 2018).

There are different ways to measure and evaluate bioconcentration and bioaccumulation. Some

of the methods used include octanol-water partition coefficient, BCF, biological sediment accumu-

lation factor, BAF, and fugacity-based BCF, among others.

A BCF higher than 1 is an indication that lipophilic or hydrophobic chemicals are present. It is

an indication of the probability that a substance will bioaccumulate. These lipophilic substances

have a high affinity for lipids, allowing them to accumulate in tissues that have a high amount of

fat, unlike aqueous environments such as cytosol. In the prediction of the chemical distribution in

the environment, scientific models are used which, in turn, allow the prediction of the biological

variety of lipophilic chemicals. One such model is the equilibrium compartmentalization model,

which assumes a steady-state scenario, and the fate of a substance in a system would be modeled,

leading to a prediction of the phases of concentrations and endpoints. Other scientific models are

fleeting models and food web models, among others (Wood et al., 2004).

2.7.1 Bioconcentration: applications in toxicology

BCFs allow the prediction of contamination (heavy metals) levels of aquatic organisms, depending

on the chemical concentration of the surrounding water. BCFs do not explicitly take into account
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Mechanisms of action of mercury, lead, arsenic, and cadmium.
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metabolism and therefore need to be taken into account in models from other stages by elimination,

absorption, or degradation equations for the aquatic organisms (e.g., phytoplankton, crustaceans,

fish) concerned.

In addition to prediction, another application of biocentric factors includes body burden, which

describes the total amount of chemical (heavy metals) in the aquatic organisms (Brix et al., 2017).

2.7.2 Biological factors

Biological factors are essential in determining the occurrence of bioconcentration and there is com-

petition against the rate of exposure of an aquatic organism through the respiratory surfaces and the

rate of excretion, which is a chemical (heavy metals) loss. The ratio of surface area to body volume

can determine the rate of absorption of substances from the surrounding water.

The primary factor that affects the values of BCFs is the species of concern, because it deter-

mines the biological factors that change the bioconcentration (Antony Jesu Prabhu et al., 2018).

2.7.3 Environmental parameters

Some environmental factors affect bioconcentration. Water quality can affect bioavailability.

Pollutants (heavy metals) and the natural content of the particles can bind to the particles found in

the water, preventing the absorption and ingestion of contaminated particles by the aquatic organ-

isms. Temperature changes also affect bioenergetics and metabolic transformation.

Change in pH, which is affected by temperature changes, influences the bioavailability of ionic

contaminants (Johnston et al., 2010).

2.7.4 The effects of bioconcentration and bioaccumulation on the aquatic
ecosystem

The long-term effects of bioaccumulation and bioconcentration are a reduction in the wild popula-

tion and damage to aquatic organisms. When heavy metals, such as mercury, cadmium, and lead,

bind to cell walls, there is a risk of disruption of cell surfaces, which affects the metabolism, lead-

ing to death in some cases.

According to a 2001 study on the effects of silver on zooplankton, metal toxicity results in pro-

blems in the reproductive system. The study found that there was a decrease in the number of eggs,

as well as an interruption in the development of the ovaries. A 2015 study on the bioavailability

and toxicity of metals in fresh water showed that fish exposed to cadmium had coarse granules in

their cytoplasm. Another observation was the dilation of blood vessels in most fish intestines

(Gárriz et al., 2019).

Bioaccumulation, as discussed earlier, is the accumulation of substances (heavy metals), such as

heavy metals, in aquatic organisms. Bioaccumulation occurs when the aquatic organisms absorb

substances much faster than they are eliminated or consumed by catabolism and excretion

(Bonsignore et al., 2018). The key difference between bioaccumulation and biomagnification is

that bioaccumulation refers to the accumulation of a toxic chemical in the body of an aquatic

organism, while biomagnification is the increase in the concentration of a toxic chemical going
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from lower levels to higher levels in a food chain. Pollutants (heavy metals) must have a long life

to cause biomagnification. They must also be mobile so that they can easily enter biological sys-

tems through food or water. If it is not mobile, a pollutant can remain inside an organism and will

not move to the next trophic level. Moreover, if a pollutant is fat soluble, it tends to remain in the

aquatic organisms for a longer period (Nasyitah Sobihah et al., 2018).

Bioamplification represents the increase in the concentration of a pollutant (heavy metals) at a

certain trophic level of a link between two trophic chains. Certain chemicals are found in the high-

est ecological concentration in predators at the top of the food chain.

The tragic poisoning during the 1950s in Minimata, Japan is the best-known example of mer-

cury bioamplification. When mercury enters the sea as waste, bacteria turn it into methylmercury

and it enters small organisms, such as shrimp. After that, many of these small creatures are eaten

by larger fish, which accumulate a large amount of mercury, which means that absorption increases

and the amount of toxins accumulates. Eventually, it reaches the peak consumer, humans, who con-

sume the most mercury, which, in the case of Minamata, led to serious illness.

The factory in Minimata used mercury and dumped methylmercury-rich waste into the gulf,

where it accumulated in the fish. Many residents of the city depended on fish as a crucial part of

their diet and were poisoned. The exact number of deaths is not certain, but more than a thousand

people died and many others suffered nerve injuries (Zheng et al., 2019).

Heavy metal poisoning or, more correctly, the toxicity of metals is the harmful effect of some

metals in certain forms and doses. Some metals are toxic when they form soluble compounds, but

not all have a biological role (they are not essential metals) or are toxic in some form (e.g., lead,

mercury and cadmium).

The concept of “heavy metals” is often used synonymously with “toxic metals,” but there are

also light metals that in certain circumstances can become toxic, some being essential, such as iron,

selenium, copper, chromium, and zinc.

Once in the body, the metal will accumulate and/or be excreted. Accumulation can occur as a

result of physiological mechanisms in the case of essential metals, which are directed to tissues to

perform metabolic functions (Milenkovic et al., 2019). For example, the most important way that

humans expose themselves to mercury is through fish and seafood. When aquatic animals absorb

mercury, it tends to remain in the body, where it accumulates over time. Large predatory fish usu-

ally contain higher concentrations of mercury because they feed on smaller animals that have

already ingested mercury. Therefore the consumption of larger predatory fish, such as tuna or

swordfish, usually leads to the ingestion of a higher dose of mercury compared to the consumption

of smaller fish, which are at a lower level in the food chain.

Exposure to mercury can also occur in the uterus if the mother eats fish or seafood. This can

have a significant lifelong impact on the development of the baby’s brain and nervous system,

affecting memory, language, attention, and other skills. It is estimated that, in Europe alone, more

than 1.8 million children are born each year with mercury levels higher than the recommended

safety limits (Bosch et al., 2016).

At the tissue level, there may be a need for metal storage in order to ensure a stock of metals

that meets metabolic requirements. Excess heavy metal ions that exceed metabolic and storage

needs are toxic and must be removed from the vicinity of biologically important molecules. The

heavy metals can be removed from the body or biotransformed, before storage in specific tissues,

into nontoxic inert forms.
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Aquatic organisms have developed various strategies for taking over, storing, or disposing of

heavy metals. Either the penetration of heavy metals ions is restricted, accompanied by mechanisms

that ensure a low tissue requirement of essential metals, or the penetration of all metal ions accom-

panied by mechanisms for storage or disposal of excess metals is allowed (Begum et al., 2013).

The heavy metals in the body can be stored initially in the tissues where they were taken in

(gills, intestines, skin). They then reach the tissues where detoxification, long-term storage, or elim-

ination takes place (digestive gland, kidneys). Three main mechanisms for removing heavy metals

have been described in aquatic organisms, as described in the following paragraphs.

One mechanism, represented by the loss of the surface of the body or gills, characterizes easily

mobilizable heavy metals, which are adsorbed on the external mucus or complexed to intracellular

or extracellular ligands with low affinity.

Another mechanism is intestinal elimination. In invertebrates, heavy metals are eliminated along

with residual bodies resulting from intracellular digestion, which are excused from the digestive

gland into the intestine.

Urine excretion is another way of eliminating heavy metals (Ruha et al., 2009).

2.8 Identification and adjustment of concentrations of metals in tissue
The different tissue concentrations of heavy metals are explained on the basis of the specific prop-

erties of each tissue: uptake, retention, and excretion.

By combining these processes, some aquatic organisms are potentially able to regulate the con-

centrations of certain heavy metals in the body. There are many concerns about the regulatory

capacity of aquatic organisms in the context of their use as biological indicators of heavy metal pol-

lution (Łuczyńska et al., 2018).

For an organism to be used as an indicator of pollution, there must be a simple correlation

between the level of heavy metals in the environment and in its tissues. Aquatic organisms such as

phytoplankton, crustaceans, and fish, capable of regulating their heavy metal concentrations, do not

meet this criterion.

In some tissues, the levels of some metals are maintained within narrow limits by regulatory

mechanisms that do not involve the accumulation of excess metal. In other tissues, heavy metal

concentrations may be more variable. This may reflect either a less rigorous regulation of uptake

and excretion, or that the tissue has storage capacity, allowing the accumulation of metals in non-

toxic, metabolically inert forms (Bar-Ilan et al., 2009).

The heavy metals in these deposits can be gradually eliminated from the body or can continue

to accumulate throughout life. In some organisms (e.g., phytoplankton, crustaceans, fish), the entire

heavy metals load of the body can be found in a single tissue. Fluctuations in heavy metal concen-

trations in certain tissues can be masked when analyzing the total content throughout the body.

The conclusion that an aquatic organism has regulatory capabilities only on the basis that the

total level shows small variations with increasing exposure concentration may be incorrect if one

neglects to observe a significant increase in heavy metal levels in a target tissue or vital organ

(Minghetti & Schirmer, 2016).

Aquatic organisms take heavy metals from food or water, transport them, store them, and

excrete them, in order to maintain a continuous flow that controls the concentration of free cations

50 Chapter 2 Heavy metals as pollutants in the aquatic Black Sea ecosystem



in cells and fluids. In the cells of different tissues, heavy metals can reach high concentrations, due

to the ability of some cells to accumulate excess heavy metals in a nontoxic form, by binding to

soluble compounds or compartmentalization into membrane vesicles and granules. For example,

the bioaccumulation of heavy metals and its presumptive cytological outcomes in neurons (more

exactly, ciliated olfactory sensory receptor neuron) of mudskipper has been investigated and it was

concluded that they cause particular neurodegenerative disorders in fish (Sarkar & De, 2016).

The different biochemical processes involved in heavy metals homeostasis do not show the

same degree of activity in all cells of an organism. In different organs of the same aquatic organ-

isms, heavy metals can accumulate differently. The determining factor for heavy metals concentra-

tions in the body is their bioavailability of water and food. The nature of the metal (essential or

nonessential, chemical properties) and the physiological state of the body influence the uptake, dis-

tribution, and accumulation in tissues and excretion.

The significance of heavy metal levels is discussed in relation to the health of aquatic organisms

and their use in the biomonitoring of metal pollution.

2.9 Conclusions

Water is not a commercial product like any other, but a legacy that must be preserved, protected,

and treated as such. Water pollution is the process of altering its physical, chemical, or biological

quality, which is produced by human activity. A body of water can be polluted not only when it

shows visible changes (discoloration, iridescence of petroleum products, unpleasant odors) but also

when, although appearing clear and clean, it contains, even in a small amount, potentially toxic

substances. Excess heavy metals have inhibitory effects on the development of aquatic organisms

(phytoplankton, crustaceans, fish). They can affect the growth of mollusks, oxygen consumption,

etc. In fish and crustaceans exposed to high concentrations of heavy metals, histological changes

occur such as changes in the appearance of the gills, necrosis, or fatty degeneration of the liver.

Elucidating the effects at the cellular level allows us to understand the ways in which heavy

metals can alter the metabolism and physiology of aquatic organisms. The cell membrane is the

first target structure when heavy metals penetrate the cell. It has been shown that metals can bind

to membrane proteins and phospholipids, altering their structure and functions. Heavy metals can

stimulate lipid peroxidation processes, a complex sequence of biochemical reactions, defined as

“oxidative damage of polyunsaturated lipids.” The whole process results in the production of

extremely toxic compounds for the cell, due to the high reactivity towards the other cellular compo-

nents (soluble and membrane proteins, DNA).

The biological role of essential metals is correlated with their high affinity for active groups of

structural enzymes and proteins. The toxic effects of nonessential metals can be produced by their

tendency to substitute essential metals and to compete for biological ligands. Toxic heavy metals

with high affinity for active groups of proteins can affect the structure and function of these mole-

cules and ultimately the physiology of the cell.

The lethal effects of some heavy metals on crustaceans have been attributed to the inhibition of

enzymes involved in cellular respiration. The histological changes observed in fish and crustaceans

following chronic exposure to heavy metals are side effects caused by disturbance of nutrition due

to inhibition of catabolic pathway enzymes. The effects on growth and development were attributed

512.9 Conclusions



to inhibition of enzymes involved in protein synthesis and cell division. It is considered that,

depending on the heavy metal, the degree of bioaccumulation, and the vulnerability of enzyme sys-

tems, it is possible to have a multitude of effects.
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Gárriz, Á., Del Fresno, P. S., Carriquiriborde, P., & Miranda, L. A. (2019). Effects of heavy metals identified
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3.1 Introduction
Many types of organic and inorganic contaminants, including plastics, pharmaceuticals, pesticides,

and metals, are released by humans into the environment, both aquatic and terrestrial. These con-

taminants have various impacts on aquatic organisms as well as terrestrial ones (Saaristo et al.,

2018; Scott & Sloman, 2004; Zala & Penn, 2004). Ecotoxicology research has shown that pollu-

tants have direct effects on the physiology of animals and increase the death rate (Ashauer et al.,

2013; Butcher et al., 2006). However, less research has been carried out on behavioral effects of

multistress conditions, including environmental contaminants, on wild species (Saaristo et al.,

2018; Zala & Penn, 2004). Contaminants from agricultural activities, industrial resources, aban-

doned military installations, and urban areas are directly or indirectly released into bodies of water,

and because of these toxins, aquatic ecosystems are at higher risk of adverse effects (Byrne et al.,

2015; Kaur & Dua, 2015; Pinto et al., 2015; Van der Oost et al., 2003). Moreover, due to climate

change, abiotic factors like temperature level and precipitation are being altered, which can also

affect the functions of organisms in freshwater ecosystems, such as reproduction and feeding. Thus,

by identifying the main pollution activities, their sources, and their fate in freshwater ecosystems,

we can protect global aquatic species (Liu et al., 2018a, 2018b).

Heavy metals are important pollutants that quickly disperse in the body and are gradually

metabolized in and excreted from organisms. Contaminants like lead (Pb), chromium (Cr), zinc

(Zn), and mercury (Hg) are the major heavy metal ions released from industrial sources and are

water pollutants (Štrbac et al., 2015). Globally, numerous types of metalloids and heavy metals

have been released into the environment as a result of a number of increasing human activities

(Dhanakumar et al., 2015; Pfeiffer et al., 2015). After their release into the environment, these hea-

vy metals and metalloids enter rivers and lakes. Some metals like nickel (Ni), chromium (Cr), cop-

per (Cu), and zinc (Zn) are damaging in high concentrations, but in trace amounts they are

biologically essential for the normal growth and functioning of organisms. On the other hand, lead

(Pb), arsenic (As), cadmium (Cd), and mercury (Hg) are all highly toxic even at low levels, and

these are nonessential to life.

To understand the complete picture of contamination by heavy metals within an ecosystem,

which also represents a threat to human health, it is important to identify the source and extent of
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the pollution through sediment and water sampling, and also to evaluate the magnitude of bioaccu-

mulation in consumed fish species (Perez-Cid et al., 2001). Sediments usually determine the quality

of the water of rivers and streams related to heavy metals. Sediments have a deep layer and a sur-

face layer. The surface layer is in contact with water and is rich in organic pollutants and other

matter. Sediments have the capability to store and release heavy metals into the water because of

the regular contact of the surface layer with water. Contaminants that are insoluble and are released

in the riverbed may be detected in sediments (Gibson et al., 2015; Quesada et al., 2014). Moreover,

metals are accumulated in benthic invertebrates due to the contamination of sediments, because

these organisms have the capability to tolerate the heavy metals (Kalantzi et al., 2014). The toler-

ance shown by these animals may result in contamination of other trophic levels, as a result of

transfer up the food chain. The concentration of heavy metals is found to be higher in sediments as

compared to other water levels (Harguinteguy et al., 2014). In the water these elements can also

expand and accumulate along the food chain and build up harmful concentrations in higher trophic

level species like fish. These pollutants cause various diseases in fish, and if humans regularly con-

sume the fish, then serious health problems can result, including cardiovascular damage, cancers,

damage related to the nervous system, various lung diseases, kidney and gastrointestinal problems,

or even death (Moreau et al., 2007; Weill et al., 2015). The risk is greater than ever, as people are

simultaneously being exposed to high levels of heavy metals in foods, drinking water, and/or their

domestic or occupational environments (Tchounwou et al., 2012).

Chlorpyrifos (CPF) is an organophosphorus (OP) pesticide widely used in agriculture that

causes toxicity to fish (Schimmel et al., 1983; Yin & Wang, 2018). OP pesticides are a major cause

of the inhibition of acetylcholinesterase in nerve cells of fish (Yin & Wang, 2018). They also cause

many secondary effects, like oxidative stress, intestinal microbiota dysbiosis, toxicity to the

immune system, toxicity to the nervous system, and disruption of the endocrine system (Eddins

et al., 2010; Oruç, 2010; Richendrfer et al., 2012; Sharbidre et al., 2011a, 2011b; Wang et al.,

2019; Yin & Wang, 2018; Zhang et al., 2017). Olsvik et al. (2015), Olsvik et al. (2017), Sanden

et al. (2018), and Olsvik et al. (2019) conducted in vitro and in vivo studies with the methylated

forms of chlorpyrifos and pirimiphos (PP) in Atlantic salmon, to study the molecular effects of

organophosphorus pesticides found in salmon feeds. It was shown in these studies that CPF and PP

interrupted lipid metabolism in fish and induced oxidative stress in their livers. Moreover, poly-

chlorinated biphenyls are estrogenic and antiestrogenic pollutants used as insecticides. These act as

endocrine disruptors and affect fish reproduction.

In summary, insecticides may affect biochemical and physiological processes and cause serious

problems in fish health status. The toxic manifestations of various contaminants are shown in

Fig. 3.1.

3.2 Toxicity due to pesticides in fish
Many types of substances are used to control organisms that harm agricultural fields and crops,

including insects, plant diseases, and water weeds. The pesticides used are often highly toxic to

nontarget organisms, including fish. These pesticides impair the metabolism of fish and may even

cause death. The increase in the human population worldwide has led to a rapid pace of
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industrialization, and that has induced serious wastewater disposal problems. Every type of waste,

whether domestic or industrial, treated or untreated, can contain contaminants, including heavy

metals, pesticides, herbicides, and insecticides, released into bodies of water. All these contami-

nants have contributed to massive numbers of fish deaths in aquatic ecosystems (Murthy et al.,

2013). Various research studies have shown that pesticides are toxic to fish and it also has been

shown that, at chronic levels, they have adverse effects such as oxidative stress, mutagenesis, devel-

opmental changes, histopathological changes, inhibition of ACHE activity, and carcinogenicity.

Along with other organophosphate compounds present in the environment, these pesticides can

induce lethal or sublethal effects in fish (Murthy et al., 2013). Before the use of the modern syn-

thetic pesticides, naturally occurring pesticides were used for centuries, but currently demand for

modern pesticides is increasing day by day. In the United States, over a billion pounds of pesticides

are used annually, at a value of one billion dollars per year. There are different categories of pesti-

cides: fungicides (used to kill or prevent the growth of fungi), herbicides (used to kill unwanted

plants), insecticides (used to kill insects), rodenticides (used to kill rodents), acaricides (used to

control mites and ticks), nematicides (used to control soil, leaf, and stem-dwelling nematodes), mol-

luscicides (used to control snails and slugs), among others. Insecticides, herbicides, and fungicides

are the most commonly used pesticides. In the United States, the Federal Insecticide, Fungicide,

and Rodenticide Act (FIFRA) stipulates that all pesticides must meet certain criteria to be regis-

tered with the Environmental Protection Agency (EPA) before they can be used. The specifications

depend on the method used on a particular pest, toxicity to mammals, environmental residue, analy-

sis methods, and other conditions. Consideration is also given to the pesticide ingredients,

manufacturing process, physical and chemical properties, and its environmental state: whether it is

Affects the growth rate of individual, functions of fish 
physiology, death rate, and fish reproduction

Damage to the gills; gill rakers and gill lamellae widely

Causes reduction in swimming performance in various

species

Oxidative stress, damage to liver, kidneys, suffocation,

leads to death

Changes in the biochemical parameters of blood

Organ damage and injuries in tissues of fish

Dysfunctions in the reproductive system

Alteration in normal development from embryonic to puberty

Neurotoxicity, behavioral changes, effect on fish growth.

Pesticides enter the aquatic environment through
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FIGURE 3.1

The effects of various contaminants on fish.
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mobile, volatile, or has accumulation potential in plants and fish. Trade name, usage directions,

active ingredients, toxicity rating, and the EPA registration number must be shown on each pesti-

cide label. Toxicity, exposure time, dose rate, and persistence in the environment are the major

functions of a pesticide that has the capacity to harm fish and other aquatic organisms. A dose is

used as a standard toxicity measurement: it is actually the amount of pesticide needed to cause

death in a particular species. This standard is called lethal concentration, or LC50, and it refers to

the concentration of a pesticide that kills 50% of a test population within a set period of time, usu-

ally 24�96 h.

Bioavailability, bioconcentration, biomagnification, and persistence in the environment are the

main factors affecting exposure of fish and other aquatic organisms. Bioavailability means the

amount of pesticide in the environment available to fish and wildlife. Different pesticides have dif-

ferent functions and by nature some are diluted in water or volatize into the air and some quickly

breakdown after application. Some attach to soil particles suspended in the water column, thereby

reducing their availability. Biomagnification means a pesticide builds up at each successive level of

the food chain and therefore it passes up from one successive level to another: it is consumed

through water by plants that are, in turn, eaten by insects, which are eaten by fish, and so on. The

pesticide concentration increases at each step in the food chain. When trout or bass eat contami-

nated insects or other organisms, then the concentration of contaminant increases in their body and

it can pass up to humans through the food chain.

The length of time a pesticide can stay in the environment is called persistence. The persistence

of a pesticide depends upon how rapidly it degrades and the degradation is mainly a function of its

chemical composition. Persistent pesticides cannot degrade easily and are thus more available to

freshwater animals like fish (Helfrich et al., 2009). Photodecomposition, high air or thermal degra-

dation, moisture conditions, biological action (microbial decay), and soil conditions (pH) can all

degrade persistent pesticides over time.

3.3 Disadvantages of pesticides
Pesticides become an environmental hazard when they enter the aquatic system. Unintentionally,

the fish death rate has increased globally due to these pesticides. Not only fish, but also other

aquatic animal populations are decreasing due to pesticides, such as frogs, turtles, water birds,

and others. Endangered and rare wildlife species have also been affected by pesticides.

Pesticides have the capacity to kill some fish, like salmon, and other aquatic animals after very

short exposures. Pesticides can also cause problems through contact over a long period of time.

These can change an organism’s swimming ability, reduce feeding capability, hinder escape

from predators, and reduce the ability to maintain position in a river or pond. Migrating salmon

may fail to avoid predators due to coming in contact with pesticides. Some researchers also

found an interruption in schooling behavior, as an example of a common sublethal effect of pes-

ticides. Migration of fish to the sea is inhibited by some herbicides and this leads to a disrup-

tion of their life cycle. Sometimes there is a delay in spawning of salmon; because salmon

avoid polluted areas, they will migrate through such areas, so they have to adjust their migra-

tion. Due to this behavior change in salmon, there is disruption in the immune system and in
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the endocrine system during early stages of development. Pesticides can also act as sex hormone

blockers, causing abnormality in sexual development, sex ratios, and mating behaviors; they

may also alter the hormonal functions and bone development. Pesticides also have many indirect

effects, altering the aquatic habits of fish, disturbing food supplies, reducing growth, and

decreasing chances of fish survival. It has been reported that chronic toxicity may cause death,

species or individual elimination, and can have many other effects, such as loss of natural

defense mechanisms, appetite loss, blindness, subfertility or infertility, hyperexcitability, or other

changes or alteration in the bodies of fish (Dutta & Meijer, 2003; Helfrich et al., 2009; Khan &

Law, 2005).

3.4 Routes of pesticide exposure in fish
Dermal exposure (absorption of pesticide through skin), inhalation (direct uptake of pesticides dur-

ing respiration), or oral exposure (drinking pesticide-contaminated water) are the three primary

ways through which fish and other aquatic animals can be exposed to pesticides. Secondary causes

can also cause toxicity to fish indirectly. Fish and other aquatic animals consume contaminated

insects that contain pesticides and they may cause toxicity. Since pesticides first come into contact

with the water column and other substances, they may act as secondary causes (Kingsbury &

Kreutzweiser, 1980; Schnick et al., 1986). Fish exposure to pesticides has become an extensive

problem. Most of these cases are underreported and understudied. There is no accurate estimate of

how many fish are killed due to these pesticides, and much research remains to be done in this

area.

3.5 Effects of pesticides on fish
Most of the main pollutants or contaminants reside in the water column, including different types

of chemicals, heavy metals, insecticides, and pesticides coming from industrial or agricultural

activities. Insecticides can be categorized as synthetic and natural groups, and both types cause

problems in the environment. Insecticides disperse everywhere in the environment and enter into

the aquatic ecosystems through many different pathways. In urban areas these insecticides enter

into water ecosystems mainly through rainfall, runoff, and atmospheric deposits. Another pathway

is the contamination of water resources through municipal and industrial discharges. Other pesti-

cides eventually find ways to enter into rivers, ponds, and lakes, and these pesticides are very

toxic to nontarget organisms (Arjmandi et al., 2010). Contamination by insecticides on surface

water is thought to have adverse health effects, affecting survival, reproduction, and growth of

organisms. Many types of wastewater have different concentrations of contaminants present and it

was found in many studies that these are very toxic to fish species especially (Banaei et al.,

2008). Fish are the most sensitive aquatic animal and may be exposed rapidly to these pesticides.

Hence, many physiological and biochemical processes are damaged by pollutants such as insecti-

cides. Physiology and health status of fish are impaired by different kinds of insecticides (Banayi

et al., 2009).
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3.5.1 Residual effects of insecticides

Some insecticides are not very stable in water and can degrade easily. Malathion is one of them: it

is very unstable in water and degrades up to 99% in just 7 days. Fenitrothion is somewhat stable; it

takes 29 days to degrade up to 97%. Diazinon degrades more than 95% in just 6 days and is consid-

ered to be very stable. BPMC is somewhat stable and degrades 80% in 32 days. XMC degrades

only 45% in 34 days and it is the most stable insecticide.

Organophosphorus insecticide uptake by fish is generally higher than that of carbamate insecti-

cides. Spinal curvature can be caused by diazinon, fenitrothion and BPM (Kanazawa, 1975).

Organochlorine insecticide residues are present in the highest numbers in water and are becoming a

part of the earth cycles. They are detected at the highest levels in brain tissues of fish (Bakre et al.,

1990).

Diazinon usage has increased in today’s world, which is a reason why we are facing these

health-related as well as environmental issues. Diazinon is acutely toxic to a wide variety of ani-

mals, and can also lead to sublethal toxicity; it causes damage to most of the body organs and tis-

sues, causes reproductive system damage, and also has had various ecological impacts (Sabra &

Mehana, 2015).

Compounds from organophosphates and carbamate insecticides are also used widely. These can

contaminate surface water and cause toxicity to various aquatic organisms, especially those living

at low levels in an aquatic system. Persistence of various pesticides like diazinon, chlorpyrifos,

marathon, and carbaryl in water from various sites was detected by Bondarenko et al. (2004).

Marathon or carbaryl persistence was found low as compared to diazinon and chlorpyrifos persis-

tence in sea water. Environmental scientists today are very concerned about the extent of pesticide

use and the modes of application, especially in agriculture. To detect pesticide concentrations in

water and fish, four organophosphorus pesticides—dichlorovos, fenitrothion, chlorpyrifos, and diaz-

inon—and four organochlorine pesticides—4,4-dichlorodiphenyldichloroethane (4,4-DDE), P.P-

dichlorodiphenyltrichloroethan (PP-DDT), dichlorophenyldichloroethylene (2,4-DDE), and propico-

nazol—were investigated. The percentage of pesticides was higher than the permissible limit as

detected by Essumang et al. (2009). Doudoroff et al. (1953) found that in goldfish Aldrin caused

less toxicity than toxophan, but was more highly toxic than BHCC and DDT and evidently killed

all goldfish.

3.5.2 Bioaccumulation of insecticides

Insecticides of different concentrations present in the aquatic ecosystem are accumulated by fish,

and after accumulation the insecticides are absorbed in body tissues, gills, and the alimentary canal.

These insecticides have the capability to dissolve in liquids, fats, oils. etc., and thus are able to pen-

etrate biological membranes and also to enhance the fish sensitivity to insecticides in the water. In

the fish body, these are quickly metabolized in the body tissues. By the process of bioaccumulation,

the insecticides increase inside the fish body, which is very harmful to the organisms that consume

these contaminated fish and can also cause death of the fish, or long-term damage in different tis-

sues and organs (Ballesteros et al., 2011). Moreover, fish are a relatively lower level in the food

chain and the contamination may increase from lower levels to higher levels and spread from their

predators to consumers. Human health and survival are affected by this contamination. Thus the
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bioaccumulation of insecticides in fish and their tissues and biomagnification in humans are thought

to be major threats (Ferrari et al., 2004). The bioaccumulation rate of insecticides depends upon a

number of factors, including fish species, stages of life in fish, fat reservation in the tissues of fish,

diet of fish, chemical and physical properties of the insecticides, and the rate of water pollution.

3.5.3 Biotransformation of insecticides and the toxic mechanisms

Insecticide biotransformation can be subdivided into phases I, phase II, and phase III. These reac-

tions can takes place simultaneously or sequentially. Phase I reactions yields polar, water-soluble

metabolite. Most of the products of this phase can become substrates for phase II. It involves oxida-

tion with cytochrome P450, reduction and hydrolysis. Phase II yields a large polar metabolites by

adding endogenous hydrophilic groups to form water-soluble inactive compounds that can be

excreted by the body. It involves methylation, glucuronidation, acetylation, sulfation, conjugation

with glutathione and amino acids. Phase III takes place after phase II, where a chemical substance

can undergo further metabolism and excretion. It classifies into the following superfamilies: ATP-

binding cassette (ABC) or Solute carrier (SLC) transporters. Cytochrome P450 enzymes are the

most important enzymes in phase I reactions, and include CYP1A and CYP3A. Biotransformation

of endogenous and exogenous compounds is carried out by cytochrome P450 enzymes to form a

water soluble and polar compound. CYP1A, CYP2B, CYP2E1, and CYP3A are the different cyto-

chrome p450 enzymes recognized in the livers of fish, which are very important in the detoxifica-

tion of different insecticides (Ferrari et al., 2007). The common pathways of biotransformation of

different insecticides include three types of reactions: hydroxylation, dealkylation, and epoxidation.

UDP�glucuronosyltransferases (UGTs) are the enzymes that catalyze most phase II reactions.

Excretion of some of the metabolites may take place through the genital products, skin, gills, and

urine excreted as sulfated metabolites and stool as glutathione-conjugated metabolites (Nebbia,

2001). Some metabolites produced are thought to be much more dangerous than the potential com-

pounds and may cause severe damage in the fish body. Free radical production or reactive oxygen

species (ROS) generation during the process of detoxification can cause oxidative stress (Monterio

et al., 2009). ROS can react with macromolecules like proteins, lipids, and DNA in living cells and

attack randomly, which can induce cytotoxicity and may cause severe disturbances in the physio-

logical processes (Jin et al., 2010). The serious forms of damage, such as cells losing their func-

tions, damage to the DNA, inactivation of enzymes, and oxidation of hormones, are caused by lipid

peroxidation and these indicate oxidative stress (Sabra & Mehana, 2015).

3.6 Acute toxicity of insecticides
The toxicity rate due to insecticides in fish is determined after 96 h and it is highly concentration

dependent. If the concentration is between 10 and 100 ppm, then it is slightly toxic; if toxicity is

between 1 and 10 ppm, then it is moderately toxic; if the toxicity is between 0.1 and 1 ppm then it

is highly toxic; and if the toxicity is less than 0.1 ppm, then it is extremely toxic. This is regarded

as acute toxicity of insecticides (Banaee et al., 2011a, 2011b). Fish populations exposed to insecti-

cides have a sudden and severe death rate in the case of acute toxicity. Lethargy, extension of fins,
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change in body color, muscle spasms, abrupt swimming in circles, nervous system disorders, respi-

ratory disorders, etc. are symptoms of insecticide toxicity in fish (Banaee et al., 2011a, 2011b). In

order to identify the dose concentration and time at which fish death occurs, an acute toxicity test

is used (LC50 in ppm or mg/L). Fish from different species or from the same family show sensitiv-

ity differences in high insecticide concentrations. Different factors are responsible for influencing

the acute toxicity of different insecticides, for example, the age of fish, fish sex, genetic properties

and fish body size, quality of water and physicochemical parameters, and insecticide formulation

and purity.

3.6.1 Sublethal toxicity of insecticides

Sublethal toxicity is defined as levels that do not induce mortality in the subject population, but still

it can have many deleterious effects. In fish, sublethal toxicity can affect body organs, such as the

hepatic portal system, respiratory system, nervous system, cardiovascular system, hematopoietic

system, immune system, and reproductive system. Insecticides cause changes in the biochemical

parameters of the blood (Kavitha & Rao, 2009). The growth rate of fish is decreased due to insecti-

cides, and many disorders in the reproductive system can appear. These can cause distortion of the

spinal cord and changes in the histopathology (Benli & Özkul, 2010), and can also lead to defects

in gills, liver, spleen, kidney and renal tubules, along with disorders of the endocrine system, dys-

functioning of the brain, behavior changes, and defects in genes. All these factors indicate fish

exposure to insecticides.

3.7 Chronic toxicity of insecticides
Tests available for the detection of chronic toxicity are commonly carried out by measuring the

long-term effects of low concentrations of insecticides on various biological systems or characteris-

tics of the fish, including fish survival, growth, and reproduction, as well as aspects related to the

fish nervous system and physiology. In chronic toxicity, the type of injury to fish is similar to the

damage caused during sublethal toxicity, but the incidence and rate of injury from chronic toxicity

may be more, or even sometimes less, than sublethal toxicity damage. Therefore determination of

chronic toxicity is crucial in the toxicology of insecticides (Mathur, 1999).

3.7.1 Effects of insecticides on different parameters in fish

A blood biochemistry test is used to determine the various changes in the biochemical parameters

of blood. When body tissues are injured, there is a release of specific enzymes into blood plasma

and their abnormality is recognized by the test. With severe damage to body tissues, biochemical

parameter synthesis may decrease in cells and some of the biochemical factors in the fish blood

will be reduced. Following are some examples of fish studied after exposure to insecticides:

Oreochromis niloticus exposed to carbaryl (Matos et al., 2007); Cyprinus carpio exposed to diazi-

non (Banaei et al., 2008); and O. niloticus exposed to bifenthrin (Agrahari et al., 2007; Velisek

et al., 2009).
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3.7.2 Tissue and organ damage

Organ damage and tissue injuries in fish lead to a reduction in the survival and growth of fish,

reduction in reproduction success, or increase in vulnerability to pathological changes. Rate of

recurrence and intensity of tissue injury depend upon insecticide concentration and length of the

time period since fish were exposed to toxins. Fanta et al. (2003) demonstrated that most of the

insecticides cause either definite damage or unclear or nonspecific damage to the body tissues.

Velmurugan et al. (2009) reported histopathological lesions in the liver of Cirrhinus mrigala and

C. carpio. Due to exposure to sublethal concentrations of some insecticides like dichlorvos and

diazinon, histopathological changes were also noticed by Banaee (2012).

3.8 Reproductive dysfunction
Reproductive success of fish can also be affected by changes in environmental parameters and the

physiological condition of the fish. When fish are exposed to various contaminants such as fungi-

cides, insecticides, herbicides, heavy metals, and xenobiotics, various types of disorders occur in

the process of fish reproduction. Banaei et al. (2008) found that fish exposed to insecticides had

various dysfunctions in their reproductive system. The insecticides caused a decrease in the fecun-

dity or egg-laying capacity of fish, damage to the testis or ovarian histology (Banaei et al., 2008),

impairment in the process of vitellogenesis (Haider & Upadhyaya, 1985), steroidogenesis disrup-

tion, delay in gonads maturation, changes in parental and reproductive behavior, olfactory response

impairment, alteration in reproductive migration, disruption in mating behavior between male and

female, and alteration in spawning time (Jaensson et al., 2007). Insecticides can also act as endo-

crine disrupting agents, which can interrupt the functioning of the endocrine system of fish.

Insecticides also have many effects on the hypothalamo-pituitary gonadal axis. This can also lead

to reproductive failure in fish. Eggs and milt of fish can also be exposed to insecticides, affecting

level of fertilization, rate of egg hatching, and survival ability of larvae (Moore & Waring, 2001).

3.9 Developmental disorders
The study of developmental disorders caused by insecticides highlights the links between the toxin

concentrations and alterations in normal development from embryonic to puberty periods. The

chances of fish survival are reduced due to the alterations in their development and growth. In

viviparous fish, the young, through the yolk or via parental contact, are directly exposed to insecti-

cides, and in other types, their larvae or embryos come in contact with insecticides (Viant et al.,

2006). Deformity in the spinal cord occurs, mainly scoliosis or lordosis, and abnormalities in mor-

phology were also found. Xu et al. (2010) reported changes in fish embryo, yolk sac edema, and

curved bodies in larvae. Todd and Van Leeuwen (2002) proved that carbaryl insecticide causes

abnormal fetal development of fish embryo. Decline in the growth of fish is due to disorders in

feeding behavior, reduction in rate of feeding, alterations in metabolic processes, and wasting of
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energy to overcome the stress caused by exposure to insecticides. Carbohydrate, protein, and lipid

metabolism disorders were also reported (Begum, 2004).

3.9.1 Neurotoxicity

Metabolism of neurotransmitters such as γ-aminobutrate (GABA) or functioning of butyryl cholin-

esterase or ACHE (acetylcholine) activities are inhibited by organophosphate and carbamate insec-

ticides. Neuronal functions were changed by pyrethroid (a type of synthetic insecticide) by

interfering with or changing the functions of ion channels present in the nerve cell membrane,

changing the concentration of intercellular calcium ions, and inhibiting the receptors of the GABA

neurotransmitters. Organochlorine insecticides alter the ion transport across the nerve cell mem-

brane, and change the nerve stimulating ability. To access the exposure of fish to these insecticides,

changes in ACHE in brain, plasma, or muscles and other body tissues or activity of the GABA neu-

rotransmitter in fish brains can be determined (Banaee, 2010). Due to the inactivation of the ACHE

enzyme, the neurotransmitter acetylcholine accumulates in cholinergic synapses, and this can lead

to synaptic blockage and disruption of signal transmission (Ferrari et al., 2007). Furthermore, this

can also induce changes in swimming behavior, muscle spasms, and other effects.These can also

impair feeding behavior, escaping from predators, and reproduction behavior. Thus fish exposure to

organophosphorus and carbamate insecticides is identified by considering ACHE inhibition, as it is

thought to be a specific biomarker (Wang et al., 2009).

3.9.2 Behavioral alterations

Fish show various types of behavioral changes when they are exposed to insecticides, including in

feeding activities, competition among species, predation, interactions between species-species, and

reproduction behavior. When common carp and rainbow trout were exposed to diazinon, common

behavioral responses were reported by Banaee et al., 2011a and Banaee et al., 2011b. When insecti-

cides interfere with the nervous system and sensory receptors, certain behavioral changes occur.

Fish mobility can also be affected by the inhibition of ACHE activity by certain insecticides

(Bretaud et al., 2000).

3.9.3 Genotoxicity

Insecticides that damage genetic information are referred to as genotoxic chemicals, possessing

physical and chemical properties that allow interaction with genetic material and that damage or

inactivate DNA. Interaction between the chemical and DNA may cause a mutation that is an

inheritable change in the genotype of the cell. This defect may be transferred to the next genera-

tion, or from generation to generation. Insecticides also have many carcinogenic effects. Tumors

can form in different tissues of the fish due to their exposure to these xenobiotics, because xenobio-

tics have properties to damage genetic information. They can also cause damage to the chromo-

somes of fish eggs and larvae. By behaving as genes, some insecticides cause reproductive

dysfunction, suppression of the immune system, or unusual concentrations of steroid hormones in

plasma (Begum, 2004).
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3.9.4 Immunosuppression

Functioning of the immune system and immune system depression can be altered by insecticides.

Insecticides can cause uncontrolled growth of cells that alters the defense mechanisms of the host,

such as innate immunity and acquired immunity against different pathogens. For defense against

the different kinds of pathogens, the immune system is crucial. Sublethal levels of insecticides have

been identified as stressors that cause suppression of fish immune systems (Werimo et al., 2009).

Because of the immune-depressive effect, the exposure to sublethal concentrations of insecticides is

what probably makes fish vulnerable to infectious diseases (Zelikoff et al., 2000).

3.9.5 Effect on growth of fish

Toxicity due to insecticides shows alteration in the biosynthesis of nucleic acid. Decrease in the

content of RNA is due to disturbances in nucleic acid metabolism. Nucleic acid biosynthesis is also

affected by the influence of organophosphate on alkaline phosphatase activity in different body tis-

sues of the fish. Changes in the replication of DNA and chromosomal aberrations are caused by

dichlorvos. Due to changes in DNA replication and chromosomal aberrations, uncontrolled cell pro-

liferation and mutations also occur. Enzymes that are involved in the DNA replication are inhibited

by these insecticides and mutations can affect the gene expression. These can also reduce the RNA

level in the synthesis of protein (Banaee, 2011).

3.9.6 Histopathological alterations due to insecticide toxicity

To study the toxicology and monitoring of water pollution, histopathological investigations on dif-

ferent tissues of exposed fish are useful tools. Information about the nature of a toxicant can be

learned by assessing the changes in fish tissue in fish exposed to different concentrations of insecti-

cides. Information about the organ functions and health of fish are thus studied in histopathology.

Reduction in survival, growth, and fitness of fish; changes in reproduction behavior; or increased

vulnerability to pathological agents are due to damage in tissues and organs. Insecticide detoxifica-

tion inside liver tissues generates reactive oxygen species (ROS); these free radicals react with

lipid, protein, carbohydrates, and nucleic acid and cause oxidative stress to aquatic organisms

(Üner et al., 2006). Oxidative stress is a serious metabolic disorder, causing damage to cellular

components (Sepici-Dinçel et al., 2009). Moreover, organophosphate insecticides reduce the recon-

struction of necrotic tissues through the process of phosphorylation and methylation of cellular pro-

teins (Murray et al., 2003). Pathological changes can result in different body tissues and organs of

fish, such as gills, liver, kidney, and spleen, that are exposed to different insecticides, disturbing the

body’s homeostasis and finally leading to physiological disorders (Abdul-Latif, 2008).

3.9.7 Herbicides

Another type of pesticide, commonly used on agricultural crops, gardens, and lawns, is the herbi-

cide. Herbicides can also be used to control the unusual growth of algae, submerged water grasses,

flowering plants in water, and others. Herbicides have serious effects on mortality of fish. Fish kills

may result after the application of herbicides, even when the herbicide is not directly applied.
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Indirect death of fish may occur, possibly from suffocation because decomposition of herbicides in

water weeds reduces the level of oxygen in the water. Copper sulfate, fluridone, Sonar, 2�4-D, gly-

phosphate, Rodeo, diquat, Weedtrine, Endothall, Aquathol, and Hydrothol are some examples of

herbicides. Fish exposed to sublethal doses of glyphosphate experience degeneration of liver and

fibrosis if the herbicide resides up to 2 or more days inside the fish body (Topal et al., 2015).

Moreover, it also alters the swimming performance, meaning performance declines as compared to

the initial performance. Thus systemic and muscular effects are caused due to xenobiotics and lead

to reduction in swimming performance.

3.9.8 Fungicides

Fungicides are not as toxic to fish and other aquatic organisms as are herbicides. However, due to

their side effects on the environment, some fungicides have been banned. Mercury is present in

some fungicides and their use was discontinued for home and other agricultural uses in the United

States in 1976. Fungicides containing mercury collected in the environment and contaminated the

food chain, causing fish kills. Some fungicides are highly toxic to fish, and some are highly poison-

ous to beneficial soil invertebrates. Use of fungicides should be avoided, or they should be man-

aged near aquatic systems very carefully (Topal et al., 2015). Recently, Michelle (2009) reported,

through extensive sampling, on 50 widely used pesticides, including insecticides, herbicides, and

fungicides, in water (present in up to 56% of analytes), in sediment (presence detected was inter-

mittent), and in biota (scarce presence). Benzimidazoles, organophosphorus, and ureas were present

at high concentrations in water. However, in sediments and biota, organophosphorus (chlorpyrifos,

93% of sediments) was primarily present. Hence, all these pesticides, including the fungicides, are

responsible for the decline in fish fauna in aquatic ecosystems. Fish are very sensitive organisms,

and can become contaminated very easily. Thus fish mortality is high due to direct or indirect

application of pesticides in agriculture or gardens or near lakes and ponds (Table 3.1).

3.10 Toxicity due to heavy metals in fish
Heavy metals have various adverse effects and these can affect the growth rate of individuals, func-

tions of fish physiology, and death rate of fish. In the fish body, heavy metals enter through the

gills, digestive tract, and the surfaces of the body. The major entrance is the gills, with a lesser por-

tion of heavy metals entering through the body surface (Selda & Nurşah, 2012). Food sources also

act as a path for heavy metal accumulation, which leads to biomagnification and the extension of

contaminants up the food chain. Fish are an excellent source of omega-3 fatty acids, protein, zinc,

iron, and calcium (Toth & Brown, 1997), and the sea is a very important source of food, including

protein and fatty acids, for human intake (World Health Organization, 1999). Size, stages of devel-

opment, and salinity are the factors that are crucial to marine organisms with regard to toxicity of

heavy metals (Grosell et al., 2007). Organisms affected by heavy metals respond by accumulating

the heavy metals inside their bodies or passing them to the next trophic level in the food chain

(Shah & Altindağ, 2005). Fish take heavy metals from the surrounding water or by ingesting the
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Table 3.1 The effects of different pesticides on fish.

Sr. no. Different pesticides
Impact on the
body of fish Impact of pesticides References

1. Organophosphate and

Carbamate

Acetylcholinestrase

(ACHE)

Brain ACHE and muscle were

inhibited in fish

kswimming performance and

peroxidative damage in brain

and gills

Ahmad et al.

(2000), Cattaneo

et al. (2008)

2. Dichlorvos Chromosomal

aberrations

Chromosomal abnormalities:

centromeric gaps, chromatid

gaps, chromatid breaks,

subchromatid breaks, reduction,

extra-fragments, pycnosis, for

example, Channa punstatus

Rishi and Grewal

(1995)

3. Oleondrin, Endosulfan Protein contents k hepatic protein content,

muscular, intestinal, gills and

blood of fish, for example,

Channa punstatus, Cyprinus

carpio

Jenkins et al.

(2003), Tiwari

and Singh (2004)

4. Chlorpyrifos,

Malathion

Immune system Disruption in the immune

system of fish due to the

introduction of low

concentrations of pesticides

Satyavardhan

(2013)

5. Dicrotophos, Phosmet Endocrine system Pesticides at low concentrations

act as blockers of sex

hormones, causing abnormal

sex development, feminization

of males, abnormal sex ratios,

and unusual mating behavior

Satyavardhan

(2013)

6. Chlorpyrifos,

malathion, acephate,

naled, dicrotophos,

diazinon, dimethoate,

and azinphos-methyl

Juvenile salmonid

fish

Long-term exposure to certain

pesticides can increase stress in

juvenile salmonids,

k ability to feed, to avoid

predators, to defend territories,

and to maintain position in the

river system.

Dutta and Meijer

(2003), Ewing

(1999)

7. Aldrin, dieldriny, DDT,

HBC, and Chlordan

Cyprinid and

catfish

Hyperactivity, zigzag

movement, loss of buoyancy,

elevated cough, loss of

schooling behavior, swimming

near the upper surface

Induced k ovarian weight,

retardation growth of the pre-

vitellogenic oocytes (e.g., Ham

fish)

Degeneration of the immature

oocytes and rupture of the

follicular epithelium and

disturbance in the endocrine/

hormonal imbalance

Mohan (2000)
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food in the surrounding environment (Said et al., 1992). Natural water is being contaminated by

human activities that release chemicals or heavy metals into the environment.

3.10.1 Effects of cadmium on fish

Cadmium is one of the most toxic nonessential heavy metals present in the aquatic ecosystem and

terrestrial environment. As with most of the heavy metals like lead and mercury, cadmium is also

reported to represent a hazard to public health. Cadmium is released into the environment with

burning of municipal waste and fossil fuels and also in smelting of zinc, copper, and lead

(Sidoumou, 1991). Industrial disposal and household waste are also responsible for the release of

cadmium into freshwater. The rate of reproduction of aquatic organisms is greatly affected by these

heavy metals, finally leading to a decline in the population of aquatic organisms, such as fish

(Sridhara et al., 2010). Exposure to cadmium causes various bodily dysfunctions in fish, including

kidney damage, chronic toxicity, changed reproductive capacity, alterations in the functions of kid-

ney, tumors, and hepatic dysfunction. A major part of the human diet is fish and numerous studies

have been reported on heavy metal pollution and adverse effects of heavy metals in different edible

fish species (Magalhães et al., 2007).

3.10.2 Effects of mercury in fish

Mercury is the most common pollutant among the heavy metals. Mercury enters the fish through

the surrounding water and can collect in the fish body. Moving through the food chain, it passes

from one trophic level to another. The presence of mercury in freshwater may be from rock weath-

ering or anthropogenic activities, including industrial or domestic wastewater release (Adeyeye

et al., 1996). Mercury causes many adverse effects on the growth and structure of fish, and even

the survival of fish when present at higher concentrations. Mercury collects in the fish gills and

causes depression of respiratory tissues, that is, hypoxia, which causes fish death. It also causes

alterations in the physiology of the heart of fish (Olaifa et al., 2004). The hatching ability of fish

and their hematology have also been affected by sublethal levels of mercury. It can also cause

alterations in fish behavior. Moreover, other disorders have also been observed, including lack of

balance, with the fish first swimming restlessly, gulping air, going through a dormancy period, and

finally dying (Kori-Siakpere & Ubogu, 2008). Mercury can cause potential toxicity to fish includ-

ing acid-base disturbances and disturbances in ion regulation, damage in the gill arches, damage in

the liver, kidney, blood biochemical parameters, toxicity to the nervous system, and hypoxia

(Murugan et al., 2008; Ribeiro et al., 2006).

3.10.3 Effects of lead in fish

Lead (Pb) is considered to be a strong environmental pollutant. Lead toxicity is a major focus

because of its high impact on human health (Healey, 2009; Rossi & Jamet, 2008), due to lead

entering the aquatic environment through industrial and sewage waste and runoff. More damage to

aquatic life is being caused due to the increase in the level of lead in the water; it enters the fish

body through gills and body surfaces and accumulates in body tissues or organs of fish, such as

bones, muscles, blood, and fat. When accumulation is at a high level, it becomes highly toxic
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(Yildirim et al., 2009). This toxicity can alter the functioning of the blood and nervous system of

fish and other aquatic organisms (Kalay et al., 1999; McCoy et al., 1995). It is also deposited in the

liver, spleen, kidneys, digestive system, and gills of fish. Damage in the gill epithelium and suffo-

cation occur because of acute lead toxicity. Due to the chronic toxicity of lead, changes in gill

structure and alterations in defense responses are observed in exposed fish. Chronic lead toxicity

can also cause alteration of blood biochemical parameters, causing damage to RBCs, WBCs, and

the nervous system (El-Badawi, 2005).

3.10.4 Effects of aluminum in fish

The third most abundant metal on earth is aluminum (Al), after oxygen and silicon (Authman,

2011). It is considered toxic in its ionic form when it is soluble (Walton et al., 2009). It is used in

the treatment of water as a coagulating agent and is present in the atmosphere, mostly in the air

near industrial areas (Camargo et al., 2009; Silva et al., 2018). Aluminum toxicity to fish depends

upon the pH of water and the physical and chemical properties of water. Aluminum causes toxicity

in fish respiratory systems and the mechanism of toxicity is related to osmotic balance, which can

lead to mucous coagulation on the fish gills and the fusion of gill lamellae and filaments (Abdul-

Latif, 2008). Aluminum disrupted the endocrine system of mature O. niloticus females (Correia

et al., 2010). Aluminum toxicity in fish causes an increase in total RBC count. At low concentra-

tions it caused a decrease in the growth of fish (Bjerknes et al., 2003). Beyond structural gill dam-

age, it can also cause various changes in the fish physiology and disturbances in hematology,

respiratory system, ion regulation, cardiovascular system (Laitinen & Valtonen, 1995), reproductive

system (Vuorinen et al., 2003), metabolism (Brodeur et al., 2001), and endocrine system (Waring

et al., 1996).

3.10.5 Effects of arsenic in fish

Mineral mines, manufacturing industries, smelting procedures, and power plants are the sources by

which arsenic (As) reaches aquatic ecosystems. Arsenic is present in pesticides also, and the use of

these pesticides in agriculture provides another pathway to the aquatic ecosystems. Arsenic is widely

used to kill aquatic plants that are overgrown at fishing areas (Sorensen, 1991). In aquatic organisms

and other water sources, it is collected in large amounts. Compounds of arsenic absorb rapidly inside

the fish body and cause toxicity to fish. These compounds (arsenates) are capable of causing more

toxicity than arsenic alone (Sorensen, 1991). Arsenic accumulates in large quantities inside various

fish body organs, such as the liver, as reported in different teleosts such as green sunfish, rainbow

trout, Japanese medaka and Mozambique tilapia. Due to the increase in mucous production, suffoca-

tion occurs or immediate death results in acute exposures. Chronic exposures of fish can cause metal-

loid accumulation up to the level of toxicity and can lead to various disease conditions (Hughes,

2002). Gills are the primary part of the fish through which they are continuously exposed to arsenic,

as well as intake of As-contaminated food. In Clarias batrachus arsenic causes its head kidney cells

to swell (Ghosh et al., 2007) and it also causes liver lesions in C. batrachus (Datta et al., 2009).

Furthermore, in freshwater teleosts it caused alteration in the histology of kidneys in many species,

like rainbow trout (Kotsanis & Iliopoulou-Georgudaki, 1999) and Salvelinus namaycush (Pedlar

et al., 2002). It caused depletion of lymphocytes and melano-macrophage centers in C. batrachus
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(Datta et al., 2009). Alteration in the liver cells caused necrosis, proliferation in the bile duct, and

dying of liver cells. Moreover, some other alterations were caused from exposure to arsenic, including

formation of inclusions in internal cells, necrosis body formation, and fibrous body (Sorensen, 1991).

3.10.6 Effects of chromium in fish

Chromium (Cr) is an essential nutrient metal for carbohydrate metabolism (Farag et al., 2006).

Effluents released from textile industries, leather tanneries, metal finishing industries, printing

and dyeing industries, photographic industries, and pharmaceutical industries are responsible for

releasing chromium into the aquatic ecosystems (Abbas & Ali, 2007; Arunkumar et al., 2000). If

these effluents are poorly treated, then Cr (VI) is added into the surrounding water bodies, and

inside those water bodies it causes damage to fish (Li et al., 2011). On the basis of the physical

and chemical properties of chromium, there are two very stable forms of chromium, chromium

(III) and chromium (VI), present in the surface water. Chromium (VI) is found to be very toxic

and acts as a carcinogenic due to its ability to cross the cell membrane (Eisler, 2000; Lushchak

et al., 2009). Cr is assimilated in fish tissues primarily in liver and occurs at much higher concen-

trations than the external environment (Dar et al., 2016b, 2016a; Eisler, 2000; Lushchak et al.,

2009). The impact of chromium on various organs of fish, like kidneys, gills, and liver, affects a

number of processes, including metabolic and physiological ones, and alters the fish growth and

behavior (Vinodhini & Narayanan, 2008). There are several adverse effects of Cr in the fish body

that cause alterations in hematology, morphology, and histology, and reduce the growth and

finally lead to the production of reactive oxygen species or dysfunctioning of the immune system

(Vera-Candioti et al., 2011). Exposure to sublethal toxicity in Oreochromis mossambicus caused

changes in the histology of liver, including accumulation of fat, melano-macrophage center

increases and necrosis, changes in gill lamellae, alterations in interstitial tissue of ovary, and

hypertrophy in testes (Ackermann, 2008). Secretion of excess amounts of mucus, damage to the

respiratory epithelium of the gills, and finally death of the fish due to suffocation are adverse

effects of chromium.

3.10.7 Effects of copper in Fish

Another essential metal, that is, copper (Cu), is important for the metabolism of cells of various liv-

ing organisms and is considered as a key constituent metabolic enzyme (Monteiro et al., 2009a,

2009b). However, at high concentration, copper is highly toxic to aquatic animals and may cause

intracellular damage (Hernández et al., 2006). It occurs as a natural mineral, as it is an abundant

element on earth and used widely (Sfakianakis et al., 2015). It enters into aquatic ecosystems

through the use of various pesticides, including fungicides, algaecides, and herbicides (Michael,

1984). To control the growth of algae and phytoplankton and control fish-related diseases, an algae-

cide, copper sulfate (CuSO4), is often used. Copper enters the fish body via direct exposure and

diet, taken from the surrounding aquatic environment (Sfakianakis et al., 2015). Copper shows dif-

ferent affinities to accumulate in the liver of fish, even at low concentrations (Jezierska & Witeska,

2006). Copper causes mucous production in very large amounts on the body surface, between the

filaments of gills and under the gill covers. Various histological changes are observed in the gills,

various sensory receptors such as chemoreceptors and mechanoreceptors, and other body tissues of
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fish (Sorensen, 1991). Moreover, changes in the histology and morphology in the livers of fish

exposed to copper were observed by Varanka et al. (2001). Fish exposed to high doses of copper

were affected with visible external lesions, like necrosis, on the livers of C. carpio,

Carassiusauratus, and Corydoraspaleatus. Vacuolization of endothelial cells in fish liver was

reported by Arellano et al. (1999) after coming in contact with copper. Figueiredo-Fernandes et al.

(2007) reported vacuolization of liver cells, necrosis of liver, shrinkage, and an increase in sinusoi-

dal spaces in the liver of copper-exposed fish. Sublethal concentration of copper caused alteration

in the gills of Nile tilapia (O. niloticus) and necrosis and vacuolization of livers (Figueiredo-

Fernandes et al., 2007). Furthermore, changes appeared in testes histopathology, such as testicular

hemorrhage necrosis, pyknosis, primary spermatogonia disintegration, and changes in interstitial tis-

sues of testes, of O. mossambicus exposed to Cu. There was a decrease in the consumption of oxy-

gen and an increase in the activity of operculum due to the damage in the gills when Esomus

danricus fish were exposed to copper (Vutukuru et al., 2005). Waterborne copper caused chloride

cell dystrophies in S. senegalensis fish, reported Arellano et al. (1999). Na, K-ATPase activity of

fish gill was more sensitive to chronic exposure of copper in Oncorhynchus mykiss (Kamunde &

Wood, 2003). In the intestine of the fish Opsanus beta Na1 /K1 -ATPase enzyme activity was

elevated when exposed to copper, as reported by Grosell et al. (2007). Copper at high concentra-

tions inhibited the activity of catalase (CAT) enzyme in the liver, gills, and muscle of C. carpio

(Radi & Matkovics, 1988). Due to the exposure to sublethal concentrations of copper, the process

of breakdown of glycogen, that is, glycogenolysis, was stimulated in Labeo rohita

(Radhakrishnaiah et al., 1992). When significant metal accumulation occurred inside the liver of

fish (Gasterosteus aculeatus), production of reactive oxygen species occurred and it led to oxidative

stress (Sanchez et al., 2005). Moreover, copper-exposed fish also developed alterations in blood

biochemical parameters such as increase in hemoglobin and hematocrit in blood, which caused

swelling of RBCs (Cyriac et al., 1989). Moreover, copper caused other reproductive effects even at

low levels, such as spawning blockage, reduction in egg production, abnormal newly hatched fry,

and reduced survival rate in young (Sorensen, 1991). Sublethal concentrations of copper caused a

reduction in heart rate and cardiac activity in fish (Gainey & Kenyon, 1990).

3.10.8 Effects of nickel in fish

Nickel (Ni) is present everywhere in the environment, in soil, air, and water, and it enters the envi-

ronment through both natural and man-made sources. It is released during the conversion of nickel

into alloys or nickel mining and is discharged directly in wastewater and from oil-burning power

plants; coal-burning power plants are also responsible for the release of nickel into the aquatic eco-

system (Al-Attar, 2007). Nickel allergy, dermatitis, and toxicity to body organs are some adverse

health effects caused by exposure to nickel. Toxicity of nickel to aquatic organisms is affected by

the physical or chemical properties of water. Nickel causes adverse effects on the gills of fish; the

gill lamellae and gill chambers are filled with mucus and become dark red in color (Yang et al.,

2007). The freshwater fish O. niloticus when exposed to nickel at sublethal concentrations devel-

oped various toxic effects including elevation in the level of serum cholesterol, total albumin, pro-

tein, ALT, AST, amylase, and decreases in values of sodium and chloride (Al-Attar, 2007). It was

also reported that fingerlings of C. carpio had decreased blood biochemical parameters such as

RBCs, WBCs, and hemoglobin content (Al-Ghanim, 2011; Dar et al., 2016b, 2016a, 2020).
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3.10.9 Effects of zinc in fish

Zinc (Zn) is another trace element present abundantly on earth. Zinc is also present in living organ-

isms as a micronutrient and is found in every cell; it is also involved in the synthesis of nucleic

acid and is present in many enzymes (Sfakianakis et al., 2015). Zinc and its compounds are used

widely in medicine and commerce. Waterborne zinc at high levels may cause toxicity to fish

(Niyogi & Wood, 2006). It can affect fish either alone or with other metals like copper (Alabaster

& Lloyd, 1982). Zinc causes toxicity to fish gills; the uptake of calcium is disturbed, which can

lead to hypocalcemia and ultimately death (Khan et al., 2011). Moreover, toxicity due to zinc varies

among freshwater and marine water fish, with various toxic effects on growth, reproduction, sur-

vival, and hatching of fish eggs developing (Khan et al., 2011). Zinc was found to cause mortality,

retardation in growth, spawning inhibition, and sometimes threatened the survival of fish.

Furthermore, it damaged the liver, gills, kidney, and muscles of fish (Sorensen, 1991). Proliferation

of gills, mucous cell stimulation, and elevation in the production of mucus were found, along with

increases in serum transaminase activity due to zinc exposure (Mallatt, 1985). Chloride cells

detached from the epithelium of gills and resulted in gill damage; the epithelial cells detached from

the basal lamina and increased the subepithelial space. The fish O. niloticus showed congested and

pale gills, as reported by Abd El-Gawad (1999). There were alterations in the histopathology in

ovarian tissues, liver tissues, and swelling in the body cells of the fish Tilapia nilotica due to zinc

exposure. New methods for the protection of fish and aquatic ecosystems from heavy metals, along

with methods for eliminating contaminants, need to be applied (Table 3.2).

Table 3.2 Effect of different heavy metals on fish.

S. no.
Heavy
metals Source Effect in fish References

1. Copper Fungicides, algaecides,

molluscicides, insecticides

Liver, gill, kidney,

hematopoietic tissue,

mechanoreceptors,

chemoreceptors

Monteiro et al., 2009a,

Monteiro et al., 2009b,

Sfakianakis et al. (2015),

Sorensen (1991)

2. Nickel Industry, oil-burning power plants,

coal-burning power plants, trash

incinerators

Decrease in heart rate

and memory

impairment

Al-Attar (2007),

Al-Ghanim (2011),

Yang et al. (2007)

3. Mercury Pesticides, batteries, paper industry Ovaries and the

muscles of fish

Dhanakumar et al. (2015),

Pfeiffer et al. (2015),

Štrbac et al. (2015)

4. Lead Agricultural drain water, sewage

sludge, fly ash from coal-fired

power plants, battery plant, metal

ores

Bones, muscles, blood,

chronic toxicity,

oxidative stress, and

neurotoxicity

El-Badawi (2005),

Yildirim et al. (2009)

5. Arsenic Manufacturing companies, mineral

or strip mines, smelting operations,

and electric generating stations

(power plants)

Suffocation, gill

epithelium, kidney,

necrotic bodies, and

fibrous bodies

Datta et al. (2009),

Hughes (2002),

Sorensen (1991)
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Topal, A., Atamanalp, M., Uçar, A., Oruç, E., Kocaman, E. M., Sulukan, E., Akdemir, F., Beydemir, Ş.,
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4Pesticide toxicity and bacterial
diseases in fishes
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Plant Reproductive Biology, Genetic Diversity and Phytochemistry Research Laboratory, Department of Botany,

University of Kashmir, Srinagar, India

4.1 Introduction
Pollution is the release of harmful contaminants into the environment that have adverse effects on living

creatures or the air, water, and land. Pollutants can take many forms, including chemical substances,

energy, heat, light, or noise (Özkara et al., 2016), and comprise a range of chemicals, pesticides, metals,

and many other organic compounds (Jabeen et al., 2012; Meitei et al., 2004). Pesticides are substances

used to exterminate, repel, or avoid pests (Quackenbush et al., 2006). These pollutants affect water

quality, which then affects a number of aquatic organisms (Donohue et al., 2005). When water quality

is modified drastically, it leads to mortality of aquatic organisms (Sabae et al., 2014; Sarwar et al.,

2007). Pesticides consist of compounds categorized as insecticides, rodenticides (anticoagulants), herbi-

cides [paraquat, diquat, 2,4 dichlorophenoxyacetic acid (2,4-D)], fumigants (ethylene dibromide, methyl

bromide), and fungicides (captan, dithiocarbamates) (Ellenhorn & Barceloux, 1988).

Contamination of water surfaces by pesticides represents a significant issue on local, national, and

multinational levels and has been well documented worldwide (Cerejeira et al., 2003; Huber et al.,

2000; Planas et al., 1997; U.S. Geological Survey, 1999). Pesticides reach bodies of water by different

routes, including direct spillover, leaching, unregulated disposal of trash, washing of equipment, and

others. Pesticides also result from agriculture drainage to surface water (Richards & Baker, 1993). The

significant classes of pesticides generally used for agricultural purposes include carbamates, organopho-

sphates, organochlorines, pyrethroids, neonicotinoids, and triazoles (Sabra & Mehana, 2015; Srivastava

et al., 2016). In addition to their advantages, these chemicals have countless disadvantages. Pesticides

destroy pests and thus have a significant role in food production, but increased use has led to adverse

consequences related to human health and natural ecosystems, including aquatic bodies (Aktar et al.,

2009; Forget, 1993; Igbedioh, 1991). Bioaccumulation of these pesticides poses a severe threat to fish

survival through disturbing the interactions between organisms and biodiversity (Abedi et al., 2013;

Morel et al., 1998; Xie et al., 1996).

4.2 Fish: an important resource
In 1992, the Convention of Biological Diversity stated that the preservation of biodiversity, includ-

ing the biodiversity of water bodies, necessitates the conservation of all significant types of
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ecosystems. This also includes the thoughtful management of ecosystems that are not a part of pro-

tected areas. India has vast and unique natural water resources, ranking ninth in freshwater mega-

biodiversity among the countries of the world, with 2200 fish species (Mittermeier & Mittermeier,

1997). Fishing is a chief economic activity that offers numerous benefits in India and worldwide:

1. Provides a major source of nutrition.

2. Is a direct source of livelihoods for fishers and fish farmers.

3. Indirectly creates employment for those involved in building vessels, manufacturing equipment,

and selling/marketing fish products.

Hence, we can say that fishing is an important activity involving several major areas of human

concern: (1) ecological (related to populations and aquatic ecosystems); (2) socioeconomic (those

working in the sector) and technological (boats, motors, tools, etc.); and (3) political and adminis-

trative (Tursi et al., 2015).

Developing countries have 94% of the total freshwater fisheries of the world (FAO, 2007) and fish-

eries in these countries provide food and employment to millions of people, playing a significant role in

overall economic well-being (The World Fish Center, 2002). Around 55.3 million people in the

Mekong River basin alone are dependent on freshwater fish for nutrition and supporting their incomes;

the estimated average fish intake is approximately 55.6 kg/person/year (Baran et al., 2007). The Food

and Agriculture Organization in 2007 estimated that freshwater fish contribute to more than 6% of the

world’s annual animal protein supplies for humans. In developing countries, fish exports are also a sig-

nificant source of foreign revenue. Thus fisheries not only add to national income in these countries,

but also offer many employment opportunities, therefore helping to eradicate poverty (FAO, 2006).

4.3 Fish as indicators of pollution
Fish play a significant role in monitoring pollution as they are early indicators of anthropogenic

stress on natural ecosystems, mainly because of their life-cycle traits. They can act as indicators for

a variety of disturbances, including acidification, diseases, and parasites. Fish have the ability to

react directly to various environmental stressors such as toxins, climate change, and flow regime

(Dudgeon et al., 2006). Fish can bioaccumulate noxious compounds because of their large body

size, rapid growth rates, habitat choices, and trophic level (Holmlund & Hammer, 1999). For exam-

ple, Apteronotus albifrons, a tropical fish of South America, emits a wave of electric signals from

its electric organ that are steady under ambient conditions, but vary significantly when the water is

polluted. It was reported that A. albifrons acted as a biological indicator to detect the presence of

potassium cyanide in water. This technique could prove significant for tracking the level of pollu-

tion in water bodies (Thomas et al., 1996).

4.4 The impact of pesticides on fish
The National Bureau of Fish Genetic Resources in India surveyed freshwater fish for protection

and listed some species under the threatened categor (Anonymous, 1992; Lakra & Sarkar, 2007).
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However, fish diversity in the country is continuously declining due to toxic chemicals. This might

be because of secondary causes that expose fish and other aquatic organisms to pesticides. In the

long run, this leads to toxicity, including the consumption of those fish poisoned by pesticides

(Kingsbury & Kreutzweiser, 1980; Schnick et al., 1986). The heedless and destructive dumping of

excess chemical concentrates, accidental spillages lead to sporadic expulsions of pollutants that

find their way into streams, lakes, and rivers. This accounts, primarily or secondarily, for a major

fraction of mortality in fishes. For example, in 1967, it was found that organochlorine pesticides

killed about 13% of fish in England and Wales and around 25% in Scotland (Anon, 1971). A con-

centration of DDT surpassing 3 mg/kg in lakes led to high mortality of trout (Burdick et al., 1964).

Female brook trout, when fed with DDT-contaminated pellets, produced eggs that experienced a

high rate of mortality (Macek, 1968).

The use of pesticides was a major cause of decreases in the practice of rice-fish culture in

Central Thailand during the 1970s (Spiller, 1985), Indonesia during 1968�69 (Koesoemadinata,

1980), Malaysia during 1972 (Lim & Ong, 1985), and Vietnam (Vincke, 1979). Concentrations of

these pollutants greater than permitted levels have been found to lead to mortality of all organisms

present in those aquatic bodies, mostly fish. However, even at lower concentrations, these pollu-

tants can bioaccumulate, passing all the way through the food chain and ultimately to humans

(Abedi et al., 2013; Morel et al., 1998; Xie et al., 1996).

Food organisms present in aquatic ecosystems are also fundamentally diminished by the

use of pesticides, reducing fish survival, as they are dependent on these food organisms

(Helfrich et al., 2009). The migratory behavior of fish changes as a result of pesticides

(Nagaraju et al., 2011), showing that their life cycle is disturbed. Pesticides may alter the

capability of salmonid fish to transfer from freshwater to seawater. Other important indica-

tors of environmental stress are behavioral modifications that may influence existence

(Byrne & O’halloran, 2001), predominantly in nonmigratory species. The triazole fungicide

propiconazole is reported to be a major cause of such behavioral changes (Gill et al., 1990;

Li et al., 2011; Srivastava et al., 2016).

Under stress conditions, organophosphate induces hyperglycemia in fish and an upsurge in

cortisol levels (Borges et al., 2007; Das & Mukherjee, 2003; Jee et al., 2005). Cyprinus carpio

and Cnesterodon decemmaculatus showed a reduced level of acetylcholinesterase (AChE), as

they were highly sensitive to pollutants (De la Torre et al., 2002). Since fish are explicitly sen-

sitive to water pollution, certain physiological and biochemical processes may be affected by

pollutants such as insecticides. Banaee (2013) studied pesticide toxicity in fish and showed

that, at nonlethal levels, pesticides can have specific effects such as oxidative damage, inhibi-

tion of AChE activity, histopathological changes, developmental changes, mutagenesis, and

carcinogenicity. Thus fish collected from polluted waters do not retain freshness, as compared

to fish from nonpolluted waters.

In India, the production of pesticides increased during 1958�98 from 5000 metric tons to

102,240 metric tons. In 1996�97 the demand for pesticides in terms of value was about Rs. 22 bil-

lion (US$ 0.5 billion), which on the world market accounted for about 2% of usage (Aktar et al.,

2009). As already mentioned, lethal or sublethal effects in fish may be induced by pesticides in the

environment (Mathur & Tannan, 1999). Pesticides may show their effects in different ways: they

may act directly and cause death, or indirectly cause malnutrition from the destruction of food

organisms, or affect growth rate, reproduction, and behavior, with indication of tissue damage. The
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affected fish are unable to compete with other fish and therefore become vulnerable to predators.

Therefore the capability to withstand normal stresses, including temperature variation, temporary

malnutrition, and reproduction, is weakened. At younger stages of the life cycle, survival is negligi-

ble for most of the species, and at this stage fish are especially vulnerable to some pesticides; there-

fore it is disastrous if the survival rate is further reduced (Holden, 1973).

The toxicity of a pesticide is determined by the degree to which a toxin produces adverse

effects. Brief exposure to a less toxic chemical may have a negligible effect on fish, but if exposure

to the same chemical is longer lasting, it may prove detrimental (Arbuckle & Sever, 1998; Barone

et al., 2000; Dar et al., 2016a,b). Pesticides in different concentrations are toxic to different fish

species. Hence LC50 (lethal concentration required to kill 50% of a population) values of pesticides

in fish species also differ (Table 4.1). When different aquatic organisms are exposed to a pesticide,

their survival is dependent upon the bioconcentration, biomagnification, bioavailability, and persis-

tence of that pesticide in the environment. Bioavailability can be described as the degree and rate

at which a substance (pesticide) is absorbed into a living system.

Some insecticides easily break down after utility. However, some do not break down easily.

Rather, they bind firmly to soil debris suspended in the water bodies and therefore become less bio-

available (Maurya et al., 2019). Bioconcentration is the collection and accumulation of a chemical

on or in an organism at a level that is more than that present on land or water. The persistence of

pesticides in the environment or accumulation of these pesticides drastically affects water body

function (Dar et al., 2020; Maurya et al., 2019). Sublethal amounts of pesticides can diminish popu-

lation abundance and also the rate of adult survival (Gupta, 2004; Hoppin et al., 2002; Kamel &

Hoppin, 2004).

Table 4.1 Presence of pesticides in different fish species.

Pesticide Name of the fish Reference

Malathion Labeo rohita Thenmozhi et al. (2011)

Elsan Channa punctatus Sambasiva Rao et al. (2009)

Endosulfan Channa striatus Ganeshwade et al. (2012)

Acephate Fathead minnow Waynon et al. (1980)

Alaclor Rainbow trout Waynon et al. (1980)

Methyl parathin Catla catla Ilavazhahan et al. (2010)

DDT Rainbow trout Waynon et al. (1980)

Dimethoate Heteropneustes Pandey et al. (2009)

Fossilis

Cypermethrin Colisa fasciatus Singh et al. (2010)

Carbofuran Yellow perch Waynon et al. (1980)

Biosal Cyprinus carpio Sial et al. (2009)

Karate Cyprinus carpio Bibi et al. (2014)

Metasystox Nemacheilus botia Nikam et al. (2011)

Diazinon Anabas testudineus Rahman et al. (2002)
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4.5 Mitigation of the impact of pesticides
Collection and interpretation of pesticide data are difficult, especially in developing countries,

which face difficulties in organic chemical analysis because of improper facilities, contaminated

reagents, and lack of money. Therefore novel techniques including immunoassay procedures can be

used for the detection of specific pesticides. These techniques are cost-effective and highly reliable.

Immunoassay tests can be used for a variety of pesticides, such as paraquat, aldrin triazines, acid

amides, carbamates, and 2,4-D/phenoxy acid (Rickert, 1993). Even though many advancements

have been made in controlling point-source pollution, still much remains to be done in controlling

nonpoint-source pollution. Nonpoint-source pollution is more difficult to control because of multi-

ple origins, seasonality, and inherent variability (Albanis et al., 1998; Pereira & Hostettler, 1993).

Environmental laws should be followed when dealing with pesticides. The US Environmental

Protection Agency (EPA), after considering many characteristics, provides guidelines on whether to

register a pesticide for commercial use or not. Therefore certain criteria are taken into consider-

ation, including the method used on the pest, method of analysis, filtrates in the environment, and

also other conditions, to determine whether pesticides can be registered for commercial use

(Shankar et al., 2013). Other methods should be employed for combating pests that reduce the

usage of pesticides, including using resistant varieties of plants with the ability to fight pests; use

of insect traps; and crop rotation. Instead of using weedicides, mechanical control should be per-

formed for uprooting weeds. Biochemical control can also be practiced by allowing living organ-

isms, such as grass carp, to feed on water weeds (Helfrich et al., 2009). Despite the fact few

pesticides have been found prominently in water, it is essential to evaluate the recurrence and inten-

sity of contamination, and carry out assessments to evaluate the risk caused by these pesticides.

During the past several years, growing attention has been focused on plant protection products

and their effect on surface and groundwater quality. Pesticides in use should be enrolled according

to the US Federal Insecticide, Fungicide and Rodenticide Act (FIFRA). Also, there should be other

management options for protecting threatened fish species (Cowx, 2002; Miller & Pister, 1971).

Sanctuaries created for the conservation of threatened fish have appeared in nations like the United

States (Miller & Campbell, 1994; Pearse, 1998). Developing countries recently have also acknowl-

edged the need for and significance of monitoring biodiversity, especially in protected areas

(Danielsen et al., 2000). The evaluation of any biological damage can be carried out through the

monitoring of fish and other creatures through experimental testing (Fig. 4.1).

4.6 Bacterial diseases in fishes
Bacteria are the most important pathogens in warm-water cultivated fish species. They are also the

most predominant cause of death in wild fish populations, especially in ecologically affected popu-

lations. However, little data is available on the origin and evolution of fish diseases due to bacterial

pathogens. There are several variables involved in the insertion of a pathogenic bacterium in a

prone host, and to spread to a new host, the bacteria must remain viable, whether in the host or out-

side (Thune et al., 1993). The emergence and development of a fish disease (Table 4.2) is the result

of pathogen, host, and environmental interaction. Collaborative studies involving the characteristics
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of potential pathogenic fish microorganisms, aspects of fish host biology, and a better understand-

ing of the environmental factors would allow effective steps to be taken to prevent and monitor the key

diseases limiting the development of marine fish. The clinical signs caused by each pathogen (external

and internal) depend on the host species, the age of the fish, and the stage of the disease (acute, chronic,

subclinical carrier). In fact, systemic diseases with elevated mortality rates (i.e., pasteurellosis, piscirick-

ettsiosis) cause internal signs in the infected fish, but afflicted fish often have a healthy external appear-

ance. On the other hand, some diseases with comparatively lower mortality rates (i.e., flexibacteriosis,

some streptococcosis, “winter ulcer syndrome”) cause severe external lesions, including ulcers, necrosis,

and exophthalmia, making the fish unmarketable (Toranzo et al., 2005).

4.7 Major bacterial diseases in fish

4.7.1 Bacterial enteritis of flounder

A disease called “Chokan-hakudaku-sho” in Japanese, meaning a disease condition described by an

opaque intestine, occurs in 14- to 30- or 40-day-old Japanese larval flounder. The symptoms

include opacity of the intestine and darkening of the color of the body. Mortality is often 90% or

higher, especially when it occurs in younger fish (Murata, 1987). The bacteria Vibrio sp. is the

causative bacterium. It induces intestinal necrosis of flounder larvae (INFL) (Masumura et al.,

1989).

FIGURE 4.1

(A,B) Fishes collected from contaminated water; (C) Fishes collected from fresh water.
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4.7.2 Abdominal swelling of sea bream and studies on intestinal flora

Abdominal swelling occurs in red and black sea bream (Iwata et al., 1978; Kusuda & Isshiki, 1987) and

V. alginolyticus has been confirmed to be the causative agent or to be associated with the disease.

4.7.3 Gliding bacterial infection

In red and black sea bream juveniles, this disease has existed since the early 1970s. Among juve-

niles of sea bream ranging from 20 to 40 mm in total length, the disease prevails with the usual

signs of eroded greyish-white mouth, frayed fins, and tail rot. The organism was isolated from the

diseased fish by Hikida et al. (1979) and Wakabayashi et al. (1986) and the name Flexibacter mari-

timus was given (Wakabayashi et al., 1986). V. anguillarum is a ubiquitous marine bacterium in

coastal waters and it acts as an opportunistic pathogen for various juvenile marine fishes such as

red sea bream, tiger puffer, and Japanese flounder. V. ordalii infections have been reported in juve-

nile rockfish. Immersion vaccination with V. ordalii bacterin was demonstrated to be effective

against an experimental challenge in rockfish (Nakai et al., 1989) (Table 4.3).

4.8 Control of bacterial fish diseases
Marine ornamental fish have tremendous economic potential. Intensive management of marine

ornamental fish and their captive breeding have not yet made much headway in India, as bacterial

diseases are responsible for heavy mortality in these fish. The problems in the culture systems are

usually tackled by preventing disease outbreaks or by treating the disease with antibiotics or chemi-

cals (Choudhury et al., 2005). The bacterial infections are considered the major cause of mortality

in aquaculture. Among the common fish pathogenic bacteria, Streptococcus agalactiae,

Lactococcus garvieae, Enterococcus faecalis (all Gram positive), Aeromonas hydrophila and

Yersinia ruckeri (both Gram-negative) cause infectious diseases (Pandey et al., 2009). Some of the

disease control methods are:

4.8.1 Improving water quality

The addition of Gram-positive bacteria, such as Bacillus spp., is beneficial in improving the water

quality with the conversion of organic matter into carbon dioxide in comparison to the

Table 4.2 Overview of some bacterial fish diseases.

Scientific name Common name Causative agent Reference

Carassius auratus Goldfish Mycobacterium gordonae Sakai et al. (2005)

Danio rerio Zebrafish Mycobacterium haemophilum Whipps et al. (2007)

Gymnothorax funebris Moray eel Mycobacterium montefiorense Levi et al. (2003)

Oncorhynchust schawytscha Chinook salmon Mycobacterium neoaurum Backman et al. (1990)

Morone saxatilis Striped bass Mycobacterium shottsii Rhodes et al. (2005)
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Gram-negative bacteria, which convert a greater amount of organic matter into bacterial biomass or

slime (Balcázar et al., 2006). Additionally, ammonia and nitrite toxicity can be eliminated by the

application of nitrifying bacterial cultures into the fish aquaria; moreover, the temperature, pH, dis-

solved oxygen, NH3, and H2S in the rearing water were found to be in permissible limits when pro-

biotics were added. The improvement of water quality or the fish environment is termed

“bioremediation” (Mohapatra et al., 2013).

4.8.2 Nanobioencapsulated vaccine

Recent research studies have examined the use of nanoparticles (NPs) as adjuvant and efficient

delivery systems in fish vaccine development due to their nanosize. These NPs can be grasped by a

cellular endocytosis mechanism that facilitates the cellular uptake of antigens and increases the pre-

sentation ability (Vinay et al., 2018).

4.8.3 Quorum sensing

This is defined as the regulation of gene expression in response to a communication between patho-

genic bacterial cells. Many bacteria use this system to regulate physiological activities, and so add-

ing probiotics causes a disturbance of quorum sensing, which is considered a potential antiinfective

approach in aquaculture (Defoirdt et al., 2004).

Table 4.3 Some bacterial fish diseases and their causative agent.

S.
no Disease Causative agent Affected species Reference

1 Bacterial enteritis Vibrio ichthyoenteri Japanese flounder Muroga et al.

(1990)

2 Abdominal swelling Vibrio spp. Red and black sea bream Yasunobu et al.

(1988)

3 Gliding bacterial

infection

Flexibacter

maritimus

Red and black sea bream Wakabayashi et al.

(1986)

4 Vibriosis Vibrio sp. Zoea Swimming crab Muroga et al.

(1990)

5 Spotting disease Flexibacter sp. Ezo sea urchin Tajima et al.

(1997)

6 Mycobacteriosis Mycobacterium

marinum

Seabass, turbot, Atlantic

salmon

Sudheesh et al.

(2012)

7 PseudomonadiasisWinter

disease

Pseudomonas

anguilliseptica

Sea bream, eel, turbot, ayu Sudheesh et al.

(2012)

8 Streptococcosis Streptococcus iniae Yellowtail, flounder, seabass,

barramundi

Sudheesh et al.

(2012)

9 BKD Renibacterium

salmoninarum

Salmonids Sudheesh et al.

(2012)

10 Piscirickettsiosis Piscirickettsia

salmonis

Salmonids Sudheesh et al.

(2012)
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4.8.4 Injection vaccination

Vaccination by injection is the delivery method generally resulting in the best protection and is the

only choice for adjuvant vaccines (Harikrishnan et al., 2011). The advantages of injecting a vaccine

are attaining high protection and the relatively minimal dose requirement, because correct dosage

calculation is easy and economical for larger fish, and a multivalent vaccine can be administered

(Lillehaug, 2014).

4.8.5 Prebiotics

These are also referred to as food for probiotics. They are resistant to attack by endogenous

enzymes and hence can reach the site of action to promote the proliferation of gut microflora.

Some of the prebiotics currently used in animal feed are mannan-oligosaccharides, fructo oligosac-

charide, and mixed oligo-dextran (Carbone & Faggio, 2016). Probiotics are cultured products or

live microbial food supplements, which beneficially affect the host by improving its intestinal

microbial balance. These can help to improve the water quality, aid in food digestion, and modulate

the host immune responses, increasing production efficiency and reducing disease incidence (Gatlin

& Peredo, 2012).

4.8.6 Plant product application

In aquaculture for disease control, the use of plant products is one of the promising alternatives.

They stimulate the immune system of fish, prevent stress, and act as antibacterial and antiparasitic

agents due to their active chemical ingredients (Reverter et al., 2014). They can be administered by

extracting their active component or the whole plant material can be added to the aquarium

directly. Depending on the type of plant part used and the season of harvest of the plant material,

their active ingredient may vary, so knowledge of the plant and the season of collection is neces-

sary. Medicinal plants can be administered to fish by injection, oral administration, and through

immersion or baths (Miriam et al., 2017). Injecting the extracted material is an effective method for

large fish (Awad & Awaad, 2017).

4.9 Conclusion

Exposure of organisms to pesticides poses a continuing health risk to the population of both aquatic

and terrestrial ecosystems. Thus human beings face health risks if they consume toxic fish species.

Researchers have revealed that higher levels of pesticides may cause certain chronic effects (oxida-

tive damage, embryonic and developmental changes, carcinogenicity, and mutagenesis). Therefore

precautions should be taken in order to ensure that potentially hazardous chemicals are not used in

situations having a high probability of environmental damage. This indicates that, in order to safe-

guard the fish population and other aquatic fauna, preventive measures should be taken before the

application of pesticides.

It is probable that, if molecular biology techniques are used, the process for detecting pesticides

(ecological stressors) in aquatic ecosystems will become cheaper, faster, and more reliable. As there
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are numerous unsafe impacts of pesticides on aquatic organisms, including both plants and animals,

it is essential to design thorough standards and guidelines against the self-assertive utilization of

pesticides. As pesticides in nature are toxicant mixes, that is, mixes of organophosphates, they may

have noxious or deadly impacts on fish species. Consequently, it is important to constantly manage

the convergence of pesticide deposits in food material and monitor the impact of pesticides on peo-

ple. Increasingly, exploratory work needs to be done to enhance the focus on pesticides and bacte-

ria and investigate critical lethal and sublethal impacts on the flora and fauna. Pollution in the

aquatic bodies should be monitored, as it is a main cause of the spread of bacterial disease. This

would guarantee greater assurance for protection of the environment, in which natural changes are

difficult to distinguish.
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5.1 Introduction
Aquatic ecosystems are a major recipient of pollutants that, over time, can result in adverse conse-

quences for aquatic life. These consequences only become evident when changes occur in the com-

munity, ecosystem, or population, and by that time it may be impossible to counteract the change.

This has become a matter of great concern over the last few years, as the contamination of water

bodies due to the wide range of pollutants not only poses a threat to public water supplies, but also

causes serious harm to aquatic biota. The main causes of aquatic pollution are rapid industrializa-

tion, discharge of heavy metals from industrial and domestic wastes, agricultural activities, physical

and chemical weathering of rocks, soil erosion including sewage disposal, and atmospheric deposi-

tion, all of which extensively contaminate the natural aquatic systems (Khatri & Tyagi, 2015). New

agricultural techniques have contributed to enhancing crop production, but at the same time these

techniques have polluted the aquatic environment to a greater extent. Escalation in river pollution

as well as pollution of other water bodies has become a subject of great concern in recent years

due to direct disposal of industrial effluents and urban sewage with little or no treatment. Fish,

though nontarget organisms, have become victims of aquatic pollution by accumulating toxins.

Then the accumulated toxicants adversely affect the human population through consumption of the

fish (Ansari, Marr, & Tariq, 2004).

The aquatic pollution may biologically affect biota by altering their biochemical, respiratory,

and immune functions, including changes in population structure and development and structural

abnormalities. The presence of pollutants either directly or indirectly in aquatic systems causes

measurable environmental and economic impacts. The measures of the environmental impacts are

the contaminant accumulation in biota, the significant increase in pollution-related reproduction,

and developmental anomalies and other major alterations in biochemical or physiological processes

in fish and invertebrates (Arukwe, 2001). The economic impacts may include declines in commer-

cial and recreational fishing activities or closure of fisheries due to the accumulation of toxicants in

the body composition of commercially important fish, shellfish, and gamefish (Dar et al., 2020;

Dar, Dar et al., 2016; Dar, Kamili et al., 2016).
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Fish, a major aquatic lifeform of crucial importance to humans, can display either acute effects

or long-term chronic effects of water pollution, in the form of immune suppression, low metabolic

rate, and gill and epithelium damages. A number of histocytological changes have been recom-

mended as biomarkers for pollution monitoring of fish (Au, 2004). The changes in hydrochemical

and fauna characteristics due to the introduction of pollutants in aquatic systems represent a major

threat. The systematic failure to understand the connectivity between the developmental activities

and their impact on freshwater ecosystems results in the loss of freshwater biodiversity (Crook

et al., 2015). The destructive influence on the aquatic environment in the form of sublethal pollu-

tion from humans results in chronic stress, causing ill effects on aquatic organisms. Hence it should

be highlighted that mortalities may not necessarily indicate an outbreak of disease in the fish popu-

lation (Dar, Dar et al., 2016; Dar, Kamili et al., 2016), as the massive fish kills from release of

hydrocarbons into water bodies or spillage of pesticides are not due to a disease as defined by

Austin (1998).

5.2 Sources of pollution
Sewage from cities is the major source of surface water pollution. Sources of pollution are gener-

ally grouped as point sources and nonpoint sources (Fig. 5.1).

1. Point-source pollution: This is the source of contaminants that pave the way to the water body

at a specific site/point through a separate conveyance, such as a pipe or a ditch. The source of

pollution is relatively negligible compared to other pollution sources and is easily recognized.

Discharges/effluents from sewage-treatment points, landfill sites, power stations, and fish farms

all constitute forms of point-source pollution.

2. Nonpoint-source pollution: This type of pollution is derived from many diffuse

contaminations, unlike the point source, which results from a single source. The typical

example of nonpoint-source (NPS) pollution is the seeping of nitrogenous compounds from

agricultural fields into waterways. Other examples include nutrient run-off in storm water from

“sheet flow” over a forest or agricultural field. Water washed off from contaminated areas or

urban run-off such as from parking lots, roads, and highways are also included in NPS.

5.3 Impacts of heavy metal pollution on fish health
Heavy metals are present in aquatic systems as trace components naturally, but due to agricul-

tural activities, industrialization, and mining activities their quantities have increased to

unacceptable levels (Masindi & Muedi, 2018). The local waters of both developed and develop-

ing countries have become contaminated by heavy metals due to industrial development. This

type of pollution may have negative effects at cellular levels and disturb the ecological balance

of aquatic organisms, either fresh or marine water. The ingestion of contaminated marine

aquatic products such as seafoods can lead to various health complications in humans and ani-

mals (Smith & Gangolli, 2002). The term heavy metal can be defined as any metallic chemical

element with relatively high density and that is poisonous or toxic at low concentrations. Heavy
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metals are mostly defined on density factor, having a specific density of more than 5 g/cm3: for

example, mercury (Hg), cadmium (Cd), arsenic (As), chromium (Cr), thallium (Ti), and lead

(Pb).

Heavy metals are toxicants that cause acute disorders in aquatic biota. Many pathological dis-

abilities like renal damage, sporadic fever, cramps in humans, and hypertension may occur due to

heavy metal consumption via the food chain in aquatic organisms. Fish, being at the top of the

food pyramid, represent an important target for biomagnification of metals and act as possible

transfer media to human beings (Zeitoun & Mehana, 2014). Heavy metals tend to accumulate in

FIGURE 5.1

A generalized pollutant pathway showing point and nonpoint sources (NPS) of pollution. Further, the diagram

depicts diffusion, sedimentation, and concentration, thus affecting the target.
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tissues of organisms that live in polluted water. Accumulation depends on both extrinsic and intrin-

sic factors. Extrinsic factors include metal concentration, method of metal intake, time of exposure,

environmental factors like water temperature, pH, hardness, and salinity; intrinsic factors include

fish age and feeding habits, etc. The main sites of metal accumulation are liver, kidney, and gills,

with the lowest levels in fish muscles compared to other tissues (Murugan, Karuppasamy,

Poongodi, & Puvaneswari, 2008).

5.4 Heavy metal hazards
The industrial pollutants lead (Pb) and cadmium (Cd) have strong negative effects on human and

animal health by accumulation in liver and kidney. The lead acts as a substitute for essential ele-

ments important for metabolism like calcium, iron, and zinc by acting as a mimetic agent, having

both physiological and biochemical effects on fish (Zeitoun & Mehana, 2014). Cd (0.1 mg/g) and

Pb (0.4 mg/g) are maximum levels of concentration permitted for sea fish and Cd (2�20 mg/L) is

the lethal concentration for different species of fish. The consumption of fish species exposed to

high levels of cadmium may result in skeletal damage. This hazard was reported in the 1950s in

Japan as Itai-Itai (“Ouch-Ouch”) disease, which led to both osteomalacia and osteoporosis.

Likewise, acute mercury exposure leads to the well-known Minamata disease, associated with lung

damage (Fig. 5.2) (Castro-González & Méndez-Armenta, 2008). With fish, heavy metal toxicity

leads to loss of balance or disequilibrium, increased opercular movement, and irregular vertical

movements, eventually leading to death. Moreover, cadmium, mercury, lead, and arsenic severely

damage the renal and nervous systems of fish as well as gills.

5.5 Fishes as biomarkers
Fish are considered to be a general early warning system for environmental degradation, but they

also provide specific measures of the existence of toxic mutagenic and carcinogenic components in

biological materials. In fish, the primary target organs of pollution are gills, liver, and kidneys. Fish

exposed to heavy metals are reported to have histopathological lesions and increased size. Changes

like these may serve as bioindicators for detecting and determining the impact of heavy metals on

both organism and ecosystem health. Biomarkers are diagnostic tools to monitor heavy metal con-

tamination through the changes that occur in chemical and physiological behavior on an organism

level and to determine the contamination levels directly by observing and measuring these changes

in the organism (Sabullah et al., 2015).

5.6 Impact on fish reproduction
Fish species exposed to aquatic pollution, either directly or indirectly, may experience serious

reproduction effects (Kime, 1995). This is important for preserving the number of fish species and

for the success of fisheries, since reproduction is a basic factor. A wide range of pollutants,
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including acidification, herbicides, thermal effluents, and others have been found to affect parental

care and courtship behavior in several fish families, including Cichlidae, Poecilidae, and Cypridae.

The investigations showed changes in normal courtship behavior such as increases or decreases in

courtship frequency displays, extended courtship duration, and masculinized females. The effects

on parental care included poor nest building activity and offspring defense and major changes in

distribution of parental care between the sexes. Aquatic pollutants may also affect the reproductive

systems of fish species.

FIGURE 5.2

The pathway of mercury deposition in aquatic systems. Deposition of inorganic mercury into pond from

different sources and its route to fish.
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5.6.1 Impacts on male reproductive systems

Unlike other vertebrates, teleost gonads lack medullary tissue and correspond only with the cortex.

Most teleosts have paired elongated testes attached to the dorsal wall, while in some they form a

single sac. As in mammals, the testes are composed of sperm-producing tubular, lobular compart-

ments and steroid-secreting endocrine interstitial cells. A few studies have looked at the conse-

quences of aquatic pollution on the male reproduction system. Pandey (2000) showed that fish

fauna exposure to BHC resulted in vacuolated cells and necrosis in seminiferous tubules (ST), atro-

phy of interstitial Leydig cells (LC), reduced secretory activities, and gonadosomatic indices and

thickening of the sperm duct wall in tilapia. Degeneration of acidophilic granular cells of chromato-

phores and aggregation of focal leukocytes have been reported from the testis of 11 fish species

sampled from the Gulf of Mexico from the sites of petroleum production (Jones & Reynolds, 1997;

Stott, McArthur, Tarpley, Sis, & Jacobs, 1980). Abnormal lobular architecture, germinal epithelium

dissolution, scattered LC with homogeneous liquified cytoplasm, necrosis, and prominent vacuoli-

zation have been reported due to long exposure to carbamide during the preparatory and maturing

phase, with no significant effect on spawning and postspawning phases (Pandey, 2000). Dimecron

exposure prompted the atrophy of ST, spermatocytes, and sperm mother cells, as well as Leydig

cell enlargement, sperm duct thickening, and reduction in the gonadosomatic index (GSI).

Exposure to thiourea elicited a lowered value of GSI and an increase in cholesterol level in Gara

mullya. Dimecron- and carbofuran-treated samples resulted in reduced GSI, necrosis of spermato-

zoa and spermatogenesis, Leydig cell involution enhancement, and collagenous capsule formation

around necrotic germ cells in Channa punctatus (Cruz-Landim, Abdalla, & Cruz-Höfling, 2005).

Treatment also showed depletion in testicular proteins, RNA, lipids, and ascorbic acid, and it

induced an increase in cholesterol and phospholipids in Channa punctatus. Moreover, exposure to

cythion elicited arrest of spermatogenesis at the spermatid stage and ST were found without sperm,

appearing like solid cords, as well as necrosis of spermatocytes and inactive involuted LC with

darkly stained nuclei. Emission-treated Clarias batrachus resulted in the reduction of 5�3 p-

hydroxysteroid, dehydrogenase (HSD) enzyme activity, pyknosis of LC, and lowered GSI, free cho-

lesterol, total lipids, and phospholipids (Cruz-Landim et al., 2005; Jones & Reynolds, 1997). Also,

extensive damage to Singhi testis was observed due to chlordecone exposure, including flattening

of the ST, degeneration of the germinal epithelium, and atrophied and vacuolated LC (Srivastava &

Srivastava, 1994).

5.6.2 Impacts on female reproductive system

Unlike mammals, the reproductive systems of female teleosts have a wide range of reproductive

patterns, including vivaparity, and they are highly variable. Most teleosts have paired hollow ova-

ries; however, in some species the paired organ may combine to form a single solid organ during

the early developmental stages. Ovaries are composed of oogonia, oocytes, and their surrounding

follicle cells, stroma, and nervous and vascular tissue (Helmstetter et al., 2016; Jones & Reynolds,

1997). The ovaries of 11 species collected from petroleum-induced lesions showed atresia, leu-

kocytic loci, or infiltration of acidophilic and chromatophore cells. Cythion treatment delayed sec-

ondary yolk deposition and showed a notable decrease in GSI and cholesterol. Fenitrothion and

carbofuran resulted in lower total ovarian protein, lipids, and ascorbic acid; however, elevations in
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cholesterol and lipids have been observed during different phases of the ovarian cycle. Treatment

with mercuric chloride resulted in reduced total ovarian protein and alkaline phosphate and elevated

the levels of glycogen and acid phosphatase and cholesterol. Cyanide treatment of rainbow trout

resulted in a decrease of GSI and oocyte diameters and a reduction in levels of E2, T3, and vitello-

genin. The inhibition of ovarian growth and degeneration of vitellogenic oocytes have been

observed due to ammonium sulfate treatment (Jones & Reynolds, 1997). It has been observed by a

number of workers that treatment of fish species with various pollutants has resulted in underdevel-

oped ovarian growth as manifested by reduced GSI and fewer maturing oocytes in stage II and III.

This pollutant-induced disablement of ovarian function was assumed to mediate through the

hypothalamo-hypophysial ovarian axis, since degenerative changes were also observed in the hypo-

thalamus and gonadotropes of treated fish (Harries et al., 1996; Jobling, Sumpter, Sheahan,

Osborne, & Matthiessen, 1996). Exposure to different pesticides elicited inhibition of steroidogene-

sis and mutilation and clumping of yolk in stages II and III of oocyte maturation. Also, reduction

in GSI, water, and lipid contents has been observed due to the increasing dose of pesticides in the

ovary.

5.7 Effects of pollution on disease outbreak
Aquatic pollution extensively contributes to the occurrence of diseases in fish populations, as it

alters the susceptibility of the host to pathogens, which is fundamental in any habitat. The presence

of pollutants in the aquatic system may cause this increased susceptibility by causing stress to

aquatic animals (Bucke, 1993). Moreover, an aquatic environment contaminated with organic mate-

rial like fecal debris may lead to an outbreak of diseases through increasing the microbial popula-

tion in the system. The diseases related to aquatic pollution include fin or tail rot, gill diseases,

neoplasia, hepatic damage, and ulceration (Au, 2004; Austin, 1998). For example, fin or tail rot

caused by Amnonas hydrophila and Pseudomonas fluorescens and surface lesions from Serratia

plymuthica specifically reflect the effects of pollution. Contaminated diets, heavy metals, nitroge-

nous compounds like ammonia and nitrites, hydrocarbons, pesticides, and other unspecified pollu-

tants have been pointed out by various researchers as triggers for these diseases. Among them, the

fin/tail rot is mainly associated with bacterial contamination, as the presence of pollutants weakens

the fish by suppressing the immune system, resulting in microbial colonization and thence the

occurrence of clinical disease. The presence of carcinogens and the action of viruses may lead to

neoplasia. Several hotspots for the occurrence of tumors in fish and shellfish have been described,

which certainly correspond to high concentrations of anthropogenic compounds (Austin, 1998;

Bucke, 1993).

5.8 Role of heavy metals
Heavy metals play a major role in aggravating microbial diseases in fish fauna. In particular, cop-

per increases susceptibility to vibriosis (i.e., Vibrio anguillarum) and infections by Edwardsiella

tarda by eliciting debilitating effects based on concentration and time of exposure (Afshan et al.,
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2014). It has been observed that the exposure of a fish population to copper results in a mucous

layer coagulation of the gills, which consequently leads to inhibition of oxygen transport and results

in respiratory stress or also a reduction in the process of phagocytosis due to a decrease in the num-

ber of lymphocytes and granulocytes (Austin, 1998). Likewise, large-scale surveys have been con-

ducted on dumping sites receiving titanium dioxide acids, and a higher prevalence of diseases like

epidermal hyperplasia/papilloma, liver nodules, lymphocystis, and infections with Glugea spp was

noted as compared to control areas (Ali, Farid, Bharwana, & Ahmad, 2013).

5.9 Role of hydrocarbons and nitrogenous compounds
The long-term exposure of fish populations to hydrocarbons results in impaired mucus, defective

immune system development, and increased susceptibility to parasitism; it also can induce liver

hypertrophy and hyperplasia and mortalities (Castro-González & Méndez-Armenta, 2008). It has

been demonstrated by much experimental evidence in fish exposed to sediments containing a high

molecular weight creosote fraction suspended in an aquatic environment that fish may develop fin

erosion and epidermal lesions, possibly leading to death. On the other hand, head lesions, that is,

around mouth, nares, and opercula, may appear on exposure to low molecular weight creosote frac-

tion (Mézin & Hale, 2000). The deleterious effects of nitrogenous compounds on fish health have

been observed by various studies, as in the case of channel catfish (Ictalurus punctatus) exposed to

nitrite levels of 6 mg/L, which showed increased susceptibility to infection by Aeromonas

hydrophila.

5.10 Role of pesticides
Numerous diseases have been found in the aquatic environment due to the presence of pesticides

like dichloro-diphenyl-trichloroethane and polychlorinated biphenyl, including “cauliflower dis-

ease,” ulceration, lymphocystis, and liver neoplasia. The long-term surveys on malformation of

embryos in the common dab flounder (Platichthys flesus), plaice (Pleuronectes platessa), and whit-

ing (Merlangus sp) have been considered to be linked to pollution with organochorines (Perwaiz,

2020; Sabra & Mehana, 2015).

5.11 Conclusion

The increased load of organic matter, heavy metals, and anthropogenic activities have cumulative

negative impacts on fish fauna. There is strong evidence of significant negative effects on fish due

to increased pollution from expanding agricultural, domestic, and industrial development. The fish

fauna exposed to contaminated aquatic environments are immunosuppressed and more susceptible

to diseases as compared to those in less polluted waters. Contamination with heavy metals induces

several histopathological changes. There is accumulating evidence that pollutants enter the aquatic

system and are found in the tissues of aquatic vertebrate and invertebrate animals and are
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responsible for the development of disease outbreaks by suppressing the immune system and weak-

ening the fish, which may likely succumb to disease. The key activity in restoration of polluted

environments and anticipation of man-made effects on environmental changes is the monitoring of

environmental parameters (man-made, natural chemicals, microbiological and biological character-

istics). A major challenge exists to monitor aquatic pollution for sustainable fish and fisheries. A

prerequisite is to create policy measures and use holistic approaches against aquatic pollution by

enforcing these policies for manufacturing industries, factories, sewage disposal plants, and other

sources of pollution.
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6.1 Introduction
Fish comprise approximately 35,500 diverse species of vertebrates of the phylum Chordata; they

originate in both fresh and salt waters. The study of fish (ichthyology) has broad significance, as

they are the oldest vertebrates and can live in nearly any location with enough water, from the

highest mountain streams down to the deepest ocean abysses (Warren, 1991). Nearly all are cold-

blooded (with the exception of one species, the opah, Lampris guttatus, which is warm-blooded).

Cold-blooded fish can change the coldest, most uninviting waters into a realm of high productivity

(Leahy & Colwell, 1990). Fish have been consumed by humans from ancient times (Leung &

Bates, 2013). The global marine fish catch for human food is around 80 million tonnes per year,

with 13 million tonnes of invertebrates being caught, such as shrimp, squid, mussels, etc. Fish dis-

eases are current major challenges that disrupt the stable provision of fish globally (Rico et al.,

2012). Fish do not normally carry microorganisms like Enterobacteria or Campylobacter that are

found in land animal bodies and are the causes of foremost foodborne illnesses (though fish might

acquire such microorganisms from contaminated water).

Most microorganism pathogens are considered to be part of the conventional small flora of the

marine environment and are usually thought to be beneficial microbes. Illnesses within a host or its

bodily processes are most likely to arise due to various changes in inputs (Arkoosh et al., 1998; Dar,

Dar et al., 2016; Dar, Kamili et al., 2016). Some ethnic practices in preparation of fish for consump-

tion place a small number of individuals at high risk from food poisoning; thus when examining vari-

ous types of diseases related to microorganisms in fish species, one should be careful to perceive the

link between the microorganism, host, and environment. However, this is not often a major hazard

for most shoppers for fish. Besides microorganism infections in fish, marine pollution has direct and

serious impacts on both marine and terrestrial environments. Thus there is a need to investigate the

relationships between marine life, human populations, and the atmosphere (Austin, 1999).

6.2 The major sources of marine pollution
To grasp the impacts of marine and coastal pollutants, knowledge of the different major types of

sources and pollutants is required, as shown in Fig. 6.1 (Dar et al., 2020).
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These pollutants, depending on their concentrations or magnitudes, have negative impacts on

marine life, as summarized in Table 6.1.

Several atmosphere contaminants enter into the coastal environment, posing a serious threat to

marine organisms and motility and creating a public health risk.

6.3 Bacterial pathologic processes in fish fauna
Bacteria are found everywhere within the marine environment and a variety of diseases can be

activated by these microorganisms, which could result in significant mortality in farmed fish

•Garbage, 
such as 
plastics

•Dangerou
s goods in 
packaged 
form

•Various 
gases 
from 
engine 
exhausts

•Crude oil 
and its 
products

Oil spills
Chemical 
pollutant
s

SewagePlastics

FIGURE 6.1

Sources of marine pollution.

Table 6.1 Marine pollutants of global concern.

S. no Pollutants Description

1. Fossil oil Hydrocarbon fossil oil and a number of its refined products

2. Sewage Wastewater usually from domestic and industrial processes, but might

contain a number of cyanogenic substances

3. Halogenated

hydrocarbons

Includes compounds like the PCBs and their degradation and combustion

products (e.g., polychlorinated dioxins and dibenzofurans)

4. Other organic compounds Endocrine-disrupting chemicals, also called estrogenic chemicals

5. Trace metals Notably mercury and other metallic elements (cadmium and lead)

6. Radionuclides Particularly cesium-137, strontium-90, and seven plutonium isotopes

7. Litter (solid waste) Particularly persistent plastics and lost fishing nets
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(Cahill, 1990; Dar, Dar et al., 2016; Dar, Kamili et al., 2016). The range of microorganisms in fish

isolated from skin, eggs, intestines, and gills had been delineated for a restricted variety of fish spe-

cies, and also a variety of microorganism genera, isolated from totally diverse fishes, was found to

be associated with the aquatic environment of the fish and varied with features like the salinity of

the water.

The microorganisms recovered from the gills and skin could also be ephemeral instead of inhabitant

on the fishes (Peeler & Taylor, 2011). Microbiological studies carried out on fish from watercourses in

African nations (Olayemi et al., 1990) stated that the microbe flora of lungs, skin, and canal of 65 fish

contained 16 microorganism genera, including Escherichia coli, Enterobacter aerogenes, Klebsiella

pneumonia, Edwardsiella tarda, Aeromonas hydrophila, Acinetobacter, Staphylococci and

Micrococcus. Many marine fish are normally affected or isolated by Eubacteria spp., whether or not

water animals are largely affected or isolates including Aeromonas and Pseudomonas spp.

A number of microorganisms can lead to an identical syndrome, generically called pasteurello-

sis and characterized by external reddening and hemorrhage within the serosa, body wall, and

entrails (Nematollahi et al., 2003). Morbidity and mortality are extremely variable, depending on

predisposing conditions like concentrations of elements, different water quality issues, stress, or

trauma. Lesions are common as the disease progresses, and mortality is high if the stress isn’t con-

trolled; fish thus suffer from pollutants due to human activities (Duraisamy & Latha, 2011).

When an organism consumes several other organisms that contain pollutants, the pollutant accu-

mulates more rapidly within it. As the pollutant travels up the food chain, its concentration

increases (Austin, 1999). Later, consumers that eat the affected organism accumulate even higher

levels of pollutants. This leads to greater chemical contamination of the environment, thus increas-

ing the potential stresses on marine organisms in many of their exposed habitats.

6.4 Impacts of pollution and act
National governments have an obligation to shield our marine resources, according to the Indian

Judiciary, which, when coping with cases regarding the environment thought of the right to water

and a clean environment as basic to life and upheld it as a basic right. The Judiciary has played

an important role in interpreting Article 21 of the Indian Constitution, which guarantees the Right

to Life.

The scope of Article 21 of the Constitution has been significantly expanded by the Indian

Supreme Court, which has understood the Right to Life to include the right to unpolluted water and

additionally the right of access to safe drinking water (Bhavesh & Bharad, 2019). After the

Stockholm Conference in 1976, to support environmental conservation, the Indian Constitution was

amended by the 42nd Amendment Act. By virtue of this amendment, Article 48-A placed the envi-

ronment as the responsibility of the government beneath the Directive Principles of State Policy.

Article 51-A (g) made environmental protection and conservation a basic duty of all the citizens of

India.

The many negative impacts of human activities on the environment should be measured and

evaluated, and relevant policies should be developed to conserve the environment (Long et al.,

1995). These policies, rules, and laws additionally must be adequately enforced, not just at the
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international level, but also at the local and national levels (Speare & Ferguson, 1989). Also,

numerous international agreements and conventions for environmental protection must be legiti-

mized and legalized by the individual countries of the planet, to make them a part of each country’s

system. This active participation of all the countries of the planet is vital, as the harmful effects on

the environment don’t affect just one nation or person in isolation, but instead have a profound

impact on the whole planet and every living thing inhabiting the planet (Bhavesh & Bharad, 2019).

A clean and healthy environment is basic to the survival of human civilization; however, ironi-

cally, assorted human activities are mainly responsible for inflicting large-scale pollution on the

land and in the oceans and air. The abuse and excessive exploitation of natural resources have led

to depletion of those resources, which are crucial to human survival.

6.5 Contaminants in the marine environment
There is a great deal of evidence indicating the existence of specific contaminants or pollutants in

marine environments, which include the following substances. Hydrocarbon contaminants result from

intentional leakage during periods of war or terrorism (Newton & McKenzie, 1995), and also from

accidental discharge from tankers (Bourgoin, 1990). Heavy metals such as arsenic (As), copper (Cu),

zinc (Zn), cadmium (Cd), lead (Pb), and mercury (Hg) are found in industrial wastes; tin, tributyltin,

and triphenyltin are found in fouling resistant dyes used on the undersurfaces of ships to prevent bioat-

tachment and biofouling. Plastics may also cause pollution in marine environments. Inorganic material

such as ammonia (NH3), nitrite (NO22 ), and nitrate (NO32 ) may be obtained from agricultural run-

off and found in the marine environment (Thomlinson et al.,1980). Organic material together with fecal

debris enter the marine environment from drainage systems. Pesticides, including dioxin, 2,3,7,8-tetra-

chlorodibenzo-p-dioxin (TCDD), 1, 1, 1-trichloro-2,2-bisi (p-chlorophenyl) ethane (DDT), organo-

chlorines, and pulp mill effluents are major marine environment contaminants.

6.6 Symbiotic microflora in fish
Microflora are a vitally necessary part of the digestive tract in many animals. The physiology of

digestion in mammals and fish are similar in some respects (Arkoosh et al., 1998).

The following microorganism taxa are found in fish: the genera Aeromonas, Pseudomonas, and

Flavobacterium. True bacteria families are Enterobacteriaceae and Coryneforms in freshwater fish

and the genera Vibrio and Pseudomonas in marine fishes. The viscera of freshwater fish house

Acinetobacter, Enterobacter, enteric bacteria, Klebsiella, Proteus, Serratia, Aeromonas (A. caviae,

A. hydrophila, A. jandaei, A. sobria, and A. veronii), Alkaligenes, Eikenella, genus Bacteroides,

Listeria, Hafnia alvei, Flexibacter, Citrobacter freundii, Propionibacterium, Bacillus, Moraxella,

Pseudomonas, and Staphylococcus.

In marine fish, Aeromonas, Alkaligenes, Alteromonas, Carnobacterium, Flavobacterium,

Micrococcus, Photobacterium, Pseudomonas, Staphylococcus, and Vibrio (V. iliopiscarius) have been

established within the intestines (Bentzon-Tilia et al., 2016). These are the main microflora related to

fish. The consumption of infected fish and their products may result in acute or chronic sickness.
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Seafood could be an important transmission factor in many microorganism infections. Estuaries

and coastal water areas are the main foundations of food globally and are usually contaminated by

the activities of the adjacent population and partially treated or unprocessed waste products are

released into these water bodies. Industrial products are recognized as a serious carrier of foodborne

pathogens like Enteric sp., Staphylococcus aureus, Vibrio cholerae, Vibrio parahaemolyticus,

Yersinia enterocilitica, listeria, Campylobacter jejuni, and E. coli.

Various characteristics relating to contagious diseases from pathogens in aquatic fauna:

1. A comparatively small number of infective microorganisms are responsible for important

economic losses in cultured fish globally.

2. Numerous conventional infectious organisms thought of as typical of freshwater aquaculture are

today major problems in marine culture.

3. The external and internal clinical signs elicited by a microorganism depend upon the host,

species of fish, and the stage of the disease.

4. Sometimes there is no relationship between external clinical signs of disease and its actual

severity; also, mortality from the same pathogens is greater in cultivated fish than in wild fish

(Kubečka et al., 2016), probably due to less stress on the wild fish than the levels typically

occurring within fish farms.

In India, the role of the food sector in providing economic and biological process security is a

major one (Ponnerassery & Sudheesh, 2012). The rising demand for food nationwide and interna-

tionally ends up in the production of unscrupulous, under processed and unhealthful products that

can harbor numerous species of microorganisms and infective foodborne pathogens.

The presence of these foodborne pathogens causes huge financial losses to fishermen and also

to exporters (Heo et al., 1990). Usually, foodborne outbreaks are not properly documented in devel-

oping countries, as is done in their Western counterparts; therefore, a fewer number of reports and

studies are available in these countries.

In general, marine microorganisms represent unexploited sources of effective remedial and

novel drugs (Dadar et al., 2016). The appearance of multidrug-resistant microorganisms constitutes

a serious health hazard today, which forces the development of successive effective drugs and vac-

cines to replace the conventional drugs that are no longer effective.

6.7 The marine environment and its issues in India
The most important predictable sources of marine pollution in India are described in this paragraph.

Discarding hazardous substances into the oceans leads to harmful effects on marine ecosystems

worldwide. Pollution in the environment, such as extremely contaminated air, plastic bags; acid

rain, and lethal gases emitted from industries, along with the weakness of the ozone layer, also has

damaging effects on organisms on the water surface and life beneath the surface. In addition, deep

seafloor mining causes disturbances to the environments of aquatic lifeforms (Mishra et al., 2017).

Pollution from land-based activities like agriculture, construction, mining, and other commercial

activities affects the quality of water and the habitat of the species inhabiting that specific ecosys-

tem. Pollution emitted from ocean-going ships also disrupts life under water.
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In recent times, the increase in water contamination and vigorous growth in marine fish culture

have led to an assortment of fish diseases, such as gill infections and several common diseases of

the skin, that have increased in aquaculture fish and that cause serious problems for the aquaculture

industry annually.

Oil spills, heavy metal contaminants, pesticide pollution, the effects of agriculture, and domestic

wastes are main sources of pollution that contaminate the marine environment. This environmental

pollution is occurring in the Bay of Bengal, the Arabian Sea, and the Indian Ocean. Nevertheless,

there is only narrow evidence that pollutants are essentially responsible for the development of bac-

terial fish diseases (Fig. 6.2).

6.8 The outcomes of pollution and bacterial infection in fish fauna
The influence of toxic wastes on fish can lead to the activating of disease conditions.

Unambiguously, man-made pollution contributes to the occurrence of infection in fish. It increases

the vulnerability of the host to microbes that are ever-present in the environment (Arkoosh et al.,

1998). Exposure of marine animals to high concentrations of pollutants may rapidly lead to their

death. External lesions on the fins and the opercula, particularly in skin and gills, were reported fol-

lowing exposure to an extensive assortment of chemicals and compounds, including cadmium, cre-

osote, copper, phenol, ammonia, and effluents containing chloride.

6.9 Bacterial pathogens causing diseases in fish due to the effect of
marine pollution

As stated earlier, even though highly infectious species from the mainstream of microorganism taxa

are involved in bacterial fish diseases, only a comparatively small number of microbes are responsi-

ble for the main diseases that lead to high mortalities and economic losses worldwide.

Host

PathogenEnvironment

FIGURE 6.2

Interactions between host, environment, and pathogen.
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6.9.1 Vibrios

The genus Vibrio comprises gram-negative bacteria that are principally infectious to marine and

estuarine fish. Vibrios is a leading organism that affects fish and crustaceans, predominantly infec-

tious species like Vibrio anguillarum, Vibrio harveyii (V. carchariae), V. ordalii, and Aliivibrio sal-

monicida (previously Vibrio salmonicida). The mass of genes that encrypt cell functions and

infectious factors are situated within the large fishes. Fishes with tiny body typically encloses genes

for ecological acclimatization (Arkoosh et al., 1998).

V. anguillarum is generally considered an etiological agent of vibriosis. The most virulent

strains of V. anguillarum, such as the O1 and O2 serotypes, are often isolated from diseased fish.

The O1 serotype strains cause disease in soft-finned fish, whereas O2 β strains are typically isolated

from cod and other nonsalmonids (Frans et al., 2011).

Vibrio ordalii, formerly called V. anguillarum genotype II, may be a very close relation of V.

anguillarum. Vibriosis caused by these two species has well-supported microscopic anatomy confir-

mations. V. anguillarum has a unique affinity for blood and soft tissues, while V. ordalii predomi-

nantly presents as aggregates in internal organ muscles and skeletal muscles. V. ordalii can cause

hemorrhagic septicemia, like V. anguillarum, but bacteremia develops later than in V. anguillarum

infections.

A. salmonicida (previously V. salmonicida) is a gram-negative organism that causes coldwater

vibriosis in fish; the disease causes deterioration of tissues, rupture of red blood cells, and general-

ized septicemia in the blood. Order analysis clearly states that A. salmonicida has a rigid system of

its order, leaving behind huge target genes and novel genes and has become host-limited, allowing

the infectious agent to adapt to novel functions.

6.9.2 Aeromonas

A. hydrophila and other motile aeromonads are common bacteria widely distributed in aquatic

environments, found in intake water, chlorinated or well water, sewage, and profoundly contami-

nated waters, and are often correlated with severe disease among both warm- and cold-blooded ver-

tebrates (Aberoum & Jooyandeh, 2010). The etiology of infectious aeromonad diseases has been

investigated using organic chemistry, genetics, and matter nonuniformity of elements of this

cluster.

A. hydrophila causes a septic disease with a number of names: “motile aeromonas septicemia,”

“hemorrhagic blood poisoning,” “ulcer disease,” or “red-sore disease” in fish (Kim et al., 2017).

The sickness induced by the bacteria chiefly affects species of freshwater fish and many species of

tropical or ornamental fish. A. salmonicida is a motivative factor of microorganism pasteurellosis

and is becoming an important pathogen in freshwater fish with major economic impact ,(Ajmal &

Hobbs, 1967).

6.9.3 Flavobacterium

Flavobacteria are rod-shaped bacteria omnipresent within soil, freshwater, and seawater environ-

ments and are noted for their novel gliding motility. Some species have potential for bioremediation

of chemical compounds and organic matter like hydrocarbons. However, a few species are
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pathogenic to fish. F. psychrophilum is the etiological agent of bacterial coldwater disease and rain-

bow trout fry syndrome (Starliper, 2011). It is a significant factor, having large economic impact

and making fish rearing difficult in cultivation.

F. branchiophilum is the main causal agent of bacterial gill disease in many areas worldwide

(Madetoja et al., 2002). This disease is distinguished by dangerous morbidity and death rates due to

massive bacterial colonization of gill lamellar surfaces and cumulative respiratory organ pathology

stemming from high rates of lamellar epithelial necrosis.

Typically, throughout epidemics, the morbidity and death rates increased due to bacterial gill

disease (BGD) (Touchon et al., 2011). BGD is a faster moving disease that kills more fish faster

than other types of fish infections. In addition, in contrast to the process of necrosis in bacterial gill

disease, fish with columnaris infection (F. columnare) can have harsh necrosis of all components

of the gill because the microorganism infects inside.

6.9.4 Shigella flexneri

Shigella flexneri is a gram-negative bacterium that damages the epithelium layer in fish. The dis-

ease caused by this pathogen is known as shigellosis (Gudding, 2014). Up to 165 million cases of

shigellosis are estimated per annum, resulting in up to half a million fish deaths. Shigellosis in fish

is influenced by pollutants. When fish are exposed to oil spills in marine waters, the mature fish

might experience diminished growth, changes in heart and respiration rates, enlarged livers, fin ero-

sion, and reproduction interference (Arkoosh et al., 1998).

6.9.5 Enterobacter amnigenus

Enterobacteriaceae can cause common waterborne fish bacterial infections whenever fish are

exposed to stress, such as high temperature and poor water quality. These bacteria commonly reside

in the tissues and the gastrointestinal tracts of healthy fish. The stress conditions lead to dangerous

outbreaks that cause increased fish deaths (Arkoosh et al., 1998). Enterobacter amnigenus can also

produce diseases as a primary pathogenic as well as an opportunistic infection (Table 6.2).

Table 6.2 Bacterial disease causing pathogens in relation to marine pollution in fishes.

S. no Organism Disease in fishes

1. Vibrio harveyi Vibriosis

2. Shigella flexneri Shigellosis

3. Enterobacter amnigenus Blood infections

4. Salmonella typhimurium Salmonellosis

5. Pseudomonas aeruginosa Respiratory tract infections

6. Flavobacterium psychrophilum Bacterial coldwater disease

7. Flavobacterium branchiophilum Bacterial gill disease

8. Aeromonas hydrophila Ulcer disease
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6.10 Immune responses in fish
The immune systems of fish incorporate both specific immune responses and nonspecific immune

responses. Fish have a substantial barrier that serves as an initial line of defense against antigens

(Immanuel Suresh & Stella Mary, 2016). The skin and mucus contain immune reactive molecules

that are nonspecific in nature. Both immune responses play a vital role in all stages of infections.

6.11 Fish diseases and their consequences
Many fish diseases, especially those caused by bacteria, can lead to serious economic losses.

Although modern human civilization and scientific developments are impressive, our environment

is facing numerous setbacks (Sorensen & Larsen, 1986). Consumption of plastic, hydrocarbons,

heavy metals, and pesticides, along with their waste, causes pollution, and marine ecosystems are

damaged.

These pollutants enter the aquatic environment rapidly and affect the circadian system, leading

to immunosuppression as well as damage to gills and the epithelial layer in fish; they may also be

increasing fish sensitivity to various bacterial diseases (Frerichs, 1989). The bacterial population

differs widely with the pollution conditions. With exposure to a large level of pollution at the water

interface, the bacterial population range may increase from a few hundred to a million per millili-

ter. Most marine bacteria are classified under psychrophiles and halophiles.

Bacterial agents like V. harveyi, S. flexneri, E. amnigenus, Salmonella typhimurium,

Flavobacterium spp., Aeromonas spp., and Pseudomonas aeruginosa are the source of countless

bacterial illnesses in fish.

6.12 Pathogenomics
Genome sequencing of microorganisms, particularly microbial pathogens, has greatly increased our

knowledge and understanding of the evolutionary relationships between pathogenic and nonpatho-

genic species. Also, it has shown how each has developed specialized adaptations benefiting their

particular infectious lifestyle (Ponnerassery & Sudheesh, 2012). Over the long term, an understand-

ing of their genomes and biology can enable scientists to design ways of disrupting their infectious

behavior.

The genomes of a bacterium are made up of circular or linear chromosomes, extrachromosomal

linear or circular plasmids, along with different combinations of those molecules (Rothberg &

Leamon, 2008). Functionally associated genes are gathered closely together, and those genes situ-

ated on the “core” of the chromosome show a comparatively uniform G1C content along with a

particular codon usage (Pallen & Wren, 2007). Bacteria that are closely related usually have similar

genomes (Ponnerassery & Sudheesh, 2012).

The size of bacterial genomes is principally the result of two processes that counteract each

other: the acquisition of new genes by gene replication or by horizontal gene transfer; and the

removal of unnecessary genes. Genome sequencing of bacterial fish pathogens of fish has assisted
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with greater understanding of their genetics and biology. The genomic flux generated by these

gains and losses of genetic information considerably modifies gene content. This method leads to

divergence of bacterial species and ultimately their adjustment into new biological functions and

ecological niches.

Bacterial pathogens are a significant cause of contagious infections and death in both wild fish

and fish nurtured in constrained conditions. At the host-pathogen level of interaction, there is pres-

sure on the bacteria to acclimatize to the harsh host environment, but also to adapt to the ever-

changing external environment. With the increase of fish cultivation, greater utilization of water

bodies, contamination, globalization, and transboundary movement of aquatic organisms, the list of

recent infectious bacteria isolated from fish has been steadily escalating (Romero & Navarrete,

2012). Researchers are searching for better vaccines and drugs to use against harmful bacteria.

6.13 Plastic pollution cause adverse effects in the marine environment
Plastics, which are synthetic or semisynthetic polymerized products, are the most widespread mate-

rial in use. They are compound substances encompassing thousands of “monomers,” that is, a mole-

cule repeated in a long sequence to create a polymer. They are derived from petroleum, from fossil

feedstock.

Sandstones and limestone are the main locations where oil is found. Plankton and algae in a

chemical reaction in an anoxic environment form kerogen (Tripathi, 2019). Kerogen, once buried

deep with high temperature and pressure, forms oil, which rises, being lighter than water, until it is

trapped in geological structures fashioned by tectonic processes. Once the crude oil is obtained by

drilling, various processes are carried out to produce ethylene.

The monomer ethylene is then polymerized, using different catalysts, to form plastics of various

varieties. Typically elements like nitrogen, oxygen, sulfur, chlorine, etc. are added in different

quantities to produce a wide range of plastic resins. Thus plastics come from oil and the assumption

is that if the oil supply runs out, then there would be no more plastics.

The plastics are flexible, long-lasting, cheap, lightweight, corrosion resistant, and water resis-

tant. Plastics are found in every part of human life; they completely changed the existing designs

when they emerged. The advent of the plastics industry 50 years ago was what is now called a “dis-

ruptive technology.”

On the one hand, plastics are seen as a solution for climate change. Substances like glass fibers

or carbon fibers can be added to plastics to create composite materials. These composites could

serve as substitutes for wood, steel, or glass. There is energy savings when substances like wood or

ore used to make steel are replaced and the carbon dioxide footprint turns out to be smaller and

greenhouse gas emissions are reduced (Malti Goel et al., 2019).

Plastics comprise the polymers shown in Fig. 6.3. Generally PE and PP are less dense than

ocean water, and have a tendency to float, whereas PS, PA, and PET are denser and they tend to

sink.

Plastics are principally of two categories: thermoplastics and thermosets. Thermoplastics have

long linear chemical compound series that are weakly bonded. Once a thermoplastic article is

heated, these bonds are easily broken, and so they can be melted and remade into alternative items,
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that is, they are recyclable. Thermosets are created by linear chains that are cross-linked, strongly

bonded, and don’t melt (Tripathi, 2019). They are hard to recycle, although there are new methods

for doing so, such as crushing thermoset articles into fine powder, that can then be used as a filler

in reinforced thermosets (Malti Goel et al., 2019).

Bioplastics are biodegradable plastics—microorganisms can break them down into carbon diox-

ide and water—obtained from renewable biomass sources, like vegetable fats and oils, corn starch,

or microbiota. They are made up of agricultural byproducts and also from used plastic bottles and

other containers treated by microorganisms. Bioplastics may be the best way for producing single-

use plastics.

6.14 The impact of plastic pollution in urban India
Plastic pollution means that deposits of plastic merchandise within the environment harmfully

affect life, water areas, the environment, and individuals. Based on their constituent chemical com-

pounds, plastics have features of contaminant, absorption, and adsorption. Degradation of the poly-

mers takes a long time. It is calculable that a styrofoam plastic cup takes 50 years to degrade; a

plastic food holder takes 400 years; a disposable nappy takes 450 years, and plastic fishing line

takes 600�1000 years to degrade (Tripathi, 2019).

Many birds, mammals, and water lifeforms like fish and turtles have died from being tangled in

plastic debris. Plastics can also cause cancer or produce endocrine issues. Chemicals employed in

plastic fabrication can cause dermatitis upon contact with human skin (Malti Goel et al., 2019).

Chlorinated plastics release injurious substances into the soil, that then run into groundwater

and the ecosystem. Bacteria such as nylon-eating bacterium and Flavobacteria disintegrate nylon

via the action of the nylonase accelerator. Disintegration of perishable plastics releases methane, a

strong greenhouse gas that contributes to global warming (Actis et al., 2011). Harmful chemicals

Polyethylene (PE)

Polythene Terephthalate (PET) 

Polystyrene (PS)

Polypropene (PP)

Polyvinyl Chloride (PVC)

Polymeric amide (PA)/nylon 

FIGURE 6.3

Plastics as organic polymers of molecular groups encompass primarily the constituents shown.
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such as bisphenol A and vinylbenzene seep into water. The plastic toxins include diethylhexyl

phthalate, which is a toxic carcinogen, cadmium, mercury and lead.

Plastic wastes are classified into meso (from 5 to 20 mm), micro (up to 5 mm) and macro (over

20 mm). Microplastics pollute water bodies and gaseous atmosphere. Municipal waste management

has no system for separation of plastics, except for rag pickers. The plastic usually ends up in sew-

ers, streams, and open areas.

Plastic commodities created out of thermocol, styrofoam, clear and colored plastics tend to

break down into smaller elements. When they reach water areas, they either stay suspended or set-

tle into the sediment. They can block transfer of oxygen and water percolation in the soil. Due to

their long life, they can enter the food chain (Rubio & Rauret, 1996), as microplastics in marine

debris can be consumed by fauna.

Ignition of plastic waste, and fires on landfills that are caused by leaks of landfill gas due to dis-

integration of waste, can lead to incomplete combustion of PP, PS, and PE, which can then lead to

high concentrations of carbon monoxide (CO) and harmful emissions. PVC burning produces diox-

ins, carbon black, and aromatics like pyrene and chrysene. Incineration of brominated and chlori-

nated plastic results in releases of furans and dioxins, resulting in emanations of oxide, carbon

dioxide, and sulfur oxide. It also can generate explosive organic components, smoke, and poly-

chlorinated dibenzofurans.

There are other means of managing plastic waste, like pyrolysis, which involves heating

plastic substances at high temperatures in the absence of oxygen; however, this results in pollut-

ant emissions such as hydrogen sulfide, hydrogen chloride, ammonia, and hydrogen cyanide

(Table 6.3).

Exposures to single-use plastics take place as these plastics are cut up, but not crushed, and are

typically reprocessed or end up in landfills (Hjeltnes & Roberts, 1993). Plastics are the major com-

ponent of marine pollution. They transfer the organic phenomenon by transporting pollutants.

Three-quarters of all diseases in India are caused by waterborne pathogens (Seshadri et al.,

2006). The main potential source is sewage-fed fisheries, and organic management in pools

and drains. These strategies supply proceeds additionally to help as an effluent-treatment

method.

Table 6.3 Several plastic toxins and their impacts on health.

S. no Plastic toxins Impacts on health

1. Phthalates Sex hormone compound, disrupts endocrine function and

reproduction systems, acute toxicant to aquatic microbes, algae,

fish, invertebrate

2. BFRs (Brominated Flame

Retardants)

Thought of as the most unsafe; impact by toxins that alter

hormonal function

3. BPA (Bisphenol-A) Endocrine disruptor, neuro-, reproductive, and organic process

toxicity, cancer risk (breast, prostate, etc.)

4. Polyvinyl resin and vinyl chloride Malignant neoplastic disease, mutagenic

5. Solvents, initiators, catalysts Toxics are often combustible, cause metabolism and skin issues

6. Heavy metals—Lead, cadmium Mutation causes severe damage to genes
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6.15 Substitutive uses
Energy recovery is a vital approach to utilizing plastics. Processes like burning and biotransforma-

tion are utilized in waste-into-energy plants and they permit changing plastic wastes into oil, and

plastic into declined fuel is utilized in cement and brick ovens (Zhang et al., 2011). Plastic waste,

when combined with hydrocarbon, is additionally utilized in building highways.

6.16 The Gulf of Mannar
The Gulf of Mannar (GoM) is often referred to as Biologists’ Paradise due to its rich marine eco-

system, with virtually 3650 species of existing flora and fauna, besides the seasonally migrating

marine mammals such as whales, dolphins, and turtles. Ganesapandian et al. (2011) reported that it

is unique because of the occurrence of coral reefs, seaweed beds, and mangroves that serve as egg

laying and nourishing floors, as shelter for several types of vital shellfish and finfish. It spreads

from Rameswaram to Kanyakumari within the south geographical region of India. This space is

held to be among the richest gulfs in the world in terms of ecological diversity. However, marine

waste has become a challenging issues in aquatic settings, and not only esthetically, but also as a

health risk to humans and marine species.

Studies have been done and measures undertaken in an attempt to save lives of vulnerable

aquatic animals and to enhance the social and economic standing of fisherfolk within the GoM

region located in India, and conjointly to provide a foundation for marine waste monitoring, to

survey and assess the composition, quantity, and distribution of sources of marine litter in the

GoM region.

6.17 Impact on marine environment: pollution in the Bay of Bengal
A large number of fertilizer and chemical industries has conventionally been located near the Bay

of Bengal. The Bay of Bengal is one of the latest plastic hotspots in Asia. Annually about 2 lakh

tons of plastics come into the Bay of Bengal (Sharif et al., 1993). There are many industries, specif-

ically cement, textiles, chemicals, paper, foodstuff processing, medications, petroleum, heavy

metals, and others, located around the banks of the Bay of Bengal. Discharge of waste materials as

pollutants from this variety of industries has heavily polluted the marine environment near the Bay

of Bengal, and this may adversely affect marine organisms. These pollutants cause severe diseases

in marine fishes, stated by Rashid (2014).

Due to these pollutants, bacterial pathogens can easily come in contact with marine organisms

and they can dramatically affect their growth. This condition leads to high mortality rate in marine

fish. Predominantly the adverse effects occur in species at the pinnacle of the food chain.

Undesirable economic losses have occurred due to the death of fish by bacterial diseases associated

with marine pollution. Fisheries, with their assisting activities, offer a living for countless indivi-

duals within the geographical Bay area region; it’s conjointly an expansive supply of interchange

for several nations within the states (Holmgren, 1994).
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Unfortunately, the coastline of the Bay in this geographical region is worsening. The sources

for these conditions are sedimentation, contamination, and unrestrained seaside expansion. A few

elements of the coastlines are significantly unhealthy, plagued by factory and urban wastes, as well

as by unsystematic progress of brackish water systems. This constitutes a threat to the population

of wild finfish as well as to mariculture fish. Sirajul Hoque et al. (2015) stated that the harm done

is commonly unintentional, being a consequence of unhealthy systems, insufficient information,

and little systematization between firms and jurisdictions. The brunt of atmospheric degradation on

fish farming within the Bay of Bengal is somewhat moderate. Biodegradable waste is of explicit

concern to all nations around the Bay. Saha et al. (2001) Wastes, with no treatment, are directly

released into the densely inhabited coastal regions. Rivers, lakes, ponds, bays, etc., are anoxic for

shorter or elongated intervals throughout the year, inflicting fish deaths. Additionally, severe health

issues are linked with toxic pollution, which affects the living beings. Only the coastline regions,

lagoons, and estuaries in some parts of the areas are affected (Chakraborty, 2003). Algal blooms

are uncommon and there are few outbursts of diarrheal shellfish poisoning (DSP) or other diseases.

Even wherever more concentrations of metals and serious pesticides are found in the water and in

the sediments, the deposits in fish and different aquatic species are still within suggested health lim-

its (Rashid, 2014).

6.18 Interaction between pathogens and aquatic environment
Microorganisms play a crucial role in the marine biosphere, but the interconnection between the

aquatic biosphere and microbes can result in diseases. Fish are particularly vulnerable to microbial

infections when in high-density circumstances (Mira et al., 2002). Disease epidemics reduce pro-

ductivity and increase the death rate, leading to increased economic loss.

Diseased fish may also cause infections in humans, including vibriosis, shigellosis, bacterial gill

diseases, ulcer disease, and salmonellosis, as reported by Braz and Biol (2019). Aquaculture is a

fast-growing sector of food production globally, as it fills a worldwide need for protein. Obviously,

due to marine pollution and the growing aquaculture industry, a variety of bacterial fish diseases

can appear, such as gill infections and other general infections like skin and inflammatory reactions

that are more common in farmed fish and that represent a growing problem each year in the aqua-

culture industry.

6.19 Bacterial fish diseases and their control
The American Fisheries Society has been charged with the task to clarify environmental problems

related to fisheries, including inclination of marine fishes to a variety of bacteria such as V. harveyi,

S. flexneri, E. amnigenus, S. typhimurium, Flavobacterium spp., Aeromonas sp., and P. aeruginosa.

Most common are flavobacterial infections in fish, with flavobacterial diseases being increasingly

caused by different bacterial species in the family Flavobacteriaceae in farmed fish stocks and in

the wild globally (Loch & Faisal, 2015). Fish are being affected by these species due to marine pol-

lution, which results in increased mortality rates in fish as well as economic losses in the
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aquaculture industry. Increases in bacterial infections are dependent on the susceptibility of the

host, condition of the environment, and virulence of the pathogens (Anderson et al., 1974).

Fryer, D. F. reported that to control the disease incidence, a major factor is the avoidance of

exposure to bacterial pathogens. From earlier years, cold-blooded vertebrates were vaccinated, but

only a slight improvement resulted because the response was insignificant at low temperatures and

the necessity of handling each animal made it impractical and difficult on a large scale (Larsen

et al., 1994). A commercial vaccine against enteric redmouth disease (ERM) for immunization is

also available. Anderson et al. (1974) reported that a vaccine against V. anguillarum had been

licensed (Meyer, 1991). Other bacterial vaccines are under development and antiviral vaccines will

also most likely be available.

6.20 Conclusion

It has been convincingly demonstrated that pollutants enter the marine environment and are found

in the tissues of invertebrates and aquatic vertebrates. Nevertheless, there is inadequate evidence

that pollutants are essentially accountable for the occurrence of bacterial disease. It is crucial that

aquacultural directors have a better comprehension of the epidemiology, microbiology, immunol-

ogy, physiological therapy, and ecology and are also capable of creating appropriate evaluations of

the disease problem and the application of control measures. The present reviewed study concluded

that the marine environment is contaminated with pollutants and it causes adverse effects in marine

living organisms. Likewise, good practices are necessary in shipping, fishing, transporting goods,

and disposing of industrial wastes, without disturbing the marine ecosystem.
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7.1 Introduction
In addition to fish fauna, many other organisms reside in water, including several species of sapro-

phytic bacteria inhabiting phytoplankton and zooplankton as well as sediments and plants. A num-

ber of these bacteria live as commensals by colonizing the digestive tract, gills, and skin of fish,

which not only supports digestion but also has a useful effect on their immune system. However,

these bacteria are denoted as conditionally pathogenic as they can also affect fish health. Many

studies conducted worldwide focus on the subject of interactions between bacteria, fish fauna, and

the diseases associated with them, thereby indicating their significant part in fish pathology. The

development of a disease is a complex process, which depends on the capability of bacteria to

cause health illnesses and also on the virulence of the disease-causing agent, immune status of fish,

and environmental conditions. Consequently, for any kind of disease development, including the

emerging ones as well, the changes that occur in freshwater ecosystems seems to be essential

(Johnson & Paull, 2011). The climatic conditions prevailing in a particular zone, region, or country

have a significant role in the development of a particular fish disease. This implies that the fish cul-

tured in the Mediterranean Sea, in Northern European countries, and in continental Europe shows

different health disorders. For instance, in Central Europe, the most common infections resulting in

bacterial diseases in fish are caused by Aeromonas sp., resulting in motile aeromonas septicemia

(MAS), furunculosis, and motile aeromonas infection (MAI). Meanwhile, amebic gill disease

(AGD) and the invasion of copepods reflect the main health problems related to fish fauna

in Scandinavian countries. Infections related to Flavobacterium sp. are also often witnessed
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(Olesen & Nicolajsen, 2012). The epizootic situation with respect to bacterial fish diseases in

Poland does not considerably vary from the situation reflected by other continental European coun-

tries. However, in the case of bacterial freshwater fish disease pathology, dynamic changes have

been witnessed during recent times. Gram-negative bacteria have been recognized to be as patho-

genic to fish as Aeromonas species (Pękala-Safińska, 2018).

A number of characteristics of the usual microbial flora that are linked with fish fauna have

been observed. These characteristics comprise the alterations that occur in microbial flora in the

course of storage processes (Shewan, 1961); the impact of handling and catching approaches on

microbial flora, which may result in deterioration (Colwell, 1962; Gillespie & Macrae, 1975); the

association between fish microflora and environmental microflora (Horsley, 1973; Sugita et al.,

1983; Yoshimizu et al., 1976, 1980); and the formation of basic requirements in order to monitor

the alterations in fish farms (Allen et al., 1983; Austin, 1982, 1983; Niemi & Taipalinen, 1982).

Numerous researchers have come across different problems associated with taxonomy, while trying

to describe the bacterial flora generally linked with various fish species. Shewan (1971), while

studying the bacteriology of spoiling and fresh fish, observed that it was quite difficult to recognize

various bacterial isolates even to the genus level. He states that most of the articles that were writ-

ten before 1980 represented the isolated bacteria up to genera level only, but in recent times, docu-

mentation to the species level and the recognition of new phena have been established by the

determination of G1C ratios and using numerical taxonomy. The existing literature regarding fish

microflora reveals very well the concern with respect to fish bacteria, as it reflects their signifi-

cance as spoilage as well as pathogenic bacteria for human consumption. Every bacterial fish path-

ogen can live outside the fish in the aquatic environment as they are ubiquitous. The causes for

emergence of a fish disease are not entirely recognized, but they might include: introduction of a

new fish species that might be sensitive towards a local microbe, variations in the environmental

conditions that might favor the potential pathogen, development of various diagnostic tools that

might provide an opportunity to define new pathogens, introduction of a novel fish species that

might carry a microorganism infectious to native fish species, and decrease of resistance towards

infection in the host species (Colorni, 2004). The bacteria that are most commonly identified as

fish pathogens include Edwardsiella (Blazer et al., 1985; Park et al., 2012), Aeromonas (Verner-

Jeffreys et al., 2009), Pseudomonas (Bartlett, 1974; Berthe et al., 1995), Mycobacterium (Zanoni

et al., 2008), Shewanella (Korun et al., 2009), Flavobacterium (Bartlett, 1974), and Streptococcus

(Bartlett, 1974) (Fig. 7.1). Globally, aquaculture practice has been developed as one of the cost-

effective and safest protein sources for human consumption. Since 1995, the fish food production

worldwide showed an increase at an average rate of 6.6% annually (Food and Agriculture

Organisation Aquaculture (FAO), 2017) and thus in 2016 extended up to 80 million tons (Food and

Agriculture Organisation Aquaculture (FAO), 2018). There has been a substantial growth in annual

per capita consumption from 1.5 kg in 1961 to 7.8 kg in 2015 in the production of salmon, Nile

tilapia, and other freshwater species (Food and Agriculture Organisation Aquaculture (FAO),

2018). In the case of farmed fish in intensive aquaculture, fish resistance may be reduced, when the

fish gets affected by several infectious diseases that are aggravated by various stress factors. In

order to avoid substantial economic losses and decreased growth performance due to bacterial dis-

ease, antibiotic medicines may be required (Romero et al., 2012). Generally, the freshwater fish is

infected by the Aeromonas genus and these represent the common natives of aquatic ecosystems

such as freshwater, sediments, marine waters, and estuarine waters and aquatic animals (shellfish
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and fish) (Swann & White, 1991). Significant deaths in marine, wild, and farmed freshwater fish

species are caused by hemorrhagic, septicemic, and ulcerative diseases in fish due to Aeromonas

infections, which result in severe economic losses to the aquaculture sector (Beaz-Hidalgo &

Figueras, 2013). Aeromonas hydrophila and A. salmonicida are the two most regularly encountered

species in fish farms. Furunculosis is caused by salmonicida, which primarily affects salmonids and

is a subspecies of A. salmonicida. Furunculosis disease causes fish decreases due to the develop-

ment of muscle boils in chronic form and hemorrhagic septicemia in acute form, which can cause

major economic losses (Austin & Austin, 2012). A. hydrophila, which may also cause hemorrhagic

septicemia, is an omnipresent bacterium usually obtained from freshwater ponds and is also a com-

mon native of the gastrointestinal tract of aquatic animals (White & Swann, 1991). A. hydrophila

also poses a public health risk, as it is a zoonotic pathogen that infects human beings through aqua-

culture facilities and foodborne infections (Okocha et al., 2018). With regard to the antibiotic resis-

tance and genotypic studies of two important species of Aeromonas, that is, A. hydrophila and

A. salmonicida, the subspecies Salmonicida showed an incidence of multidrug-resistant plasmids

with a high level of interspecies transmission, which includes human bacteria as well (del Castillo

et al., 2013; Dar, Dar et al., 2016; Dar, Kamili et al., 2016; Dar et al., 2020; Vincent et al., 2014).

By attaching to biofilms on living or nonliving surfaces, the Aeromonas may persist, and the dis-

semination and exchange of antimicrobial resistant genes promotes the existence of Aeromonas

with Escherichia coli in polybacterial mixed biofilms (Talagrand-Reboul et al., 2017). With the use

of effective management practices, which includes management of the environment, water, soil,

stock, and nutrition, the disease problems in a system can be avoided in the best possible way.

Efforts to address the disease problem were made by applying a number of other approaches

including chemotherapy, disinfection, and sanitary prophylaxis, with specific importance given to

the usage of antibiotics. Moreover, the usage of antibiotics and other chemicals in the case of pond

culture was found to be quite undesirable and expensive, and thus may result in development of

FIGURE 7.1

Common bacterial fish pathogens.
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antibiotic resistance. The application of antimicrobial drugs in Norway has reduced from almost 50

metric tonnes (1987) to 746.5 kg (1997) (Verschuere et al., 2000). In 2007, the application was still

at a lower level as in 1997 and vaccinations against specific fish diseases have also been used in

recent times (Norwegian Scientific Committee for Food Safety, 2009).

7.2 Pollution: impact on bacterial infection in fish populations
The anthropogenic aspects contribute extensively to the incidence of disease in fish populations

because they change the vulnerability of the host towards the pathogens that are omnipresent and

form an integral part of any habitat. This is clearly stated by the effect of pollution on fish fauna

and initiation of diseases in them (Arkoosh et al., 1998). A study on the impact of temperature and

water quality on the adhesion of low as well as high virulence of Flavobacterium columnare strains

to isolated gill arches recommended that the low virulence strain adhered less as compared to the

high virulence strain that adhered more promptly (Decostere et al., 1999). Numerous aspects, com-

prising elevated temperatures, dipping of gill in bivalent ion rich water, and the occurrence of

organic matter or nitrite, enhanced the high virulence strain adhesion. While monitoring bacterial

fish pathogens in Oncorhynchus mykiss in freshwater farms, 361 bacterial isolates were isolated

and diseases like furunculosis, rainbow trout fry syndrome/coldwater disease, and enteric redmouth

disease were observed (Dalsgaard & Madsen, 2000).

7.3 Water quality attributes: impact on bacterial pathogenicity in fish
populations

While carrying out laboratory examinations on the impact of pH and temperature on the disabling

of several fish bacterial and viral pathogens at pH 4.0, pH 12.0 and 60�C, it was found that

Lactococcus garvieae was the most resistant bacterium to pH 4.0, pH 12.0, and to 60�C as well

(Dixon et al., 2012). From an aquaculture farm polluted by agricultural wastewater, various Vibrio

sp., that is, V. cholera, V. harveyi, V. fischeri, and V. parahaemolyticus in diseased Channa puncta-

tus were established. It was found V. cholera, V. parahaemolyticus, and V. harveyi most often

infect C. punctatus (Sankar et al., 2012). In Egypt, a research study was carried out on A. hydrophi-

la in the case of cultured Oreochromis niloticus, which were collected haphazardly from the fish

farm with an incidence rate of 25%. From around 40 cultured O. niloticus, nearly 10 isolates of A.

hydrophila strains were obtained. The collected fish showed clinical symptoms of bilateral

exophthalmia, loss of escape reflex, ulcers, and skin darkness, and the postmortem investigations

revealed enlargement in internal organs, hemorrhage, and congestion (El Deen et al., 2014).

Likewise, another study carried out in Minna Metropolis, Nigeria, on the separation and identifica-

tion of bacteria in relation to fresh and smoked fish (Clarias gariepinus) under in-vitro assay condi-

tions, showed that the samples were contaminated with several bacterial pathogens (Ibrahim et al.,

2014). In water recirculation aquaculture systems, on examining the impact of F. succinicans and

F. branchiophilum in relation to bacterial gill disease in the case of O. mykiss walbaum (rainbow

trout), it was revealed that F. branchiophilum was dominant and was found on the gills of rainbow
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trout that were affected by regular and environmentally induced bacterial gill disease (Good et al.,

2015). Another investigation of Hypophthalmichthys molitrix (Silver carp) acquired from a pond at

District Poonch of Jammu and Kashmir, India was carried out. The recognition and characterization

of possibly pathogenic A. sobria from the fish was taken for examination and almost 33 colonies

were isolated. The histopathological study of gills displayed epithelial hyperplasia and hemorrhagic

gill epithelia (Dar, Dar et al., 2016; Dar, Kamili et al., 2016).

7.4 Common bacteria causing infections in freshwater fish
The common bacterial pathogens of freshwater fish include those described in the following para-

graphs (Table 7.1).

7.4.1 Vibrios

The Vibrio genus includes the bacteria that are primarily pathogenic to brackish and marine water

fish fauna. However, these bacteria are sometimes described in freshwater fish species as well

(Hjeltnes & Roberts, 1993; Lightner & Redman, 1998). The vibriosis disease causes huge economic

loss to the aquaculture industry, as it is distributed throughout the world (Bergh et al., 2001). The

main pathogenic species causing vibriosis includes V. ordalii, V. harveyii (Syn. V. carchariae),

V. anguillarum, and Aliivibrio salmonicida (formerly V. salmonicida) and they represent a key bac-

terial disease that affects fish, crustaceans, and bivalves (Austin & Austin, 1999; Austin & Zhang,

2006). So far, more pathogenic species have been recognized and further reported (Actis et al.,

2011). Species such as Moritella viscosa (Benediktsdóttir et al., 2000) and V. vulnificus (Amaro

et al., 1992; Biosca et al., 1993) have been found to be associated with fish diseases such as winter

ulcer and septicemia, respectively. The genome sequencing of four important pathogenic vibrios,

V. ordalii, V. anguillarum, V. vulnificus, and Aliivibrio salmonicida, has been achieved and

described in the literature (Gulig et al., 2010; Hjerde et al., 2008; Naka et al., 2011). In general,

these bacteria possess two chromosomes, one bigger and the other smaller. The maximum genes

that code for pathogenic aspects and cell functions are found in the bigger chromosome. The genes

for environmental adaptation are generally located in the smaller one. The most considered etiologi-

cal agent of vibriosis is V. anguillarum (Larsen et al., 1994). V. anguillarum is the causative agent

of hemorrhagic septicemia. The virulent strains commonly obtained from infected fish fauna are

the O1 and O2 serotypes (Sørensen & Larsen, 1986; Toranzo & Barja, 1990). V. ordalii, formerly

known as V. anguillarum biotype 2, is closely associated with V. anguillarum (Schiewe & Crosa,

1981). On the basis of histological confirmations, it was found that the vibriosis caused by these

two species is extremely different (Ransom et al., 1984). V. ordalii is typically found in the form of

groups in cardiac and skeletal muscles, while V. anguillarum has an exceptional affinity for blood

and loose connective tissue. In the case of V. ordalii, its affinity for blood is small and the bacter-

emia develops only at the later stages of disease. Aliivibrio salmonicida (previously known as V.

salmonicida) is the causative agent of coldwater vibriosis in marine fish like captive Atlantic cod

(Gadus morhua), sea-farmed rainbow trout (O. mykiss), and farmed Atlantic salmon (Salmo salar)
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Table 7.1 Common bacterial diseases and their causative agents affecting fish fauna.

S.
No Disease Causative agent Host

01. Vibriosis Vibrio ordalii Salmonids

02. Winter ulcer Moritella viscosa

(formerly Vibrio

viscosus)

Atlantic salmon

03. Vibriosis (Septicemia) Vibrio vulnificus Eels, tilapia

04. Vibriosis (Hemorrhagic septicemia) Vibrio anguillarum Salmonids, turbot, sea bass, striped bass,

eel, ayu, cod, and red sea bream

05. Coldwater Vibriosis Aliivibrio

salmonicida

Atlantic cod (Gadus morhua), sea-farmed

rainbow trout (Oncorhynchus mykiss), and

farmed Atlantic salmon (Salmo salar)

06. Motile aeromonas septicemia

(MAS), red-sore disease,

hemorrhagic septicemia, or ulcer

disease

Aeromonas

hydrophila

Catfish, several ornamental or tropical fish

species, and a number of bass species

07. Furunculosis Aeromonas

salmonicida

Nonsalmonids and salmonids

08. Bacterial coldwater disease

(BCWD)

Flavobacterium

psychrophilum

Cyprinus carpio, Anguilla anguilla,

A. japonica, Carassius carassius,

Plecoglossus altivelis, Tinca tinca, Rutilus

rutilus and Perca fluviatilis

09. Columnaris disease Flavobacterium

columnare

Salmonids and other fish species

10. Edwardsiellosis (hemorrhagic

septicemia)

Edwardsiella tarda Salmon, carp, tilapia, catfish, striped bass,

flounder, and yellowtail

11. Enteric septicemia of catfish (ESC) Edwardsiella

ictaluri

Catfish

12. Enteric redmouth (ERM) Yersinia ruckeri Salmo gairdneri, eel, sturgeon

13. Bacterial kidney disease (BKD) Renibacterium

salmoninarum

Salmonids

14. Streptococcosis

(meningoencephalitis and

septicemia)

Streptococcus iniae Eels, rainbow trout, and other salmonids

(Oncorhynchus family), and fishes that

belong to the Cichlidae (tilapia) and

Ictaluridae (catfish) families

15. Streptococcosis Streptococcus

parauberis

Olive flounder (Paralichthys olivaceus) and

cultured turbot (Scophthalmus maximus)

16. Lactococcosis (hemorrhagic and

hyperacute septicemia)

Lactococcus

garvieae

Eels, rainbow trout, and other salmonids

(Oncorhynchus family), and fishes that

belong to the Cichlidae (tilapia) and

Ictaluridae (catfish) families

17. Mycobacteriosis Mycobacterium

fortuitum, M.

marinum, M. avium,

and

M. chelonae

Sea bass, turbot, and Atlantic salmon

18. Strawberry disease Pseudomonas spp. Tench (Tinca tinca) and rainbow trout

(Oncorhynchus mykiss)
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(Schrøder et al., 1992). This gram-negative bacterium results in sepsis, hemolysis, and tissue degra-

dation in vivo (Hjerde et al., 2008).

7.4.2 Aeromonads

Throughout the world, A. hydrophila and other motile aeromonads represent the most common bac-

teria found in several aquatic environments, which include well water, bottled water, heavily pol-

luted water, sewage, and chlorinated water. These are the causative agents of severe disease in

reptiles, amphibians, and birds as well as cultured and wild fishes (Martin-Carnahan & Joseph,

2005). Aeromonads are also recognized as severe developing pathogens of human beings as well

(Figueras, 2005). Aeromonas sp. are generally found in several environments, which includes water

as well, hence fish fauna are at continuous exposure to these bacteria. Under various stress condi-

tions, including unfavorable environmental circumstances and human involvement as in transport-

ing, sorting, and catching fish, the contact with these bacteria becomes dangerous. Aeromonas

species also form a part of the physiological microflora of the intestine of fish (Austin & Austin,

2016). The biochemical, antigenic, and genetic heterogeneity of the members of this group has

made it complex to determine the cause of the diseases that involve aeromonad infections. The

Aeromonas genus has been categorized into two groups, one being the group of nonmotile psychro-

philic species, most importantly characterized by A. salmonicida (obligate fish pathogen), and the

second one, being typically pathogenic to humans, is the group of motile and mesophilic species,

characterized by A. hydrophila. The taxonomic confusion between A. salmonicida subsp. salmonici-

da A449, A. hydrophila ATCC 7966T, A. caviae, and A. veronii strain B565 has been resolved by

carrying out their genome sequencing (Beatson et al., 2011; Li et al., 2011; Reith et al., 2008;

Seshadri et al., 2006), which has also provided novel perceptions about the adaptation of these bac-

teria to countless ecological niches, their virulence mechanisms, and their host adaptive evolution.

A. salmonicida is a nonmotile gram-negative bacterium that causes furunculosis in nonsalmonids

and salmonids. In cultured and wild fish, furunculosis is a significant disease that causes hefty

losses to the aquaculture industry globally (Bernoth et al., 1997; Hiney et al., 1999). A. hydrophila

causes septicemic disease in fish, also known as hemorrhagic septicemia, motile aeromonas septice-

mia (MAS), red-sore disease, or ulcer disease (Paniagua et al., 1990). This disease mainly affects

freshwater fish including catfish, several ornamental or tropical fish species, and a number of bass

species. Another very important economic problem in the aquaculture industry is the bacterial hem-

orrhagic septicemia of fish caused by A. veronii (Austin & Austin, 1999).

7.4.3 Flavobacterium

Flavobacterium sp. are naturally occurring bacteria that are found in the aquatic environment and

that also form a part of the healthy fish gill microflora. The sources of these bacteria for being a

prospective cause of fish disease is yet to be recognized (Austin & Austin, 2016). The

Flavobacterium genus consists of about 30 species, from which F. branchiophilum, F. columnare,

and F. psychrophilum are the significant disease-causing agents in the case of catfish, salmonids,

and other cultivated fishes (Madetoja et al., 2002; Nematollahi et al., 2003). Flavobacteria are quite

essential, as they are found in marine water and freshwater as well as in soil, and are well-known

for their capability of degrading polymeric organic matter like hydrocarbons and also for their
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unique gliding motility (Leahy & Colwell, 1990). F. psychrophilum causes BCWD (bacterial cold-

water disease) and is a severe fish pathogen that causes rearing problems in the case of both conser-

vation and commercial aquaculture, and also results in considerable financial losses.

F. psychrophilum infections are identified worldwide, yet the most vulnerable to BCWD are coho

salmon and juvenile rainbow trout. The F. psychrophilum infections so far have been described in

an extensive range of hosts, which includes Cyprinus carpio, Anguilla anguilla, A. japonica,

Carassius carassius, Plecoglossus altivelis, Tinca tinca, Rutilus rutilus, and Perca fluviatilis

(Lehmann et al., 1991; Madetoja et al., 2002). Fingerlings and fry infected with BCWD can show

mortalities up to 70% and usually have skin ulcerations at the anus, on the peduncle, on the lower

jaw, or on the anterior fin to the dorsal fin (Holt, 1987). In several parts of the world it was

observed that F. branchiophilum causes bacterial gill disease (BGD) (Heo et al., 1990). This dis-

ease displays certain characteristics like high morbidity and mortality rates, which are attributed to

huge bacterial colonization of gill lamellar surfaces and progressive branchial pathology resulting

from extreme degree of lamellar epithelial necrosis (Ostland et al., 1994). Throughout the world,

with respect to the wild fish populations, the ornamental fish industry, and commercial aquaculture,

F. columnare (previously known as Flexibacter columnaris; Cytophaga columnaris) causes colum-

naris disease in the case of salmonids and other fish species (Bernardet, 1989). Typically, during its

outburst, the mortality and morbidity rates increase more progressively as compared to BGD.

Furthermore, fish infected with columnaris show severe necrosis in the whole gill, as the bacterium

occupies more inwardly, contrasting with the necrosis pattern shown in BGD (Speare & Ferguson,

1989). In the cases of F. psychrophilum and F. branchiophilum, the complete genome sequences

are reported (Duchaud et al., 2007; Touchon et al., 2011).

7.4.4 Edwardsiella

A group of gram-negative enteric bacteria, pathogenic to various species, includes the genus

Edwardsiella. It belongs to the subgroup 3 of γproteobacteria (Abbott & Janda, 2006).

Edwardsiella ictaluri and E. tarda are two essential fish pathogens that are closely linked to each

other. Both the species are gram-negative motile rods that ferment glucose to produce gas and acid,

and are also cytochrome oxidase negative (Abbott & Janda, 2006). In fish a disease called systemic

hemorrhagic septicemia is caused by E. tarda, resulting in ulceration and necrosis in internal organs

like spleen, kidney, liver, and muscles as well as swelling skin lesions (Meyer & Bullock, 1973).

E. tarda has the capability to occupy and increase in macrophages and epithelial cells, causing

destabilization of the host immune system, resulting in its survival inside the fish (Ling et al.,

2000). Another very important disease that affects the catfish industry is ESC (enteric septicemia

of catfish) caused by E. ictaluri. This disease may appear in chronic form characterized by menin-

goencephalitis and in an acute form characterized by septicemia and hemorrhagic enteritis (Newton

et al., 1989). Hemorrhages on the body, particularly around the fins and mouth, represent the gross

external symptoms. The other symptoms comprise exophthalmia, minor ulcerations on the body,

and pale gills (Rogers, 1983). Recently, the entire genome sequencing of these two essential

fish pathogens has been accomplished and reported, which allows their comparative genomic

investigation as well (Wang et al., 2009; Williams et al., 2012). The detection of insertion

sequence IS Saen1 of Salmonella enterica serovar Enteritidis is a remarkable characteristic

(Partridge & Hall, 2003).
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7.4.4.1 Yersinia ruckeri
Yersinia ruckeri causes another fish disease known as enteric redmouth (ERM) disease. ERM is a bacte-

rial infection of fish fauna; however, it is primarily recognized for its incidence in rainbow trout (S. gaird-

neri) (Furones et al., 1993). In the 1950s, Y. ruckeri was originally isolated in the Hagerman Valley

(United States) from rainbow trout (Ross et al., 1966) and is currently extensively found in fish fauna all

over Europe, Australia, South Africa, and North America (Tobback et al., 2007). Outbursts of ERM gen-

erally initiate with low mortalities and show escalation with time, and thus may cause high fatalities. In

the case of exposure of chronically infected fish to stressful conditions like poor water quality and high

stocking densities, this problem may increase on a large scale (Horne & Barnes, 1999). Y. ruckeri does

not have a capsule and is a nonspore-forming bacterium, often having a flagellum (Ross et al., 1966).

Generally, in the case of biochemical reactions, Y. ruckeri is equally homogeneous. However, based on

serotype, biotype, and outer membrane protein (OMP) profiles, Y. ruckeri strains nowadays are being cate-

gorized into clonal types (Davies, 1991). The greatest epizootic outbursts with regard to cultured salmo-

nids are caused by strains of serovars II and I (Stevenson & Airdrie, 1984), equal to serotypes O2b and

O1a, respectively (Romalde et al., 1993); moreover, the most predominant is serovar I in rainbow trout

(Stevenson, 1997). Recently, uncertainties have been raised about the taxonomic position of Y. ruckeri as

the multilocus sequence typing showed different phylogenetic divergence of Y. ruckeri as compared to the

other members of Yersinia genus (Kotetishvili et al., 2005). This observation achieved reliability after the

genome sequencing of Y. ruckeri was carried out, as it showed significantly decreased total genome size

of 3.58�3.89 Mb when compared to other members of the genus, which usually displayed a genome size

of 4.6�4.8 Mb (Chen et al., 2010).

7.4.5 Renibacterium salmoninarum

A small gram-positive diplobacillus called Renibacterium salmoninarum causes bacterial kidney disease

(BKD) in fish fauna. BKD is a gradually progressive, systemic infection in salmonids with an insidious

nature and a prolonged course (Sanders & Fryer, 1980). R. salmoninarum can be transferred through eggs

from adults to their progeny (Bullock & Herman, 1988) or from one fish to another (Mitchum &

Sherman, 1981). Fish infected with this pathogen may perhaps take months to display the various signs

linked with the disease. When it comes to treatment, BKD represents one of the most complex bacterial

diseases of fish (Wolf & Dunbar, 1959), primarily because of its capability to avoid phagocytosis and its

invasion and persistence inside host cells (Gutenberger et al., 1997; Sudheesh et al., 2007). R. salmoninar-

um is an extremely slow-growing bacterium and the study of its gene functions by the application of vari-

ous genetic manipulation techniques becomes very difficult. Phylogenetically, R. salmoninarum shows a

close relation with the nonpathogenic environmental Arthrobacter species although being an obligate

intracellular pathogen of fish (Wiens et al., 2008). The R. salmoninarum has been incorporated in the sub-

division “actinomycetes” on the basis of 16S rRNA phylogenetic investigation, and was found associated

to a subgroup that includes Micrococcus, Arthrobacter, Jonesia, Cellulomonas, Brevibacterium,

Stomatococcus, and Promicromonospora (Stackebrandt et al., 1988). Furthermore, Arthrobacter davida-

nieli can be responsible for substantial cross-protection in Atlantic salmon, although not in the case of

Pacific salmon, as it is commercially utilized as a vaccine (identified as Renogen) (Salonius et al., 2005).

The genome sequencing of the TC1 and FB24 (Arthrobacter strains) and ATCC 33209 (R. salmoninarum

strain) has shown many fascinating characteristics regarding the evolution of this obligate fish pathogen
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from members of the nonpathogenic genus Arthrobacter, by means of horizontal gene acquisition and

genomic reduction (Mongodin et al., 2006; Wiens et al., 2008).

7.4.6 Streptococcus and Lactococcus

Gram-positive cocci that belong to Lactococcus and Streptococcus genera are progressively being identi-

fied as vital fish pathogens worldwide (Kitao et al., 1993). There are numerous species of gram-positive

cocci that are found linked with infectious diseases of cold as well as warm-water fishes, which includes

L. garvieae (syn. Enterococcus seriolicida) (Vendrell et al., 2006); Streptococcus iniae, S. parauberis,

S. phocae, S. agalactiae (syn. Streptococcus difficilis) (Domeénech et al., 1996; Romalde et al., 2008);

Vagococcus salmoninarum and Carnobacterium piscicola (Wallbanks et al., 1990) and L. piscium

(Collins et al., 1983; Domenech et al., 1993; Eldar et al., 1996; Williams et al., 1990). S. iniae in a num-

ber of warm-water fishes causes meningoencephalitis and septicemia, and is a β-hemolytic gram-positive

coccus (Perera et al., 1994); however, S. parauberis is primarily pathogenic to olive flounder

(Paralichthys olivaceus) and cultured turbot (Scophthalmus maximus) and is an α-hemolytic gram-

positive coccus. L. garvieae predominantly during summer causes a hemorrhagic and hyperacute septice-

mia in fishes. The common pathological symptoms of lactococcosis and streptococcosis in fishes include

congestion, hemorrhage, dark pigmentation, lethargy, exophthalmos with clouding of the cornea, and

erratic swimming (Domeénech et al., 1996; Kusuda et al., 1991). Complete genome sequences of some

significant pathogenic species of different strains of L. garvieae and S. parauberis have been published;

these were isolated from humans as well as fish (Aguado-Urda et al., 2011; Morita et al., 2011; Nho

et al., 2011; Reimundo et al., 2011). Streptococcus iniae and L. garviae are of specific significance in the

bacterial fish disease pathology, among several species of gram-positive microorganisms. Both these bac-

terial species cause severe health conditions in diverse species of marine as well as freshwater fishes,

including eels, rainbow trout, and other salmonids (Oncorhynchus family), and fishes that belong to the

Cichlidae (tilapia) and Ictaluridae (catfish) families (Austin & Austin, 2016).

7.4.7 Mycobacteria

Several species of mycobacteria causing chronic infections in fish have been well identified

(Frerichs, 1993; Noga, 1996). From different parts of the world, isolation of a number of fast- as

well as slow-growing mycobacteria species has been carried out. These include Mycobacterium for-

tuitum, M. marinum, M. avium, and M. chelonae, isolated from cultured and wild fish suffering

from mycobacteriosis (Sanders & Swaim, 2001; Thoen & Schliesser, 1984; Wayne et al., 1986).

M. marinum is the most significant fish pathogen among these species, commonly isolated from

different fish species with granulomas (Stoskopf, 1993). M. marinum is transferred to humans while

they handle fish in aquaculture tanks and aquariums; therefore it is also called a zoonotic pathogen.

It produces aquarium tank or fish tank granuloma (self-limiting and superficial lesions), which

involves knees, hands, elbows, and forearms, that is, the cooler parts of the body (Huminer et al.,

1986; Smithand & Willett, 1980). The intraspecies sequence homogeneity is significant between

various M. marinum strains (Yip et al., 2007), even though strain variation has also been described

(Ucko et al., 2002). However, it is assumed that only a few M. marinum strains might be having a

zoonotic prospective (Ucko & Colorni, 2005). M. marinum is highly interrelated to M. ulcerans fol-

lowed by M. tuberculosis as revealed by phylogenetic studies (Yip et al., 2007). Besides this,
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M. tuberculosis and M. marinum show response to similar antibiotics and also share significant

pathological features and numerous virulence factors as well. Therefore, in order to study the patho-

genesis of tuberculosis, M. marinum represents an essential model organism (Swaim et al., 2006;

Volkman et al., 2004).

7.4.8 Pseudomonas

Pseudomonas sp. represent a large group of microorganisms and are therefore widely spread

throughout the environment. These psychrophilic bacteria usually grow at low temperatures and are

also characterized as the dominant microorganisms. The Pseudomonas sp. are rapidly substituted

by mesophilic microorganisms, together with bacteria of the genus Aeromonas, at higher tempera-

tures almost above 10�C. P. fluorescens is often seen related to fin and skin disease of fish and is

considered to be the most significant species in fish pathology. In certain trout farms, P. fluorescens

infections can result in abrupt mortality throughout the year, irrespective of the temperature of

water in the farm. Such a prompt disease development may be because of the mutations, which

leads to the emergence of a new ability, permitting the bacteria to acclimatize to new environmen-

tal conditions. Some other species of Pseudomonas mostly act as an accompanying microflora;

these include P. luteola or P. putida, which are frequently isolated from internal organs of fish

(Kozinska, 1999). The Pseudomonas sp. in tench (Tinca tinca) and rainbow trout (O. mykiss) can

cause strawberry disease. In the case of silver carp (Carassius gibelio) and crucian carp (Carassius

carassius), comparable systemic infections showing the usual symptoms of septicemia were also

observed (Ahne et al., 1982; Csaba et al., 1981; Kozinska, 1999).

7.4.8.1 Emerging prospective pathogens of freshwater fish
Over the last few years, new bacterial infections of serious concern related to freshwater fish have

been witnessed and can be called emerging diseases. For any disease to be termed as emerging, the

appearance of the disease has to be in a population for the first time, or it may have previously

existed, and its prevalence or geographic range must increase rapidly, or it establishes itself in an

innovative way (Okamura & Feist, 2011). Shewanellosis could provide us an example of such an

emerging disease, as in 2004 it appeared for the first time and caused severe health disorders in

rainbow trout and carp (Kozinska & Pekala, 2004). Furthermore, it spread quickly to various fish

species in different countries (Pękala et al., 2015; Qin et al., 2012; Rusev et al., 2016).

7.4.9 Plesiomonas shigelloides

Plesiomonas shigelloides belongs to the Enterobacteriaceae family and is found to be both human and ani-

mal prospective pathogenic agents. As far as isolation of P. shigelloides is considered, there are only a

few observations of health disorders in fish that have been described so far. Some of them inflicted high

mortalities, reaching up to 40% of the stock in the case of salmonids (Cruz et al., 1986; Vladik &

Vitovec, 1974). The clinical symptoms showed redness of the anus and cachexia of fish. Postmortem

investigations revealed the occurrence of exudative fluid in the body cavity and the occurrence of punctate

petechiae on the peritoneum. The growth of P. shigelloides in monoculture or in association with A.

hydrophila and Flavobacterium sp. were observed while carrying out the bacterial analysis of various

samples collected from diseased fish (Cruz et al., 1986; Vladik & Vitovec, 1974). Isolation of P.
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shigelloides was also carried out from sturgeon (Acipenser sturio), eels (Anguilla anguilla), and African

catfish (Heterobranchus bidorsalis) (Klein et al., 1993).

7.4.10 Stenotrophomonas maltophilia

Stenotrophomonas maltophilia is one more bacterial species presently often isolated from freshwa-

ter fish. This microorganism was isolated from freshwater, salt water, and bottom sediments and

was thus considered an omnipresent environmental bacterium (Dungan et al., 2003). This bacterial

species was also obtained from agricultural and industrial soils (Sturz et al., 2001) and plant tissues

(Taghavi et al., 2009), in the case of terrestrial environments. S. maltophilia plays a significant part

in processes involving biological purification, as it is involved in the degradation of several xeno-

biotics (Dubey & Fulekar, 2012). This bacterial species is utilized for promoting plant growth and

also for combating plant pathogens (when used as a biological agent) due to release of phytohor-

mones (Peralta et al., 2012). S. maltophilia shows an internal resistance to an extensive series of

antibacterial agents and is therefore presently categorized as a multidrug-resistant microorganism.

It is generally found to be associated with human respiratory diseases (Brooke, 2012). With respect

to fish infections caused by S. maltophilia, only a few publications are available. Among these pub-

lications, the most essential are associated with description of disease outbreak witnessed in chan-

nel catfish (Ictalurus punctatus) and African catfish (Heterobranchus bidorsalis) (Abraham et al.,

2016; Geng et al., 2010). In both cases, the clinical investigation of the fish revealed petechiae,

depigmentation of the skin, lethargy, edema in the body cavity, and focal hemorrhages.

Postmortem examination of fishes displayed congestion of internal organs, intestines filled with

gases, and petechiae on their surface. These health disorders and syndromes were called infectious

intussusception syndrome (IIS), with mortality rate of 20% of the stock (Geng et al., 2010).

7.4.11 Kocuria rhizophila

Kocuria rhizophila is an outstanding example of an emerging fish pathogen. With recognized path-

ogenic prospective in the case of salmonids, this represents an entirely new bacterium within the

community (Pękala et al., 2018). Kocuria sp. are isolated from different environments like freshwa-

ter, food, marine sediment, or chicken meat and are well accepted skin commensals in mammals

(Becker et al., 2008; Kim et al., 2004). These bacteria composed the physiological microflora of

the trout gut from which these were isolated (Kim et al., 2007). Kocuria rhizophila infections result

in abnormal mortality (nearly 50% of the stock), together with pathological changes in internal

organs and external tissues. Clinically, in the case of moribund fish, swollen abdomen, focal

lesions, increased skin melanization, exophthalmia, and skin petechiae were often witnessed.

Postmortem investigations revealed hemorrhages in the tail muscles primarily in the caudal part,

liver congestion, and inflammation of the intestines (Pękala et al., 2018).

7.5 Conclusion

There has been a noticeable rise in the number of bacterial species involved in triggering fish dis-

eases. The common bacterial species that are pathogenic to fish belong to the genera Aeromonas,
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Vibrio, Edwardsiella, Yersinia, Flavobacterium, Lactococcus, Streptococcus, Mycobacterium, and

Renibacterium. However, there is an increase in indication among various fish pathogens that the

pathogenic species range and the host and geographical variety are broadening, which leads to the

appearance of new fish pathogens. The fish diseases pose exceptional and daunting challenges

unlike those of animal and human medicine. In addition to this, the existing treatments for fish dis-

eases are usually less effective and the genetics and biology of most of the pathogens are poorly

understood, which restricts the utilization of several contemporary science-based pathogen involve-

ment approaches. Prompt development in the genome sequencing of animal and human pathogens

has assisted in battling several major diseases and has also led to a better understanding of patho-

gen evolution, their host adaptation approaches, and their biology. Unfortunately, in the case of fish

pathogenic bacteria this kind of growth and advancement with respect to genomics and functional

genomics has been very slow. However, the pace of sequencing related to more fish pathogenic

bacteria has been improved by the availability of the latest cost-beneficial highly efficient sequenc-

ing technologies. With correlated bacteria, comparative pathogenomics has led to an increase in

knowledge about their variance in virulence and their capability to acclimatize in different ecologi-

cal niches.
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8.1 Introduction
Commercial aquaculture production is being affected by the rising severity of bacterial diseases in

fish (Bondad-Reantaso et al., 2005). The fish production industry is a global food source of grow-

ing importance in satisfying requirements for aquatic foods (FAO, 2006). Universally, consumption

of aquatic foods is growing rapidly, and the foods consumed are more diverse. Enhancing produc-

tion efficiency for profitability is one of the constant aims related to global water resources. This is

especially the case in Asia, with close to a 90% share of the world aquaculture production. Among

the Asian nations, China has about 70% of global whole fish farming, making it the world’s biggest

producer of farmed seafood, with a 490% increase since 1978 (Ellis, 2009). Diseases in fisheries

pose risks not only to the fisheries industry but also to human life and health. In addition to zoono-

ses, the use of some substances and antibiotics in fish can threaten the environment, individual

health, and food safety (Sapkota et al., 2008).

Columnaris (cottonmouth) is a bacterial disease that affects numerous cool- and warm-water

fishes, usually in warm waters up to 20�C�25�C and higher; however, it’s not uncommon to detect

columnaris bacterial infection in fish, particularly trout varieties, in water as cool as 12�C�14�C. A
number of cultured and free-range fishes are thought to be at risk of potentially infectious diseases.

Columnaris infection impacts the aquafarming fish species, particularly catfish species and some

aquarium species. Flavobacterium columnare can be cultured from the external fish, with system-

atic infections of wounds, skin or mucous membrane, and gills, as well as inner tissues, mainly the

kidneys of fishes. Cultures can be grown on (Anacker & Ordal, 1959) Cytophaga agar or selective

media (Hawke & Thune, 1992). The colony above the initial media plates has many features: light

yellow, rhizoid, and tight adhesion (adhesive) on the media. With some simple diagnostic tests, col-

onies can be confirmed as subcultured (Griffin, 1992).
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Bacterial gill disease, induced by F. branchiophilum (Kimura et al., 1992; Von

Graevenitz,1990; Wakabayashi et al., 1989), was originally a salmonids disease in hatcheries; this

problem is not thought to be present in the wild fish population (Bullock, 1972, 1990; Daoust &

Ferguson, 1983; Farkas, 1985; Schachte, 1983). Particularly in endemic regions, bacterial gill dis-

ease occurs in aquaculture, usually along with extended host stressors. Experimental production of

bacterial gill disease in normal fishes was reported by Ferguson et al. (1991), many researchers

have reported that the disease is usually due to a combination of potential factors, such as overpop-

ulation, decreased dissolved oxygen level, increased levels of ammonia gas, or particulate sub-

stances present in the water (Bullock, 1972, 1990; Schachte, 1983). In the face of financial issues

in the fisheries industry, the incidence of diseases and parasites has increased due to more intense

fish cultivation.

Microbial contamination can produce septicemia (Dar et al., 2020; Dar, Dar et al., 2016; Dar,

Kamili et al., 2016). To handle the problem, large amounts of antibiotics are used in aquaculture to

increase productivity and protect the socioeconomic status of fish producers in developing nations.

Environmental contamination, particularly water pollution, by antibiotics has become a serious

problem. It also causes the growth of antibiotic-resistant bacteria, which affects control of bacterial

diseases in aquatic life. Increased fatality of Penaeus monodon larvae due to disease from

antibiotic-resistant Vibrio harveyi has been reported (Karunasagar et al., 1994).

Transmissible infections within aquatic life are affected by microorganisms, viruses, molds, and

parasites. For protection of fish and to better control the aquaculture environment, vaccine adminis-

tration is an efficient and much-used method. Developing fish vaccines by means of plant biotech-

nology is a very cost effective and safer method, when compared with live virus vaccines, and

could be a significant technology for the aquaculture industry globally, particularly for small fish

producers in developing countries, as infection in fishes poses a significant threat to the aquaculture

industry and the individual livelihoods that depend upon it (Sapkota et al., 2008).

Control of the health status of aquatic life is a considerable problem that affects food safety and

concerns the protection of millions of people, the aquaculture industry, and the environment.

Economic growth in a developing country is normally accompanied by a downturn in that country’s

agricultural sector. Development in supply chains, global trade agreements, and technology have

led to a notable increase in world food trade with changes in consumption patterns (Anderson,

2010). The approach utilized to regulate infectious disease complications in fisheries is similar to

that applied in the livestock industry. Hence, similar antibiotics to those used in veterinary medi-

cine are employed to regulate transmissible diseases in fish, but there are few antibiotics specifi-

cally produced for fish (Santos & Ramos, 2016).

Few experts thought that narrow-based studies concentrating on small numbers of bacterial

groups would be more successful than those that are broader-based and try to take into account all

the bacteria from fish (Austin, 2006); more recently and in line with other studies of microbial bio-

diversity, emphasis is being put on molecular-based, culture-independent techniques. Utilizing

numerical and conventional techniques could allow recognizing the bacterial cultures of most con-

cern to fish. Identification would be helpful in recognizing potentially pathogenic bacteria, choos-

ing the right strategy for treatment, and also in identifying useful bacteria that can improve fish

status, like probiotics. China (62% of world production) is the biggest generator of cultivated food

fishes, followed by India (6.5%), Indonesia (5.4%), Vietnam (4.6%), Bangladesh (2.6%), and

Norway (1.8%). In the total production, 44 million tonnes of food fishes were cultivated in inland
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aquaculture, which represented 63.7% of the global aquaculture food fish cultivation in 2013; 24

million tonnes of carp fish were cultivated in 2013, followed by salmon and trout at 2.9 million

tonnes, 3.4 million tonnes of Nile tilapia, and 1.1 million tonnes of catfish (FAO, 2016).

The aquatic ecosystem is more highly conducive to pathogenic bacteria individually than the

terrestrial environment, and as a result, pathogens can reach higher densities surrounding aquatic

animals, which then consume the pathogens when feeding or when drinking. As a result, in many

cases the breeding of numerous classes of aquatic animals has resulted in extremely low survival

rates (particularly in the larval stage) due to bacterial infectious disease (Verschuere et al., 2000).

Bacterial pathogens cause contagious disease and fatality in both wild fish and fish reared in

restricted circumstances. The biggest single cause of financial loss in fisheries is infectious disease

problems (Meyer, 1991). With the fast growth of aquaculture and its intensity, the increasing usage

of resources, contamination, globalization, and transboundary migration concerning water fauna,

the number of pathogenic bacteria varieties separated from slowly rising fish (Harvell et al., 1999).

An aquatic ecosystem can be the origin of unbound bacteria that can infect humans and impair

treatment due to their immune properties. Resistant diseases spread directly from the aquatic envi-

ronment to many humans, such as Vibrio cholerae, V. parahaemolyticus, V. vulnificus, Shigella

spp., and Salmonella spp. or opportunistic pathogens like Aeromonas hydrophila, Plesiomonas shi-

gelloides, Edwardsiella tarda, Streptococcus iniae, and E. coli. Resistant bacteria spreading in indi-

viduals may occur due to close association with the water source or water animals, by drinking

water, or by consumption of seafood. Nearly 80% of antimicrobials utilized in aquaculture access

the environment, where they choose bacteria that are resistant to mutations or, importantly, through

mobile genetic components that contain many immune determinants that are communicable to other

bacteria. Such selection changes biodiversity in aquatic environments and the regular flora of fish

and shellfish. The terrestrial bacteria in aquatic ecosystems present with enduring antimicrobials,

biofilms, and a large number of bacteriophages with pathogens of individual and animal sources,

which enable the interchange of hereditary substances in aquatic and terrestrial bacteria. Some

newly found hereditary factors and resistance determinants for quinolones, tetracyclines, and b-

lactamases are distributed within aquatic bacteria, fish pathogens, and individual pathogens that are

found to have originated in aquatic bacteria (Aly & Albutti, 2014).

Up to 25% of losses in the fisheries industry can be attributed to microbial growth and activity

(Wiernasz et al., 2020). Through the applications of community ecology principles to microbiota

studies, microbiota ontogeny in fish was evidenced to be influenced by both neutral and nonneutral

evolutionary forces (Cheaib et al., 2020; Heys et al., 2020).

8.2 Acidification of bacteria in water
Only a few researchers have studied bacterial processes in acidified ponds, communicating details

and opinions of the crucial roles that microorganisms play in decay and mineral reuse. In both

Scandinavia and the Adirondacks, segregation of twigs and leaves (governed by mass lost in litter

bag) happened gradually at condensed pH over a pH range of about 5.0�7.0 (Francis et al., 1984;

Hendrey, 1982) and 4.0�6.0 (Laake, 1976; Traaen, 1980), respectively. Additional experiments at the

Experimental Lakes Area suggested that decrease of nitrate and sulfate in anoxic sediments is
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unaffected by acidification and that these decreasing processes can increase loading ability, in the

short term (Kelly et al., 1982; Schindler et al., 1980). The anthropogenic acidification of ponds and

rivers can have numerous adverse impacts on main and subordinate manufacturers. Biotic impover-

ishment, principally regarding invertebrate animals like leeches, gastropods, crustaceans, and fishes

such as salmonids, has certainly been noticed in several climatically acidified ponds and rivers of

Europe and North America during the previous 40 years (Allan, 1995; Cummins, 1994; Fjellheim &

Raddum, 1990; Huckabee et al., 1989; Krause-Dellin & Steinberg, 1986; Meriläinen & Hynynen,

1990; Morris et al., 1989; Ormerod et al., 1990; Schindler et al., 1989). A pH range of 5.5�6.0

appears to be an important threshold below which damage to aquatic life will remain a local and

regional ecological issue (Doka et al., 2003). The ecological issue of water acidification impacts ani-

mals of all life forms. Prior researchers concentrated on the declines of aquaculture populations, spe-

cifically salmonid. Recent examinations revealed that zooplanktons, insect larva, benthic

invertebrates, specifically crayfishes, snails, and freshwater mussels, are delicate and are generally

decreased or nonexisting in acidified ponds and rivers (Havas, 1986). Hardness of water signified by

the concentration of calcium pointedly impacted the number of varieties and their capability to exist

in acidified situations. Past research that failed to state the hardness of water or that hard water was

utilized for bioassays often stated significantly greater resistance to acidic environments than is

noticed in wildlife. Aluminum percolated with acid rain from the washbasin complicates the situation

significantly, as different types of aluminum vary in their toxicity. Aluminum and hydrogen ions

interrelate both antagonistically and synergistically, depending on the situation (Havas, 1985;

Herrmann, 1993; Muniz & Leivestad, 1980; Rosseland & Staurnes, 1994) and in the company of

organic compounds in the environment with acidic properties, aluminum toxicity can be counteracted.

The significance of certain water quality variables arose, as experts over two landmasses struggled to

understand how certain ponds are without life while other, more acidic ponds are teeming with life.

Currently, rapidly increasing manufacturing processes in Asia have led to a continuous increase in

release of acidic contaminants due to rain at acidic ranges of pH 4 advancing through Japan (Japan

Environmental Agency, 1997). In an attempt to describe possible discrepancies, the characteristics of

water quality, specifically pH, Al, Ca, and natural acids, are better known. Examinations have shown

the release of acidified water into estuaries from acid sulfate soil (ASS) have resulted in fishes

becoming more susceptible to fungal infections (Callinan et al., 2005; Virgona, 1992) and bacterial

infections (Bromage & Owens, 2009). Principal bacterial procedures for mineral use and ecological

operations can also be either reserved or changed as a result of reduced pH ranges. NH41 nitrifica-

tion resulted in pH ranges less than 5.6 in empirically acidified Canadian ponds, with aquatic denitri-

fication processes being recommended (Rudd et al., 1988, 1990). Extra carbon dioxide reacts with

water to form carbonic acid and hydrogen ions, which increases the acidity of the water. Increasing

the hydrogen ion bonds with carbonate ions to produce more bicarbonate reduces the concentration

of carbonate ion (Fabry et al., 2008; Orr et al., 2005).

8.3 Impact on fish from pollution
Ecological pollutants like pesticides, metals, and many organics pose grave risks to various aquatic

creatures. Hence, many studies have categorized the damaging physical processes in creatures
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exposed to these contaminants. However, the effects of contaminants on fish behavior are less often

examined. Since behavior connects physiological functioning with environmental systems, behav-

ioral signs regarding the toxic nature of various substances are important to evaluate the impacts

from water pollutants on fish species. We recognize that numerous toxicants can change fish behav-

ior, like predator escape, reproduction, and social functioning. Toxicant exposure usually reduces

the appearance of responses that are indispensable to health and also endurance in the normal eco-

logical system, generally after exposures of minor extent rather than those inducing

notable mortality (Scott & Sloman, 2004). Contamination effects on the spreading of common dis-

eases in host groups of salmon are currently not known. It is assumed that the outbreak of infection

depends upon the interplay of the host and the environment, including the pathogens. Nonexistence

of pathogens would improve unfavorable surroundings, which affects disruptions from disease

(Arkoosh et al., 1998).

Because of the lack of protein sources for populations in the Third World nations, demand for

fish cultivation has increased, as it represents a good source of protein. However, in some regions,

fish farmers utilize reprocessed water from farming, industry effluent, or even sewage. These ori-

gins of reprocessed water pose a health threat to the fishes, the ecosystem, and the individuals who

eat the fish. Our water systems represent the most essential resource that exists on the planet, nec-

essary for survival and also for the improvement of advanced technologies. Rapid industrial expan-

sion is a main reason behind water pollution. Released water has been utilized in various areas of

the globe for fish farming (Ashraf, 2005; Gad, 2009; Wong et al., 2001). Fish are usually regarded

to be the common organism for pollution monitoring in water sources. Fish species may be seen

throughout the water ecosystem; also fish play a significant environmental part in water food

chains, due to their roles from low to higher trophic level (Linde-Arias et al., 2008; Van der Oost

et al., 2003). Fish species subsist in a water environment, are completely reliant upon it, and are

affected by changes within it. Hence, fish varieties may be used as an alarm system to indicate the

presence of pollutants in the water (Nussey, et al., 1995). Increasing manufacturing, farming, and

industrial substances released into the water systems could cause severe health problems and also

threaten the water ecosystem (Mayon, et al., 2006). The heavy metal quantities in fish organs indi-

cate earlier consumption through water or food, and the amount can display the current condition

of the organism before toxicity influences the environmental balance of cultures in the water

(Birungi, et al., 2007).

8.4 Impact on fish populations from bacterial diseases
Disease factors in fish populations are thought to have vital impacts on the hosts by epizootic or

enzootic disease. Enzootic disease can affect the host by lasting effects on physical processes, dam-

aging development and reproduction, as well as existence, whereas epizootic diseases (analogous to

an epidemic in humans) characteristically influence population dynamics by decreasing populations

due to a temporary large disease outbreak, which if large enough might affect stochastic proce-

dures, producing extinction (Gulland, 1995). Variation of any of these constituents can modify the

dynamics of the interaction among pathogen and host, that may change the vulnerability of the fish

population to illness. Contamination that causes a modification in the climate can affect the
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physical well-being of young salmon by increasing their vulnerability to disease, that may in turn

possibly adjust the population characteristics (Arkoosh et al., 1998). The degree to which disease-

bearing pathogens typically negatively affect the community dynamics of fish species is still mostly

unidentified, as are the three-dimensional and sequential ranges of these actions.

The presence of disease in fish populations supposedly relies on the interaction of three factors:

the host, the environment, and the pathogen (Snieszko, 1973). Additionally, it is hypothesized that

variable fishing pressure directly increases variability in exploited populations (Botsford et al.,

1997). Variation concerns about exploited fishes can be affected by ecological forces and mortality

from fishing (Jacobson et al., 2001; McFarlane et al., 2002). As we concentrate on the damaged

bet-hedging as the chief influencing constituent for increased inconsistency, a fresh examination

using a sensitive nonlinear study suggested increased temporal variability of California Current

employed fish stocks arises from increased instability in dynamics, which intensifies nonlinear

behavior, chiefly the increase in the inherent community development rate (Anderson et al., 2008).

Age-truncated or juvenescent populations have increasingly unstable population dynamics.

Increases in resident progress measures is due to prematurations (juvenescence) of subjugated peo-

ple affected by dimensions-selective fishing. As distinct mass reduced including entire biomass per-

sisted mathematically same to the harmed species in an area of Southern California, the number of

fledgling fishes has increased. The larger population of short-lived fishes needs an advanced intrin-

sic measure of development; the population must reproduce major living descendants capita/year to

compensate for the shortened lifetime. As a result, exploited populations could be directed to a cha-

otic or unstabilized state, and therefore show greater differences. However, in adding to the growth

age, one must take note that the internal community growth rates also rely on the mortality.

Equilibrium among mortality from fishing and adaptive or evolutionary response of animals per-

haps regulates the details of population subtleties.

8.5 Consequences of bacterial diseases in fish
Unintentional results and trade-offs are related to providing a fish passageway at barriers, either

through fishway building or dam elimination. Good policymaking needs detailed thought about

both the costs and benefits related to the choices accessible to managers. Studies have exposed that,

while profits of fish passageways and barrier elimination have been interconnected efficiently and

are being extensively recognized, the unintentional impacts of such choices and the trade-offs and

doubts they create are stated to be less healthy and are frequently ignored or unappreciated.

Production is not proposed to be an area of disagreement, in contrast with offering fish passage-

ways or eliminating barriers. These passageway choices should be considered extensively and fol-

lowed where suitable and conceivable. However, studies also suggest that costs and benefits of

such choices can differ from one location to another, making fish passageway choices situation reli-

ant and annoying to investor collections and directors unacquainted with doubts relating to choices

to offer fishes passageway or eliminate a barrier. A fusion of unintentional results and trade-offs

related to fish passageways might raise consciousness surrounding such questions between piscary

executives and experts and help them interconnect such issues to the wider community

(McLaughlin et al., 2013). So, the usage of antimicrobial factors in aquaculture results in a

160 Chapter 8 Global status of bacterial fish diseases



wide-ranging ecological application that influences an extensive diversity of microbes (World

Health Organization (WHO), 1999). About 40 thousand culture-established cases are presented to

the Center for Disease Control every year; actual antimicrobic mediators are serious and might be

resurrection for a minimum of 2400 individuals per year. The choice of antimicrobial factor for

action against dangerous infections has developed progressively due to growing disinfectant con-

frontations among Salmonella isolates. Earlier, chloramphenicol, ampicillin, and trimethoprim-

sulfamethoxazole have been the “action options” for Salmonella infections (Lee et al., 1994;

McDonald et al., 1987; Riley et al., 1984). However, among 1272 erratically nominated Salmonella

strains from persons tested at the Center for Disease Control in the National Antimicrobial

Resistance Monitoring System in 1996, 10% were resistant to chloramphenicol, 4% to

trimethoprim-sulfamethoxazole, and 21% to ampicillin. Contrast to this that almost all of the

Salmonella strains tested at the CDC have been vulnerable to third-generation cephalosporins and

fluoroquinolones (Centers for Disease Control & Prevention, 1996; Herikstad et al., 1997). For

such a cause, and because of medical response and favorable pharmacodynamic characteristics,

fluoroquinolones and third-generation cephalosporins are the present drug of choice for therapy

against offensive Salmonella infections in grown fish and offspring, respectively. Should

Salmonella develop antimicrobial resistance to these two antimicrobial factors, appropriate substi-

tute antimicrobial mediators are not presently accessible and serious individual health consequences

are likely. Therefore, these resistance factors can be conveyed by flat gene-transfers to microorgan-

isms of terrestrial environments, including human and animal pathogens, as has been stated for

Vibrio cholera and Salmonella enterica serotype Typhimurium.

While it may seem self-evident that defrayal preferences would be adaptive, little evidence

shows that they are. Table 8.1 shows effects of settlement preferences on development and exis-

tence of approximately pomacentrid reef fishes; few complete studies exist on other coral-reef fish

taxa. The suggestions that do exist are often ambiguous and inconsistent among the studies. While

strong settlement preferences have often been expected adaptive, (Tolimieri, 1995) originate no

benefit in relations of either convert development or survivorship; however, S. planifrons settlers

presented robust inclinations for coral species at defrayal.

8.6 Global status of bacterial disease in fishes
Worldwide aquaculture has grown intensely over the last five decades to about 68.3 million tonnes

including aquatic plants, that is, 52.5 million tonnes in 2008 at a value of US$98.5 billion, US$106

billion consisting of water flora and amounting to approximately 50% of the global food fish mar-

ket. Asia controls manufacture, accounting for 89% by volume and 79% by value, with China by

far the major manufacturer, with 32.7 million tonnes in 2008. Rapid development in this area is

related to a diversity of issues, including already present aquaculture usage, financial development,

Controlling the population has become more lenient, and increasing export opportunities.

Aquaculture growth in North America and Europe was rapid during the 1980s and 1990s, but has

since deteriorated, perhaps owing to controlling limits on places and other inexpensive features,

though as marketplaces for seafood and fish they have sustained to raise (Bostock et al., 2010).

Financial, ecological, and organism health assistance have emerged as a consequence of the
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extensive usage of medications in the aquaculture industry. The probability that vaccines are

responsible for lower death rates, enhanced growth efficacy, and increased production is now a seri-

ous issue in disease administration programs in aquaculture. Currently, the most commonly used

fish inoculations are chiefly bacterial antigens or inactivated virus, subunit vaccines, and vaccines

produced through recombinant DNA technology with antibody-mediated immune response, or live,

weakened, and DNA inoculations for cytotoxic-T cells (CTLs) response (Plant & LaPatra, 2011).

The extensive and recurrent use of antibiotics in aquaculture in prior times has caused antibiotic

resistance development in aquaculture pathogens. Thus, at present, antibiotics are no longer used in

treatment of microbial illnesses in some cases. Karunasagar and colleagues state huge deaths in

Penaeus monodon larva due to Vibrio harveyi strains with varied resistance to chloramphenicol,

cotrimoxazole, streptomycin, and erythromycin (Karunasagar et al., 1994). The management of

short chained fatty acids will reduce abdominal pH, resulting in more helpful bacteriological sys-

tems in the GI tract, since neutrophilic bacteria will have major difficulty when in contact with aci-

dophilic bacteria. A main drawback of using short chained fatty acids in aquaculture foods is that

they can leach into the water culture and subsequently high amounts would be required to maintain

high quality. The effectiveness of short chained fatty acids can be increased by the manufacture of

compounds at sites where they need to perform, such as in the gastrointestinal tract. This might be

attained by the management of acid-producing probiotic microorganisms, like lactic-acid microbes

(Ringø & Gatesoupe, 1998). Presently, methods to protect aquaculture fish from pathogenic

microbes without using antibiotics are being commercialized and verified. An all-around method

comprising host, pathogen, and environment will possibly be the most applicable in the long term.

In this view on biocontrol, steps that prevent or restrict diseases are better for health management

Table 8.1 Consequences of settlement preferences for coral-reef fishes.

Process Possible consequences Taxa References

Physical variation

in visual system,

olfactory barbels

Food finding, predator detection Mullidae

(Upeneus

tragula)

McCormick (1993)

Variation in

pigmentation, scale

amount, activities

Camouflage, protection, predator

avoidance

Labridae,

Pomacentridae

Robertson et al. (1988),

Victor (1983)

(a) Behavior

Defrayal

preferences

Patchy spatial and temporal

distributions of recruits; enhanced

food finding, decreased predation risk

Poinacentridae,

Labridae

Booth (1992), Doherty

(1982), Eckert (1985), Jones

(1987)

(b) Interfaces

durable predation

Condensed survivorship, more patchy

distributions

Chromis sp.,

Pomaeentrus

spp., Stegastes

spp.

Carr and Hixon (1995),

Doherty (1982), Shulman

(1984), Wellington (1992)

Strong rivalry with

residents

Reduced recruit density and enhanced

growth rate

Dascyllus spp. Fjellheim and Raddum

(1990), Schachte (1983)

Migration Augmented mortality or migration

redistribution of human resources

Dascyllus spp. Booth (1991), Booth

(unpublished Data), H.

Sweatman (personal

communication)
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(Subasinghe et al., 2001). However, it would be impractical to imagine that infections can be pre-

vented in all forms and therefore new methods to regulate pathogenic microbes are required to

make the aquaculture industry more sustainable. Also, the application of drugs against target

microbes may pose risks to aquaculture industry systems and in the following foodstuffs intended

for human consumption, which could affect customer health and be the source of unfavorable envi-

ronmental and financial effects (Brunton et al., 2019; Lulijwa et al., 2020).

8.7 Toxic bacteria in fishes and their occurrence
Reports and reviews on the appearance of pharmaceuticals in the environment (primarily surface

waters) suggest that therapeutic composites are omnipresent (Daughton & Ternes, 1999).

Examination of blood factors is a significant instrument used to measure the toxic special effects of

xenobiotics on fish and biochemical indices (Bojarski & Witeska, 2021; Burgos-Aceves et al.,

2019; Hoseini & Yousefi, 2019). Yeast fungi examination as a part of fish microbiota does not

require a particular media culture; various broths and agars are acceptable. However, there are dedi-

cated culture media whose choice can be enhanced by the addition of an antibiotic. It appears that

yeast may be a vital part of fish intestines. In some cases, the yeast may be more abundant than

other bacterias, such as in the deep-sea eel Synaphobranchus kaupi (Ohwada et al., 1980), or fresh-

water adult masu salmon (Yoshimizu et al., 1976) (Fig. 8.1).

8.7.1 Aeromonas

Aeromonas hydrophila causes diverse pathologic illness, which involves severe and immediate

impact, impact over an extended period, and possible infection. The condition severity is affected

by some factors, such as the virulence of particular types of bacteria and level of pressure exercised

on a fish community, and also the stability and physiology of the host. Pathological illness associ-

ated with a member of the A. hydrophila complex includes dermal ulceration, hemorrhagic septice-

mia, red sore condition, red rot infection, and scale protrusion illness. The severe and immediate

impact of such conditions is indicated by quickly lethal septicemia with some signs of disease. If

this occurs, some symptoms are important: exophthalmia, skin reddening, and fluid accumulates in

FIGURE 8.1

Toxic bacteria in fish.
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the scale (Faktorovich, 1969). A. hydrophila is the general cause of the illness, which occurs in

warm-water fishes such as channel catfish (Ictalurus punctatus), tilapia (Amin et al., 1985), ayu

(Plecoglossus altivelis) (Miyazaki & Jo, 1985) and also in cold-water fish species and other verte-

brates (Janda & Abbott, 1998). Bacteriology study has revealed the appearance of Aeromonas

hydrophila, A. sobria, Vibrio spp., and Enterobacteriaceae in the inner part of affected tilapia fin-

gerlings; immersion in 50 ppm solution of formalin regulated the mortality rate (Sugumar et al.,

2002). Aeromonas infection is also common in warm-water and in a more temperate class of spe-

cies than in cold-water fish. Infections can occur in fish of any age, but loss normally occurs in fry

and little fingerlings. Spreading is seasonal, being high in the spring to the early summer season

and then dropping when the water temperature is 65�F�85�F. Spring outbreaks may be associated

with reduced infection resistance in fish that are in a poor state from overwintering or after spawn-

ing. Reduced resistance can also be induced by greater handling and transportation of fresh fish in

the fall.

Aeromonas infections do not adhere to a strict heat range and are described in every month of

the year. It is unusually observed that aeromonads could be isolated in the winter from wounds

associated with wintertime kill (winter fungi) (Camus et al., 1998). Aeromonas hydrophila and

motile aeromonads are found in general freshwater localities globally and are often connected with

serious illness in both cultured and feral fishes. Determining the etiology of illness includes aero-

monad diseases obscured by hereditary, biochemical, and antigenic heterogeneity of association.

Motile aeromonads are associated with composite diseases of organisms that are correlated with

bacterial hemorrhagic septicemia in fishes. In the early scientific information on fish diseases (Otte,

1963), it was stated that septicemic diseases in fish induced by motile aeromonads were well-

known in Europe in the Middle Ages. The bacterial etiology of these early reports was usually

indefinite, but the pathology represented was similar to that of red leg infection in frogs, in which

A. hydrophila was also associated as the causal organism.

8.7.2 Edwardsiella

Edwardsiella tarda (E. tarda) is a gram-negative bacterium and inducing factor of dangerous bacte-

rial disease in freshwater and marine water fish species and has a large population globally. The

bacterium belongs to the Enterobacteriaceae family (Ling et al., 2000). The bacteria also have a

wide host scale and induce illness in reptiles, birds, and individuals as well (Ling et al., 2000). The

E. tarda bacteria can avoid both serum- and phagocyte-mediated killing, and penetrate cells to

infect the host and generate dermatoxins and hemolysin, which are spread by septicemic conditions

(Srinivasa Rao et al., 2003). Since there is no vaccine available to regulate edwardsiellosis, chemo-

therapy is the only efficient mode to control the disease in fish. There is an important concern

about the effects on food safety of the chemotherapy method.

After initial examinations, the closely related species E. piscicida has recently been declared. In

addition to hereditary studies of E. tarda isolation from older reports, it has been determined that

there are numerous earlier characterized isolates of E. tarda that associate to E. piscicida species

(Buján et al., 2018b; Reichley et al., 2017). Current recategorization and examinations propose that

E. piscicida is challenging finfish aquaculture more than E. tarda. Geographic dispersion of host

varieties has influenced the diagnostic methods and implied administration approaches to regulate
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disease. The presence of edwardsiellosis in eel has so far been restricted to Japanese and

Taiwanese aquaculture production (Chang & Liu, 2002; Wakabayashi & Egusa, 1973).

8.7.3 Mycobacterium

Mycobacterium marinum is a pathogen of poikilothermic hosts such as toads and fish that are

hereditarily associated with M. tuberculosis (Tonjum et al., 1998). The M. marinum pathogen

induces similar disease in the hosts, consisting of dormancy and granuloma production, and it is

responsive to laboratory context as it is an hereditarily tractable and comparatively rapidly increas-

ing mycobacterium; it poses minimal hazard to lab employees (Chapman, 1977; Linell, 1954). Fish

mycobacteriosis is one of the constantly recurring illnesses provoked by omnipresent acid-fast

bacilli bacteria, also known as nontuberculous mycobacteria (Novotny et al., 2004). This pathogen

was initially described by Von Betegh in marine fish (Von Betegh, 1910) and separated by

Aronson (1926). The M. marinum pathogen belongs to the Actinomycetales order, suborder

Corynebacterineae, and family Mycobacteriaceae. These cause fish reservoir granuloma in indivi-

duals, as stated in 1951, as a result of Mycobacterium balnei (Norden & Linell, 1951; Linell &

Norden, 1954); the disease was identified after an examination of 80 individuals who utilized a

common swimming pool and were affected by granulomatous lesions on skin. The causative agent

of piscine mycobacteriosis was later proved to be M. marinum. According to other studies, the

hematological parameters showed a slight change in the erythrocyte guides of the Nile tilapia vac-

cine with M. marinum, with distinct cases of microcytic hypochromic anemia, and broad differ-

ences in platelet numbers only at 30�C for 8 days. Neutrophilia and slight lymphocytosis resulted

in leucocytosis in fish 1 day after illness, which is a specific point of acute disease; 3 days after

infection, chronic signs appeared in the form of neutropenia and lymphocytosis, though monocities

occurred and spread after days 14 and 35 and by the day 45. Eosinophilia appeared only in 1 fish

on day 14 after contagion. Other morphological deformities including young cells, cytoplasmic

vacuolization in monocytes, poisonous cytoplasmic granulation in neutrophils, and intense cyto-

plasmic basophilia were reported at different times in infected fish (Ranzani-Paiva et al., 2004).

The researcher stated that sterilization is not useful in regulating fish mycobacteria, due to normal

bactericidal confrontation of mycobacteria (Jacobs et al., 2004). Mycobacterium can be efficiently

cultivated on liquid media and agar surfaces (Rhodes et al., 2004); as an example, mycobactin is a

siderophore utilized to increase the development of gradually increasing Mycobacterium on normal

media. Nonselective media are not effective for moderate cultivators but suitable in rapid cultiva-

tors. There is a need to distinguish among Mycobacteria obtained from fish species and the fish-

pathogenic gram-positive Mycobacterium. Mycobacteria sterile separation from the inner tissues

ensures that there is no contaminant in the strain (Rhodes et al., 2004). Separations of these bacteria

from feces, outer surfaces, and all viscera are ambiguous because of the appearance of outside con-

taminants (Rhodes et al., 2004). Fish skin models are collected and inoculated on suitable media

cultures for growing, such as Middlebrook 7H10 or Lowenstein�Jensen media; to improve the

development of Mycobacterium spp. and because of the gradually growing organism, it is important

to regulate the growing plate for a time varying between 2 and 3 months before recognizing

Mycobacterium spp. as negative. Identification of Mycobacterium spp. from skin or gills of fish

with culture media is complicated by the presence of microbiota that compete for the production of

Mycobacterium on standard culture media. Due to the loss of water, Mycobacterium is extremely
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resilient to the action of both alkaline and acidic chemicals and other composites like benzalkonium

chlorides and hypochlorites (Brooks et al., 1984; Rhodes et al., 2004).

8.7.4 Flavobacterium

Flavobacterium psychrophilum was originally isolated from kidney and outside wounds of infected

young coho salmon Oncorhynchus kisutch (Walbaum) in the state of Washington, and was origi-

nally designated as Cytophaga psychrophila (Borg, 1960). Flavobacterium psychrophilum is a ubiq-

uitous bacterium in the aquatic environment, particularly in freshwater (Groff & LaPatra, 2001). As

the etiological agent of bacterial cold-water disease, it is a serious fish pathogen causing substantial

economic losses and rearing difficulties in both commercial and conservation aquaculture (Antaya,

2008). Such bacteria seemed plentiful on the exteriors of gills of young trout inside 18�24 h after

waterborne contact of fishes with a bacteriological interruption of cells in fish tanks. Infections pro-

duced irritation to gills and reduced the fish respiration (Wakabayashi & Iwado, 1985).

Flavobacterium psychrophilum is a gram-negative bacteria rod, belonging to the Bacteroidetes, that

can induce illness in nonsalmonid fish species. This Bacteroidetes agent correlated with illness in

eel, Anguilla anguilla (L.), and three classes of cyprinids, that is, common carp (Cyprinus carpio

L.), crucian carp (Carassius carassius (L.)), and tench (Tinca tinca (L.)), in Europe (Austin &

Austin, 1999; Lehmann et al., 1991). The permanent appearance of Fl. psychrophilum in the

aquatic environment has not yet been described due to lack of appropriate analysis techniques. Fl.

psychrophilum can be isolated by use of agar media, but in several instances it is inappropriate

because of the delayed growth or excess growth of cells or interference by quickly increasing water

bacteria. Studies on the existence of Fl. psychrophilum microsomes in sterilized laboratories have

shown that cells in fresh and undrinkable water have been able to survive in significant amounts

for many months (Wiklund et al., 1997).

8.7.5 Streptococcus

The genus Streptococcus incorporates several species that induce severe conditions in different

hosts. The significant characteristics of genus Streptococcus are gram-positive bacteria that, when

stained using gram-staining methods, are observed with purple/blue coloration. Most of the fish

disease-causing bacteria are gram-negative bacteria that appear with pink coloration with the proce-

dure of gram-staining. This is essential in the handling of bacteria and in their treatment.

Streptococcal (strep) illnesses are rare and when they appear in fish can lead to mortality; under

some conditions a few aquatic Streptococcus species may induce infection in individuals. However,

certain latter species do not generally affect strong individuals. Some other bacteria can induce the

same diseases, consisting of Lactococcus, Enterococcus, and Vagococcus. All of these bacteria, and

the diseases themselves, are known as “strep.” Streptococcal disease is a bacterial disease in fish; it

was first described in 1957, and cultivated rainbow trout species in Japan were affected (Dar et al.,

2020; Dar, Dar et al., 2016; Dar, Kamili et al., 2016; Hoshina et al., 1958). In 1986, fish illness

occurred due to Streptococcus in Israel and it quickly had outbreaks globally, causing significant

financial loss. Two important fish species cultivated in Israel, namely St. Peter’s fish, a common

freshwater fish, and rainbow trout were affected with this disease. The diseased tilapias (Peter’s

fish) were sluggish and displayed signs related to the involvement of the central nervous system,
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such as irregular swimming activity and dorsal stiffness; the clinical sign in trout was septicemia

correlated with cerebral impairment. A separate strain was found related to two different phenotypi-

cal assemblies concerning streptococci from fish with brain illness, and they were distinct from

other specific fish pathogens such as Enterococcus seriolicida (Kusuda et al., 1991). From a clini-

cal viewpoint, streptococcosis of fish is a general disease concept utilized to indicate similar, but

different, illnesses from any of six distinct varieties of gram-positive cocci, including vagococci,

streptococci, and lactococci (Bercovier et al., 1997; Muzquiz et al., 1999). The temperature of the

water supposedly plays a decisive role in the beginning of infection induced by certain pathogens.

Hence, spreading of those pathogens is connected to diseases from V. salmoninarum, C. piscicola,

and L. piscium that normally arise at under 15�C water temperature, referred to as cool-water strep-

tococcosis; infections that occur at over 15�C water temperature are called warm-water streptococ-

cosis, and is from S. iniae, L. garvieae, S. difficilis, and S. parauberis (Muzquiz et al., 1999).

8.8 Adverse effects on human health caused by bacterial fish diseases
In 2001, global aquatic production was approximately 37.9 million tons, which represents 41% of

production achieved within the limits of human consumption (FAO, 2003). The occurrence and

expansion of fish diseases are the effects of the interplay between the pathogens, hosts, and the

environment. Hence, multidisciplinary studies include the properties of potentially pathogenic

microorganisms for fishes, biological perspectives of fish hosts, and more knowledge of the envi-

ronmental agents changing such culture, in order to enable appropriate methods of restricting and

regulating the major diseases, to reduce the decreases in seawater fish species (Toranzo et al.,

2005). However, various sublethal effects were observed at low, environmentally realistic concen-

trations of antibiotics (Almeida et al., 2019). Fish provide various health advantages; on the other

hand, occurrence of toxic elements can have adverse impacts on an individual’s health if consumed

in large amounts by the individual (Sonone et al., 2020). Fish can be contaminated by various

means and this has become a major issue, not only because of the danger to fish but also because

of the threat to humans who consume fish as a food source (Fuentes-Gandara et al., 2018)

(Fig. 8.2).

8.8.1 Gastrointestinal tract

Improvements have occurred in recent years in our knowledge of the bacteriological bond at both

molecular and hereditary stages of endothermic animals, and the electron microscopy technique has

contributed greatly to the knowledge increase (Knutton, 1995). Though numerous publications have

detailed pathogenesis in fishes, some research has utilized TEM, or transmission electron micros-

copy analysis, and SEM, or scanning electron microscopy, which are techniques to assess the

impact of bacteriological disease on geomorphology in the gastrointestinal (GI) tract of fish. Fishes

reside in aquatic environments, and thus their outer surfaces are continually uncovered to probable

pathogens, and liquid taken into the GI tract throughout feeding could transfer the pathogens to the

mucosal surface of the tract. Additionally, in the nonfeeding initial phases of growth of fish larvae,

consumption of water is needed for osmotic regulation (Tytler & Blaxter, 1988) and this gives a
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quick entrance into the GI tract for bacteria. It is complicated to analyze the mucosa-associated

bacterial populations in the uppermost gastrointestinal (GI) tract and large intestine in healthy indi-

viduals; lately there have been restricted examinations on their formation, arrangement, and func-

tioning. Biopsy samples and medical substances are normally taken from diseased individuals,

sufferers who have undergone antibiotic treatment, and those individuals whose large bowel has

been washed out before examination of the digestive tract or large intestine. As a result, the micro-

bial community associated with these tissues cannot provide the true signs of healthy mucosal

diversities. There is difficulty with specimen collection; individual digestive tracts have a body of

evidence showing the presence of different mucosa-associated communities (Croucher et al., 1983;

Lee et al., 1971; Macfarlane et al., 2004). The digestive systems of fish continuously interact with

the outer environment. It is difficult, as polymicrobial ecology associates with the inner and exter-

nal environments, and their effects on wellness and disease of the fishes. The gut is a multifunc-

tioning organ that digests and absorbs food; it is important in water and electrolyte equilibrium,

endocrine control of absorption, metabolism, and the immune system. The gastrointestinal tract

microorganisms of fish are distinguished by large community frequency, large variety, and com-

plexity of the interplays. When the whole main community of microorganisms is expressed, bacte-

ria predominate. These are the major components of the stomach microbiota in fishes (Pond et al.,

2006; Spanggaard et al., 2000). The colon is the most abundant site colonized by microbes in the

gastrointestinal (GI) tract. Colonic microorganisms are generally considered to be uniform objects;

this is a simplification, as the bacteria survive in many places under different microhabitat and met-

abolic conditions inside the mucous layer lining the gastrointestinal tract, the mucous membrane,

FIGURE 8.2

Adverse effects on human health caused by bacterial fish diseases.

168 Chapter 8 Global status of bacterial fish diseases



and on the surface of digestive deposits inside the opening of the intestine (intestinal lumen). The

microorganisms are continuously changing, according to nutrient consumption or as distinct sources

become accessible. Some data reveal that bacteria in the large bowel can arise separately as unique

cells, but they can live in microcolonies or other different communities, including other species, on

the exteriors of minute particles of substances. In some conditions, microbial biofilms may have a

separate class, such as diseases of the heart valve, catheters, and medical prosthetic devices, but

biofilm belonging to distinctive areas of the digestive tract is normally a multispecies consortia

whose growth occurs according to climate, nutritional determinants, chemical constituents of the

substratum, and host protective mechanisms associated with natural and acquired immunity

(Macfarlane & Dillon, 2007). The epithelium of the digestive tract is one of the fastest redevelop-

ing mammal muscles. Epithelial cells of the minor bowel are entirely rehabilitated in a projected

3�4 days in rats; in individuals, this period is much longer. The present assumption is that intesti-

nal stem cells, which stretch to increase to four main cell lineages in the intestinal epithelium, regu-

late the rapid regeneration (Bach et al., 2000; Cheng & Leblond, 1974).

8.8.2 Cardiovascular system

Ingestion of fish or fish-oil favorably affects numerous cardiovascular risk issues (Mozaffarian,

2009). Variations in the maximum risk effects are usually obvious over a calendar week of varia-

tions in intake, and this might result from changed cell-membrane variability and receptor response

and subsequent combination of n�3 polyunsaturated fatty acids into cell-membrane phospholipids

as well as direct association of n�3 polyunsaturated fatty acids with cytosolic receptors that control

gene transcription (Clandinin et al., 1991; Feller & Gawrisch, 2005; Vanden Heuvel, 2004). Time

sequences of benefits differ; for example, some of these specific impacts (such as triglyceride low-

ering) may require years or months of intake before any effects or medical results are obvious. The

reports of benefits for mid-level risk issues are convincing, but implications for specific health

impacts on long-lasting cardiovascular disease require confirmation through evidence of real dis-

ease termination in patients (Mozaffarian, 2009). The constancy of evidence and extent of the

advantages in improvement in heart problems in humans due to fish intake are impressive. The risk

decrease is established by reliable indications from research studies and random trials examining

fish or its oil consumption on heart risk; randomized controlled trials assessing fish intake/impartial

biomarkers of n�3 polyunsaturated fatty acid consumption and risk of heart disease (He et al.,

2004); studies of characteristic fish consumption and heart disease results that have followed mil-

lions of persons for a number of decades through a variety of countries worldwide; and randomized

controlled trials of fish or its oil intake, which have joined hundreds of topics and established dis-

coveries in scientific proceedings (Mozaffarian & Rimm, 2006). Fish consumption might also

decrease the danger of further coronary and noncoronary results, including but not limited to nonfa-

tal cardiac arrests, atrial fibrillation, ischemic stroke, depression, and cognitive decline; however,

the evidence for such measures is still not as strong as for coronary heart disease (CHD) mortality

(Lin & Su, 2007; Morris et al., 2005; Mozaffarian et al., 2004; Scott & Sloman, 2004; Sun et al.,

2008). Deaths from CHD—that is, recognized or deadly heart attacks and unexpected demise—are

clinically distinct situations habitually associated with the final event of ventricular arrhythmia, fre-

quently ischemia-induced ventricular fibrillation. Heterogeneity of the special impacts of fish or

fish-oil consumption on cardiovascular outcomes is probable, related to variable dose and time
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effects and impacts on risk issues (Mozaffarian & Rimm, 2006). Combining all studies, this result

was obvious. At consumptions up to 250 mg/day, the relational risk of coronary heart disease death

was 14.6% lower (95% confidence interval [CI], 8%�21%) per each 100 mg/day of EPA and

DHA, for a total risk reduction of 36% (95% CI, 20%�50%). At higher consumptions, slight extra

risk decrease was evident (0.0% change per each 100 mg/day; 95% CI, 20.9% to 0.8%)

(Mozaffarian & Rimm, 2006). Though the lipid statement is carefully related to the growth of ath-

erosclerosis, the remark that Inuit infrequently industrialized coronary heart diseases notwithstand-

ing a high consumption of fat encouraged inquiries about protective constituents in their food.

Great importance has been placed on polyunsaturated fatty acids, that is, omega 3 (n�3) and omega

6 (n�6), for protecting against atherosclerosis. Three randomized controlled trials have found bene-

fits from consumption of polyunsaturated fatty acids for patients with previous coronary heart dis-

ease. The greatest undoubtedly was the GISSI-Prevenzione trial, in which taking omega 3 fatty

acids showed a 20% decrease in risk of overall death and a 45% decrease in risk of sudden cardiac

death (Burr et al., 1989; GISSI-Prevenzione Investigators, 1999; Singh et al., 1997).

8.8.3 Kidney

The kidney is a multifaceted body organ containing distinct parts that function in an extremely syn-

chronized manner. A great number of drugs, chemicals, and heavy metals have been shown to

affect its construction and function. The amount of renal injury from heavy metals relies on the

nature of the metal, dose, route, and period of contact. Together, severe and long-lasting contamina-

tion have been established to cause nephropathies with different levels of severity, from tube-

shaped dysfunctions to severe renal damage (Barbier et al., 2005). A diversity of defensive events

against uranyl nitrate-induced (UN-induced) nephropathy and oxidative injury have been studied.

These comprise certain complexing and chelating agents, which process nonionized ring develop-

ments with inorganic ions that are consequently removed by the kidney (Domingo et al., 1997;

Durakoviae, 1999). In addition, other treatments like melatonin (Belles et al., 2007) were also used

to decrease UN nephrotoxicity, but were not originally appropriate for scientific use.

Owing to demographic alterations, kidney diseases have become a major health problem and the

number of persons suffering from severe or long-lasting kidney disease is growing. Renal failure

leads to decrease in the glomerular filtration rate and the damage of nephrons, the practical compo-

nents of kidney. Nephron assembly is preserved among vertebrates and has three main sections: glo-

merulus, distal tubule, and proximal tubule. After renal damage, mammals are able to partially repair

structures such as proximal tubules and glomeruli, but are unable to regenerate nephrons, as fish can

do (Humphreys et al., 2008). A pool of progenitor cells in fish are triggered after initiation of kidney

damage, and begin to form a nephron, first noticeable as basophilic clusters of cells (Diep et al.,

2011). One of the miRNAs, miR-21, is upregulated after kidney damage and acts as a pro-

proliferative and antiapoptotic factor in kidney regeneration in fish (Hoppe et al., 2015). Receptors

have been identified and thought to be liganded by iodomelatonin in various tissues and organs

through in vitro autoradiography and conservative binding examination. High-attraction 2-iodomelato-

nin binding locations have been observed at primary sites in the CNS and presently afterwards into

numerous peripheral mammalian and avian tissues, such as lymphocyte, caudal artery, Hadrian gland,

spleen, adrenal gland, intestine, kidney, and gonads (Stankov et al., 1993). Histopathic variations into

kidney were studied at day 8 and sustained until the end of the research study. The renal-tubule
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developed as extremely elongated; its epithelial coating was definitely disconnected from tubular

cells. An harm to cellular reliability particularly the renal tubules. Edema, dilation, and enlarged

nuclei of renal tubules were noted too. Glomeruli demonstrated vacuolization and unsystematic blood

capillaries. Pyknotic nuclei and necrosis can be experimental in mesenchymal tissue. Injury devel-

oped more markedly by day 15 and was extracritical in groups 3 and 4.

Pathological variations have previously been described within kidneys of fish that are unprotected

from numerous contaminants (Anitha Kumari & Sree Ram Kumar, 1997; Banerjee & Bhattacharya,

1994). Higher zinc absorption into kidneys of preserved fishes is perhaps a consequence of the kidney

being one of the main organs for decontamination and removal of metal contaminants (Dallinger

et al., 1987). The dose level of Zn in current trials seemed to disturb the detoxification cation appara-

tus in kidney, thus delaying metal removal and increasing its accumulation.

In the realm of kidney biology, zebrafish have been identified as an excellent complement to

the study of nephron proliferation and pathogenesis of physiologically changing disease. Kidney

studies using the zebrafish model were established from investigations on mutations isolated

through zebrafish-forward genetic screens that led to a rich collection of mutations affecting neph-

ron form and function, whose further studies led to information that augmented understanding of

the sympathetic mechanisms of ciliogenesis, polycystic kidney disease, and others. Detailed molec-

ular classification of the renal anatomy of zebrafish subsequently revealed the overall conservation

of nephron segment pattern and cellular composition in both embryonic and adult kidney structures,

connected with other vertebrates, including humans (Poureetezadi & Wingert, 2016).

8.8.4 Reproductive system

The existence of industrial pollutants in the water environment has been of growing concern for the

health of the natural world and humans. Mercury (Hg) is a specific worry, due to its bioaccumula-

tion and strong neurotoxicity of some of its forms. Large releases of mercury are the result of

anthropogenic actions such as metal production and coalfired energy production, along with normal

natural processes such as forest fires and volcanic eruptions. Established from sediments of ponds,

records from midcontinent North America show stratigraphic evidence of mercury deposition hav-

ing tripled in the last 140 years. In the atmosphere, Hg can exist for up to a year, leading to long-

range distribution through atmospheric transport. Mercury contamination is a universal problem,

with climatic residuals polluting waters in areas distant from anthropogenic or normal point sources

(Fitzgerald et al., 1998; Swain et al., 1992).

The sequence of spermatogenesis in stem cell division in established spermatozoa is measured

by FSH and LH (Dziewulska & Domagala, 2003; Gomez et al., 1999). Throughout the cycle, the

testes grow, which can be calculated by an increase in gonadosomatic index and frequently is larg-

est in the breeding season. Disturbances in testicle function can be categorized as mostly cytotoxi-

cological or endocrine in source (Kime, 1998). Specific cytotoxic impacts are categorized by harm

to cellular reliability or changes in cell function, while specific endocrine impacts include distur-

bance of particular cells as a consequence of changes in secretions of pituitary or gonads.

Reproductive damage might be produced through variations in one of the effects involved in chang-

ing the hypothalamic pituitary gonadal axis. First, variations in neurotransmitter stages or further

limitations of neurotransmission can disturb the release of GnRH or LH from the pituitary and

hypothalamus. Next, restriction of GnRH or LH production and synthesis will produce a cascade
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effect, resulting in diminished gonadal hormone production and consequent reductions in vitello-

genesis, gonadal development, and GSI. Third, variations in gonadal steroidogenesis will disturb

gamete generation and pituitary hormone production and discharge via positive feedback mechan-

isms. Lastly, altered lipid balance might be central to disruption of normal development, including

steroidogenesis and vitellogenesis. Cellular procedures have also been suggested, which might

result in overall noxiousness or specific damage of endocrine processes.

The exoskeleton is a target for methyl-mercury, and interference with cytoskeleton constituents

can damage ordinary mitotic division, which occurs throughout gamete development. Apoptosis

has been suggested as a process through which methyl-mercury harms the steroidogenic capability

of gonads. The reproduction axis is an integrated system; however, numerous current studies exam-

ined only one parameter of the axis. Also, data proving the direct participation in reproductive dam-

age or impairment are still absent. The studies offer proof of reproductive inhibition; nonetheless

they don’t elucidate whether the primary site of action is the gonad aforementioned, or whether it

is done through limiting of secretions of the pituitary or altered neurotransmission in parts of the

brain. Moreover, changes at the transcriptome or proteome level related to reproductive dysfunction

still remain to be determined.

Currently, there seems to be enough evidence accumulating from lab studies to connect contact

with mercury with reproductive damage in numerous fishes. It is now essential to control the main

site of action and the mechanisms involved in endocrine disturbances at ecologically important con-

tacts with methyl-mercury. Connecting reproductive damage with environmentally applicable

effects on fish populations is an additional difficulty. Fish are a source of food for humans and

wild animals, and specific effects of mercury contact in fish, as defined in the current appraisal,

might likewise occur in these consumers of fish. Consequently, mercury contamination is a concern

for both fish populations and those who consume fish, since mercury can act both indirectly, and

decrease the food supply, and directly, by concentrating in the food chain and disturbing the top

predators, namely, human consumers of fish (Crump & Trudeau, 2009; Sankhla et al., 2018).

8.9 Conclusion

We conclude that bacterial diseases affect fish populations. Several biotechnological innovations in

aquaculture along with other developments in technologies lead to optimism toward aquaculture

assets. The natural specific consequences of marine acidification are based on related technical

information, and the long-term effects of altering seawater chemistry on marine ecosystems can

only be assumed. Clinicians should be aware of the clinical signs of bacterial diseases, because

sickness and death as a consequence of such infections increases considerably if there are delays in

diagnosis and cure. We anticipate that the number of known bacterial diseases will probably

increase in the future and affect fish populations.
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9.1 Introduction

9.1.1 The importance of fisheries

As the world population increases, a global concern for developing strategies (preferentially sus-

tainable ones) to provide human beings with healthy sources of nutrition is also increasing. The

potential of fisheries to address this issue cannot be overstated. Fishes possess a high nutritional

value and are an important source of human dietary protein (Sampantamit et al., 2020).

According to the Food and Agriculture Organization (FAO) of the United Nations, there has

been an increase over the years of aquaculture in both marine and inland waters and also an

increase in capture fisheries in both waters (FAO, 2020).

However, two main concerns have arisen regarding sanitary aspects related to fish cultivation

and consumption: fish health, especially when raised in captivity (Kousar et al., 2020), and conse-

quently human health of those who consume this protein source (Novoslavskij et al., 2016).

When it comes to fishes that are raised to be commercialized, special attention should be dedi-

cated to water quality and to the quantity of fish confined in each tank. Stress, deficient diet, varia-

tions in temperature, dissolved oxygen, pH, and presence of contaminants are factors that can

affect fishes’ health, making them more vulnerable to diseases (Bhatnagar & Garg, 2000; Su et al.,

2020). Among the contaminants are biological ones.

Biological contaminants involve bacteria, fungi, and viruses that can present themselves as

pathogens if they are able to cause diseases. Some species are native to natural freshwater habitats

and some species are associated with water pollution. In fish, contamination of food and water can

lead to digestive tract colonization by pathogens, and due to water exposure skin and gills are the

main sites of colonization. Muscle contamination is less common, occurring mainly when the ani-

mal’s immunological status is already unstable (Guzman et al., 2004; Novoslavskij et al., 2016).

Some of these pathogens can only infect and do damage to fish, but some species can also

infect humans (being responsible for zoonoses), causing additional concern (Haenen et al., 2013;

Sudheesh et al., 2012). There are also bacteria species, such as the ones from the Salmonella genus,

that can infect humans but are not biological contaminants originally reported in fish; they were
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introduced through anthropic action resulting from improper handling or contaminated water

(Sant’ana, 2012). However, these last two categories will not be the focus of this chapter.

This chapter will address the pathogenesis of bacterial fish diseases that possess the potential to

negatively affect the aquaculture field.

9.1.2 Main bacteria species capable of causing fish diseases

Among fish pathogens, bacteria are an important group that threatens their health. Fish species possess

defense mechanisms against these organisms that involve physical and chemical barriers. The mucus

that covers fish skin contains antimicrobial peptides, enzymes, and lectins, for example, that help to

avoid pathogen attachment. Blood also possesses factors that act against bacteria and iron-binding pro-

teins [iron is important to various pathogens’ mechanism of action (Magnadottir, 2006)].

Adult fish are in general more resistant than larvae, in which the adaptive immune system is not

fully developed yet (but there are strategies aiming to “train” their innate immune system, for

example with ß-glucans (Zhang et al., 2019)). Adult fish can use their adaptive immune responses

against pathogens, as the complement system can enhance phagocytic activity and/or cause bacte-

rial cell lysis (Holland & Lambris, 2002).

Microbiologists classify bacteria into two groups (gram-positive and gram-negative types)

regarding characteristics related to their cell surface accessed through the Gram staining method

(Beveridge & Davies, 1983). Bacteria are fixed on microscope slides and exposed to the colorant

crystal violet. All bacteria will be stained bluish purple. The mordant substance (iodine) is added to

complex with the colorant and destaining is later performed using water and ethanol. Counter stain-

ing is performed with a colorant with different color (pinkish) and a wash step finalizes the process.

Gram-positive bacteria end up presenting the color from the first colorant, and gram-negative bacte-

ria from the second one (Fig. 9.1). The thick structure of peptidoglycan outside the cell membrane

contributes to the retention of the purple crystal violet-iodine complex from the ethanol wash step

in gram-positive bacteria (O’Toole, 2016).

In fish diseases caused by bacteria, gram-negative organisms are the main concern. A large

number of gram-negative bacteria are related to diseases that cause large losses in fisheries/aqua-

culture (Table 9.1). Vibriosis is the most prevalent group of fish diseases and is caused by gram-

negative bacteria belonging to the genus Vibrio. The affected fish may present various symptoms

such as lethargy with necrosis of skin and appendages, body malformation, slow growth, internal

organ liquefaction, blindness, muscle opacity, and mortality (Ina-Salwany et al., 2019). It is not a

local problem; vibriosis affects fish species worldwide and causes great economic loss to the aqua-

culture industry. The most commonly affected species are saltwater ones, but occasionally it can

occur in freshwater fish (Austin & Austin, 1999; Austin & Zhang, 2006; Bergh et al., 2001).

A large number of gram-positive aerobic and anaerobic bacteria are also involved in fish dis-

eases, such as Lactococcus garvieae, Streptococcus agalactiae, and Streptococcus iniae (Evans

et al., 2002; Figueiredo et al., 2012; Karami et al., 2019) (Table 9.1).

A pathogenic bacterium possesses a virulence factor, important in causing infection. Gram-

negative bacteria, for example, possess lipopolysaccharide (LPS), an important virulence factor,

and they also commonly contain quorum sensing systems (signaling cell-to-cell communication

systems) regulating virulence gene expression and influencing stress adaptation (e.g., secretion sys-

tems), development of biofilm, and production of secondary metabolites (Bruhn et al., 2005; Deep
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FIGURE 9.1

Gram staining method.

Table 9.1 Classification of main bacterium species that cause fish disease.

Bacterium species Gram staining Reference

Vibrio ordalii Negative Ruiz, Poblete-Morales et al. (2016)

Vibrio anguillarum Negative Gao et al. (2018)

Aliivibrio salmonicida Negative Toranzo et al. (2017)

Vibrio vulnificus Negative Linkous and Oliver (1999)

Aliivibrio wodanis Negative Hjerde et al. (2015)

Moritella viscosa Negative Hjerde et al. (2015)

Vibrio alginolyticus Negative Fu et al. (2016)

Yersinia enterocolitica Negative Fredriksson et al. (2006)

Yersinia ruckeri Negative Kumar et al. (2015)

Aeromonas hydrophila Negative Xia et al. (2017)

Photobacterium damselae subsp. damselae Negative Hassanzadeh et al. (2015)

Clostridium botulinum Positive Barash and Arnon (2014)

Lactococccus piscium Positive Williams et al. (1990)

Lactococcus garvieae Positive Karami et al. (2019)

Streptococcus agalactiae Positive Evans et al. (2002)

Streptococcus iniae Positive Figueiredo et al. (2012)
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et al., 2011; Pena et al., 2019). Another common feature from this bacteria group is the type VI

secretion system (T6SS); through the use of this protein secretion apparatus, the toxins can be

delivered to host cells (Salomon et al., 2015).

However, the presence of a virulence factor coding sequence in a bacterium’s DNA is not sufficient to

guarantee disease development capacity. The organism must also be able to express these factors under

the environmental circumstances to which it is subjected in the host organism (Lages et al., 2019).

9.1.3 Important diagnosis methods for bacterial fish diseases

Different methods are used to diagnose bacterial fish diseases. Some diseases can lead to the devel-

opment of characteristic signs that facilitate the identification, but some possess signs common to

other diseases, making the diagnosis a challenging task. For the latter ones, clinical signs are not

sufficient to lead to diagnosis. Histological analysis and analysis that depends upon cell culture

(microbiological analysis and biochemical identification) can be used to make the diagnosis possi-

ble. However, these methods require a great deal of time to be developed and usually time is a cru-

cial factor when animal is suffering. Thus methods that are culture independent are interesting

tools, such as serological (e.g., enzyme-linked immunosorbent assay, ELISA) or molecular analysis

(e.g., polymerase chain reaction, PCR) (Austin, 2019). S. iniae infection in Nile tilapia, for exam-

ple, can be detected through PCR (aiming to detect the pathogen’s genes) and ELISA (aiming to

detect tilapia’s contact with the pathogen through specific immunoglobulins produced by the host

as a response) (Kayansamruaj et al., 2017).

PCR is a relevant diagnosis method and, although it is not optimal for field use, there are target

genes capable of allowing the efficient differentiation even of genetically very similar fish patho-

gens. Vibrio anguillarum and V. ordalii, for example, share approximately 99% sequence identity

of 16 S rDNA, a common target for species identification. However, in this particular situation

there are other target genes that allow secure pathogen identification, such as rpoN, rpoS (Osorio &

Toranzo, 2002), empA (Xiao et al., 2009), amiB (Hong et al., 2007), and groEL (Kim et al., 2010).

New experimental and field environmental analysis methods are continuously being proposed;

loop-mediated isothermal amplification is a rapid strategy suitable for both. For example, V. algino-

lyticus can be detected by three primer pairs targeting the toxR gene in a real-time PCR device and

also in portable fluorescence readers such as ESE’s tube scanners (Fu et al., 2016).

9.1.4 Vaccines to prevent fish bacterial diseases

Since fishes are an important part of the diet for a large number of people worldwide, special atten-

tion should be paid when choosing strategies to treat fish disease, as humans may consume treated

fish organisms as food. Besides problems that can arise from the transfer of antibiotic resistance

genes among bacterial species, generating more resistant organisms (Park et al., 2009), the indis-

criminate use of antibiotics can select for the antibiotic-resistant bacteria that are enormous threats

to human health (Yildirim-Aksoy & Beck, 2017). There are also species for which chemotherapeu-

tic agents have limited efficiency in field conditions (Meyburgh et al., 2017). So, prevention strate-

gies are preferable to treatment strategies.

Since fish infection largely depends on pathogen capacity to adhere to fish skin to later pene-

trate the organism, there are several surface proteins of fish pathogens that are fundamental to
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disease development (Dar et al., 2020; Dar, Dar et al., 2016; Dar, Kamili et al., 2016). These are

interesting targets for vaccine development against these bacteria, for example, S. galactiae (Carey-

Ann et al., 2003; Lindahl et al., 2005).

Therefore there are interesting alternatives such as fish vaccination and use of biological substances

with antimicrobial activity to treat/prevent fish diseases. Chitosan, obtained from the exoskeleton of crusta-

ceans and insects and also from some microorganisms, can be used as an antimicrobial agent to inhibit

warm-water fish bacterial pathogens (Samayanpaulraj et al., 2020; Zheng & Zhu, 2003).

Vaccination can prevent damage to animals as well as economic losses, and decreases the use of anti-

biotics and other antimicrobials (Kayansamruaj et al., 2020; Moraes et al., 2016). It is considered an effec-

tive and long-term prevention measure (Jeong et al., 2020). It can be performed by immersion (immersing

the animals in the diluted vaccine solution), oral administration (with the food), injection, and through

other routes (Somamoto & Nakanishi, 2020). It is common against lactococcosis (Meyburgh et al., 2017),

Aeromonas hydrophila (Ford & Thune, 1992; Lamers et al., 1985; Nayak, 2020), streptococcosis (Vos

et al., 2015), and vibriosis, as these diseases may cause enormous losses in aquaculture. This strategy

allows a diminished incidence and frequency of disease outbreaks, but can also allow the increase of

infections caused by opportunistic bacterial species (Austin, 1999; Zorrilla et al., 2003).

Vaccines can be, for example, modified versions of the pathogen: attenuated vaccines usually

involve deletions and specific mutations in genes associated with metabolism, virulence, and resistance,

thus reducing the pathogenicity of the bacteria (Vos et al., 2015). However, this is not the only option;

there are, for example, inactivated and genetically engineered live vaccines (Wang et al., 2020); the

potential of DNA vaccines is also of great interest to the aquaculture field (Chang, 2020).

The intraperitoneal vaccine is considered the most effective and safest method and it has fewer

side effects due to the frequent use of inactivated vaccines (considered safe because replication

does not occur); it causes no damage due to the release of toxin in fish, decreasing the cases of fish

mortality (Gomes, Afonso, & Gartner, 2006). Tilapia vaccinated against S. agalactiae with intraper-

itoneal application, inoculated with two doses of vaccine, showed survival rates of more than 95%,

and fish inoculated with one dose presented survival rates of around 83%, highlighting the impor-

tance of preparing the fish’s immune system for possible outbreaks of disease capable of causing

high mortality and morbidity (Pretto-Giordano et al., 2010).

Other alternatives for prophylactic immunoprotection have been developed, such as passive

immunization. It offers immediate protection (differently from vaccines that require a period of

approximately 1 month for the immune response to be established): immunoglobulins are inocu-

lated directly into fish (Fagundes et al., 2016).

It is important to highlight that it is always necessary in order to avoid diseases to provide

proper maintenance of environmental conditions for the fish, good nutrition, correct disposal of

dead organisms, separation of symptomatic animals, and periodic performance of laboratory tests,

to make sure that the production is free of bacterial pathogens (Figueiredo et al., 2007).

9.2 Main pathogenesis of bacterial diseases in fish
Due to its high prevalence, vibriosis is studied by different research groups. The Vibrio genus pos-

sesses diverse species related to the fish diseases known as vibriosis (Novoslavskij et al., 2016;
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Vezzulli et al., 2013). V. ordalii, for example, has the potential to result in significant economic

losses by causing an atypical vibriosis that results in hemorrhagic septicemia in salmonids. V. orda-

lii virulence mechanisms still are not fully known, but interesting features have already been

revealed (Naka et al., 2011). Different strains can resist the killing activity of Atlantic salmon

mucus and serum, and it seems that virulence relates at some level with the capacity of a strain to

cause hemagglutination, but not with hydrophobicity (Ruiz et al., 2015). Autochthonous microbiota

seem to interfere with V. ordalii survival: in sterile seawater the bacteria remained infective for 60

days, but 2 days of natural seawater exposure were sufficient to make them nonculturable (Ruiz,

Poblete-Morales et al., 2016). V. ordalii can use heme and hemoglobin as iron sources and can also

produce siderophores (piscibactin can act as a siderophore) to capture iron ions as same as diverse

other pathogenic gram-negative bacteria can produce (Ruiz, Balado et al., 2016). This behavior can

also influence virulence, since iron is not only important to cell metabolism but also is a regulator

of other virulence gene expression (Hood & Skaar, 2012).

V. anguillarum is a species very similar to V. ordalii from the genetic aspects (Steinum et al.,

2016) and also causes septicemia with hemorrhage, exophthalmia, and corneal opacity in diverse

marine fish and freshwater species (Frans et al., 2011), causing economically significant losses

(Toranzo et al., 2017). It can survive in the intestinal environment (skin and oral contamination

routes are feasible) (Wang, Lauritz et al., 2003) and starvation reduces this pathogen’s infectious

capacity. However, it also increases chemotactic response, especially to serine presence (Larsen

et al., 2004). It presents a higher virulence at 15�C (expressing more toxin T6SS2 and enzymes

related to exopolysaccharide synthesis to favor biofilm formation on fish colonizations) and at low

iron levels expresses more virulence-related factors, such as lipopolysaccharide, hemolysins, lyso-

zyme, and siderophores (Lages et al., 2019). It can cross intestinal epithelium, achieving the lamina

propria, entering the bloodstream to reach diverse organs (Grisez et al., 1996).

V. vulnificus can cause a warm-water vibriosis in fish species and can also cause vibrioses

in human beings, as it is an opportunistic pathogen responsible for a large number of seafood-

related deaths (Jones & Oliver, 2009). Most data available regarding its pathogenesis is related

to human organisms. These bacteria can resist acid environments, breaking amino acids to yield

amines and CO2 (Rhee et al., 2002). The capsule makes it possible for the pathogen to resist

opsonization and phagocytosis (Kashimoto et al., 2003). The lipopolysaccharide from the exter-

nal membrane is an important virulence factor directly related to lethality rate (McPherson

et al., 1991). This species also suffers the influence of iron atoms on their capacity to do dam-

age (Alice et al., 2008; Stelma et al., 1992; Wright et al., 1981). Higher iron concentrations

favor the survival of more virulent strains (Bogard & Oliver, 2007) and this species can secrete

hemolytic factors to help to release iron from hemoglobin (Wright & Morris, 1991). Proteases

can also be secreted to contribute to the development of tissue lesions and favor bacteria pene-

tration into tissues (Miyoshi & Shinoda, 1988). Toxins are also produced; RtxA1, for example,

is highly similar to the RtxA from V. cholerae and very powerful in promoting cell death (Kim

et al., 2008).

The Aliivibrio genus contains some species previously classified into the Vibrio genus and then

reclassified due to the development of genome analysis methodologies. Aliivibrio salmonicida, for-

merly known as V. salmonicida (Urbanczyk et al., 2007), can cause cold-water vibriosis in fishes.

Exophthalmos, swollen vent, pinpoint hemorrhaging along the abdomen and at the bases of fins,

and dark color on fish skin are signs (Kent & Poppe, 2002). Research on the virulence factors of
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this species indicates that the bacterium may initially use them to fight the fish’s innate immune

system until it collapses and infection occurs (Bjelland et al., 2013). Flagellar proteins that favor

the bacteria to access fish cells are produced in larger amount in the presence of the mucus that

covers fish skin (Raeder et al., 2007). After entering the animals’ blood, bacteremia increases rap-

idly. The establishment in the intestine is slower, leading scientists to believe that the host intestine

would be a reservoir, favoring survival and transmission (Bjelland et al., 2012). This species con-

tains genes of secretable extracellular toxins and enzymes (Bjelland et al., 2013) and a siderophore-

based iron sequestration mechanism (Colquhoun & Sørum, 2001).

Aliivibrio wodanis, previously known as V. wodanis (Urbanczyk et al., 2007), is often isolated

from ulcers and internal organs from fish suffering from winter-ulcer disease (Hjerde et al., 2015),

together with Moritella viscosa [previously known as V. viscosus (Benediktsdóttir et al., 2000)], an

etiological agent. Studies involving both species at the same time revealed that A. wodanis could

adhere to fish surfaces, but no invasion was detected, although it seems that it could secrete toxins

(Karlsen et al., 2014). M. viscosa extracellular cytotoxic products (ECPs) are cytotoxic and hemo-

lytic to Atlantic salmon tissues and they help to understand the pathology caused by this bacterium

(MacKinnon et al., 2019). The presence of A. wodanis affects M. viscosa’s trascriptome in an inhib-

itory, not contact-dependent, manner (Hjerde et al., 2015).

V. alginolyticus (previously classified as V. parahaemolyticus) (Buchanan & Gibbons, 1974) is

an opportunist fish pathogen that can also infect human beings, causing seafood poisoning or fatal

extraintestinal infections (Fu et al., 2016). It can release enzymes to the extracellular environment

such as casein and also presents hemolytic activity (Sedano et al., 1996).

Another genus of bacteria that causes concern to the aquaculture field due to the fact that it can

cause diseases in fish is Yersinia. There are various species of Yersinia that cause infections in

humans and animals, including Yersinia pestis, Y. pseudotuberculosis, Y. enterocolitica, and Y.

ruckeri. The main ones that affect fish are Y. enterocolitica and Y. ruckeri (Francis & Auerbuch,

2019). The presence of Yersinia in fish reflects not only the condition and safety of aquatic envir-

onments but also increases public health concerns regarding the safety of fish used for human con-

sumption (Novoslavskij et al., 2016).

Y. enterocolitica is a gram-negative, rod-shaped, nonsporulating, facultatively anaerobic c-

proteobacteria. These bacteria can be classified using biochemical characteristics along with sero-

typing (Fredriksson et al., 2006; Kot et al., 2010) and it is a classic enteric pathogen able to cause

infections in humans and animals. Among the signs of disease are diarrhea, terminal ileitis, intesti-

nal intussusception, mesenteric lymphadenitis, arthritis, and septicemia (Imoto et al., 2012). Its

main effects are due to colonization of the intestine, and factors such as temperature and calcium

concentration regulate the infection, virulence, and survival of this pathogen (Asadishad et al.,

2013; Fàbrega & Vila, 2012). Crucian carp (Carassius carassius) is one of the most important

freshwater fishes for aquaculture in China once it has several advantageous characteristics, such as

good survival rate and disease resistance. However, these fishes can be infected by Y. enterocoliti-

ca, compromising their production (Xiao et al., 2011). C. carassius when infected by Y. enterocoli-

tica strain G6029 presents clinical signs such as slowness, extensive dermatorrhagia (mainly around

jaw and abdomen), abdominal swelling, and red swelling of the anus. Fishes present a high mortal-

ity rate days after infection, due to the effects of septicemia, and the most efficient antibiotics

against this pathogen are florfenicol, vibramycin, cephaloridine, ciprofloxacin, streptomycin, and

ampicillin (Wang, 2016).
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Y. ruckeri, an optional intracellular bacterium capable of surviving within macrophages, can

infect several species of fish, such as carp, catfish, sturgeon, perch and burbot, and mainly salmo-

nids (Kumar et al., 2015; Ryckaert et al., 2010; Tobback et al., 2007). This pathogen is classified

into four different strains, with the O1 serotype causing the most damage in pisciculture (Romalde

et al., 1993, 2003). The most commonly used enteric red mouth (ERM) disease biotype 1 vaccine,

developed in the 1980s, is very effective in preventing this disease (Amend et al., 1983).

Nevertheless, in the last few years several outbreaks worldwide have been caused by other negative

lipase strains belonging to biotype II, able to escape the action of the vaccine. This has motivated

the development and subsequent commercialization of a new vaccine, which simultaneously pro-

vides protection against both biotypes (Arias et al., 2007; Austin et al., 2003; Calvez et al., 2014;

Fouz et al., 2006; Tinsley et al., 2011). The acute phase of the disease is highlighted by high lethal-

ity due to the onset of septicemia. Mortality rates are proportionally higher the smaller the age

(size) of the fish (Rodgers, 1991). In adult fish, the condition manifests itself as a chronic infection,

and the clinical signs are capillary and venous congestion of the brain and ocular vessels.

Hemorrhagic lesions are seen in internal organs, muscle, intestine, and on the entire body surface.

The reddish hue in the fish’s mouth, from which the name of this pathology derives, is a clinical

sign observed with low frequency, since it seems to manifest late, in the last stages of the chronic

phase of the disease. Mortality due to ERM, in most cases, starts between the fifth and tenth days

of contact with a bacterium. It is known that the health status of animals can also have an influ-

ence, since stress can accelerate or delay the outbreak of the disease (Avci & Bürüncüoúlu, 2005;

Fuhrmann et al., 1983). Several studies have already been carried out in order to discover Y. ruck-

eri’s route of entry into fish and it seems that the gills are the main entrance portal for the bacteria,

being the first organ to be infected (Khimmakthong et al., 2013; Ohtani et al., 2014, 2015; Tobback

et al., 2009). This event is followed by an intestinal spread, which is the main feature of the pathol-

ogy (Méndez & Guijarro, 2013; Ohtani et al., 2014). However, there are studies that report the pos-

sibility of infection through skin surface on the lateral line, from which the pathogen penetrates the

inner cell layers (Khimmakthong et al., 2013). The entry through the digestive system is not dis-

carded; the bacteria may enter through three different ways and spread inside the host, infecting

other organs and causing the death of the fish (Guijarro et al., 2018). Through genomic and proteo-

mic analyses, virulence factors of Y. ruckeri have been investigated. These analyses showed that

iron is an essential nutrient for the bacteria and is difficult to obtain during the infection process;

therefore, a limited iron environment induces the expression of a set of genes, some of which are

related to pathogenesis and iron obtaining. These studies also demonstrated that in virulent strains,

a total of 16 proteins were shown to be upregulated, including expression of hemolysis HtrA regu-

lators, DegQ proteases, an antisigma regulatory factor, different transcriptional regulators belonging

to LuxR, AsnC, and PhoP families, Hfq RNA binding protein, invasion protein Inv, and Cu-Zn

superoxide dismutase, among others (Kumar et al., 2016, 2017). Genomic analysis of Y. ruckeri

strains argues that, although they share approximately 75% of their genes, genetic differences have

been detected depending on the serotype or virulence of these strains (Cascales et al., 2017). For

example, the main component of LPS was exclusively present in strains of serotype O1, a compo-

nent involved in virulence and also present in different aquatic pathogenic bacteria, such as V. vul-

nificus, Aeromonas salmonicida, and V. fischeri (Cascales et al., 2017). The virulence of Y. ruckeri

is certainly multifactorial and depends not only on the presence of certain genes in each strain, but

also on environmental factors, particularly temperature. A subideal temperature seems to be
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important to the expression of some of the genes that encode virulence factors (Guijarro et al.,

2018). It is an area of study that deserves attention for a better understanding of infection mechan-

isms and factors involved.

Lactococccus piscium is a fish pathogen isolated in 1990 from a diseased salmonid fish (Sakala

et al., 2002; Williams et al., 1990). The disease caused by this gram-positive bacteria is not able to

cause significant loss in aquaculture and, due to that, it does not receive too much attention. The

recent research on this species is related to its potential to inhibit a seafood poisoning human patho-

gen Listeria monocytogenes (Rodrigues et al., 2017), capable of causing listeriosis [that can end up

killing the host (Saraoui et al., 2016)]. Lactococcus garvieae, however, can infect fish (especially

rainbow trout culture) and human beings (Meyburgh et al., 2017). Lactococcosis in fish is charac-

terized by signs such as widespread hemorrhaging, melanosis, anorexia, bilateral exophthalmia,

erratic swimming, and anal prolapses (Austin & Austin, 2012; Bekker et al., 2011; Eldar &

Ghittino, 1999). This species is sensitive to fluorophenicol (preferentially), lincospectin, gentami-

cin, and tylosin (Karami et al., 2019).

Clostridium botulinum is another example of bacteria that can infect human beings and fish spe-

cies. This gram-positive, saprophytic, anaerobic, spore-forming bacillus is commonly associated

with foodborne botulism. It is widely distributed in nature and can be found in soil and aquatic

environments. Botulism occurs due to the production of botulinum neurotoxin, of which there are

eight currently known types (A, B, C, D, E, F, G, and H) (Barash & Arnon, 2014; Smith &

Sugiyama, 1988). Clostridium botulinum can generate spores highly resistant to heat, light, and dry-

ing and they possess the capacity to germinate under anaerobic conditions at temperatures of

15�C�45�C. Toxins may be released from vegetative cells (by cell lysis) or by diffusion through

the cell wall within several days of germination. After the release, the single-chain toxins are inac-

tive until cleaved by bacterial or tissue proteases to the active form dichain neurotoxin. All sero-

types of botulinum toxin are composed of a heavy chain with a higher molecular weight and a light

chain connected by a single disulfide bond (Aston & Beeching, 2013). Toxin serotypes are differ-

ently distributed around the globe; for example, serotype E is dominant in sediments from arctic

and subarctic regions, while serotype B is more prevalent in soil (Hielm et al., 1998; Huss, 1980;

Johannsen, 1963; Leclair et al., 2013; Miller, 1975). In Japan, the presence of botulinum toxin sero-

types B, C, and E has been documented (Umeda et al., 2013; Yamakawa & Nakamura, 1992;

Yamakawa et al., 1988) and serotype E is also more common in the Great Lakes areas and the

Pacific Northwest of North America (Shapiro et al., 1998). In spite of this, in general, outbreaks of

environmental botulism are associated with serotypes C, mosaic C/D and E. Food studies have indi-

cated that a high percentage of fish are contaminated with C. botulinum type E, consistent with the

Type E coverage in the aquatic environment (Hauschild, 1989). Given the outbreaks of botulism

reported in the literature in North America, Europe, and Asia, and for the first time in Egypt in

1991, the importance of effective health surveillance is shown (Weber et al., 1993). In human

beings, botulism should be suspected if the patient has eaten traditional Alaskan food and if any of

the clinical signs such as nausea or vomiting, dysphagia (difficulty swallowing), diplopia (double

vision), dilated pupils, and dry throat or mouth are present (Horowitz, 2010). As the disease affects

humans, the pathogenesis is well studied regarding the human organism. Botulinum toxins after

ingestion are actively transported through the lumen of the intestinal tract via endocytosis and

transcytosis. Then, they gain systemic circulation and reach sites of neurotransmission mediated by

acetylcholine, causing toxicity (Caya et al., 2004; Simpson, 2004); once inside the neuron, the
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botulinum toxin inhibits the release of acetylcholine, as it ages in the SNARE proteins (fusion sen-

sitive to soluble N-ethylmaleimide protein fixation receptor). Without acetylcholine, muscle con-

traction does not occur, causing paralysis (Arnon et al., 2001; Shapiro et al., 1998; Simpson, 2004).

Type E botulism occurs mainly in arctic regions, since this bacterium has a high resistance to low

temperatures. The fishes from these areas may eat or have their skin contaminated with

Clostridium spores. The heptavalent antitoxin (H-BAT) introduced in 2010 covers all botulism ser-

otypes, including type E, and is being used in Alaska and Canada; there are also trivalent antitoxins

and tetravalent ones available in other countries (Dolman & Iida, 1963; Dolman, 1960; Horowitz,

2010).

A. hydrophila is also responsible for significant economic loss in commercial aquaculture and

can act as an opportunistic pathogen to humans (Figueras, 2005; Samayanpaulraj et al., 2020). It

causes motile aeromonad septicemia in freshwater fish (Chu & Lu, 2005). After defeating the

defense provided by the fish skin and mucus, the pathogen triggers the fish innate immune system

defense mechanism. Neutrophils increase the lysozyme production and release, and the levels of

alkaline phosphatase are also increased. The pathogen induces a reduction of superoxide dismu-

tase and catalase activity, making the host more prone to the damage caused by reactive oxygen

species (Xia et al., 2017). A. hydrophila produces two types of hemolysin (Wang, Clark et al.,

2003), cytotoxic enterotoxins (Sha et al., 2002), metalloproteases, and an iron-capturing system,

and the presence of lipase and aerolysin genes makes the strain more virulent (Aoki & Holland,

1985; Nawaz et al., 2010; Nieto & Ellis, 1986). The nuclease product of the ahn gene is impor-

tant for this pathogen’s virulence, making it able to evade fish’s innate immune clearance in vivo

(Ji et al., 2015).

Photobacterium damselae subsp. damselae is a marine fish gram-negative emerging pathogen

from which highly hemolytic strains possess a characteristic plasmid known as pPHDD1: that

encodes two hemolysins (Hassanzadeh et al., 2015; Terceti et al., 2016). It can cause ulcers and

septicemia in wild and cultured fish (Rivas et al., 2011), inducing as main clinical signs, besides

ulcerative lesions in skin, hemorrhages in mouth, eyes, and muscles (Han et al., 2009). The extra-

cellular products released by this pathogen can increase the host’s respiratory frequency and mucus

production, cause internal hemorrhage and ascitic liquid accumulation, and also lethargy (Labella

et al., 2010). P. damselae possesses genes related to important virulence factors, that allow the use

of hemin and hemoglobin as iron sources (Rı́o et al., 2005).

Streptococcosis is a group of important bacterial infections that affect fish and have the poten-

tial to cause great economic loss. The main species responsible for infecting fishes are S. agalactiae

and S. iniae (Evans et al., 2002; Figueiredo et al., 2012) and the most common signs of disease are

meningitis and septicemia (Eldar et al., 1996). Streptococcus spp. are catalase negative, gram-

positive cocci-shaped bacteria that can be either α-, β-, or nonhemolytic. Several factors can be

favorable to the occurrence of outbreaks of streptococcosis, for example, high stocking densities,

poor water quality (including high ammonia or nitrite concentrations and low levels of dissolved

oxygen), and even stress conditions (Evans et al., 2002; Yanong & Francis-Floyd, 2013). Another

factor that can contribute to bacterial proliferation is high temperatures (Amal et al., 2012). Since

streptococcosis starts with pathogens being able to maintain contact with fish skin, controlling the

external environment is a good option to prevent the spread of the disease (Mishra et al., 2018).

Among all species of the Streptococcus genus, S. agalactiae is the main one found in warm cli-

mates (Dar, Dar et al., 2016; Dar, Kamili et al., 2016; Pretto-Giordano et al., 2010).
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In the bacterial species, S. agalactiae, the main virulence factors already described in the litera-

ture are adhesins, such as fibrinogen binding proteins (FbsA and FbsB), fibronectin binding protein

pavA, laminin-binding protein, pill proteins, β-hemolysin/cytolysin, CAMP factor, C-α protein and

rib surface protein, proteins with immune system evasion functions such as c-β protein, capsule

genes, C5a peptidase, and cspA serine protease (Lin et al., 2011). Some studies have isolated the S.

agalactiae strain from tilapia (Oreochromis niloticus) and injected them into the intraperitoneal

cavity for further analysis of the pathogenesis caused; the fish presented septicemia and most of the

lesions were epicarditis and meningitis (Filho et al., 2009).

Similar to the result of the infection caused in fish by S. agalactiae, fish affected by S. iniae

have meningoencephalitis and septicemia and a high mortality rate is observed. There are reports in

the literature of outbreaks of infections caused by S. iniae in different regions of the world, includ-

ing North America, the Middle East, and Asia-Pacific. There are also reports on infections in

Brazil (Agnew & Barnes, 2007; Figueiredo et al., 2012; Mian et al., 2009). S. iniae is a pathogen

that, in addition to infectious potential regarding fish, in many regions of the world is also a zoo-

notic bacterium (that can infect humans). The first infections in humans were reported in the 1990s,

with the majority of cases being reported in people of Asian origin. Common signs are endocarditis,

meningitis, arthritis, sepsis, pneumonia, osteomyelitis, and toxic shock. Once infected, these

patients can be treated with antimicrobial drugs such as penicillin, ampicillin, amoxicillin, cloxacil-

lin, cefazolin and/or gentamicin, doxycycline, and sulfamethoxazole (Koh et al., 2009; Sun et al.,

2007; Weinstein et al., 1997).

9.3 Conclusions

Studies of bacterial diseases that affect fish species demonstrate how diseases are a challenge for

producers and researchers from the aquaculture field. This theme raises important aspects that

require attention, such as the need to carry out routine monitoring of possible infections, the imple-

mentation of protective behaviors, and continuous research, in order to understand the pathologies

and propose efficient treatments/prevention protocols, and to better understand the economic losses

that can be caused by sick fish, as well as the impacts on human health. Gram-negative and gram-

positive bacteria pathogens are threats that should receive attention not only due to their potential

to do damage, but also because there are still many gaps in our knowledge of pathogenesis and con-

sequently prophylaxis and treatment.

9.4 Future perspectives
Bacterial fish diseases can be caused by different species of bacteria and they have the potential to

cause major economic losses in aquaculture. The bacterial species for which the greatest amount of

information on disease-causing processes when infection occurs is available are those capable of

becoming zoonoses (thus threatening human health). Fish bacterial pathogens can be gram-positive

or gram-negative. For the latter, for example, it is known that the iron transport system consists of

a relevant virulence factor commonly present. Therefore it is necessary and important that more
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studies be performed on the pathogenesis of these diseases caused by bacteria, aiming at greater

understanding of the infection process until the onset of clinical signs. These studies are relevant

not only for proposing treatments, but also for the development of prevention strategies, such as

vaccination.

References
Agnew, W., & Barnes, A. C. (2007). Streptococcus iniae: An aquatic pathogen of global veterinary signifi-

cance and challenging candidate for reliable vaccination. Veterinary Microbiology, 122, 1�15.

Alice, A. F., Naka, H., & Crosa, J. H. (2008). Global gene expression as a function of the iron status of the

bacterial cell: Influence of differentially expressed genes in the virulence of the human pathogen Vibrio

vulnificus. Infection and Immunity, 76, 4019�4037.

Amal, M. N. A., Zamri-Saad, M., Iftikhar, A. R., SitiZahrah, A., Aziel, S., & Fahmi, S. (2012). An outbreak of

Streptococcus agalactiae infection in cage-cultured golden pompano, Trachinotus blochii (Lacápède), in
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10.1 Introduction
Biodiversity in Mexico and other regions of the world is under constant threat due to anthropogenic

activities, such as loss of habitat caused by land-use changes; air, water and soil pollution; overex-

ploitation of natural resources; climate change; and, finally, the introduction of exotic species. The

introduction of nonnative species in an ecosystem generates an environmental problem, since they

become invasive (plagues), causing a significant loss of native species (Comisión Nacional para el

Conocimiento y Uso de la Biodiversidad (CONABIO), 2020). In addition, the manner of accidental

or deliberate introduction of exotic species is irresponsible and these species are generating pro-

blems, such as predation of native species, more rigorous competition between species, and trans-

mission of diseases or parasites. The magnitude of the damage that the presence of these species

can cause to ecosystems, their environmental services, and human, animal, and plant health has not

been sufficiently studied, as well as the environmental and social impacts. Likewise, its scale is not

appreciated, nor the economic losses caused by the presence of these species (Barba, 2010).

This chapter focuses on the identification of the invasion risk of pleco or devil fish (family

Loricariidae) in the Huasteca region of the state of San Luis Potosi (SLP) in Mexico, an invasive

species in the United States and Mexico. The common name in aquariums of this species is

“glass cleaner” or “fish tank cleaner,” but it is also known as pleco fish in the place of origin.

This exotic species is native to the Amazon basin in South America. They are also very common in

the North American aquarium trade, and it is believed that the introduction of this species was

through accidental or intentional escape or release from upstream ornamental fish hatcheries
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(Mendoza-Alfaro et al., 2009). Due to the characteristics of the devil fish, its presence in Mexico

has become an environmental problem because its morphology and physiology make its establish-

ment rapid and very successful, especially in ecosystems similar to its origin.

Since their first sighting in Mexico in 1995 in the Mezcala River, in the Balsas River basin,

devil fish have been a significant threat to traditional and commercial fisheries. Possible adverse

economic effects include losses of indirect income derived from fishing and losses in the related

fish processing and commercialization industries. Also, there is an impact on the economy of fami-

lies and communities that depend on fishermen’s income. Currently, in the Huasteca, the ecological

and economic impacts generated by the presence of this species have been identified as unfavor-

able. Fishers have suffered economic losses due to the displacement of tilapia, catfish, and silver-

fish, which are fish of commercial value in the area’s communities.

Protecting biodiversity, economy, and health from the negative impacts of invasive alien species

requires setting priorities and taking preventive actions to reduce intentional introduction of these

species. Invasion risk analysis is a tool for identifying risks of nonnative species, which allows the

estimation of the probability of being an invasive species and, therefore, susceptible to detailed risk

analysis ((Baptiste et al., 2010; Dar et al., 2020; Dar, Dar et al., 2016; Dar, Kamili et al., 2016).

In this study, the use of the Fish Invasiveness Scoring Kit (FISK) was proposed as an invasion

detection tool for freshwater fish. This tool is easy to obtain and evaluates the species efficiently

through biogeographic, ecological, and climatic factors over the area to be studied. Similarly, the

need for the use of risk analysis tools for exotic aquatic species was established to determine the

risk of invasion and potential impacts caused by the invasion in the Huasteca.

10.2 Invasive risk analysis
A risk analysis assessment is a tool that allows decisions about actions related to the issue of spe-

cies introduction and evaluates the potential for establishment, impact, and control that an intro-

duced species may have, related to biodiversity, economy, culture, or human health. This type of

tool mainly identifies the probability that the species will become invasive and determines the

potential impact that they can have if they become invasive and the viability of control and eradica-

tion (Baptiste et al., 2010; Dar, Dar et al., 2016; Dar, Kamili et al., 2016).

González-Martı́nez et al. (2017) describe the fact that risk analyses represent the first point of

control or filter for the prevention of the introduction of species that can be potentially harmful;

they constitute the mechanism for the classification and categorization of the risk of species entry,

to prioritize actions for the prevention, management, and control of exotic species in a specific

country or region.

10.2.1 Fish invasiveness scoring kit

FISK is an adapted version of the original Australian model for Weed Risk Assessment for fresh-

water fish by Pheloung et al. (1999). FISK was developed by Copp et al. (2005a) and is based on

programming code in Excel’s Visual Basic for Applications (VBA). FISK has been used to detect
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the potential invasiveness of nonnative freshwater fish and has become a popular model for risk

identification, with applications worldwide (Copp et al., 2005b).

The assessment method is semiquantitative and provides a scoring framework for a species’ bio-

geographic, historical, biological, and ecological information. Higher scores indicate a high risk,

and threshold values are set to classify species as low, medium, or high risk. FISK was explicitly

designed to comply with international standards, such as the World Trade Organization Agreement

on the Application of Sanitary and Phytosanitary Measures and the Convention on Biological

Diversity, and has been incorporated as a detection mechanism under the European Nonnative

Species in Aquaculture Risk Assessment Scheme (Copp et al., 2008). Its first application and the

calibration of FISK_v1 (version 1) occurred in England and Wales by Copp et al. (2009).

FISK is an additive spreadsheet model available on the internet at the UK Centre for

Environment Fisheries and Aquaculture Science (CEFAS) website at https://www.cefas.co.uk/

services/research-advice-and-consultancy/non-native-species/decision-support-tools-for-the-identification-

and-management-of-invasive-non-native-aquatic-species/ and is described in Copp et al. (2005b).

10.3 Zone of study
San Luis Potosi is divided into four geographical zones: Altiplano, Center, Media, and Huasteca.

The zone of study of this work corresponds to the Huasteca, which is located to the east of the

state. Fig. 10.1 shows the zones of the state, where the green shaded area represents our study

zone. This zone includes 19 of the 58 municipalities of SLP, with a territorial area of approximately

12,900 km2, which corresponds to 17.3% of the total area of the state (Instituto Nacional de

Estadı́stica y Geografı́a (INEGI), 2017).

The Huasteca is located in the hydrological region Panuco No. 26, which is divided into two

portions: Upper Panuco and Lower Panuco. This region is located in the lower portion, where a sig-

nificant number of runoffs are generated, affluents that in some way are of great importance for the

Panuco River. This river has its origin in the State of Mexico; it enters in the Sierra Madre Oriental

on an irregular topography, which is more notable as the current descends, until the confluence of

the Tempoal and Tampaon rivers. From there, it receives the name of the Panuco River, and con-

tinues with that designation until its mouth in the Gulf of Mexico, downstream from the city of

Tampico, Tamaulipas (INEGI & Cadena, 1985). Its relief is slightly undulated, with altitudes that

vary approximately between 50 and 3000 m above sea level. Four basins subdivide the hydrological

region No. 26: Panuco River, Tamuin R., Tamesi R., and Moctezuma R. In Table 10.1, the subba-

sins that are located over the study zone are shown. The set of subbasins comprises an area of

28,162 of 88,811.5 km2 of the Pánuco hydrological region (INEGI, 2017). Fig. 10.2 shows a map

of the subbasins, which includes the study area and their surface currents.

On the other hand, the type of climate in the Huasteca is a tropical wet and dry (Aw) and tropi-

cal monsoon climate (Am) (Comisión Nacional para el Conocimiento y Uso de la Biodiversidad

(CONABIO) & Garcı́a, 1998); its annual average temperature is 24�C. The annual precipitation

interval is between 290 and 3196 mm (CICESE, 2013).

The predominant geomorphological units are the karst system and the folding mountain

(Monroy & Calvillo, 1997).
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The primary use of soil and vegetation is agriculture, forests, and vegetation (CONABIO &

INEGI, 2016).

One of the main economic activities of the Huasteca is the development of livestock and exten-

sive agriculture. The main crops are sugar cane, coffee, and fruits such as citrus and mango

(Cabrera & Betancourt, 2002).

The vegetation included in the Huasteca is the sub-evergreen medium forest, deciduous forest,

tropical oak forest, cold temperate forest, sub-montane scrub, and secondary vegetation (Puig,

1991).

In this area, many animal inhabitants native to the location, particularly mammals, are in danger

of extinction. There are also turtles, iguanas, lizards, snakes, and poisonous snakes (Monroy &

Calvillo, 1997).

FIGURE 10.1

Classification of the areas of the State of San Luis Potosi, Mexico.
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The Huasteca is a markedly rural region that concentrates 94% of the state’s indigenous popula-

tion, highlighting two linguistic-cultural groups: Nahuas and Teenek (Garcı́a-Marmolejo, 2013).

This area contains a great wealth of natural resources; however, it has the highest average marginal

poverty rate at the state level. The population is mainly dedicated to productive activities in the pri-

mary sector (Garcı́a-Marmolejo, 2013; INEGI, 2007, 2017).

10.4 Pleco fish or devil fish (Loricariidae)

10.4.1 Taxonomic category

According to the Fish Base database (Fish, 2020), 957 species of the family Loricariidae have been

identified, of which 148 are species of the genus Hypostomus and 16 are species of

Pterygoplichthys. Table 10.2 shows the taxonomy of the family Loricariidae, to which the devil

fish belongs. The scientific name of the species and the author who discovered the taxonomic

branch are listed.

The identification of the species is complicated, and its taxonomic identification is confusing.

Currently, in Mexico, the species Hypostomus spp. and Pterygoplichthys spp. have been identified.

However, there is the possibility that there are still unidentified species; in addition, there is a high

probability that these individuals can hybridize (Mendoza-Alfaro et al., 2007).

10.4.2 Native and current distribution

The devil fish is native to South America, in the Amazon River basin of Brazil and Peru (Amador-

Del Ángel and Wakida-Kusunoki, 2014; Amador-Del Ángel et al., 2016; Mendoza-Alfaro et al.,

2009). Fig. 10.3 shows a map with the native locations in South America (Global Biodiversity

Information Facility (GBIF) Loricariidae, 2020).

Table 10.1 Subbasins in the Huasteca, San Luis Potosi, Mexico.

Hydrological region Basin Subbasin Identification

Panuco (RH26) Panuco River (A) Panuco R. RH26Aa

Tamesi R. (B) Tamesi R. RH26Ba

Tamuin R. (C) Tamuin or Tampaon R. RH26Ca

Valles R. RH26Cb

Puerco R. RH26Cc

Mesillas R. RH26Cd

Naranjos R. RH26Ce

Gallinas R. RH26Cg

Subterranean Drainage RH26Ck

Moctezuma R. (D) Moctezuma R. RH26Da

Axtla R. RH26Db

Amajac R RH26Ds

San Pedro R. RH26Dz
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Current world distribution of this species of the family Loricariidae is shown in Fig. 10.4, where

it is observed that these species are found worldwide, but predominantly in America.

Pleco fishes were expanding around the world in the mid-20th century, the first invasion being

in the natural waters of North and Central America and later in the islands of the Pacific Ocean

(Hoover et al., 2004). Species of the genus Pterygoplichthys have become established in Hawaii,

Mexico, and the United States, as well as in Malaysia, Indonesia, Taiwan, and Singapore (Ayala-

Pérez et al., 2014; Nico & Martin, 2001).

10.4.3 Description of the species

Fish of the family Loricariidae in their adult life stage have a pigmentation with spots similar to

those of a leopard, as shown in Fig. 10.5, which includes various photographs of species in the

FIGURE 10.2

Subbasins in Huasteca, San Luis Potosi, Mexico.
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family Loricariidae, showing the similarities in the pigmentation of their skin. The flexible bony

plates and ventral sucking mouth distinguish loricariids from native catfish, which have a terminal

mouth and are missing bony plates and a spine (Hoover et al., 2004). The size depends on the spe-

cies; it has been reported by Hoover et al. (2004) that frequently its size ranges from 14 to 50 cm

and it can grow more than 35 cm in the first 2 years (Nico & Martin, 2001). Fish of the family

Loricariidae are found in the demersal zone of freshwater bodies, in a pH range of 5.5�8.5 in a

tropical climate with temperatures of 20�C�30�C (Amador-Del Ángel et al., 2014; Mendoza-

Alfaro et al., 2009).

It has been reported that these fish prefer rocky habitats. Some prefer sandy, shallow lagoons

where woody debris abounds, shallow streams in the jungle, or deep regions of larger rivers.

Smaller fish are usually collected only in tributary streams, while larger fish are generally found in

the mainstream (Cano-Salgado, 2011; Liang et al., 2005; Nico & Martin, 2001). This family of fish

can withstand extreme concentrations in the habitat, as they are very tolerant of polluted water and

can adapt without difficulty to varying water quality conditions, although they may be intolerant of

low water temperatures (Nico & Martin, 2001). They can survive up to 30 hours out of the water

and exhibit a high tolerance to cardiac hypoxia (Amador-Del Ángel et al., 2014; Mendoza-Alfaro

et al., 2009; Nico & Martin, 2001).

They have moderately high fertility, as females produce 500�3000 eggs (Mendoza-Alfaro

et al., 2009). Sex differentiation, at first sight, has been very complicated. One of the most accurate

ways to identify the sex of the fish is to extract the eggs from pregnant females at spawning times;

measuring plasma vitellogenin may also be useful if a laboratory is available (Liang et al., 2005;

Mendoza-Alfaro et al., 2009).

These fish feed mainly on organic matter from the bottom of water bodies; they can also con-

sume worms, benthic insect larvae, and fish eggs; most of their diet is composed of detritus, algae,

and vegetal matter (Amador-Del Ángel et al., 2014; Ayala-Pérez et al., 2014; Hoover et al., 2004;

Mendoza-Alfaro et al., 2007, 2009, 2011; Nico & Martin, 2001).

The behavior of this species is territorial since they can be aggressive in defense of their terri-

tory and competitive when obtaining food. It has been observed that when resources are less limited

at high population densities, such behavior is reduced (Mendoza-Alfaro et al., 2009).

Table 10.2 Devil fish taxonomy.

Taxonomic
branch Scientific name Species authors

Kingdom Animalia, Linnaeus (1758)

Phylum Chordata, Bateson (1885)

Class Osterchthyes, Huxley (1880)

Order Siluriformes, Cuvier (1815)

Family Loricariidae, Rafinesque (1815)

Species Pterygoplichthys pardalis; Hypostomus

plecostomus; Pterygoplichthys disjunctivus;

Pterygoplichthys anisitsi; Pterygoplichthys

multiradiatus

Castlenau (1855), Linnaeus (1758), Weber

(1991), Eigenmann and Kennedy (1903),

Hancock (1828)
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Natural predators include the crocodile Crocodylus moreletti, the cormorant Phalacrocorax bra-

silianus, the osprey Pandion haliaetus, the otter Lutra longicaudis annectens, larger carnivorous

fish such as the sea bass Centropomus undecimalis, and the shad Megalops atlacticus (Wakida

Kusunoki & Toro-Ramı́rez, 2016).

10.4.4 Devil fish in Mexico and the Huasteca potosina

In Mexico, large aquaculture producers are considered responsible for the introduction of this spe-

cies since, due to carelessness or intentionality, the fish could have been thrown into bodies of

water. These fish arrived at the Balsas River where, without natural enemies, they became a dense

population that caused the displacement of native species with significant commercial value

(Mendoza-Alfaro et al., 2009). The first report of sightings of this fish in Mexico occurred in 1995

FIGURE 10.3

Devil fish native distribution (GBIF Loricariidae, 2020).
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in the Mezcala River, in the Balsas River basin (Guzmán & Barragán, 1997). Subsequently, its

presence was recorded at the Infiernillo Dam , Michoacan, Chiapas, and Tabasco. Fig. 10.6 shows

the map of the devil fish’s current distribution in Mexico, which was created in this study based on

the collection of reports from fishers in the study area, literature, and journalistic notes.

Also, Fig. 10.7 shows the distribution of devil fish in the Huasteca. The points of presence were

confirmed through sampling conducted in the study area, where interviews were conducted with

fishers, presidents of fishing cooperatives, and families affected by the devil fish’s presence. In

addition, a series of captures were made in water bodies with the most abundance of devil fish.

Fig. 10.8 shows different images of devil fish from different locations in the Huasteca, where there

are similarities in the characteristics and patterns in their physical appearance to those shown in Fig. 10.5.

10.4.5 Environmental and socioeconomic effects

Some of the documented effects caused by the introduction of localized fish are problems with sil-

tation, shoreline instability, and erosion in reservoirs and channels caused by nests built by males

FIGURE 10.4

Present distribution of fishes of the family Loricariidae in the world (GBIF Loricariidae, 2020).
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to care for their young (Hoover et al., 2004; Nico & Martin, 2001), as well as the alteration of food

chain dynamics, the displacement of native species, the destruction of fishing gear, and conse-

quently a decrease in commercial fish catches (Amador-Del Ángel et al., 2016; Mendoza-Alfaro

et al., 2009, 2011; Wakida Kusunoki et al., 2007). The displacement of native species by devil fish

is due to competition with other species that feed on algae (Nico & Martin, 2001). This species’

morphology is a consumption risk for other natural predators such as pelicans, so it is not easy to

control naturally in its habitat.

Hypostomus plecostomus Pterygoplichthys pardalis

Hypostomus plecostomoides Pterygoplichthys disjunctivus

Pterygoplichthys anisitsi  Pterygoplichthys multiradiatus

FIGURE 10.5

Images of fishes of the family Loricariidae (Fish Base, 2020).
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At the Infiernillo Dam, Michoacan, where the devil fish was first reported as an invasive

species that generated an environmental problem, an economic study was conducted of the

losses caused by the devil fish since its establishment, where it was reported that, in 2007, 70%

and 80% of the tilapia catch were replaced by at least three devil fish species and some proba-

ble hybrids. This loss reached an approximate amount of 36 million Mexican pesos (1.65 mil-

lion USD) per year, along with a high social cost, by leaving 3600 fishers unemployed, which,

together with the processors and their families, added up to a total of 46,000 people (Mendoza-

Alfaro et al., 2007).

Amador-Del Ángel et al. (2016), Ayala-Pérez et al. (2014), González-Martı́nez et al. (2017),

and Velázquez-Velázquez et al. (2013) reported negative environmental, economic, and social

impacts such as monetary losses due to the effects on the fishing market, a decrease in native

FIGURE 10.6

Devil fish distribution in Mexico.
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species, loss of fishing equipment such as fishing nets, and an increase in the number of hours

worked in fishing in Mexico.

The health impact of devil fish is due to their being discarded and abandoned on the banks of

bodies of water by fishers, in addition to causing hand injuries to fishers when they try to remove

the fish from the nets. They consider it a waste of time to bury and burn the fish, so their abandon-

ment becomes a focus of infection adjacent to the bodies of water and communities in the area

(Amador-Del Ángel et al., 2014; Domı́nguez-Lemus, 2018; Mendoza-Alfaro et al., 2007).

FIGURE 10.7

Devil fish distribution in the Huasteca.
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10.5 Evaluation of the fish Invasiveness Screening Kit (FISK v2)

10.5.1 Methodology

From October 2018 to August 2019, visits were made to the main rivers and lagoons of the

Huasteca, where the objective was to identify devil fish presence through their capture, testimonies

of fishers, or to observe their bone remains or nests. Table 10.3 shows the location of the sites sam-

pled, with the geographic coordinates and municipalities of water bodies given.

Fig. 10.9A shows the main window of the FISK test. This test consists of an Excel sheet with

programming in VBA. In this program, a new entry (“New species”) was generated in the species

Plan de Iguala, Ebano, SLP Tonatico, Tampamolon Corona, SLP

Tamuin, SLP. Laguna Marland, Ebano, SLP.

FIGURE 10.8

Images of devil fish from the Huasteca.
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list for the family Loricariidae (see Fig. 10.9B), and then 49 sequential questions were answered

(see Table 10.4), each of which requires a confidence level of certainty and a justification. As

shown in Fig. 10.9C, the questions portal has three requirements (question, certainty, and justifica-

tion) needed in each answer of the FISK questionnaire. Each question requires a “yes/no” answer

accordingly, or “do not know” when the information is not available, and a level of certainty. For

each FISK answer, a certainty score is assigned as (15 very uncertain; 25mostly uncertain;

35mostly certain; 45 very certain), and from these values, a certainty factor (CF) is defined as

each question requires a response “yes/no” accordingly or “don’t know” when information is not

available and a level of certainty. As each response of FISK for a given species is allocated a cer-

tainty score (15 very uncertain; 25mostly uncertain; 35mostly certain; 45 very certain), the

certainty factor (CF) was computed as:

CF5
X CQi

43 49
i5 1; . . . ; 49ð Þ

where CQi is the certainty for question i, 4 is the maximum achievable value for certainty (i.e.,

“very safe”), and 49 is the total number of questions that comprise the FISK tool. Therefore, the

CF value can vary from a minimum of 0.25 (when all 49 questions have a certainty equal to 1) to a

maximum of 1 (that is, when all 49 questions have a certainty equal to 4) (Almeida et al., 2013;

Lawson et al., 2015; Simonović et al., 2013).

Table 10.3 Geographic location of the sites sampled in the Huasteca.

Municipality Water body

Geographical coordinates

Latitude Longitude

Tamazunchale Amajac River 21�14046v 98�46033v
Matlapa Tancuilı́n River 21�21025.3v 98�51051.2v
Axtla de Terrazas Axtla River 21�26002v 98�52039v
Axtla de Terrazas Moctezuma River 21�25055.89v 98�49046.80v
Tampamolon Corona Moctezuma and Claro Rivers 21�29028.67v 98�47051.86v
Tanquian de Escobedo Moctezuma River 21�35032.94v 98�39022.09v
Tamuin Patitos Lagoon 22�2030.7v 98�46017.6v
Tamuin Tampaon River 22�00004.17v 98�46025.27v
Ebano Plan de Iguala Lagoon 22�02016.76v 98�27028.3v
Veracruz Panuco River 22�02012.24v 98�2400.0v
Cd. Valles Valles River 21�59012.81v 99�01015.64v
Tamasopo Puente de Dios River 21�55048.48v 99�24059.54v
Ebano Plan de Iguala Lagoon 22�02017.9988v 98�27029.0016v
Ebano Marland Lagoon 22�12012.9996v 98�22039v
Cd. Valles Tampaon-Valles, Pujal Coy River 21�50033.7992v 98�56023.0028v
Veracruz Tamiahua Lagoon 22�06023.9976v 97�47000.0024v
Tamaulipas Playa virgen, Tampico Alto 22�06007.992v 97�54030.0240v
Cd. Valles Las Lajillas Damn 22�41051v 99�2037.597v
El Naranjo El Salto River 22�21045.454v 99�15058.327v
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(A) 

(B) (C)

FIGURE 10.9

Fish Invasiveness Screening Kit (Fisk v2). (A) Initial program window; (B) Set up new species; (C) Sample

question.
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Table 10.4 FISK questionnaire for invasion risk assessment.

# Subset Question

1 1.01 Is the species highly domesticated or widely cultivated for commercial, angling or ornamental

purposes?

2 1.02 Has the species established self-sustaining populations where introduced?

3 1.03 Does the species have invasive races/varieties/sub-species?

4 2.01 What is the level of matching between the species’ reproductive tolerances and the climate of the

RA area?

5 2.02 What is the quality of the climate match data?

6 2.03 Does the species have self-sustaining populations in three or more (Köppen-Geiger) climate

zones?

7 2.04 Is the species native to, or has established self-sustaining populations in, regions with similar

climates to the RA area?

8 2.05 Does the species have a history of being introduced outside its natural range?

9 3.01 Has the species established one or more self-sustaining populations beyond its native range?

10 3.02 In the species’ introduced range, are there impacts to wild stocks of angling or commercial

species?

11 3.03 In the species’ introduced range, are there impacts to aquacultural, aquarium or ornamental

species?

12 3.04 In the species’ introduced range, are there impacts to rivers, lakes or amenity values?

13 3.05 Does the species have invasive congeners?

14 4.01 Is the species poisonous/venomous, or poses other risks to human health?

15 4.02 Does the species out-compete with native species?

16 4.03 Is the species parasitic of other species?

17 4.04 Is the species unpalatable to, or lacking, natural predators?

18 4.05 Does the species prey on a native species previously subjected to low (or no) predation?

19 4.06 Does the species host, and/or is it a vector, for one or more recognized nonnative infectious

agents?

20 4.07 Does the species achieve a large ultimate body size (i.e. .15 cm total length) (more likely to be

abandoned)?

21 4.08 Does the species have a wide salinity tolerance or is euryhaline at some stage of its life cycle?

22 4.09 Is the species able to withstand being out of water for extended periods (e.g., minimum of one or

more hours)?

23 4.10 Is the species tolerant of a range of water velocity conditions (e.g., versatile in habitat use)

24 4.11 Does feeding or other behaviors of the species reduce habitat quality for native species?

25 4.12 Does the species require minimum population size to maintain a viable population?

26 5.01 If the species is mainly herbivorous or piscivorous/carnivorous (e.g., amphibia), then is its

foraging likely to have an adverse impact in the RA area?

27 5.02 If the species is an omnivore (or a generalist predator), then is its foraging likely to have an

adverse impact in the RA area

28 5.03 If the species is mainly planktivorous or detritivorous or algivorous, then is its foraging likely to

have an adverse impact in the RA area?

29 5.04 If the species is mainly benthivorous, then is its foraging likely to have an adverse impact in the

RA area?
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For this study, all responses were answered according to the information available from the lit-

erature and that generated in the interviews with fishers in the region. The sources of information

were available scientific articles and books, online databases, and specialized fisheries websites.

To answer the questions related to climate similarity, a series of ecological niche modeling was

carried out using the maximum entropy method (MaxEnt), which is not shown in this study. This

modeling revealed the ideal areas of Mexico and the Huasteca that meet the requirements of the

ecological niche of the devil fish, that is, the potential distribution of the species.

Table 10.4 shows the questions evaluated by the FISK tool, which comprises a set of 49 ques-

tions divided into eight subsets: domestication/cultivation (1), climate and distribution (2), invasive

elsewhere (3), undesirable traits (4), feeding guild (5), reproduction (6), dispersal mechanisms (7),

and persistence attributes (8).

Table 10.4 (Continued)

# Subset Question

30 6.01 Does the species exhibit parental care and/or is it known to reduce age-at-maturity in response to

environment?

31 6.02 Does the species produce viable gametes?

32 6.03 Is the species likely to hybridize with native species (or use males of native species to activate

eggs) in the RA area?

33 6.04 Is the species hermaphroditic?

34 6.05 Is the species dependent on the presence of another species (or specific habitat features) to

complete its life cycle?

35 6.06 Is the species highly fecund (. 10,000 eggs/kg), iteropatric or has an extended spawning season

relative to native species?

36 6.07 What is the species’ known minimum generation time (in years)?

37 7.01 Are life stages likely to be dispersed unintentionally?

38 7.02 Are life stages likely to be dispersed intentionally by humans (and suitable habitats abundant

nearby)?

39 7.03 Are life stages likely to be dispersed as a contaminant of commodities?

40 7.04 Does natural dispersal occur as a function of egg dispersal?

41 7.05 Does natural dispersal occur as a function of dispersal of larvae (along linear and/or “stepping

stone” habitats)?

42 7.06 Are juveniles or adults of the species known to migrate (spawning, smolting, feeding)?

43 7.07 Are eggs of the species known to be dispersed by other animals (externally)?

44 7.08 Is dispersal of the species density dependent?

45 8.01 Are any life stages likely to survive out of water transport?

46 8.02 Does the species tolerate a wide range of water quality conditions, especially oxygen depletion

and temperature extremes?

47 8.03 Is the species readily susceptible to piscicides at the doses legally permitted for use in the risk

assessment area?

48 8.04 Does the species tolerate or benefit from environmental disturbance?

49 8.05 Are there effective natural enemies of the species present in the risk assessment area?
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10.5.2 Results and discussion

As part of the sampling results conducted in the Huasteca, 18 interviews were conducted with fish-

ers, presidents of fishing societies and cooperatives, and land shareholders. According to the

responses obtained, the fishers stated that since their first sightings in 2016, they had gradually

noticed a decrease in native species such as tilapia, silver carp, snook, and catfish, among others.

Regarding the socioeconomic impacts, the fishers’ population has decreased; some are farmers or

traders, and others have migrated to the United States. The fishers also stated that the severe

drought of the last 3 years has further accelerated the decline of fish with a commercial interest

and that the devil fish are the only species that have managed to survive and have rarely been

consumed.

The FISK test score for the devil fish (family Loricariidae) in the Huasteca was 37, which

means that it is a species with a very high risk of invasion. This value corresponds to biogeogra-

phy/historical 15, undesirable traits of the species 9, and characteristics of biology/ecology 13,

resulting in a recommendation to “reject” the invasive species in the Huasteca. The calculated value

of the certainty factor (CF) was 0.8878 (. 0.5), which is a reliable value for the certainty of the

result.

Table 10.5 shows the FISK score and the certainty factor (CF) value of the devil fish (family

Loricariidae) from this study and includes the FISK results reported by other authors.

The FISK score of this study was higher than that reported in other papers, and the CF values

are in the range of 0.83�0.92. The FISK score could have been different because the set of family

species was evaluated in general, resulting in a higher risk of establishment. A species that is evalu-

ated as being at high risk is considered problematic for the establishment site. That means that devil

fish are a high-risk species that can have several environmental and social impacts in the Huasteca.

In the study carried out by Mendoza-Alfaro et al. (2015), the risk of invasion was determined

through the analysis of ornamental fish species risk assessment in Mexico, where 368 species of

Table 10.5 FISK and CF values for species of the family Loricariidae.

Species
FISK
score

Certainty factor
(CF) Location Reference

Devil fish (family

Loricariidae)

37 0.88 Huasteca, SLP,

Mexico

This study

Hypostomus spp. 23 0.83 Florida, USA Lawson (2014)

Hypostomus plecostomus 23 0.91 Mexico Mendoza-Alfaro et al.

(2015)

Pterygoplichthys

disjuntivus

34 0.90 Mexico Mendoza-Alfaro et al.

(2015)

24 0.86 Florida, USA Lawson (2014)

Pterygoplichthys anisitsi 20 0.85 Florida, USA Lawson (2014)

Pterygoplichthys

multiradiatus

17 0.92 Florida, USA Lawson (2014)

Pterygoplichthys pardalis 17 0.91 Mexico Mendoza-Alfaro et al.

(2015)
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freshwater aquarium fish commonly commercialized in Mexico were considered, carrying out a cal-

ibration of the FISK test with 30 species with greater invasive importance in the country. Within

this list are species belonging to the family Loricariidae: Hypostomus plecostomus,

Pterygoplichthys disjuntivus, and Pterygoplichthys pardalis. Their AUC value was 0.829, so their

calibration was validated. Table 10.5 shows the comparison of FISK and CF score values of species

of the family Loricariidae with other authors.

In order to locate in which range of invasiveness the devil fish of the present study are located,

it was necessary to obtain from bibliographic reports the risk classification from the FISK score.

Table 10.6 shows the ranges of invasiveness determined by different authors from evaluations of n

native and nonnative species where the ranges of low, medium, and high invasion were determined.

These authors used receiver operating characteristic (ROC) curves and demonstrated that FISK

accurately distinguishes between potentially invasive and nonnative fish species by obtaining a sta-

tistically appropriate threshold score for species scores (. 0.5). Also, the values of Area Under the

ROC curve (AUC ROC) and the number of species reported in each study are shown.

10.6 Conclusions

The use of FISK allows simple detection of the range of invasiveness of exotic aquatic species.

The certainty responses and justifications determined in this study for the devil fish provided infor-

mation to understand the potential risk of invasion that this species represents in the Huasteca.

Devil fish (family Loricariidae) were evaluated as a species with a high risk of invasion in the

Huasteca with a score of 37 and a CF of 0.8878. It was also established that the species must be

rejected from any place where it is considered exotic. Due to the lack of control and limits that the

site offers, it is necessary to restrict it from natural water bodies. In other words, the recommenda-

tion offered is to keep it as an ornamental species and not to release it into natural waters and chan-

nels of ecosystems.

Table 10.6 Risk classification according to FISK by various authors.

Risk FISK score

Copp et al.
(2009)

Almeida
et al. (2013)

Simonović
et al. (2013)

Piria et al.
(2016)

Uyan et al.
(2020)

n5 67 89 43 40 57

AUC ROC5 0.807 0.8807 0.67 0.6752 0.7397

Low risk Low .1 215 to 1 215 to 1 215 to 1 220 to 1

Medium

risk

Medium 1 to 19 1 to 20.25 1 to 9.5 1 to 11.75 1 to 5.5

High risk

sensu lato

Moderately high $ 19 20.25 to 25 9.5 to 25 11.75 to 25 5.5 to 68

High 25 to 30 25 to 30 25 to 30

Very high 30 to 57 30 to 57 30 to 57
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The most critical impacts in the Huasteca due to devil fish are the decreases of commercial

value fish such as tilapia and carp, in addition to a decrease in fishing activities and an important

desertion of fishers.

Regarding the devil fish’s current presence, it is considered an invasive species in the Huasteca,

and it is necessary to carry out an environmental and health risk analysis due to its presence.

Similarly, it is necessary to give a detailed report on the environmental and health problems to state

and national institutions, which breaks down the relationship between heavy metals and pesticides

in organisms and using them for consumption or application in other uses.
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Velázquez-Velázquez, E., López-Vila, J. M., & Romero-Berny, E. I. (2013). El pez diablo: Especie invasora

en Chiapas. Lacandonia, 7(1), 99�104.

Wakida Kusunoki, A. T., Ruiz-Carus, R., & Amador-Del-Ángel, L. E. (2007). Amazon sailfin catfish,
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11.1 Introduction
Fish represent an important piece of the ecosystem, not only in terms of bioconservation

(Fernández-Alacid et al., 2018; Lenders, 2017; Maureaud et al., 2019) and environmental preserva-

tion (Alam et al., 2020; Giakoumi et al., 2019; Vermeij et al., 2019), but also in their provision of a

cheap and essential source of animal protein (Béné et al., 2015; Comerford & Pasin, 2016;

Kobayashi et al., 2015; Mustapha et al., 2014; Tacon & Metian, 2013). Global fish production was

estimated globally at 140 million tons (Halim et al., 2016), which is an important nutrition source

(Tacon & Metian, 2013)—representing almost 16.6% consumption of animal protein (Kobayashi

et al., 2015) and 40% in adults living in rural areas (Grema et al., 2011)—mainly due to its low sat-

urated fat and high nutrient content (Thurstan & Roberts, 2014). This represents a valuable scheme

against hunger and malnutrition (Béné et al., 2015; Committee on Considerations for the Future of

Animal Science et al., 2015). This probably explains the immense demand for fish, projected to

reach 186 million tons by 2030 (Kobayashi et al., 2015), from aquaculture (Béné et al., 2015),

which will contribute 62% (Kobayashi et al., 2015) since the fish catch count is not likely to fulfill

demands (Vermeij et al., 2019) due to several reasons (Adewumi, 2015; Basra et al., 2018; Hunt

et al., 2011; Miller & Atanda, 2011; Solomon et al., 2018; Vermeij et al., 2019). This is true glob-

ally as well as in Nigeria (Miller & Atanda, 2011; Mustapha et al., 2014; Solomon et al., 2018), a

major fish-producing nation (Alawode & Oluwatayo, 2019), being the largest in sub-Saharan

Africa (Allen et al., 2017) and second in Africa (Dauda et al., 2018), as the estimation of the 2020

fish requirement was expected to be 600,000 tonnes higher than the mid-2010s catch (Allen et al.,

2017), estimated at 120,000 Mt in 2011 for catfish alone (Miller & Atanda, 2011). In the same

vein, the country is the largest consumer of fish in Africa, as some consider it more nutritious than

meat (Grema et al., 2011).
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11.2 Fish production in Nigeria
Decreasing fish catches and an increasing demand mean that a deficit must be catered to. This has

led to increased aquaculture practice in Nigeria. Aquaculture, the fastest growing agricultural sector

(Peatman et al., 2013), unlike capture, relies on intensive farming practice, often as an economic

endeavor, and has thus exponentially grown in recent times in Nigeria. This is reflected in the

annual average between 2009 and 2014 increasing by 6.6%, in consonance with global growth

(Adewumi, 2015), while capture decreased by a marginal 0.71% (Dauda et al., 2018), which

reflects changing per capita consumption of animal protein (Allen et al., 2017).

Aquaculture practice predates independence (Adewumi, 2015; Dauda et al., 2018; Miller &

Atanda, 2011), as numerous riverine communities exist in all regions (Adeyeye et al., 2016; Uduji

& Okolo-Obasi, 2018) with informal practice that transcends capture into subsistent hatchery and

harvest. A semblance of structure and organization began postindependence (Alawode &

Oluwatayo, 2019; Allen et al., 2017) and in recent years, the government has instituted a number

of frameworks (Adewumi, 2015; Alawode & Oluwatayo, 2019).

Freshwater fish represents the dominant fish product from aquaculture practice in Nigeria

(Allen et al., 2017; Dauda et al., 2018). Significantly, while different fish including tilapia

(Adeogun et al., 2020; Grema et al., 2011), reticulate knifefish, cyprinids, Nile perch (Allen et al.,

2017), African bonytongue, obscure snakehead, common carp, tarpons (Adewuyi et al., 2010), and

sole (Silva et al., 2011) are produced in Nigeria, the country appear to have niched to catfish and

its variants (Grema et al., 2011; Ibor et al., 2020; Ikutegbe & Sikoki, 2014; Miller & Atanda,

2011), plausibly due to the success of the extensive artificial breeding schemes that were popular in

the 1980s (Dauda et al., 2018), as well as their hardy nature (Miller & Atanda, 2011).

11.3 Impact of practice
Increase in aquaculture practice in the country has led to some impacts, which can be categorized

into three major categories: health, economics, and environmental.

Fish are integral to the ecosystem (Siqueira et al., 2019), so aquaculture practices have a bidi-

rectional impact on the environment. While a healthy fish population can aid environmental conser-

vation, unhealthy practices can cause severe problems, particularly pollution. Effluents from farms

cause deviations in the physicochemical parameters of receiving water bodies and soils

(Amankwaah et al., 2014; Famoofo & Adeniyi, 2020), causing eutrophication (Adewumi, 2015)

and structural and biotic disturbances (Omofunmi et al., 2018; Yoboué et al., 2020). These effects

are often due to the chemical nature of effluents (Amankwaah et al., 2014; Ansah et al., 2013),

which makes them toxic (Carballeira et al., 2018). Personal communication with residents around

fish farms has revealed that air quality may intermittently be plagued with foul odor. This has been

corroborated by Bukola et al. (2015). An associated impact is rapid changes in land use occasioned

by rapid growth of aquaculture practices (Kobayashi et al., 2015). This implies that there exist ave-

nues and need to develop more sustainable and environmentally friendly practice in the industry.

Aquaculture practice is often motivated by economic interests because of the perceived profit-

ability (Thompson & Mafimisebi, 2014). This appears to be true, as prices have risen by more than
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25% in some areas, with farmers earning up to USD$1 per kilogram, which can translate into more

than 30% investment return (Miller & Atanda, 2011). The profitability of the endeavor, however,

strongly depends on proper management (Gomna et al., 2020; Kobayashi et al., 2015), which is

influenced by education and age (Gomna et al., 2020). Lower costs and enhanced technology is

also noted to enhance growth by up to 50% (Kobayashi et al., 2015). Aquaculture, in 2005, contrib-

uted 162.61 billion Nigerian naira to the GDP (Grema et al., 2011).

Finally, the health impact of fish can be considered from the perspective of the fish itself and

from that of its consumers. Fish are susceptible to bacteria (Iaria et al., 2019; Ina-Salwany et al.,

2019; Leung et al., 2019; Pulkkinen et al., 2010; Soliman et al., 2019), viruses (Iaria et al., 2019; Lin

et al., 2019), parasites (Iaria et al., 2019; Wuensch et al., 2018), and fungi (Bizjak-Mali et al., 2018;

Coleman et al., 2018; Sharma & Sihag, 2013). Some follow-on effects of diseases in fish are deterio-

ration and mortality, which often translate into economic loss (Grema et al., 2011). Since fish of

aquacultural origin are primarily intended for consumption, inadequate cooking can predispose consu-

mers to foodborne infections and toxicities—commonly referred to as food poisoning—from fish

sources, and empirical reports exist to that effect (Awan et al., 2018; Barkham et al., 2019; Clemence

& Guerrant, 2015; Rodrı́guez-Morales, 2015; Villazanakretzer et al., 2016). Further, farmed fished

appear to be more predisposed to infection due to the intensive nature and stress-packed conditions of

farming (Dias et al., 2016). An allied health impact is that of the presence, ubiquity, interaction, and

ultimate fate of antibiotics. Antibiotics are heavily used as prophylaxis (Hoseinifar et al., 2018) and

therapeutics (Bojarski et al., 2020), and this has led to increased incidence of antibiotic resistance

(Yuan et al., 2019) resulting from the pressure assertion (Santos & Ramos, 2018).

Because the major fish pathogen is bacteria (Ben Hamed et al., 2014; Ben Hamed et al., 2018;

El-Bahar et al., 2019), this chapter discusses three of the prominent bacterial pathogens.

11.4 Selected common pathogens of fish in Nigeria

11.4.1 Aeromonas hydrophila

A. hydrophila, a rod-shaped (Jin et al., 2020), facultatively anaerobic, nonspore forming, chemoor-

ganoheterotroph (Xie et al., 2018), gram-negative aquatic bacterium, previously regarded as gener-

ally free living but opportunistically pathogenic (Harikrishnan & Balasundaram, 2005), is now

regarded as an emergent pathogen of humans, reptiles, and aquatic animals (Awan et al., 2018; Li

et al., 2019) capable of singly or coinfecting its hosts (Fernández-Bravo et al., 2019) at different

sites (Li et al., 2019) manifesting as different diseases (Singh et al., 2008), generally called “motile

aeromonad septicemia” (Zhou et al., 2019) or “hemorrhagic septicemia” (Yun et al., 2020). Other

symptoms include ulceration, edema, red sores, dropsy, and necrosis (Poobalane et al., 2010). Its

aquatic origin, with attendant drastic fluctuations in physicochemical conditions that translate into

sublethal stressors (Pajares et al., 2013; Patin et al., 2018; Righetto et al., 2012), may be a signifi-

cant variable that has contributed to its high adaptability (Awan et al., 2018; Li et al., 2019), as it

is also known to form biofilm communities (Li et al., 2019) in the presence of a suitable matrix

(Awan et al., 2018), which is implicated in virulence (Zhou et al., 2019). These make A. hydrophila

a hardy organism with extended occurrence across habitats (Dias et al., 2016; Rasmussen-Ivey,

Figueras et al., 2016; Rasmussen-Ivey, Hossain et al., 2016).
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A. hydrophila has grown to become a successful aquaculture pathogen. The array of virulence

factors, the expression of which is often influenced by environmental conditions (Awan et al.,

2018; Mateos et al., 1993; Pianetti et al., 2012), makes an overview of virulence factors imperative.

These factors include serine protease; adhesins (Rasmussen-Ivey, Figueras et al., 2016; Rasmussen-

Ivey, Hossain et al., 2016) such as S-layer protein and fimbriae; aerolysin (Dias et al., 2016; Zhou

et al., 2019); enterotoxin; cytotoxin; hemolysin (Khajanchi et al., 2012; Rasmussen-Ivey, Figueras

et al., 2016; Rasmussen-Ivey, Hossain et al., 2016; Zhou et al., 2019); signaling proteins

(Khajanchi et al., 2012; Rasmussen-Ivey, Figueras et al., 2016; Rasmussen-Ivey, Hossain et al.,

2016; Xie et al., 2018; Zhang, Qin et al., 2019; Zhang, Zhuang et al., 2019; Zhou et al., 2019);

extracellular proteins like proteases, lipases (Rasmussen-Ivey, Figueras et al., 2016; Rasmussen-

Ivey, Hossain et al., 2016), chitinase, gelatinase, and amylase (Dias et al., 2016); type II (Wang,

Hu et al., 2019; Wang, Yan et al., 2019) and type III secretion systems (T3SS); and ADP-

ribosylating toxin (Dias et al., 2016). Hypervirulent strains have been reported to possess a trun-

cated type VI secretion system (T6SS) (Rasmussen-Ivey, Figueras et al., 2016; Rasmussen-Ivey,

Hossain et al., 2016). Association of virulence with A. hydrophila has, however, required reevalua-

tion since the previous association is predicated on the characterization of A. hydrophila SSU and

AH-3 strains has been reclassified as A. dhakensis SSU and A. piscicola AH-3, respectively, by cur-

rent molecular characterization (Rasmussen-Ivey, Figueras et al., 2016; Rasmussen-Ivey, Hossain

et al., 2016). A number of genes have been associated with the expression of these virulence fac-

tors. Li et al. (2019) link the cytochrome c4 gene (cyt-c4) to biofilm competence and silencing this

gene resulted in decreased competence in biofilm formation, drug resistance, adhesion, and patho-

genicity in A. hydrophila subsp. hydrophila (ATCC 7966). El-Bahar et al. (2019) identified the

presence of aer, act, and hylA genes regulating the expression of aerolysin, cytotoxic enterotoxin,

and hemolysin production in A. hydrophila isolated from infected Oreochromis niloticus (Nile tila-

pia), just as it has been reported to be present in Mugil cephalus (mullet) (Ramadan et al., 2018).

Significantly, all three genes correlated though hly and ast genes were more strongly correlated

than hly and aer (Ramadan et al., 2018). Similarly, virulence factors present in strains vary with

genotypes (El-Bahar et al., 2019), implying that the array of virulence factors present in a strain is

a function of presence, expression, and regulation of the virulence genes present. In reports of mul-

tiple antibiotic resistance (Elbehiry et al., 2019; Mao et al., 2020; Sekizuka et al., 2019; Zhang

et al., 2018), its genes (Ramadan et al., 2018) and/or plasmids potentiate the virulence of A. hydro-

phila (Awan et al., 2018). However, results from Ramadan et al. (2018) hint at a weak relationship

between the presence of β-lactam resistance genes and virulence. On the other hand, Mao et al.

(2020) suggests that the transcriptional factors luxR05 and luxR164 are influential in the susceptibil-

ity of A. hydrophila to different families of drugs.

In an experimental intradermal inoculation of A. hydrophila into Arapaima gigas, the lethal

dose LD50�96h was determined to be 1.8 3 108 CFU/mL with 91.6% after 23 h suggesting the first

24 h of infection may be crucial (Dias et al., 2016), an observation that had earlier been made by

Rey et al. (2009). Samayanpaulraj et al. (2019) estimated the LD50�96h of strain Ah17 at 4.1 3
108 CFU/mL in Channa striata (snake-head fish) while a value of 1.6 3 106 CFU/mL was deter-

mined for mandarin fish infection by strain G3 (Chen et al., 2018). The results from Dias et al.

(2016) imply that A. gigas generally had a high level of tolerance to A. hydrophila relative to a few

other fish, suggesting that pathogenicity varies with factors such as susceptibility of host, infectious

dose, strain, fish type, and other variables that may influence the triad of interactions between
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pathogen, host, and their environment. Symptoms of infection include altered behavior, including

anorexia, loss of balance, reduced respiratory movements, lesions of varying sizes and dimensions,

depigmentation of different sites, abrasions, and necrotic hemorrhage of vital organs (Dias et al.,

2016), including the muscular layers and nervous plexus of the intestinal tracts (Rey et al., 2009).

Marinho-Neto et al. (2019) reports that sepsis in Piaractus mesopotamicus resulting from intraperi-

toneal inoculation of A. hydrophila is characterized by congestion, hemorrhage, vascular damage,

and necrosis between 6 and 9 h after inoculation. Results also show severe damage to vital organs

such as the kidney and liver, which Rey et al. (2009) attributes to systemic dissemination of the

pathogen in a manner similar to that observed in mammalian septicemia. Table 11.1 shows some

reported A. hydrophila outbreaks.

The progression of pathogenesis appears to be multifocal. Physical manifestations of infection,

in the acute stage, include loss of scales and depigmentation (Algammal et al., 2020). Upon inocu-

lation, A. hydrophila causes hemolysis, hemorrhage (due to vascular permeability), degeneration of

the mucosa, and necrosis in the viscera before it is dispersed, via blood circulation, to the liver

between 4�6 h postinfection, leading to aggregation of erythrocytes, leukocytes, and thrombocytes

(AlYahya et al., 2018; Rey et al., 2009). This stimulates the recruitment of macrophages, which in

turn causes systemic inflammation aggravated by proliferation of the pathogen in intestinal mus-

cles, pancreas, mesenteries, spleen, liver, kidney, and white blood cells. The significant damage

Table 11.1 A. hydrophila outbreaks.

Host Strain/serotype Location References

Channel catfish ZC1, ML-09�119,

ML10�51K, S04�690,

S14�296, and S14�452

United States

of America

Rasmussen-Ivey, Figueras

et al. (2016), Rasmussen-Ivey,

Hossain et al. (2016)

Channel catfish ML09�121 United States

of America

Griffin et al. (2013)

Crucian carp, large-mouth

buffalo, rice eels and

Wuchang bream

ATCC 7966, O9, O13, O64

and O97

China Nielsen et al. (2001)

Nile tilapia, African catfish Diverse strains Uganda Wamala et al. (2018)

Asian/grass carp and catfish Virulent A. hydrophila (VAh)

isolates: ZC1 and S04�690

China and

United States

of America

Hossain et al. (2014)

Cyprinid fish A. hydrophila subsp.

Hydrophila

China Zhang et al. (2014)

Channel catfish L09�71, AL09�72, and

AL09�73

United States

of America

Pridgeon and Klesius, (2011a,

2011b)

Tilapia ND Egypt Aboyadak et al. (2015)

Nile tilapia and red hybrid

tilapia

AH62 Thailand Nicholson et al. (2020)

Yellow perch and lake

whitefish

ND Canada Scott and Bollinger (2014)

Key: ND, Not determined.
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caused to the intestinal muscle, resulting in intussusception, is caused by intense local nervous

activity (Rey et al., 2009), suggesting that the neurons along with immune cells are involved in the

pathogenic response (Dar et al., 2020; Dar, Dar et al., 2016; Dar, Kamili et al., 2016). The implica-

tion of the nervous system seems substantiated by observations made by Bandeira Junior et al.

(2019) when Rhamdia quelen (silver catfish) showed increased locomotor activity and overexpres-

sions of the crh (which produces an adrenocorticotropic hormone) and hspa12a (which encodes the

heat shock protein70, member 12) in the fish brain.

The reports of severe effect on muscles have been corroborated by Samayanpaulraj et al.

(2019), though the liver appear to harbor more of the pathogen (Algammal et al., 2020), which has

been supported by AlYahya et al. (2018) while others (Chen et al., 2018) have suggested gill,

spleen, and/or kidney, though Meng et al. (2019) suggest the liver as a major immune response site

on the basis of high C3 titer. Some of the pathogenic progressions appear to be due to the individ-

ual and/or combined effects of bacterial extracellular proteins such as AST, ALT, and ACT entero-

toxins, aerolysin, α- and β-hemolysins, RNases and proteases (AlYahya et al., 2018; Rey et al.,

2009). The (degree of) pathogenicity appears to be linked to luxR05—responsible for the regulation

of biofilm formation, movement, and adhesion—and luxR164, which appears to be responsible for

growth, extracellular protein activity, and adhesion (Mao et al., 2020). The course and severity of

pathogenicity may differ, reflecting the arsenal of virulence genes harbored by the specific infecting

strain (El-Bahar et al., 2019), as the icmF has been shown to influence motility, biofilm formation,

adhesion, and acid resistance competence (Wang, Hu et al., 2019; Wang, Yan et al., 2019).

The onset of pathogenesis elicits immune responses even from the point of entry. The first bar-

rier, the skin, a major innate immunity component, may have a significant role in eventual mucosal

immune response. Analysis of the transcriptome in A. hydrophila-infected Carassius auratus (cru-

cian carp) showed differential expression with variation in time postinfection. Significantly

increased expression was observed in the acute phase of infection for genes encoding the comple-

ment components cr1, crmp, c1, c1ql2, ce, cg, cfh, c7; the complement receptor cr1; some

interferon-inducible genes; interferon regulatory factor-1 (irf-1); interleukins (IL); apolipoprotein,

transferrin, ceruloplasmin, vitellogenin, alpha-2-macro-globulin; and others were upregulated as

opposed to downregulation of genes putatively linked to the MHC antigen processing and present-

ing functions. Other differentially expressed components include mitogen-activated protein kinases

(mapkg1, map2k2, map3k13, and mapk5); heat shock proteins (hsp) 70 and 90; caspases responsi-

ble for proteolysis and transport of exogenous and endogenous proteins during antigen presentation;

and the genes (LOC100332375, LOC100038770, LOC100698102, LOC393377, LOC550603,

LOC767810, zgc:171497 and zgc:77326) of unknown function(s) (Wang, Hu et al., 2019; Wang,

Yan et al., 2019). Similar reports have been made elsewhere (Chen et al., 2018; Mohammadian

et al., 2018). Several proteins, peptides, carbohydrates, sugars, glycoproteins, heat shock proteins,

extracellular RNA, lipids, histones, complement factors, and several metabolites present in the

mucus of the fish skin are presumed to be active in the immune response (Brinchmann, 2016).

Another first defense line and innate immune component, the alternative pathway of the com-

plement system, is presumed to be involved in the immune response. Upon entry, C3 cleaves into

C3a and C3b to generate C5, which in turn triggers the development of the membrane-attack com-

plex (MAC) from the C5b, C6, C7, C8, and C9 assemblage. The MAC can then lysis the A. hydro-

phila cell membrane. The pathogen, however, evades this fate using proteases (especially

metalloprotease elastase) by denaturing the C3 proteins at a dose-dependent rate over time. The

234 Chapter 11 Profiling of common bacterial pathogens in fish



degradation of C3 leads to the inhibition of complement cascades of the alternative complement

system (Chen et al., 2019). This report has been corroborated by others (Meng et al., 2019), though

variability of C6 may be instrumental to resistance of A. hydrophila (Shen et al., 2013).

Upon hemolysis and aggregation of erythrocytes, macrophages are recruited (Rey et al., 2009)

to liberate intermediate reactive oxygen species (ROS) with antimicrobial effect. Significantly, A.

hydrophila can circumvent phagocytosis by producing enzymes such as catalase, peroxynitritase,

and peroxidase that can mend the oxidative destruction of affected cellular organelles and/or

reverse the toxic oxidative processes, thus making the phagocytes a repository for evading the fish

immune system (Zhang et al., 2018). A number of mechanisms have been suggested for the evasion

process. Zhang et al. (2018) suggests that the KatG gene in A. hydrophila B11, with a rated 93%

homologous relationship with other KatG of other Aeromonas, is highly conserved; encodes cata-

lase, peroxidase, and peroxynitritase activity; and highly increased the survival rate of A. hydrophi-

la B11 by resisting the peroxide oxidative strain before it is disseminated to cause septicemia.

Other physiological fitness mechanisms include the expression of icmF, a core T6SS gene, that

serves as a T6SS exciter while also encoding a protein that forms integral transmembrane channels

that transport secretory proteins through the cell membrane. Silencing of the icmF with an icmF-

RNAi resulted in a 71.8% survival rate and 12.5% escape rate reduction relative to the wild-type

strain (Wang, Hu et al., 2019; Wang, Yan et al., 2019). Similarly, the superoxide dismutase genes

(sodA and sodB) that encode metalloenzymes involved in degrading ROS have been shown to also

be involved in the survival and escape of A. hydrophila from macrophages (Zhang, Qin et al.,

2019; Zhang, Zhuang et al., 2019). A. hydrophila also possesses two-component regulatory systems

(TCSs) that are instrumental in the response to environmental changes that can be physical stressors

and cause differential expression (Awan et al., 2018).

Apart from the action of macrophages, humoral adaptive immunity plays a functional role in

response to A. hydrophila infection. Wang et al. (2017) reports that the complete length of cDNA

for the polymeric immunoglobulin receptor (pIgR), which facilitates the trafficking of IgA and

IgM, was upregulated in healthy C. auratus, peaking in the liver [which reinforces previous reports

(Meng et al., 2019) of the liver as a bastion of immune response to A. hydrophila] and mediated

rapid response to infection. The sequence alignment of CapIgR showed high similarity to those of

other fish, suggesting a similar mechanism of humoral response in other fish, though minimal

homology (28.5%) was achieved with mammals, reinforcing previous reports (Kong et al., 2018).

The control of A. hydrophila infection is varied. Vaccinations, however, are gaining attention

due to their effectiveness and potential to make aquaculture a sustainable practice (Wang et al.,

2020). Formalin-destroyed whole-cell vaccine for crucian carp against A. hydrophila resulted in an

87% relative percentage survival (RPS) (Wang et al., 2020). Zhang et al. (2020) reports that a novel

vaccine produced by sonication-mediated inactivation of the whole cell and further conjugated with

the bacterial lysate using single-walled carbon nanotubes (SWCNTs) carrier inoculated (10 mg/L

for bath immersion and 10 μg/fish for intraperitoneal injection) into grass carp resulted in elevated

antibody titers; upregulation of tumor necrosis factor-α (TNF-α), type I interferons (IFN-1), immu-

noglobulin M (IgM), and C-reactive protein (CRP) genes in the injection group; and ultimately

RPS 28 days postinjection, thus suggesting effective immune response induction (Zhang et al.,

2020). In addition to the aforementioned genes, Liu et al. (2015) reported that DNA vaccine with

SWCNTs carriers against A. hydrophila in juvenile grass carp also upregulated CD8-α, MHC I,

and IL-8 and possessed impressive prophylactic immune effect (Liu et al., 2016). Other candidates
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including live-attenuated ones (Pridgeon, & Klesius, 2011a, 2011b); killed cells (Shoemaker,

LaFrentz et al., 2018; Shoemaker, Mohammed et al., 2018; Yun et al., 2017); futuristic recombinant

(Liu et al., 2015), fimbrial (Abdelhamed et al., 2016), membrane (Abdelhamed et al., 2017),

β-glucan binding (Anjugam et al., 2018) proteins; also, bivalent (Bastardo et al., 2012) vaccines

have been used. Other unconventional approaches to achieve control include the use of herbal for-

mulations (Harikrishnan et al., 2010) and medicinal plants (Acar et al., 2018; Baba et al., 2018;

Kesbiç et al., 2020; Nya & Austin, 2011) in the diet have similarly been pursued. Other nontradi-

tional antimicrobial agents like thymol (Dong et al., 2020), morin (Dong et al., 2018), magnolol

(Dong et al., 2017), and curcumin (Tanhay Mangoudehi et al., 2020) have been shown to possess

inhibitory effects.

While there are studies from Nigeria, they are largely limited to incidence and prevalence

(Ashiru et al., 2011; Dashe et al., 2014). This represents a dearth that needs to be filled to enhance

locally applicable and feasible solutions, since the country is a major producer of fish in Africa.

11.4.2 Flavobacterium

Flavobacterium, a category of rod-shaped, gram-negative, aerobic (Vaikuntapu et al., 2018), or fac-

ultatively anaerobic (Zhang, Thongda et al., 2017; Zhang, Li et al., 2017; Zhang, Zhao et al., 2017)

bacteria, that may be motile or otherwise (Enisoglu-Atalay et al., 2018), contains the species F.

columnare (Guo et al., 2018) and F. psychrophilum (Duchaud et al., 2007; Rochat et al., 2019),

both of which are major pathogens of freshwater fish (Cai et al., 2019; Declercq et al., 2013) even

though other species in the genus are free-living (Duchaud et al., 2007).

A number of hydrolytic enzymes (Yu et al., 2006), including elastinase (Rochat et al., 2019),

protease (Osorio et al., 2019; Secades et al., 2003), cellulases (Herrera et al., 2019), glycosidases

(Garbe & Collin, 2012; Vaikuntapu et al., 2018), and peptidase (Kitazono et al., 1996), of diverse

metabolic capability (Gangwar et al., 2011) have been reported from the genus, which may be

instrumental to its pathogenesis in fish. Apart from possessing plasmids (Duchaud et al., 2018; Ngo

et al., 2017; Zhang, Thongda et al., 2017; Zhang, Li et al., 2017; Zhang, Zhao et al., 2017),

Duchaud et al. (2007) reports that the JIP02/86 (ATCC 49511) strain of F. psychrophilum, with vir-

ulent properties, has a circular chromosome bearing 2,861,988 base pair (bp), which putatively

encodes 2432 coding sequences differentially expressed (Paneru et al., 2016) according to physico-

chemical properties of the environment (LaFrentz et al., 2009); this relatively small genome size is

presumed to be responsible for its limited distribution, which restricts it to cold habitats (Jarau

et al., 2018) with reports of differential expression of the genes in F. columnare (Peatman et al.,

2013) relative to the physicochemical nature of habitats also available (Cai et al., 2019; Lange

et al., 2018). F. psychrophilum infection is referred to as bacterial cold-water disease (BCWD)

(Lange et al., 2018; Sundell et al., 2019), tail-rot, peduncle disease (Jarau et al., 2018), or rainbow

trout fry syndrome (RTFS) (Duchaud et al., 2018; Jarau et al., 2018), with columnaris disease being

the nomenclature for F. columnare infection (Cai et al., 2019) describing the characteristic column-

like lesions first described in the Mississippi River fish population (Declercq et al., 2013) of

different types (LaFrentz et al., 2018). The genome of F. columnare possesses 3,171,081

bp-bearing circular DNA with a forecast of 2784 protein-encoding genes (Zhang, Thongda et al.,

2017; Zhang, Li et al., 2017; Zhang, Zhao et al., 2017).
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The arsenal of virulence factors includes biofilm formation (Cai et al., 2019; Lange et al.,

2018), enzymes (Herrera et al., 2019; Rochat et al., 2019), efflux pump, gliding motility, secretory

protein (Zhang, Thongda et al., 2017; Zhang, Li et al., 2017; Zhang, Zhao et al., 2017), antibiotic

resistance (Jarau et al., 2019; Mata et al., 2018), outer membrane proteins (Omp) (Kayansamruaj

et al., 2017), and type IX secretion system (T9SS) (Barbier et al., 2020; Kayansamruaj et al.,

2017), among other factors (Li et al., 2015; Zhang, Thongda et al., 2017; Zhang, Li et al., 2017;

Zhang, Zhao et al., 2017). The genetic diversity of F. psychrophilum (Duchaud et al., 2018;

Marancik & Wiens, 2013; Ngo et al., 2017; Rochat et al., 2019; Sundell et al., 2019) and F. colum-

nare (Barony et al., 2015; Dong et al., 2015; LaFrentz et al., 2018; LaFrentz et al., 2019) means

that the possibility of discovering other factors is highly plausible.

Pathogenesis begins with contact and colonization of the gills and/or scales (Shoemaker &

LaFrentz, 2015), which are in direct contact with the water body that may harbor the pathogens.

Consequently, the mucus on the scales plays an important immunomodulatory role (Papadopoulou

et al., 2017; Shoemaker, LaFrentz et al., 2018; Shoemaker, Mohammed et al., 2018) in the initial

phase of contact. Significantly, however, F. columnare (Shoemaker, LaFrentz et al., 2018;

Shoemaker, Mohammed et al., 2018) and F. psychrophilum (Madsen & Dalsgaard, 2008;

Papadopoulou et al., 2017) are able to circumvent this innate defense to survive and grow within

the mucus matrix with the chemical nature of the mucus and the proteolytic competence (Beck

et al., 2012; Shoemaker, LaFrentz et al., 2018; Shoemaker, Mohammed et al., 2018) of the patho-

gens instrumental to its successful colonization and transmission. F. columnare cells aggregate

around and inside the mucus pores, with this interaction mediated by a lectin with rhamnose-

binding ability called “rhamnose-binding lectin (RBL)” (Declercq et al., 2013; Peatman et al.,

2013; Shoemaker, LaFrentz et al., 2018; Shoemaker, Mohammed et al., 2018). Reported elastinase

production in JIP 02/86 strain (Rochat et al., 2019), cell-surface adhesins, peptidases, and other

enzymes (Barbier et al., 2020) may be influential in subsequent tissue permeation and dispersal to

trigger systemic hemorrhage (Dar et al., 2016). This interaction stimulates chemotactic, cellular,

and molecular responses (Declercq et al., 2013; Peatman et al., 2013; Shoemaker, LaFrentz et al.,

2018; Shoemaker, Mohammed et al., 2018).

While disease manifestation differs depending on the virulence (Declercq et al., 2013; Rochat

et al., 2019) and host resistance and/or susceptibility index (Declercq et al., 2016; Karvonen et al.,

2019; Peatman et al., 2013), the major clinical signs are open lesions on body surfaces, pyknosis,

necrosis in vital organs, loss of appetite, discolored and eroded fin, pale gills, exophthalmia,

abdominal distension, vacuolar degeneration, dermal infiltration by lymphocyte (Starliper, 2011),

and cardiac alterations, with the skin and gills appearing to be disproportionately affected

(Declercq et al., 2013; Rochat et al., 2019). Table 11.2 outlines selected reports of Flavobacterium

outbreaks.

Susceptibility to flavobacterial infection is influenced by some physiological factors.

Mohammed and Arias (2015) report that the usage of the surface-active disinfectant KMnO4, popu-

larly called potassium permanganate (PP), resulted in dysbiosis, which consequently resulted in

greater susceptibility of channel catfish to F. columnare. High organic matter content has led to

similar results (Srisapoome & Areechon, 2017). Stress is also influential, as Declercq et al. (2016)

reports that higher cortisol level led to higher phenotypic virulence. This preliminary observation

necessitates in vivo assays for confirmation. Cortisol has been shown to enhance biofilm formation

and dispersal ability, while sprT—a T9SS component that encodes mobile surface adhesion
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competence—was markedly upregulated (Declercq et al., 2019). These reports suggest that stress

and predisposing factors have a major impact on virulence and susceptibility.

There also appears to be a difference in immune response between resistant and susceptible

hosts. Peatman et al. (2013) reports the differential expression of essential innate immune constitu-

ents. Resistant Ictalurus punctatus (channel catfish) had the inducible nitric oxide synthase 2b

(iNOS2b), lysozyme C, IL-8, and TNF-alpha significantly highly expressed in resistant fish relative

to susceptible fish, in which a glyco-protein4(MFAP4)-like molecule associated to microfibril, NK-

lysin, CD103, CD8, IL-17RA, IL-17A/F2 expression was upregulated. MHC class I and class II

genes were differentially expressed in both fish cohorts (Peatman et al., 2013). Starliper (2011) sug-

gests that, in rainbow trout, innate immunity is associated with the spleen size, which has been cor-

roborated elsewhere (Zwollo et al., 2017). Thus acute serum amyloid A (A-SAA) may be essential

in immune response; however, the size may not confer any protective advantage (Moore et al.,

2019), although Zwollo et al. (2017) implied that this may not be conclusive yet.

The immune cells of myeloid origin are similarly involved in immune response to F. psychro-

philum infection in rainbow trout. Macrophage colony stimulating factor-receptor 1 (M-CSFR) was

ominously overexpressed in anterior and posterior kidneys. The cells include neutrophils, early B-

cell factor-expressing (EBF), macrophages, and monocytes, and the proteins Pu1, myeloperoxidase

(MPO), IL-1β were identified in active bacterial challenge and differential expression was observed

between resistant and susceptible fish (Moore et al., 2019). IgT/Z, a new teleost antibody isotype

Table 11.2 Selected Flavobacterium outbreaks.

Host Species/strain Location References

Farmed salmonid fish Flavobacterium

psychrophilum

Sweden Söderlund, Hakhverdyan,

Aspán, and Jansson (2018)

Rainbow trout F. psychrophilum Canada Jarau et al. (2018)

North American salmonids F. psychrophilum United States and

Canada

Knupp et al. (2019)

Rainbow trout, coho salmon,

Chinook salmon

F. psychrophilum United States Van Vliet, Wiens, Loch,

Nicolas, and Faisal (2016)

Rainbow trout F. psychrophilum Denmark, Finland,

Norway, and Sweden

Nilsen et al. (2014)

Rainbow trout, brown trout,

lacustrine trout

F. psychrophilum Switzerland Strepparava, Nicolas, Wahli,

Segner, and Petrini (2013)

Rainbow trout F. psychrophilum France Fraslin et al. (2019)

Striped catfish Flavobacterium

columnare

Vietnam Tien, Dung, Tuan, and

Crumlish (2012)

Amazon catfish and pacamã F. columnare Brazil Barony et al. (2015)

Catfish and sport fish species F. columnare United States Mohammed and Arias (2014)

Catla F. columnare India Verma and Rathore (2013)

Salmonids, centrarchids,

cyprinids, percids, and esocids

F. columnare United States Faisal et al. (2017)

Yellow perch and lake whitefish F. columnare Canada Scott and Bollinger (2014)

Perch F. columnare United Kingdom Morley and Lewis (2010)
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(Du et al., 2016) functionally akin to IgA�IgD, IgM singly and/or coliberated by B cells, is also

important in humoral response to infection (Zwollo et al., 2017).

A major control approach against flavobacterial infection involves diet. Florfenicol (FFC)

(15 mg/kg)—an antibacterial agent that inhibits protein synthesis by binding the 50S ribosomal

RNA—and copper sulfate (2.1 mg/L) infused into a commercially approved fish feed resulted in

significantly higher survival rates (90% and 88%, respectively) in sunshine bass against experimen-

tally infected F. columnare (Darwish et al., 2012). The use of antibiotic-supplemented feeds comes

with the danger of hypothetically promoting antibiotic resistance; further discouraging the extensive

prophylactic usage of antibiotics in agriculture represents a cornerstone of antibiotic stewardship.

Consequently, the use of pre- and probiotic agents represents a viable alternative. Results from

Zhao et al. (2015) has validated the benefits of commercial prebiotic dietary components as good

immune priming agents that enhance response to F. columnare infection in channel catfish.

Laboratory and field trials have shown that probiotic controls using Pseudomonas fluorescens CP14

and CP23 (Seghouani et al., 2017), intraperitoneally administered C6-6 Enterobacter species from

rainbow trout gut (Ghosh et al., 2016), Luteimonas aestuarii, Leucobacter luti, Microbacterium

oxydans, Rhodococcus cercidiphylli, R. qingshengii, Dietzia maris, and Sphingopyxis bauzanensis

isolated from brook charr skin (Boutin et al., 2012), 16 different bacterial isolates from rainbow

trout gut (Burbank et al., 2012), B. subtilis AB01, AP102, AP193, AP219, AP254, AP301, and B.

methylotrophicus (Ran et al., 2012) resulted in high survival rates.

At a dose-dependent rate until a threshold of 5%, Nigella sativa seed and oil infused into feeds

led to lower mortality relative to controls, signifying a role for herbal agents (Mohammed & Arias,

2016). The in vitro and in vivo reports of strong effects of aqueous extract of Asiatic pennywort

against F. columnare in Nile tilapia (Rattanachaikunsopon & Phumkhachorn, 2010) substantiates this.

Since vaccination is the best control mechanism against infectious diseases (Kitiyodom et al.,

2019), vaccination remains a major means of controlling flavobacterial infection. While vaccine

development against F. psychrophilum (Gómez et al., 2014) and F. columnare (Kayansamruaj

et al., 2020) is a challenging undertaking, some success is being recorded, with in silico rational

design also contributing to the endeavor (Mahendran et al., 2016). Lange et al. (2019) reports that

both live attenuated and recombinant F. columnare DnaK protein vaccines are promising vaccine

candidates that boost survival. Other promising candidates include polyvalent immersion (Hoare

et al., 2017); polyvalent injectable (Hoare et al., 2019); intramuscularly administered divalent and

polyvalent (Fredriksen et al., 2013); F. psychrophilum immersion collagenase (Nakayama et al.,

2017); live attenuated (Ma et al., 2019) vaccines. A killed bacterial suspension vaccine complexed

with chitosan improved the mucoadhesiveness for immersive administration and resulted in

enhanced relative percentage survival (Kitiyodom et al., 2019). Other factors that improve vaccine

efficacy include the selection of an appropriate parent strain (Mohammed et al., 2013), as the cur-

rent commercially available vaccine in the United States does not provide sufficient protection

against more virulent strains (Zhang, Thongda et al., 2017; Zhang, Li et al., 2017; Zhang, Zhao

et al., 2017) as well as booster regimes and dosage (Sudheesh & Cain, 2016). Vaccination stimu-

lates more than just antibody response; it has now been shown to mediate the sensitization and pro-

liferation of resident secretory cells (Zhang, Thongda et al., 2017; Zhang, Li et al., 2017; Zhang,

Zhao et al., 2017). Lytic phages are also used in effective control (Castillo et al., 2014;

Christiansen et al., 2016; Madsen et al., 2013; Papadopoulou et al., 2019) because of their host

specificity.
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11.5 Conclusion

Declining fish capture and the population explosion, among several other factors, are driving the

acceleration of aquaculture. However, bacterial pathogens represent a major threat to this social

and economic development, the main ones being A. hydrophila, F. psychrophilum, and F. colum-

nare, which are reviewed extensively in this chapter.

Consequently, a better understanding of predisposing abiotic and biotic factors, the course of

pathogenesis, immune response and mediators, and various control methods is pertinent. Our

review shows an extensive body of knowledge on epidemiology and diversity—originating from

the global North—is supporting the development of vaccines and informing prospecting for organic

and chemical antibiotics. Consequently, capacity building in this regard is essential for sub-Saharan

African countries. Due to the observation of continuous evolution of these pathogens, active and

real-time surveillance of the pathogens is critical to ensure an updated record at all times.
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d’Ivoire) exposed to the discharge of a fish farm effluents. Environmental Monitoring and Assessment, 192

(4), 203. Available from https://doi.org/10.1007/s10661-020-8167-8.

Yu, Y., Li, H. R., Chen, B., Zeng, Y. X., & He, J. F. (2006). Phylogenetic diversity and cold-adaptive hydro-

lytic enzymes of culturable psychrophilic bacteria associated with sea ice from high latitude ocean, Artic.

Wei Sheng Wu Xue Bao5Acta Microbiologica Sinica, 46(2), 184�190.

Yuan, J., Ni, M., Liu, M., Zheng, Y., & Gu, Z. (2019). Occurrence of antibiotics and antibiotic resistance

genes in a typical estuary aquaculture region of Hangzhou Bay, China. Marine Pollution Bulletin, 138,

376�384. Available from https://doi.org/10.1016/j.marpolbul.2018.11.037.

Yun, S., Jun, J. W., Giri, S. S., Kim, H. J., Chi, C., Kim, S. G., & Park, S. C. (2017). Efficacy of PLGA

microparticle-encapsulated formalin-killed Aeromonas hydrophila cells as a single-shot vaccine against A.

hydrophila infection. Vaccine, 35(32), 3959�3965. Available from https://doi.org/10.1016/j.

vaccine.2017.06.005.

Yun, S., Lee, S. J., Giri, S. S., Kim, H. J., Kim, S. G., Kim, S. W., & Chang Park, S. (2020). Vaccination of

fish against Aeromonas hydrophila infections using the novel approach of transcutaneous immunization

with dissolving microneedle patches in aquaculture. Fish & Shellfish Immunology, 97, 34�40. Available

from https://doi.org/10.1016/j.fsi.2019.12.026.

Zhang, B., Zhuang, X., Guo, L., McLean, R. J. C., & Chu, W. (2019). Recombinant N-acyl homoserine

lactone-Lactonase AiiA(QSI-1) Attenuates Aeromonas hydrophila virulence factors, biofilm formation and

reduces mortality in Crucian carp. Marine Drugs, 17(9), 499. Available from https://doi.org/10.3390/

md17090499.

Zhang, D., Thongda, W., Li, C., Zhao, H., Beck, B. H., Mohammed, H., & Peatman, E. (2017). More than just

antibodies: Protective mechanisms of a mucosal vaccine against fish pathogen Flavobacterium columnare.

Fish & Shellfish Immunology, 71, 160�170. Available from https://doi.org/10.1016/j.fsi.2017.10.001.

254 Chapter 11 Profiling of common bacterial pathogens in fish



Zhang, M., Qin, Y., Huang, L., Yan, Q., Mao, L., Xu, X., & Chen, L. (2019). The role of sodA and sodB in

Aeromonas hydrophila resisting oxidative damage to survive in fish macrophages and escape for further

infection. Fish & Shellfish Immunology, 88, 489�495. Available from https://doi.org/10.1016/j.

fsi.2019.03.021.

Zhang, M., Yan, Q., Mao, L., Wang, S., Huang, L., Xu, X., & Qin, Y. (2018). KatG plays an important role in

Aeromonas hydrophila survival in fish macrophages and escape for further infection. Gene, 672, 156�164.

Available from https://doi.org/10.1016/j.gene.2018.06.029.

Zhang, X., Li, N., Qin, T., Huang, B., & Nie, P. (2017). Involvement of two glycoside hydrolase family 19

members in colony morphotype and virulence in Flavobacterium columnare. Chinese Journal of

Oceanology and Limnology, 35(6), 1511�1523.

Zhang, X., Yang, W., Wu, H., Gong, X., & Li, A. (2014). Multilocus sequence typing revealed a clonal lineage

of Aeromonas hydrophila caused motile Aeromonas septicemia outbreaks in pond-cultured cyprinid fish in

an epidemic area in central China. Aquaculture (Amsterdam, Netherlands), 432, 1�6. Available from

https://doi.org/10.1016/j.aquaculture.2014.04.017.

Zhang, Y., Zhao, L., Chen, W., Huang, Y., Yang, L., Sarathbabu, V., & Lin, L. (2017). Complete genome

sequence analysis of the fish pathogen Flavobacterium columnare provides insights into antibiotic resis-

tance and pathogenicity related genes. Microbial Pathogenesis, 111, 203�211. Available from https://doi.

org/10.1016/j.micpath.2017.08.035.

Zhang, Z., Liu, G., Ma, R., Qi, X., Wang, G., Zhu, B., & Ling, F. (2020). The immunoprotective effect of

whole-cell lysed inactivated vaccine with SWCNT as a carrier against Aeromonas hydrophila infection in

grass carp. Fish & Shellfish Immunology, 97, 336�343. Available from https://doi.org/10.1016/j.

fsi.2019.12.069.

Zhao, H., Li, C., Beck, B. H., Zhang, R., Thongda, W., Davis, D. A., & Peatman, E. (2015). Impact of feed

additives on surface mucosal health and columnaris susceptibility in channel catfish fingerlings, Ictalurus

punctatus. Fish & Shellfish Immunology, 46(2), 624�637. Available from https://doi.org/10.1016/j.

fsi.2015.07.005.

Zhou, S., Yu, Z., & Chu, W. (2019). Effect of quorum-quenching bacterium Bacillus sp. QSI-1 on protein pro-

files and extracellular enzymatic activities of Aeromonas hydrophila YJ-1. BMC Microbiology, 19(1), 135.

Available from https://doi.org/10.1186/s12866-019-1515-6.

Zwollo, P., Hennessey, E., Moore, C., Marancik, D. P., Wiens, G. D., & Epp, L. (2017). A BCWD-resistant

line of rainbow trout exhibits higher abundance of IgT(1) B cells and heavy chain tau transcripts compared

to a susceptible line following challenge with Flavobacterium psychrophilum. Developmental and

Comparative Immunology, 74, 190�199. Available from https://doi.org/10.1016/j.dci.2017.04.019.

255References



CHAPTER

12Status of furunculosis in fish fauna

Abdul Baset
Department of Zoology, Bacha Khan University Charsadda, Charsadda, Pakistan

12.1 Introduction
Equilibrium regulation is an essential factor in an ecosystem, including balanced or limited popula-

tions of producers and consumers, prey and predators, hosts and parasites. Microparasites and

macroparasites can also regulate the communities of the host they infect. The parasites (viruses,

bacteria, protozoans, helminths, and arthropods, among others) can be considered microbial preda-

tors. The association between disease (infection of parasites) and its effects on population dynamics

must be considered, including the dynamics of the infection process (Lafferty & Harvell, 2014).

Pathogens affect their hosts and cause a series of diseases in aquatic fauna. A wide range of bacte-

ria (both gram positive and gram negative) have been related to various conditions of freshwater

and marine fish worldwide (Meyburgh, 2017). Bacteria is one of the pathogens that cause many

infectious disease problems in fishes, such as furunculosis, columnaris, dropsy, vibriosis, tuberculo-

sis, bacterial gill disease, and fin rot/tail rot (Austin & Austin, 2012).

Furunculosis is a major, severe, contagious, and economically important disease in fresh and

seawater fishes worldwide. The disease was first recognized and described in hatchery fish in

Germany by Emmerich and Weibel (1894; Cain & Polinski, 2014). They documented that the caus-

ative agent of the disease was a bacterium and named the bacterium salmonicida. After that, the

disease was commonly recognized in trout hatcheries in Germany, where it was supposed to be

mainly a hatchery disease. Flehn (1909, 1911) discovered the existence of furunculosis in wild trout

and dispelled the belief that it was only a hatchery disease. In a short time, furunculosis was

reported from other regions of Germany and then was found in Austria, Belgium, Ireland, France,

Switzerland, and the United Kingdom (Kar, 2015). Currently, this septicemic disease is found

worldwide. This debilitating and lethal disease is one of the oldest known bacterial infections,

affecting various farmed and wild stock fish species, including salmonids and cyprinids, but mainly

affecting Salmonidae (Noga, 2010).

Furunculosis is caused by a prime particular etiological agent, Aeromonas salmonicida. The

name of the disease comes from the furuncles/ulcers, which are liquefactive muscle lesions or red

patches on the skin, as well as darkening of the skin. A. salmonicida is a gram-negative, faculta-

tively anaerobic, nonmotile rod. (There are three types of motile species: Aeromonas caviae, A.

hydrophila, and A. sobria. They do not cause furunculosis in fish.) A. salmonicida is a nonsporulat-

ing psychrophilic, with size ranging from 0.8 to 1.3 mm (Austin & Austin, 2012), which
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characteristically causes infection in freshwater fishes, that is, cyprinids, salmonids, anoplopomids,

and serranids. A. salmonicida is the only bacterium that causes furunculosis in fish species,

although furunculosis in other fauna and organisms is caused by other bacteria. There are two main

types of diseases in fish, acute and chronic. Change/darkening in color, red patches, and furuncles/

ulcers on the fins of the fish are the clinical signs of an acute critical case and the survival time is

only a few days. In contrast, spleen enlargement and inflammation of the lower intestine are signs

of chronically ill fish; furuncles can be found but sometimes no signs are seen (Austin & Austin,

2007; Dar, Dar et al., 2016; Dar, Kamili et al., 2016; Dar et al., 2020).

The pathogen that causes furunculosis is more active in a warm environment and is likely to be

hidden in a colder climate. Generally, the furunculosis cases occur in summer (July and August),

the season when the surrounding air and water temperatures increase, but can still occur when the

weather is cooler. The optimum temperature for furunculosis survival is 12.8�C�21.1�C, but some

studies revealed that the pathogens of the disease are always found in 0.5�C�1.6�C (Perry et al.,

2004; Schachte, 2002). Furunculosis causes fish mortality in every season, but massive losses occur

in spring and autumn in seawater farms. In salmonids, the disease can be transmitted to other indi-

viduals by horizontal transmission via the water column and the physical contact of fish to fish,

contaminated water, and also by animal vectors such as birds and invertebrates. However, nonsal-

monids can be affected by the ingestion of tissues of infected fish; the congested stocked forms are

more susceptible and have an increased degree of infection (Dar, Dar et al., 2016; Dar, Kamili

et al., 2016; Khoo, 2019). A significant aspect of furunculosis outbreaks and mortality is that they

can be amplified by crowding, fright, high temperature, physical trauma, and low water quality, in

other words, by stress factors. Pollution is considered to be a major factor in furunculosis. Various

sources of pollutants are chemical fertilizer companies, oil refineries, petrochemical industry, paper

industry, power stations, pesticides, sewage systems, and overfishing (Plumb & Hanson, 2010).

12.2 Signs of infection
Furunculosis occurs worldwide and primarily infects salmonids and some nonsalmonids, causing

high mortality in fish and heavy losses in the aquaculture industry. Sudden death occurs in fish

after symptoms appear. Fish can be seen with exophthalmos, and they also can exhibit sluggish and

lethargic swimming. The diseased fish experience loss of appetite accompanied with respiratory

problems, and try to jump out of the water. The general symptoms of furuncles include blisters on

epithelial and muscular tissues, also making bowl-shaped lesions (Fig. 12.1). The symptoms can

range from acute to chronic in mature salmonids. Other frequently observed symptoms include

bleeding from skin and bases of fins, gradual destruction of pectoral fins and the oral cavity; ero-

sion can also occur in internal organs and muscles. Paling of gills, alteration in body color, and

bleeding from nasal openings and anus are also frequently observed symptoms of the disease.

Increase in size of spleen, destruction of liver, and the filling of the stomach and intestine with epi-

thelial cells accompanied with mucus and blood are also important symptoms of the disease. The

microscopic symptoms of the disease include the blending of lamellae of gills, death of epithelial

cells, and eosinophilic inflammation of gills. Formation of bacterial colonies in different tissues

and the collapse of epithelial cells of renal tubes and intestine in the renal tube cavity and intestinal

cavity are also important symptoms of the disease.
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12.3 Diagnosis
A. salmonicida is a nonmotile, fermentative, gram-negative bacteria that reduces nitrate and pro-

duces cytochrome oxidase. It can be isolated from blood, lesions, and other organs of an organism

(Austin & Austin, 2012). The colonies are different in size, ranging from 0.5 to 3.0 mm in diameter

within 72 h incubation, and the optimal temperature for growth is 18�C�22�C. Various diagnostic
techniques have been used for furunculosis (Austin & Austin, 2012).

FIGURE 12.1

Clinical signs of the Korean rockfish infected with atypical Aeromonas salmonicida. (A�C) Hemorrhages at

operculum, jaw area, and around the base of the pectoral and pelvic fins; (D) swelling of anus; (E�G)

hemorrhages on the surface of the stomach and intestine and excessive secretion of mucus in the

gastrointestinal tract (Kim et al., 2013).
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In clinical diagnosis, the bacterial agent can be investigated with simple cultured swabs (bacteri-

ological culture). In this technique, a standard clinical examination can be performed.

Investigations can be done not only from culture swabs of the lesions but also from the carrier sites

of fish, for example, nostrils and perineum, etc. (Lagier et al., 2015). The vital clinical signs, gross

pathology, and histopathological features have been described for the various forms of furunculosis,

such as acute, chronic, peracute, and subacute. The gross pathological signs of peracute and acute

furunculosis in young fish are often indistinguishable from other bacterial septicemias in an initial

investigation. This may cause trouble for the inexpert diagnostician in differentiating the morphol-

ogy and gram-staining behavior of A. salmonicida in fish tissue. Thus a firm diagnosis of clinical

furunculosis needs to be based on isolation of infecting fish on agar media and identification by

morphology, combined with either biochemical or serological tests, as A. salmonicida (Austin,

2019).

The diagnosis of covertly infected fish is an essential problem for diagnosticians and fish health

workers. In covert furunculosis, the diagnosis of suspected fish in a population must be made on

the basis of random sampling. The sampling must be done in such a way that it can be used as rep-

resentative of the overall health of the population (Cipriano & Bullock, 2001). In the sampling pro-

cedure, the sampling tables obtained indicate the number of fish taken from a fish population of

known number. The sample tables should be arranged in such a way as to be helpful in further

plans for sampling and also for selection of appropriate methods for diagnosis and confirmation of

diseases in fish populations. The detection of covert furunculosis was difficult to achieve by taking

a statistical representative of the fish population (Ogut et al., 2005). A variety of methods for

detecting covert infection in fish have been developed. Cohabitation studies that involve the release

of A. salmonicida by diseased fish is an indirect approach to detection of the disease, while deter-

mining the presence of infectious organisms in the vicinity of a fish population is one of the direct

approaches (Johansen et al., 2011). The transfer of furunculosis from clinically infected or covertly

infected fish to a normal healthy one is called silent transmission (Cipriano & Bullock, 2001).

Rapid diagnostic techniques developed over the last few decades have played a significant role

in the diagnosis of microbes. The rapid diagnostic techniques enable the direct detection of

microbes in clinical samples and also in the habitat of the host without culturing the microbes.

These techniques are frequently used for the detection of A. salmonicida (Austin, 2019; Austin &

Austin, 2016). Besides genetic-based assays for A. salmonicida, bioassays detecting the immunol-

ogy of the organisms have also been developed over the past few decades. However, a number of

the techniques offered for clinical diagnosis of furunculosis that do not require the culture of

microbes for the identification of A. salmonicida can be broadly classified as immune based-

techniques and genome-based techniques in modern investigations (Austin, 2019).

12.4 Transmission
Furunculosis infection of A. salmonicida in fish can be transmitted to other individuals by the path-

ogen horizontally. Horizontal transmission can take place by either physical contact of fish to fish

or shedding the bacterium into the water column (Bricknell, 2017; Cipriano & Bullock, 2001). The

horizontal transmission of the pathogen represents a major threat to fish within marine and
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freshwater environments (Stride et al., 2014). Epizootics are predominantly troublesome at the start

of marine culture if an A. salmonicida carrier is undetected and fish are transported into pens.

Contagion contained by natural waterways can enhance disease in fish. The movement of infected

fish from culture facilities or sea farms infect fish within the feral environment (Bricknell, 2017).

The horizontal contact of infected fish among noninfected fish creates a way for A. salmonicida to

enter a susceptible host. The reservoirs and source of furunculosis infection and transmission are

probably similar for both types of strains, atypical A. salmonicida and typical strains

(AQUAVETPLAN, 2009).

Another essential technique is vector transmission, such as through birds and invertebrates,

which can cause the transmission of A. salmonicida infection. For example, with the use of wrasse

as cleaner fish to clear sea lice from the culture pen, the wrasse may infect themselves with atypical

A. salmonicida by orally ingesting infected sea lice or horizontally with other infected fish

(Moksness et al., 2008). Therefore infected wrasse act as a different reservoir of contagion for sal-

monids or other fish. Another means of transmission of A. salmonicida is an aerosol transmission

that is practically problematic in a culture system. The viable cells of A. salmonicida can be dis-

seminated in aerosol droplets in the air and the water tanks exposed to aerosol spray downwind of

the contaminant source (Nash et al., 2015).

12.5 Control of infection
Furunculosis infects salmonids primarily but can infect various hosts in a diversity of habitats. A. sal-

monicida is managed mainly as a geographically ubiquitous but obligate pathogen. Fish culturists,

farmers, and resource managers should keep its pathogenic effects in mind. In fact, there is a strong

relationship between the host, pathogen, and environment, and often it is in the conceptuality of the

disease process. The prevention of furunculosis is critical in the fish population. Anadromous fish

migrate into hatchery water supplies and infect fish culture stations. The fish managers have some

control over such parameters, but they are also hard to prevent. The education of personnel is the

best way to improve the significant sources of potential contamination and to prevent disease.

The managers should have a regular monitoring program to detect A. salmonicida in the water sup-

ply. The personnel have to keep their eyes open for such a condition. They should transfer only fertil-

ized eggs or stocks of fish certified to be free of A. salmonicida infection to hatcheries and culture

stations (Fig. 12.2). Preventive measures include disinfection of the culture stations before stocking,

stress elimination, age class segregation, the use of water in the system that has not been exposed to

wild or cultured fish, prior elimination of infected fish, and vaccination. Fish individuals with furuncu-

losis should be removed from the facility before starting the treatment. An essential step in the preven-

tion of severe communicable fish diseases is the adherence to a sound program of hatchery inspections.

12.6 Selection and breeding
Selective breeding plans are significant methods in salmonids, cyprinids, and other species to

enhance experimental and field resistance to furunculosis. The fish can be selected based on growth
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and the ability to survive natural epizootics of furunculosis. The subsequent progeny is continu-

ously appraised for acquired resistance to the disease, so that the mortality can be reduced after a

few successive generations. The selective resistant progeny grows faster than nonselective fish. The

technique may require up to eight generations of selection but often A. salmonicida encounters

through water bath, horizontal and nutritional transmission. The mortality can be reduced by a max-

imum percentage. Selective breeding can be planned based on size, coloration, and egg yield too.

Acquired resistance to furunculosis is broadly acknowledged, and these types of fish are currently

used throughout hatchery programs worldwide for their survival and performance in recreational

fisheries where furunculosis is enzootic.

12.7 Immunization
As discussed in previous sections of this chapter, Aeromonas salmonicida causes a bacterial infec-

tion called furunculosis, a bacterial hemorrhagic septicemia, which affects both salmonids and non-

salmonids, such as carp and turbot, from both cultured and wild populations. The disease can be

disturbing, harshly impacting the productivity of fish farming processes, and exhibiting clinical

signs that include serosanguineous fluids, necrotic tissue, and the appearance of furuncles. The fish

also exhibit other distinguishing features such as lethargy and darkening of the skin (Giraud et al.,

2004).

Oil-adjuvanted injectable vaccines, which have been used for typical A. salmonicida for salmo-

nids, are considered an historically verified positive and standard technique. However,

FIGURE 12.2

Separation of fish individuals with furunculosis, transferred into a vaccine dilution.
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immunization of farmed nonsalmonid fish types against A. salmonicida (typical and atypical) has

been somewhat challenging; for instance, an experimental vaccine containing atypical strains pro-

tected Arctic charr (Salvelinus alpinus, L.) but not European grayling (Thymallus thymallus, L.)

(Paredez et al., 2020). Vaccines of A. salmonicida combined in oil adjuvants and injected intraperi-

toneally are available for long-term defense, and their use is promoted in commercial aquaculture.

Aqueous and oil-adjuvanted vaccines are both commercially made and may increase immunity at

low water temperatures. It was noted that, even though an antibody response to A. salmonicida was

late or highly inhibited at this temperature, protection was still acceptable at 18 weeks after vacci-

nation. After 18 weeks, these researchers noted that protection was strongly reduced in those fish

raised at 10�C and given the aqueous vaccine, but a similar reduction was not seen in those fish

that were vaccinated with the oil-mixed vaccine. Though commercial furunculosis vaccines in min-

eral oil yield meaningfully higher protection than aqueous-based vaccines, the mineral oil adjuvant

may produce adverse side effects, like adhesions between the internal organs and the abdominal

wall near the site of injection. Adverse side effects may also include a reduction in the growth rate,

the severity of which is unpredictable among fish farms and may or may not be significant when

matched with the last growth weight of nonvaccinated fish. It must be remembered, though, that

vaccination is not a total barrier treatment that guarantees no further expression of furunculosis or

spread of furunculosis from covertly infected vaccinated carriers.

The first week after hatching, plasma cells were seen in the head kidney, revealing the existence

of immunocompetent cells in this tissue. Eventually, plasma cells were seen in the spleen, and at

the size of 80�90 mm (after 21 weeks after hatching) the extent of plasma cell was raised to

80�90 mm restricted in this stage in the lymphoid tissues of thymus and gut, but localized in the

mucosal tissues of skin and gills (Grøntvedt & Espelid, 2004).

12.8 Treatment
Furunculosis of salmonids was the first disease of fishes to be treated with modern drugs containing

both sulfonamides and nitrofurans, although other drugs successfully control this disease. Diseased

fish often return to antibiotic treatment, but the use of antibiotics can be unwanted. This is mainly

due to the tendency of microorganisms to become resistant to regularly recycled antibiotics and

mostly involved frequently in treating of fish. Vaccines besides A. salmonicida have already been

used for more than 30 years and have played an important role in cumulative aquaculture produc-

tion. Intraperitoneal injection of vaccines is recognized as brilliant defensive possessions against

A. salmonicida (Lim & Hong, 2020).

Vaccination (Table 12.1) is a robust treatment approach that decreases disease outbreaks and

reduces the use of antibiotics. Presently, there are no active commercial vaccines established specif-

ically for sablefish. Two promising vaccines are launching to be used in the sablefish business: one

is ALPHA JECT micro 4 (Norway) commercialized for Atlantic salmon of 15 g or more in mass,

containing A. salmonicida, Vibrio salmonicida, Listonella (Vibrio) anguillarum serotypes O1 and

O2; the second is Forte Micro IV (Canada) developed for salmonids of 10 g or larger, which has

deactivated infective A. salmonicida, salmon anemia virus, and V. salmonicida serotypes I and II,

V. anguillarum serotypes I and II, V. ordalii, in the liquid mix with an oil-based adjuvant.

26312.8 Treatment



Recently, an autogenous polyvalent vaccine was successfully assessed in the treatment of A. salmo-

nicida in sablefish in the United States, and it was described that an autogenous bacterin-

researched vaccine injected intraperitoneally was more active than bath vaccination. Conversely,

Canadian regulations do not permit the importation of autogenous vaccines, and current vaccines

available in Canada against A. salmonicida have not been evaluated in sablefish (Vasquez et al.,

2020).

12.9 Conclusion and future prospects
A bacterial infection called furunculosis caused by A. salmonicida affects both salmonids and non-

salmonids of cultured and wild fish populations. The disease was first recognized in hatchery fish

Table 12.1 Reported vaccinations of various fish species against atypical furunculosis with oil-

adjuvant injection Bactrians.

Strain in
bacterium Fish species

Challenge
strain Protection Source

Asa Salmon Asa 1 Gudmundsdóttir and Magnadóttir

(1997)

Salmon Ass 2 Gudmundsdóttir and Gudmundsdottir

(1997)

Halibut Asa 1 Gudmundsdóttir et al. (2003)

Cod Asa 2 Gudmundsdóttir et al. (2005a, 2005b)

aAs Spotted

wolffish

aAs 1 Lund et al. (2002)

Halibut aAs 1 Ingilæ et al. (2000)

Cod aAs 1 Mikkelsen et al. (2004)

Arctic charr aAs 1 Pylkkö (2004)

European

grayling

aAs 2 Pylkkö (2004)

Ass Salmon Asa 1 Gudmundsdóttir and Gudmundsdottir

(1997)

Halibut Asa 1 Gudmundsdóttir et al. (2003)

Cod Asa 2 Gudmundsdóttir et al. (2005a, 2005b)

Turbot Asa 2 Björnsdóttir et al. (2004)

Spotted

wolffish

aAs 2 Lund et al. (2002)

Halibut aAs 2 Ingilæ et al. (2000)

Arctic charr aAs 2 Pylkkö (2004)

European

grayling

aAs 2 Pylkkö (2004)

Asa, A. salmonicida subsp. achromogenes; aAs, atypical A. salmonicida; Ass, A. salmonicida subsp. salmonicida; 1 , significant

protection was obtained; 2 , significant protection was not obtained.
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in Germany in 1894 and was then reported worldwide in a short time. The infection in fish can be

either acute or chronic. The infected fish exhibit loss of appetite, respiratory distress, and/or blisters

on skin or muscles causing cratered lesions, limited to the subacute or chronically in adult salmo-

nids. The bacterial agent can be investigated with simple cultured swabs. The microorganisms can

be detected directly in clinical samples or in the environment of the host, without the need for cul-

ture. Furunculosis fish infection of A. salmonicida can be transmitted to other individuals by the

pathogen horizontally, either through physical contact of fish to fish or through shedding the bacte-

ria into the water column. Furunculosis can be controlled by selective breeding, immunization, and

treatment by modern vaccination. The disease can be disturbing and can harshly impact the produc-

tivity of fish farming processes. Fish culturists, farmers, managers, and stockholders should focus

on the regular monitoring of fish to protect their stock from diseases such as furunculosis, because

the prevention of furunculosis is critical in the fish population. The best way to protect their stock

is by using modern tools and technology.
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CHAPTER

13Bacterial gill disease and aquatic
pollution: a serious concern for the
aquaculture industry

Yahya Bakhtiyar, Tabasum Yousuf and Mohammad Yasir Arafat
Fish Biology and Limnology Research Laboratory, Department of Zoology, University of Kashmir, Hazratbal,

Jammu and Kashmir, India

13.1 Introduction
Pollution is defined as the introduction and inclusion of contaminants in the natural environment,

resulting in adverse effects. It is well-known that contaminants intrude into the aquatic environment

at different times and cause changes in its constituents. Water is typically considered to be polluted

when it is hampered by anthropogenic pollutants, for example, pesticides, heavy metals, and hydro-

carbons, which are often released into the aquatic environment, rendering it unfit for survival of

aquatic animals. Incorporation of large amounts of pollutants can lead to rapid effects, as demon-

strated by the mortality of local organisms (Austin, 1999). There are a number of waterborne pollu-

tants such as organochlorines, creosote, fecal debris, some heavy metals, inorganic compounds

like nitrite, and others that are believed to be the causative agents of significant abnormalities

in the aquatic biota, especially fish. Creosote is believed to cause epithelial lesions, fin erosion, or

death in fish when they are exposed to high molecular weight creosote-bearing sediments, whereas

the occurrence of head lesions is seen due to the impact of low molecular weight creosote (Sved

et al., 1997). Organochlorines are associated with malformations of embryos of the common

dab, Platichthys flesus, Pleuronectes platessa, and Merlangius sp. (Dethlefsen et al., 1996),

and DDT has been associated with neoplasia of liver in Pleuronectes americanus (Moore et al.,

1996). Poultry fecal matter used as manure in ponds caused large mortality in Hypophthalmichthys

molitrix in Israel (Bejerano et al., 1979). Nitrites are believed to increase susceptibility of catfish

to the bacterium Aeromonas hydrophila (Dar et al., 2020; Dar et al., 2016a,b; Hanson &

Grizzle, 1985). The effect of a pollutant is proportional to the concentration of the pollutant

experienced by aquatic animals, because high concentrations can cause mortalities and lower

amounts of pollutants still result in severe damage (Austin, 1999), as shown diagrammatically in

Fig. 13.1.

There are specific examples of fish diseases that directly show the impact of water pollution,

like lesions on the surface of skin caused by Serratia plymuthica and red mouth disease from the

activity of Yersinia ruckeri due to contamination of waterways by household effluents (Austin,

1999; Dar, Dar et al., 2016; Dar, Kamili et al., 2016). Gill disease is also attributed to

Flavobacterium spp. due to organic load, decrease in oxygen content, and alteration of pH values
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(Austin, 1999). Therefore the role of pollution in causing disease in aquatic organisms, especially

fishes, is quite significant, illustrated clearly in bacterial gill diseases (BGDs) of fishes, as shown in

Fig. 13.2, which is in conformity with the equation Disease 5 Host1 Pathogen1 Environment.

13.2 Bacterial gill disease
The fish gill is a multifunctional organ that contributes to respiration, excretion, and nutrition/diges-

tion by filtering of food particles. The outer covering of the gill is a chief site for various vital pro-

cesses like gas exchange, acid base balance, ionic regulation, and metabolic waste excretion in fishes

(Hoar & Randall, 1984). In addition, gills help the fish to acclimatize in diverse and fluctuating sur-

roundings. The gills are designed in such a way that the physiological functions of the fish remain

conserved due to adjustment of their gill morphology during adaptation in diverse environmental

conditions (Laurent & Perry, 1990). Various aquatic contaminants have been found to have an impact

on the fish gill, morphologically as well as physiologically. The gills are susceptible to parasites and

bacterial and fungal diseases, so they may be used for studying the effect of toxic substances result-

ing in general epidermal pathologies (Evans, 1987). BGD is a peculiar form of pathology that is

caused by not just one but several bacterial species, and that is significantly affected by ecological

conditions (Snieszko, 1981), as its prevalence usually is related to the rise in concentration of lethal

metabolic waste products as well as other significant factors, as illustrated in Fig. 13.3. The onset of

BGD is usually linked to hostile environmental conditions in combination with overcrowding as well

as ecological stress, which is believed to regulate the severity of disease.

Pathogen

FIGURE 13.1

Diagrammatic illustration of effect of toxicants on fish.
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BGD is actually a condition of colonization of fishes by bacteria and its name reveals the patho-

logical signs of infection by bacteria on the gill structure (Wood, 1974). It is considered to be a

vital cause of morbidness and disambiguation in Salmonid fish reared in intensive conditions

(Bullock, 1990; Daoust & Ferguson, 1983), as it decreases the gill capacity for providing oxygen to

blood. The onset of disease depends on the size of the fish, as fish of size less than 90�100/lb are

found to be the most prone to infection (Wood, 1974).

13.3 History and geographical range
Davis (1926) was the first to report BGD; however, Bullock (1972) proposed its pathogens as

Flavobacterium, Cytophaga, and Flexibactor. Later, the etiological agent was described by Kimura

et al. (1978) as Flavobacterium branchiophilum. Wakabayashi et al. (1989) isolated, characterized,

and named it F. branchiophila. However, Von Graevenitz (1990) proposed the name F. branchio-

philum as the proper nomenclature. Later, Ferguson et al. (1991) artificially induced F. branchio-

philum in fingerlings that led to pathogenic disease. In the case of trout, MacPhee et al. (1995)

reported spontaneous outbreaks of BGD while rearing them in controlled conditions. BGD is

believed to prevail in low temperature-water dwelling fishes, posing a significant threat in juveniles

of salmonids cultivated in hatcheries (Bullock, 1972, 1990; Daoust & Ferguson, 1983; Farkas,

1985; Schachte, 1983).

Disease

host

environment pathogen

host

environmen pathogen

FIGURE 13.2

Interactions between host, pathogen, and environment causing outbreak of diseases (Bohl, 1989; Wood,

1974).
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Generally, flavobacterial diseases cover a large distribution of hosts because of their ubiquitous

nature and ability to acclimatize to a wide range of water temperatures (Starliper, 2012). However,

the distribution of causative agents is determined by physicochemical parameters of water favorable

for the growth of bacteria. BGD caused by F. branchiophilum is believed to have originated in

North America (United States, Canada, Ontario), Asia (Japan, India, Korea), and Europe (Denmark,

Hungary, Netherlands) (Dash et al., 2009; Farkas, 1985; Huh & Wakabayashi, 1989; Ko & Heo,

1997; Ostland et al., 1994; Swain et al., 2007; Wakabayashi et al., 1989).

13.4 Causative agents
BGD is most commonly caused by species of Flavobacterium, Cytophaga, and Flexibacter; how-

ever, the yellow-pigmented, filamentous, gram-negative filamentous bacteria belonging to genus

Flavobacterium (most often F. branchiophilum) are considered the chief etiological agent (Farkas,

1985; Ferguson et al., 1991; Heo et al., 1990; Kimura et al., 1978; Ostland et al., 1994; Von

Graevenitz, 1990; Wakabayashi et al., 1980, 1989) and are horizontally shared between fishes.
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13.5 Host species of the disease
BGD is considered cosmopolitan, prevailing throughout the world, and almost all intensely reared

inland fishes are susceptible to it (Snieszko, 1981). Coldwater fishes, mostly wild and reared

Salmonids, are known to be affected by this disease, which includes rainbow trout (Onchorhynchus

mykiss), Chinook salmon (O. tshawytscha), sockeye salmon (O. nerka), coho salmon (O. kisutch),

brown trout (Salmo trutta m. lacustris), brook trout (S. fontinalis), lake trout (S. namaycush), Arctic

charr (S. alpinus L.), sea trout (Salmo trutta m. trutta), and Atlantic salmon (Salmo salar)

(Bernardet & Kerouault, 1989; Bullock, 1972; Bustos et al., 1995; Cipriano et al., 1996; Ostland

et al., 1995; Rintamäki-Kinnunen et al., 1997; Schmidtke & Carson, 1995; Wiklund et al., 1994).

The nonsalmonid hosts include ayu (Plecoglossus altivelis), eel (Anguilla anguilla), carp (Cyprinus

carpio), silver carp (Hypopthalmichthyes molitrix), tench (Tinca tinca), and crucian carp (Carassius

carassius) (Lehmann et al., 1991; Wakabayashi et al., 1994), along with tiger pike perciforms

(walleye fingerlings) and tiger muskellunge, etc. (Schachte, 1983). Additionally, Ostland et al.

(1995) observed that F. branchiophilum can cause death of Luxilus cornutus (common shiners).

13.6 Pathology and symptoms
Since gills are the primary organs of gaseous exchange, BGD causes disturbance in the normal gas-

eous exchange leading to fish mortalities. The incubation period ranges from 24 h to weeks (pre-

dominantly when water temperatures are below 5�C) and depends upon the age of the fish and

virulence of the host (Snieszko, 1981). Transmission takes place through the water from fish to fish

in a horizontal direction. Predisposing factors for epizootic outbreaks are suboptimal environmental

conditions and suspended solids or abrasive feeds. Different strains of the bacteria have the ability

to cause different symptoms in different fish species and the symptoms may vary from behavioral

to microscopic, as illustrated in Table 13.1.

Table 13.1 Pathogenesis of bacterial gill diseases.

Strains Host species Symptoms References

Flavobacterium

branchiophillum

Onchorhynchus mykiss, O.

tshawytscha

Salmo trutta

Luxilus cornutus,

Labeo rohita

Lethargic fishes

Loss of appetite

Flaring of opercula

Respiratory distress

Good et al. (2008, 2010),

Ostland et al. (1995), Swain

et al. (2007), Starliper

(2012), Wakabayashi et al.

(1980, 1989)

Flavobacterium columnare Salmonids Necrosis of gill

filaments

Speare and Ferguson (1989)

Flavobacterium

psychrophilum

Onchorhynchus mykiss Renal tubular

degeneration,

pancreatitis,

peritonitis, splenic

edema.

Fusion of secondary

lamellae of gills

Starliper (2011)
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13.7 Diagnosis

13.7.1 Diagnosis by direct observation

This type of direct diagnosis is based on presumption by experienced individuals who analyze

prominent fish behavior, vulnerability of fish species, and preceding outbreaks of disease, as well

as periodicity and yield cycle. It also includes expert microscopic observation of histopathological

changes of gills and gill arches, which are positively correlated with association to pathogen organ-

isms (Byrne et al., 1991; Ostland et al., 1990).

13.7.2 Other diagnostic procedures

This includes culture of pathogens, serological analysis, and PCR.

13.8 Control methods
The disease can be controlled by following proper prophylactic measures as well as some chemical

treatments.

13.9 Prophylactic measures
• Pollution-free ponds with significant reduction of dead fishes and sufficient flow of clean water

(Wood, 1974).

• Regulation of population density in aquaculture farms.

• Maintenance of good ecological condition and continuous monitoring of water quality in water

bodies.

• Regulation of stress-causing factors, particularly environmental factors.

Table 13.2 Various compounds used for the treatment of bacterial gill disease.

Compound Concentration Reference

KMnO4 1�2 ppm (1-h bath) Wood (1974)

Hyamine-1622 (98.8%)

Hyamine-3500 (50%)

Roccal (on basis of active ingredient)

1�2 ppm (1-h bath) Snieszko (1981)

Purina Four Power 3�4 ppm (1-h flush treatments) Schachte (1983)

Chloramine �T 10 ppm (1-h flush treatments) From (1980)

Diquat 8.4�16.8 ppm or 2�4 ppm of formulation Snieszko (1981)

CuSO4.5H2O 1:2000 ppm (1-min bath)

1 ppm (1-h bath)

Davis (1926)
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13.10 Chemical treatment
Various compounds have been found for treatment of BGDs, which are described in Table 13.2.

13.11 Conclusion
To meet the food security issues worldwide, aquaculture plays a significant role. However, the

aquaculture industry is under the constant threat of various types of diseases that result from the

deterioration of the aquatic ecosystem, mainly due to anthropogenic sources leading to disease out-

breaks. The sole life of fish is water, and deterioration in the water quality due to pollution can be

a conducive environment for various types of bacterial strains. Some cause gill disease in fishes,

with significant effects due to disturbances in their normal gaseous exchange process and also due

to secondary infections. To overcome this problem, proper prophylactic measures need to be fol-

lowed when bacterial disease outbreaks occur, such as isolation of infected fish, decrease in over-

crowding fish density, removal of stress factors, and proper chemical treatment. The pollution load

in the water bodies must be mitigated on an individual level, so that extreme losses in the aquacul-

ture industry are significantly reduced in order to continue to meet the never-ending food demands

of the human population.
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14.1 Introduction
Fish has long been known as a safe and functional food and represents a valuable food source for

humans, providing nearly 60% of the global supply of protein. Approximately 60% of the underde-

veloped countries obtain 30% of their annual protein supply from fish (Abisoye et al., 2011). It is

also the most significant source of high-quality protein in humans, supplying about 16% of the ani-

mal protein consumed by the global population (FAO, 1997). Fish is not only seen as nutritional

but also as a viable source of revenue for the small-scale farming sector (Fig. 14.1). Fishes are,

however, susceptible to a variety of pathogenic bacteria, which mostly can lead to infections and

are considered saprophytic (Lipp & Rose, 1997). Most of the bacterial disease agents are part of

the aquatic environment’s common microflora and are usually regarded as a secondary or opportu-

nistic pathogen. Nearly all the aquatic bacterial pathogens have the potential to live outside fish.

There are very few obligatory pathogens, yet even these can remain in host tissues for a longer

period, without inducing serious damage. Clinical infections and diseases typically occur after the

development of any significant changes in the host’s physiology or body. The number of bacterial

species associated with fish diseases has been steadily increasing, with new pathogens consistently

recognized in the published research (Austin & Austin, 2007). The microbial association with fish

jeopardizes safety and human consumption quality, specifically when microorganisms are of an

opportunistic and/or infective nature (Mhango et al., 2010). The microbial diversity of fresh fish

muscles relies on the fishing grounds and surrounding environmental conditions (Cahill, 1990).

Freshwater fishes may become infected from different sources, as bacteria are present in air, water,

and in sediments too. It is also assumed that the temperature and various biotic and abiotic charac-

teristics are the most significant factors favorable to the occurrence of infectious disease symptoms.

It has been proposed that identifying a microorganism as associated with fish depends on the envi-

ronment (Claucas & Ward, 1996). Most of the bacteria colonize the digestive tract, gills, and skin

of the fish, living as parasites or commensals. The fish-associated bacterial pathogens are catego-

rized as nonindigenous and indigenous (Kvenberg, 1991). The nonindigenous ones pollute the fish
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or habitat one way or the other; examples include Clostridium botulinum, Staphylococcus aureus,

Shigella dysenteriae, Listeria monocytogens, Salmonella, and Escherichia coli. The indigenous bac-

terial pathogens like Aeromonas and Vibrio are known to live naturally in the fish’s habitat

(Rodricks, 1991). Bacteria can become pathogenic only when fish are physiologically unstable,

nutritionally deficient, or undergoing other causes of stress like water contamination or overstock-

ing, ensuring opportunistic bacterial infections can thrive (Austin, 2011).

Most bacterial diseases display common symptoms, particularly in fish. Bacterial infection can

occur in the muscles, in internal organs, on the skin, fins, exoskeleton, or crustacean appendages.

The development of the disease is a complicated process, and various factors play a critical role in

fish pathology. The changes in the freshwater ecosystem seem to be a significant factor responsible

for emerging diseases (Johnson & Paull, 2011). Fish- and shellfish-related pathogenic and poten-

tially pathogenic bacteria include Aeromonas spp., Mycobacterium, Salmonella spp., Streptococcus

spp., Vibrio spp., and others (Lipp & Rose, 1997). A few bacterial species tend to be obligatory

parasites responsible for mortality in both cultured and freshwater fishes. Most of the diseases in

fish are caused by gram-negative bacteria such as Acinetobacter spp., Aeromonas spp.,

Flavobacterium spp., Pseudomonas spp., Shewanella putrefacience, Sphingomonas paucimobilis,

and Vibrios. A few gram-positive bacterial species are also found in association with infections in

fish, including Lactococcus garvieae, Mycobacterium spp., and Streptococcus iniae. Both freshwa-

ter and marine fishes are affected by different bacterial infections (Table 14.1). Rainbow trout and

other salmonids from the Oncorhynchus, Cichlidae (tilapia), and Ictaluridae (catfish) family fishes

are usually infected by different bacterial species (Austin & Austin, 2016).

FIGURE 14.1

Glimpses of a few freshwater fish.
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14.2 Gram-negative bacterial pathogens
The most commonly encountered bacterial infections in freshwater fishes are caused by Aeromonas

(Verner-Jeffreys et al., 2009), Edwardsiella (Blazer et al., 1985; Park et al., 2012), Pseudomonas

(Berthe et al., 1995; Trust & Barlett, 1974), and Shewanella (Korun et al., 2009). Bacterial diseases

in both wild and cultured fish contribute to heavy mortality. The major fish pathogens belong to

families Aeromonadaceae, Pseudomonadaceae, Enterobacteriaceae, and Vibrionaceae, which pri-

marily consist of short gram-negative bacilli.

Table 14.1 Common bacterial diseases in freshwater fishes.

S. no. Pathogen Disease

Gram-negative bacteria

1 Flavobacterium species:

F. branchiophilum; F. columnare;

F. psychrophilum.

Bacterial gill disease—fin rot,

Columnaris disease,

Cold-water disease.

2 Tenacibaculum maritimum Bacterial gill disease, Black patch necrosis, fin rot

3 Edwardsiella tarda; E. ictaluri Edwardsiella septicemia,

Enteric septicemia of catfish

4 Yersinia ruckeri Enteric red mouth disease

5 Vibrio anguillarum; V. ordalii Vibriosis

6 Vibrio salmonicida Hitra disease: cold-water vibriosis

7 Vibrio vulnificus Septicemia

8 Aeromonadaceae members Furunculosis, Septicemia

9 Moritella viscose Winter ulcer disease

10 Photobacteriaceae members Pasteurellosis, Hemorrhagic septicemia

11 Pseudomonadaceae members:

Pseudomonas fluorescens; P. anguilliseptica

Septicemia,

Sekiten-byo, red spot

12 Francisella spp. Granulomatosis.

13 Rickettsia salmonis Strawberry disease

Gram positive bacteria

1 Renibacterium salmoninarum Bacterial kidney disease

2 Carnobacterium piscicola Similar to BKD, pseudo- kidney disease

3 Streptococcus iniae; S. faecalis;

S. agalactiae; S. dysgalactiae

Septicemia

4 Lactococcus garvieae Septicemia

5 Clostridium botulinum Type E botulism

6 Mycobacterium marinum; M. fortium;

M. chelonae

Mycobacteriosis

7 Nocardia asteroids; N. seriolae Nocardiosis

28114.2 Gram-negative bacterial pathogens



14.2.1 Aeromonadaceae

Infection that is caused by Aeromonas species is by far the most prevalent among bacterial infec-

tions of fishes and is primarily responsible for motile Aeromonas septicemia (MAS), furunculosis,

and motile Aeromonas infections (Olesen & Vendramin, 2016). The genus Aeromonas comprises

more than 30 different gram-negative bacterial species and is broadly distributed in diverse water

ecosystems. The genus Aeromonas was at first included in Vibrionaceae but persuasive arguments

have been made for the origin of a separate family (Colwell et al., 1986). Several species of

Aeromonas are the major cause of septicemia in ornamental fish. Fourteen species of fish have

been reported to be infected with Aeromonas hydrophila (A. leuconosticus, Danio rerio,

Gymnocorymbus ternetzi, Melanochromis auratus, Mikrogeophagus ramirezi, Paracheirodon inne-

si, Poecilia reticulata, Poecilia sphenops, Pseudotropheus saulosi, Pterygoplichthys gibbiceps,

Puntigrus tetrazona, Trichogaster lalius, Xiphophorus hellerii, and X. maculatus). Aeromonas

caviae and Aeromonas media were primarily isolated from Poecilia reticulata and P. saulosi

(Walczak et al., 2017).

14.2.1.1 Aeromonas hydrophila
14.2.1.1.1 Habitat

Aeromonas hydrophila is an opportunistic pathogen and is primarily found in clean water as well

as organically polluted freshwater and is predominant in cosmopolitan aquatic ecosystems. A.

hydrophila is also a part of a healthy fish intestine’s physiological flora (Holmes et al., 1996;

Newman, 1982).

14.2.1.1.2 Morphology

A. hydrophila is a freshwater gram-negative, straight rod, chemoorganotrophic bacterium with a

monotrichous flagellum. They roughly measure 0.3�1.0 3 1.0�3.5 μm. The G1C% ratio of

DNA is 57�63 mol (Huys et al., 2002; Larsen & Jensen, 1977; MacInnes et al., 1979).

14.2.1.1.3 Cultural and biochemical characteristics

A. hydrophila can be conveniently isolated from the infected fish’s blood or kidneys and can be

grown on traditional nutrient media. On NAM, colonies appear within 24 h at 22�C�28�C and are

white to buff-colored. The Rimler Shotts Agar (R-S agar) is a selective media often used to isolate

and presumptively distinguish bacteria from specimens prone to contamination with other bacteria.

A. hydrophila can use a variety of substances such as D-mannitol, D-lactate, D-serine, D-sucrose, and

putrescine, salicin as carbon and energy sources for their metabolism (Paterson, 1974). A. hydrophi-

la shows positive for various biochemical tests and produces various enzymes like arginine hydro-

lase, catalase, cytochrome oxidase, phosphatases, ornithine decarboxylases, lysine decarboxylases,

and phenylalanine or tryptophan deaminase. A. hydrophila is resistant to Vibriostatic Agent O/129.

14.2.1.1.4 Epizootiology

Epizootics in fish caused by A. hydrophila are mostly confined to the southeastern United States

(Esch et al., 1976; Haley et al., 1967; Miller & Chapman, 1976). According to earlier studies, host

stress could be a significant factor in the epizootiology of red pest disease or red sore disease. A.
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hydrophila is associated with the development of Aeromonad septicemia or red pest in fishes (Esch

& Hazen, 1978).

14.2.1.1.5 Pathogenicity and clinical signs

Infections with A. hydrophila in fishes result in the development of ulcers, tail rot, fin rot, and hem-

orrhagic septicemia. Virulence in A. hydrophila is multifactorial, with disease resulting from the

production of diverse virulence factors that include adhesins, hemolysins, cytotoxin, enterotoxin,

proteases, siderophores, acetylcholinesterase, hemagglutinin, and surface proteins (Cahill, 1990;

Gosling, 1996; Howard et al., 1996). O-antigens are a class of structurally diverse lipopolysacchar-

ides and help in bacterial colonization. Around eight distinct O-antigen gene clusters are present in

A. hydrophila, and all epidemic strains isolated from channel catfish (Ictalurus punctatus) shared a

homologous O-antigen gene cluster (Xu et al., 2019). The enzyme, protease protects the bacterium

from the bactericidal effects of serum and enhance the ability of an organism to invade host tissues

(Leung & Stevenson, 1988). Bacterial isolates with aerolysin (aerA), cytotoxic enterotoxin (alt),

and serine protease genes (ahp) have been identified to be virulent with lower doses of LD50 com-

pared to isolated with just one or two of these virulence genes in zebrafish (Li et al., 2011). In addi-

tion, acetylcholinesterase (15.5 kDa polypeptide) was established as a most important lethal agent

with potential neurotoxic activity (Nieto et al., 1991; Rodriguez, Ellis et al., 1993; Rodriguez,

Fernandez et al., 1993). The compound was given as a minimum lethal dose of 0.05 mg/g of fish.

A. hydrophila is often present in conjunction with other pathogenic agents like Aeromonas salmoni-

cida. Some of the clinical manifestations of A. hydrophila infections in freshwater ornamental fish

in Sri Lanka were further described, which included the prevalence of eroded fins, sloughing scales,

and hemorrhages on the skin, intestinal wall, and at the base of the caudal fin (Hettiarachchi &

Cheong, 1994).

14.2.1.1.6 Treatment and control

A. hydrophila are resistant to a broad array of antimicrobial compounds, which includes ampicillin,

erythromycin, novobiocin, nitrofurantoin, oxytetracycline, streptomycin, sulfonamides, etc. (Aoki,

1988; De Paola et al., 1988). Due to the widespread plasmid-mediated resistance in fish farms to

oxytetracycline, the promising drug of choice is enrofloxacin and it is found to possess antimicro-

bial activity even at low dosages and the MIC of the compound is reported to be 0.002 μg/mL

(Bragg & Todd, 1988).

14.2.2 Vibrionaceae

The family Vibrionaceae comprises gram-negative, curved, or straight rods that use polar flagella

for motility. Vibriosis is among the most common disease and is a cause of significant mortality of

fish, shellfish, and shrimp in Asia. The onset of the disease is affected by multiple factors, mainly

the source of fish, organism virulence, and environmental conditions. Vibriosis is characterized by

septicemia, dermal ulceration, hematopoietic necrosis, and hemorrhages at the base of fins.

Vibriosis causes major economic damage in both fish farming and larviculture globally. The spe-

cies Vibrio anguillarum, V. alginolyticus, V. fluvialis, V. parahaemolyticus, V. salmonicida, and V.

vulnificus are known as the main pathogens associated with high mortality in many species of fish

(Dar et al., 2020; Dar, Dar et al., 2016; Dar, Kamili et al., 2016; Toranzo et al., 2005). Vibrio
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campbellii is one of the most important species of Vibrionaceae contaminating farmed aquatic spe-

cies (Dar, Dar et al., 2016; Dar, Kamili et al., 2016; Nor-Amalina et al., 2017). In the group of

pomacentrid fish (damsels and clowns), Vibrio infections are well documented.

14.2.2.1 Vibrio anguillarum
Vibrio anguillarum, also called Listonella anguillarum, is the causative organism of classical vibri-

osis, a lethal hemorrhagic septicemia in warm- and cold-water species of fish. In 1893, Canestrini

isolated this bacterium and named it Bacillus anguillarum and it was subsequently designated as

Vibrio anguillarum by Bergman in 1909. High mortality and significant economic losses in aqua-

culture are induced by V. anguillarum. Around 23 serotypes (O1-O23, European serotype designa-

tion) have been identified, with the most virulent strains belonging to O1, O2, and to a lesser

extent O3.

14.2.2.1.1 Habitat

V. anguillarum is typically present in marine and estuarine habitats and can grow over a variety of

temperatures and salinity.

14.2.2.1.2 Morphology

V. anguillarum is a motile (through polar flagella), rod-shaped, gram-negative bacterium.

14.2.2.1.3 Cultural and biochemical characteristics

The bacterium grows well at 15�C�37�C and the growth is enhanced by 1%�2% NaCl.

Thiosulfate-citrate-bile salts-sucrose agar (TCBS) is a selective medium employed for the isolation

of infective vibrios (except V. ordallii). V. anguillarum forms yellow colonies on TCBS. By their

specific sensitivity to O/129, V. anguillarum can be isolated from Aeromonas species and is inhib-

ited by Novobiocin. On nonselective media, round, smooth, convex white-colored colonies are

formed after an incubation period of 48 h. The organism can utilize arabinose, amygdalin, cellobi-

ose, galactose, glycerol, maltose, mannose, sorbitol, and sucrose trehalose, resulting in the produc-

tion of acids. The G1C content of DNA is 45.6�46.3 mol%.

14.2.2.1.4 Epizootiology

Vibriosis was first recognized in eels (Anguilla anguilla), where it was called a red bug, and it has

now been documented in a wide range of telecasts. It is the most extreme epizootic condition in

fish from salt or brackish waters. Outbreaks were also observed in freshwater ecosystems and were

linked with offal feeding from marine fish (Hacking & Budd, 1971; Ross et al., 1968; Rucker,

1959). V. anguillarum is an alimentary microflora of healthy fish both wild and cultured and is

recovered from tissues of rotifers as well as other invertebrates (Mizuki et al., 2006). The incuba-

tion period is greatly influenced by various factors like temperature virulence of the strain and the

levels of stress under which fish live. Mortality rates in an outbreak are higher than 50% in cultured

fish, especially in young fish. A sudden temperature change, especially in the midsummer period,

salinity fluctuations, and inadequate diet for fish are the main factors that trigger an outbreak of

vibriosis. In Japan, V. anguillarum is the main reason for extreme losses in freshwater cultured ayu

and a major cause of severe casualties in freshwater grown ayu (Kitao et al., 1983). Moreover,
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cultured species such as ayu sweetish (Plecoglossus altivezis), Japanese eel (Anguilla japonica),

and yellowtail (Seriola quinqueradiata) are highly susceptible to vibriosis.

14.2.2.1.5 Pathogenicity and clinical signs

The initial step in disease pathogenesis is by the attachment to the surface of the host cell and it is

regarded as an essential stage in pathogenicity. Besides, the presence of multiflagella promotes the

motility of bacteria required to reach to the host (Ormonde et al., 2000). The factors associated

with virulence found so far in V. anguillarum are multifactorial (Hickey & Lee, 2018) and they

include endotoxin (LPS), mortality and chemotaxis, extracellular product secretion with hemolytic

and proteolytic activities (Li & Ma, 2017; Toranzo et al., 2017). Hemolytic activity is a major

determinant of virulence and contributes to hemorrhagic septicemia characteristics of V. anguillar-

um infections (Hirono et al., 1996). Vibrio infections result in the formation of skin ulcers and if

left untreated may lead to systemic infections (Sonia & Lipton, 2012). In chronic cases, the lytic

toxin of the vibrio induces severe hematolytic anemia that results in a huge deposition of hemosid-

erin in the melanomacrophage centers of renal and splenic hemopoietic tissue.

Clinical manifestations of vibriosis were initially reported in eels in Norway and subsequently

in the United Kingdom (McCarthy, 1976). These clinical signs involve anorexia, abdominal disten-

sion, abnormal swimming pattern, darkened skin, exophthalmia or pop-eye, gill necrosis, lethargy,

ulcerative skin lesions, and death. Respiratory indications include piping, high rate of opercula, and

respiratory distress (Ransangan & Mustafa, 2009).

14.2.2.1.6 Treatment and control

Antibiotics and certain antimicrobial agents can combat vibriosis, which could be used as feed

additives in fish farms. Chemotherapeutic agents such as oxytetracycline, nitrofurazone, oxolinic

acid, and sulphamerazine have shown great promise in the treatment of fish disease, including vib-

riosis (Austin & Austin, 1993). Genetic selection and immunization procedures were shown to

increase salmonid tolerance to vibrio infections. Moreover, growing evidence suggests that the use

of probiotics in aquaculture is effective against vibriosis by enhancing crop standards, improving

nutrition, boosting host immunity, and impeding infectious agents (Iranto & Austin, 2002).

14.2.3 Pseudomonadaceae

The major fish pathogenic Pseudomonads include P. anguilliseptica, P. bactica, P. chlororaphis, P.

fluorescens, P. luteola, P. plecoglossicida, P. pseudoalcaligens, and P. putida that are the causative

agents of Sekiten byo (red spot). The Pseudomonas species are gram negative, slightly curved, or

straight and are motile through polar flagellae. The Pseudomonads have been isolated from the gills

of healthy juvenile rainbow trout (Nieto et al., 1984)

14.2.3.1 Pseudomonas fluorescens
Pseudomonas fluorescens is one of the main feature of freshwater ecosystems and is identified as

one of the causative agents of bacterial hemorrhagic septicemia of fish. P. fluorescens has been

suggested to cause diseases in fish species such as bighead (Arisichthys nobilis), silver carp

(Hypopthalmichthys molitrix) (Csaba et al., 1981b; Markovic et al., 1996), black carp

(Mylopharyngodon piceus) (Bauer et al., 1973), goldfish (Carassius auratus) (Bullock, 1965), grass
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carp (Ctenopharyngodon idella), rainbow trout (Li & Flemming, 1967; Li & Traxler, 1971; Sakai

et al., 1989a), and tench (Tinca tinca) (Ahne & Popp Hoffmann, 1982).

14.2.3.1.1 Habitat

The bacterium P. fluorescens is discovered in soil and water and has been implicated as a cause of

food spoilage, including fish.

14.2.3.1.2 Morphology

P. fluorescens is an aquatic rod-shaped pathogenic bacterium (0.8 3 2.0�3.0 μm) and is mobile

by flagella.

14.2.3.1.3 Cultural and biochemical characteristics

On an ordinary nutrient medium, P. fluorescens grows well at 22�C�25�C. Cetrimide agar is used

to separate P. fluorescens selectively from the infected samples. The bacterium is a strict aerobe

and produces a fluorescent pigment (fluorescein). It can utilize arabinose, citrate, inositol, mannitol,

maltose, sucrose, sorbitol, trehalose, and xylose and results in the production of acids. P. fluores-

cens is positive for oxidase and catalase, but negative for the Voges-Proskauer test and hydrolyzes

gelatin.

14.2.3.1.4 Epizootiology

P. fluorescens are abundant in aquatic environments and are usually associated with hemorrhagic

septicemia and have been reported as primary fish pathogens clinically indistinguishable from

motile Aeromonad septicemias. It is considered to be an opportunistic pathogen causing disease in

fish compromised by concomitant environment stress or other chronic viral diseases and following

severe trauma (Roberts & Horne, 1978; Schaperclaus, 1926). Water temperatures of 10�C6 2�C or

more favor these opportunistic pathogens.

14.2.3.1.5 Pathogenicity and clinical signs

Hemorrhagic septicemia is characterized by the presence of hemorrhages on the body surface, dark

coloration of the skin, sloughing of scales, abdominal distension, and popping/protruding eyeballs

(Abowei & Briyai, 2011; Austin & Austin, 2016; Eissa et al., 2010; Roberts, 2012). Hemorrhagic

septicemia in fishes may be acute or chronic. Lethargy, large hemorrhagic lesions, and necrosis of

the fins are the most observed signs. Abdominal distension with ascitic fluid and exophthalmia are

also observed. Internally, the kidney and spleen may be enlarged.

14.2.3.1.6 Treatment and control

Poor environmental conditions potentially expose fish to disease outbreaks and therefore major

improvements in the condition can be accomplished by improving water quality or reducing stock

densities. Treatment with benzalkonium chloride (1 mg/h), malachite green (1�5 mg/L of water/h),

and furanace (0.5�1 mg/L of water/5�10 min) can control early signs of the diseases. Antibiotics

such as kanamycin, nalidixic acid, and tetracycline have been successful in the treatment of infec-

tions associated with P. fluorescens (Sakai et al., 1989a).
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14.2.4 Flavobacteriaceae

Flavobacterial infections in fish are triggered by a large variety of bacterial species within the

Flavobacteriaceae family and account for catastrophic damages in both cultured and wild fish popu-

lations worldwide. Three bacterial species from the family of Flavobacteriaceae were originally

related to these diseases (Bernardet & Nakagawa, 2006). Flavobacterium columnare acts as the

causative agent of columnaris disease that is also called “saddleback disease” (Hawke & Thune,

1992; Shotts & Starliper, 1999); Flavobacterium branchiophilum is the causative agent of bacterial

gill disease, a significant contributor to young salmonid mortality (Shotts et al., 1972; Wakabayashi

et al., 1989); and Flavobacterium psychrophilum induces bacterial cold-water disease and fry syn-

drome of rainbow trout (Nematollahi et al., 2003; Starliper, 2011). Another species of

Flavobacterium, F. hydatis, is also suspected as a putative agent of fish disease (Bernardet et al.,

1996; Strohl & Tait, 1978). For a variety of organisms (plants, invertebrates, amphibians, reptiles,

birds, and mammals including humans), many flavobacteria are viewed as pathogenic.

Flavobacterium species have been detected in intestines, gills, fins, reproductive fluids, mucus

from eggs and other internal organs of cold- and warm-water fish (Austin & Austin, 2007;

Bernardet & Bowman, 2006; Shotts & Starliper, 1999).

14.2.4.1 Flavobacterium columnare (Flexibacter/Cytophaga columnaris)
The bacterium was initially identified as Bacillus columnaris; however, it was later called

Chondrococcus columnaris (Ordal & Rucker, 1944) and Cytophaga columnaris (Garnjobst, 1945).

It was ultimately placed in the Flexibacter genus and named Flavobacterium columnare (Bernardet

et al., 1996; Leadbetter, 1974).

14.2.4.1.1 Habitat

The bacterium, F. columnare, is widely spread in freshwater sources and is also part of the micro-

biota of freshwater fish, eggs, and rearing waters (Barker, et al., 1990).

14.2.4.1.2 Morphology

F. columnare is a gram-negative, slender flexible rod with the dimensions of 0.5 3 4�12 μm, and

mobile via gliding. The bacterium appeared to be congregated in column-like masses in wet mount

preparations of infected material, giving the bacillus its specific name.

14.2.4.1.3 Cultural and biochemical characteristics

Like all Flavobacterium, F. columnare needs relatively lower nutrient levels for growth. The organ-

ism does not grow on Tryticase soy agar (TSA); cytophaga agar and Bootsma and Clerx’s medium

are used for the isolation of the pathogen (Anacker & Ordal, 1959; Bootsma & Clerx, 1976).

Growth is typically aerobic and occurs at 4�C�30�C. Colonies can vary widely from round and

convex to rhizoid and flat and produce nondiffusible yellow to orange pigment. The DNA base

ratio has been variously given as 29�32 mol% G1C (Bernardet & Grimont, 1989; Song et al.,

1988). The organism is positive for catalase, oxidase, and nitrate reduction tests. The organism is

negative for Voges-Proskauer tests and methyl red. Gelatin is not degraded and carbohydrates are

not utilized.

28714.2 Gram-negative bacterial pathogens



14.2.4.1.4 Epizootiology

The causative agent of columnaris disease, F. columnare, is widely distributed worldwide in fresh-

water ecosystems and can affect both cultivated and freshwater species like carp, catfish, eel, gold-

fish, perch, salmon, and tilapia (Bernardet and Nakagawa, 2006; Figueiredo et al., 2005; Morley &

Lewis, 2010; Řehulka & Minařı́k, 2007; Soto et al., 2008; Suomalainen et al., 2009). After

Edwardsiella ictalurid, F. columnare is the most common bacteria to induce morbidity and death

in the channel catfish (Ictalurus punctatus) industry in the United States, with an estimated loss of

US$ 30 million per annum (Hawke & Thune, 1992; Shoemaker et al., 2011; Wagner et al., 2002).

It was reported that rainbow trout surviving an F. columnare infection can release up to

53 103 CFU/mL/h of viable organisms into tank water (Fujihara & Nakatani, 1971). The most sig-

nificant factors that decide the magnitude of the disease are water temperature and virulence. Strain

virulence is variable and chondroitin lyase production, a temperature-dependent factor, plays a sig-

nificant role in assessing infection rate (Suomalainen et al., 2006).

14.2.4.1.5 Pathogenicity and clinical signs

F. columnare causes acute to chronic diseases and usually affects gills, fins, and skin. The acute

infection usually happens in young fish and mainly harms the gills. The disease can take an acute,

subacute, or chronic path in the case of adults. In acute or subacute forms of the disease, yellowish

areas of necrotic tissues are evident in the gills, eventually destroying the complete gills.

Columnaris disease can develop acute ulcerative dermatitis that may spread into the muscle and

hypodermis. Proteases also contribute to tissue damage or enhance microbial invasion (Dalsgaard,

1993). Due to the appearance of greyish discolored areas around the base of the dorsal fin, the dis-

ease is often referred to as saddleback disease (Pacha & Ordal, 1967). Fin rot is also often seen in

the infected fish (Bernardet, 2006; Decostere & Haesebrouck, 1999). Histologically, epidermal

spongiosis, tissue damage, and ulceration are observed with necrosis extension into the dermis and

peripheral hyperemia and hemorrhage. Upon examination of rainbow trout gill tissue under a trans-

mission electron microscope, the presence of long slender bacteria in close contact with gill tissue

is revealed.

14.2.4.1.6 Treatment and control

Enhanced oxygenation, control of organic water addition, and water temperature reduction are the

most important factors for supportive therapy. Antimicrobial agents such as chloramphenicol, nifur-

prazine, nifurpirinol, and oxolinic acid are commonly used for treatment for the diseases caused by

F. columnare (Amend & Ross, 1970; Deufel, 1974; Endo et al., 1973; Ross, 1972; Shiraki et al.,

1970; Snieszko, 1958; Soltani et al., 1995).

14.2.5 Photobacteria

14.2.5.1 Photobacterium damsel
Photobacterium damsel subsp. piscicida was found to be the most important pathogen of this fam-

ily, associated with ulcerative lesions in blacksmith (Chromis punctipinnis). It is identified as a sig-

nificant primary pathogen, surviving only for a limited period in seawater. It is also reported that

the pathogen may survive in water for a long period but is found in the noncultivable form.
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14.2.5.1.1 Habitat

Photobacterium is free-living or found in association with certain species of fishes. They have char-

acteristic features and are investigated as a particular category of bacteria due to their unique capa-

bility to produce luminescence. They are also used as indicator organisms, referred to as biosensors

in food and environmental monitoring of drowning victims.

14.2.5.1.2 Morphology

Photobacterium damsel bacteria are gram-negative, facultatively anaerobic, rods, measuring about

0.8�1.3 3 1.4�4.0 μm. In older cultures, coccobacillary forms are isolated whereas filamentary

cells may be found in fresh cultures. The bacteria are nonmotile or weakly motile and show bipolar

staining with dyes like giemsa or methylene blue.

14.2.5.1.3 Cultural and biochemical characteristics

Pathogenic forms are easily isolated from spleen, kidney, and liver of the infected fish. The bac-

terium can be cultivated on minimal media, as it is non-fastidious and forms distinct dewdrop-

like colonies after 48 h of incubation. It is positive for catalase and oxidase production, but

does not produce β-galactosidase, H2S, and indole. It is resistant to vibriostat 0/129 like

Vibrionaceae.

14.2.5.1.4 Epizootiology

P. damsela was at first identified with ulcerative lesions among populations in late summer and

fall. The disease, transmitted from fish to fish, causes summer epizootics of “pseudotuberculosis”

with high mortality, especially in juvenile grown fishes. It is reported that a temperature of

20�C�25�C seems to be a crucial factor that leads to serious outbreaks (Toranzo et al., 1991).

14.2.5.1.5 Pathogenicity and clinical signs

The bacteria is isolated from infected sharks, turbot, and yellow-tail fish. The fishes affected gener-

ally appear dark in colour . Characteristic granulomata in the hemopoietic tissues of the spleen and

the kidney are observed in histopathological studies. During the later stages, the bacteria release

from granulomata to produce hemorrhagic septicemia (Kitao et al., 1979). A siderophore iron

sequestration method is also identified as contributing to the organism’s pathogenicity (Fouz et al.,

1994, 1997).

14.2.5.1.6 Treatment and control

Various antibiotics are used in treating this disease in Japan, and transferable resistance conferred

by R-plasmids has also been observed in strains recovered from infections (Aoki & Kitao, 1985).

Several vaccines have been developed that provide a high degree of safety and are effective in con-

trolling the disease. In general, avoidance of overcrowding in cultures and proper handling are

essential to control outbreaks.
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14.3 Gram-positive bacterial pathogens
A wide array of gram-positive aerobic and anaerobic bacteria have been identified as fish patho-

gens. The detailed investigations on these bacterial infections have shown that the anaerobes cause

more widespread problems than aerobic forms. Gram-positive cocci belonging to genera

Lactococcus and Streptococci and are important pathogens found in association with fish pathol-

ogy. They are nonmotile, spherical, or ovoid cells occurring with a cell diameter of 0.6�0.9 μm.

They are facultative anaerobes, oxidase- as well as catalase-negative in nature.

14.3.1 Streptococci

14.3.1.1 Streptococcus iniae
Streptococciosis was primarily defined in populations of Japanese rainbow trout (Hoshina et al.,

1958). The disease, also known as pop-eye, is found in fishes from various parts of the world.

Outbreaks are also observed in numerous fish species, including yellowtails (Kusuda et al., 1976).

The most common strains that cause a potential threat to aquaculture include Streptococcus agalac-

tiae, S. diffilis, S. iniae, S. phocae (Domeénech et al., 1996; Romalde et al., 2008), Lactococcus

garvieae, L. piscium (Collins et al., 1983; Vendrill et al., 2006), Carnobacterium piscicola, and

Vagococcus salmoninarum (Wallbanks et al., 1990), which causes infectious diseases of warm-

water as well as cold-water fishes. The temperature of the water is a predisposing factor for the

onset of the disease. Streptococcus iniae causes septicemia and meningoencephalitis in several cul-

tured fishes. Fish streptococcosis is the most common disease in different geographical areas where

the temperature in water bodies is adequate for an infection to start. S. parauberis is a causative

agent of streptococcosis; common pathological symptoms of streptococcosis and lactococcosis are

dark pigmentation, congestion, lethargy, hemorrhage, and exophthalmos with clouding of the cor-

nea (Domeénech et al., 1996; Kusuda et al., 1991). S. parauberis is closely related to S. uberis and

both are indistinguishable biochemically and serologically. Both the species were earlier considered

as type I and type II of S. uberis; however, later they were demonstrated to be distinctive and the

type I was renamed as S. parauberis (Williams & Collins, 1990). The S. parauberis genome

encodes for a virulence factor that is like an M-like protein of S. iniae (Locke et al., 2008). It also

possesses hasA and hasB genes that encode for a capsule that makes the bacteria resistant to phago-

cytosis. Recently, S. iniae and S. garvieae were recognized as potential pathogens of both fish and

human beings (Austin & Austin, 1999; Elliott et al., 1991).

14.3.1.1.1 Habitat

S. iniae is a normal inhabitant of freshwater, isolated from rainbow trout, as well as from a few

marine species associated with streptococcal infections.

14.3.1.1.2 Morphology

These are small, gram-positive facultative anaerobic forms in nature. Streptococci occur in straight

long chains measuring about 0.3�0.5 μm.
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14.3.1.1.3 Culture and biochemical characteristics

S. iniae grow on nutrient agar media and, as they are β-hemolytic, grow well on blood agar also.

This bacterium cannot grow at the temperatures less than 10�C and greater than 45�C or pH 9.6,

hence it can be easily distinguished from Lactococcus garvieae. It gives a negative result in

Voges�Prausker tests. Furthermore, it does not yield sorbitol acid, but may ferment sucrose and

hydrolyze starch.

14.3.1.1.4 Epizootiology

It is evident from the scientific literature that the pathogens survive in the water habitats in the

proximity of fish all through the year (Kitao et al., 1979). The infective causative agents conceiv-

ably were released from infected fish and were passively retained in the water and underlying mud.

Such environmental isolates are the markers of an unhygienic state and it implies the presence of

serious pathogenic strains. It is reported, with several shreds of evidence, that streptococciosis

spreads by contact with infected fish. In this regard, host specificity to gram-positive cocci in

chains plays an important role (Boomker et al., 1979). It has been recognized that cell-free culture

supernatants have significant pathogenicity (Kimura & Kusuda, 1982). Although oral administration

may not be toxic, it produced visible damage following the percutaneous injection of yellowtails.

14.3.1.1.5 Pathogenicity and clinical signs

The infected fish exhibit bilateral exophthalmia and eye distension, rendering their heads into a

strange shape. Internal and external hemorrhages are observed in most of the affected fishes. The

skin is often darkened. They are found to be anorexic and swim listlessly.

14.3.1.1.6 Treatment and control

Antimicrobial compounds are used to control the infection in various concentrations, especially

erythromycin; a 25 mg/kg dose was found effective in yellowtail (Kitao, 1982), and it was more

effective than oxytetracycline or ampicillin (Shiomitsu et al., 1980). A novel therapeutic agent,

sodium nifurstyrenate, at the dose of 50 mg/kg is more effective in controlling strepotococcicosis.

With this drug, plasmid-mediated resistance has also been resolved. Effective control was also

reported with ionophores, namely lasalocid, monensin in rainbow trout. A successful vaccination

was applied to rainbow trout by injection with a formalized suspension of streptococcus (Sakai

et al., 1987, 1989b).

14.3.2 Lactococci

14.3.2.1 Lactococcus garvieae
Lactococcus garvieae is a streptococcus-like bacteria that has been isolated from infected Japanese

yellowtail culture over the years (Kusuda et al., 1991).

14.3.2.1.1 Habitat

L. garvieae is widely distributed all over the world and appear to be a normal inhabitant in fresh-

water fishes. It is isolated from occasional outbreaks of wild fishes. The bacteria has also been

detected in extoparasites of unhealthy species (Madinabetia et al., 2009).
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14.3.2.1.2 Morphology

L. garvieae is a gram-positive ovoid, nonmotile, facultative anaerobic cocci, usually appearing in

chains, measuring 0.7 3 1.4 μm.

14.3.2.1.3 Cultural and biochemical properties

Lactococcus garvieae grows on selective media supplemented with bile salts. Growth occurs at

10�C�45�C, but not at 50�C. Colonies are small, spherical, and white on the culture plate. As

observed in most of the members of enterococci, it is capable of fermenting sugars, producing acid

from various sugars. However, it does not digest casein or gelatin. It is α-hemolytic and does not

produce catalase, oxidase, indole, or H2S and Voges-Proskauer’s reaction is positive.

14.3.2.1.4 Epizootiology

L. garvieae can be isolated from fish as well as benthos throughout the year. Most infections are

related to a shift in feeding, storage, and transportation, which are predisposing factors.

14.3.2.1.5 Pathogenicity and clinical signs

Enterococcosis is a common hemorrhagic bacterial septicemia, followed by petechiae over the

flanks or at the base of the fin and sometimes by hemorrhagic ascites, often found with ulceration

over the abdominal region. Histopathological observation of the eye reveals retrobulbar edema, cel-

lular infiltration, and hemorrhage of the orbit leads to the evulsion of the entire orbital contents.

Encapsulated cultures are reported more virulent and less efficient in fixing complement (Barnes

et al., 2002). L. garvieae is recognized in two forms: one is a capsulated form, whereas the other

one shows a microcapsule associated with fimbriae type components on the cell surface (Ooyama

et al., 2002).

14.3.2.1.6 Treatment and control

Long-term protection was ensured with intraperitoneal injection of formalin-inactivated cells of L.

garvieae, which were tested in yellowtail. Antimicrobial compounds like erythromycin have a

proven effect in controlling infection in fish, but in regions such as the Mediterranean, where it

harms the economy, antibiotic therapy has limited value.

14.3.3 Mycobacteria

14.3.3.1 Mycobacterium marinum
Mycobacteria is a causative agent of several chronic infections in fish. Mycobacteriosis is a chronic

progressive disease caused by this fast-acid bacillus, which is called nontuberculous mycobacteria

(NTM).

Several NTM species, including several slow-growing and rapidly growing organisms, such as

Mycobacterium avium, M. chelonae, M. fortuitum, and M. marinum, are found in association with

mycobacteriosis. Among these, M. marinum is known to be a zoonotic fish pathogen, mostly iso-

lated from a variety of fishes with granulomas (Gauthier & Rhodes, 2009). Mycobacterium

spp. reside in aquaria and water supplies and cause opportunistic infections (Yanong et al., 2010).

This pathogen secretes a yellow pigment only when bacteria are exposed to light and it replicates
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inside the host’s macrophages, developing a granuloma during chronic infections (Barker et al.,

1997; Tobin & Ramakrishnan, 2008). Another common disease of marine and freshwater fishes is

piscine mycobacteriosis (Decostere et al., 2004). This condition also affects tropical aquarium fish

and is known to be a significant cause of morbidity and mortality (Chang & Whipps, 2015).

14.3.3.1.1 Habitat

The aquatic environment acts as a reservoir of fish pathogenic mycobacteria. Several species of the

group are widely disseminated around the world.

14.3.3.1.2 Morphology

The pathogenic forms of Mycobacteria are gram-positive, nonmotile, acid-fast pleomorphic rods

with dimensions of about 1.5�2.0 3 0.25�0.35 μm.

14.3.3.1.3 Culture and biochemical properties

M. marinum is a relatively slow-growing bacteria, has a generation time of 4�6 h, and requires

about 2�3 weeks for the colonies to come up. It can be cultured on a special medium, namely,

Brain heart infusion agar or any glycerol-based media, although for steady growth, Sauton’s modi-

fied media is very appropriate (Chen et al., 1997). They secrete a yellowish pigment and form dis-

tinguishable pale-yellow colonies on solid media. The optimum temperature for growth is between

25�C and 27�C, with some exceptions as some isolates multiply well at around 37�C.

14.3.3.1.4 Epizootiology

Mycobacteriosis is a lethal disease that occurs in tropical marine and freshwater environments but

is comparatively less common in fishes growing in temperate water bodies (Reichenbach-Klinke,

1972). It is reported that the transovarian passage of infection is possible specifically in viviparous

species. The number of affected carrier populations has increased significantly through husbandry

stress (Ramsay et al., 2009).

14.3.3.1.5 Pathogenicity and clinical signs

M. marinum induces infection in fresh and marine water fishes and, interestingly, survives in host

macrophages (Arend et al., 2002; Barker et al., 1997). It causes chronic progressive disease and is

considered a nontuberculous mycobacteria (Novotny et al., 2004). Non-tuberculous mycobacterial

species are categorized into slow-growing and rapidly growing bacteria, whereas M. marinum

belongs to the slow-growing category. Piscine mycobacteriosis is a widespread disease in a vast

region, contaminating more than 200 species of freshwater and marine fish (Decostere et al., 2004).

It is reported that M. marinum is the most prevalent opportunistic pathogen (Rallis & Koumantaki-

Mathioudaki, 2007). Multiple symptoms associated with affected fishes include uncoordinated

swimming; skin ulceration; granuloma in the different organs of fish, including liver, kidney, and

spleen; and loss of weight in both fresh and marine water fish (El Amrani et al., 2010; Ferguson,

2006). The affected fishes may develop intense color and show abdominal swelling. Necroscopic

studies reveal the presence of miliary tubercles in the kidney, liver, and spleen. Zebra fishes were

much more susceptible to the infection.
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14.3.3.1.6 Treatment and control

To control the piscine mycobacteriosis, the complete annihilation of all affected fish stock and dis-

infection of the holding tanks is recommended (Decostere et al., 2004). The aquaria should be kept

free from M. marinum by using ethanol, Lysol, and sodium chlorite, as they are efficient in destroy-

ing the bacteria, while potassium peroxymonosulfate is reported to be ineffective. It is observed

that cell-mediated immunity in fish play an important role in giving protection from pathogenic

bacteria. Immunization with M. salmoniphilum mixed with Freund’s adjuvant resulted in type IV

delayed hypersensitivity. A DNA vaccine prepared by using Ag85A gene encodes for fibronectin-

binding proteins cloned in the eukaryotic expression vector resulted in producing a humoral

immune response in fish. Overall, such findings reveal that there is a possibility of eliciting protec-

tion in fish against pathogenic mycobacteria. Treatments with chloramine B or T, cycloserine,

doxycycline, erythromycin, ethambutol, ethionamide, isoniazid, kanamycin, minocycline,

β-lactamases, aminoglycoside antibiotics, and sulfa drugs were used in common to destroy patho-

gens and were found highly effective in controlling the spread of infection.

14.3.4 Renibacterium

14.3.4.1 Renibacterium salmoninarum
These are gram-positive bacilli originally assigned to Corynebacteriaceae, but factors like the

molecular percentage of G1C content indicated that they should be assigned separately.

Renibacterium salmoninarum, along with other morphologically similar opportunistic pathogens, is

isolated from infected fishes and acts as a causative agent of bacterial kidney disease (BKD, also

called “Dee disease”) mostly reported in salmon and brown trout. The disease has been documented

in different parts of the world, where it is found in rainbow trout (Oncorhynchus mykiss), brown

trout (Salmo trutta), and brook trout (Savelinus fontinalis) (Belding & Merrill, 1935). Horizontal

transmission of BKD is also reported, possibly from masu salmon. Wire-tagging seems to affect

disease transmission horizontally.

14.3.4.1.1 Habitat

R. salmoninarum was first detected in Atlantic salmon in Scotland. It is possibly an obligatory

Salmonidae parasite, as it was not retrieved from other fish.

14.3.4.1.2 Morphology

The coryneform bacteria is a gram-positive diplobacillus often found in pairs. It exists as small,

nonmotile, asporogenous, nonacid-fast rods (0.3�1.0 3 1.0�1.5 μm); pleomorphic forms of the

bacteria, metachromatic granules, and “coryneform” appearance are clearly observed in host

tissues.

14.3.4.1.3 Cultural and biochemical characteristics

R. salmoninarum is a fastidious organism that requires L-cystine in the media. The KDM 2 formula-

tion, which consists of 10% fetal calf serum and 0.1% (W/V) L-cysteine hydrochloride, is com-

monly used to isolate the bacteria from infected stock (Evelyn, 1997). Characteristic colonies were

produced by R. salmoninarum on KDM2 formulated media plates after incubation at 15�C for 3
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weeks. Nonpigmented, smooth, round, elevated colonies of 2-mm diameter are apparent after the

incubation period. The old cultures may become extremely granular in appearance. It is found that

the principal material is cysteine, which has been precipitated from the culture media.

Histopathological examination of lesions revealed the presence of many aerobic gram-positive rod-

shaped bacteria embedded in a crystalline solid matrix.

14.3.4.1.4 Epizootiology

BKD is widely distributed throughout the world, commonly affecting both freshwater fishes as well

as salt water-cultured fishes. It is originally described from Atlantic salmon in Scotland, and has

rarely been reported in wild salmonids and not at all recorded from nonsalmonid species. As bacte-

rial kidney disease is a slowly progressing infection, fishes grow well before the disease is estab-

lished in the host, unless they are subjected to other stress factors. Epizootics are also found to be

seasonal as per the analysis of reported cases. The high mortality is related to either decreasing or

increasing water temperature (Fryer & Sanders, 1981).

14.3.4.1.5 Pathogenicity and clinical signs

Bacterial kidney disease is a chronic progressive disease causing a low level of mortality in salmo-

nid fishes. The pathogen can be transmitted horizontally from skin abrasions in fish or by consump-

tion of contaminated food, or vertically from parent to progeny through eggs. It is reported clearly

that intraovum infection with R. salmoninarum may occur, which is difficult to eliminate by disin-

fectant treatment of the eggs (Evelyn et al., 1984).

The affected fishes may take a few months to show visible signs of infection. BKD is one of

the most difficult fish diseases to treat because of its ability to resist phagocytosis and to flourish in

host cells. The infected fish are typically darker in color, with exophthalmos and hemorrhage at the

base of the pectoral fins in most salmonids. Tiny distinctive raised vesicles are also found on the

sides of the fish in cultured trout. The lesions are generally found in kidneys; however, they are

also evident in the liver, spleen, and heart. Initially, these miliary white lesions have a red hyper-

emic rim but ultimately grow into large, caseous nodular granulomata. In some Pacific salmonids,

large cavitations in the skeletal muscle were observed. In wild Atlantic salmon, the variation in

pathology depends on environmental temperature (Smith, 1964). In farmed salmonids, the occur-

rence of the disease is more prevalent during the spring season, as the water temperature rises, and

high mortality is usually reported in early summer.

14.3.4.1.6 Treatment and control

It is important to select a disease-free stock to control the disease, and continuous monitoring is

essential to prevent disease transmission. Sulfa drugs and other antibiotic therapy have been tried,

and the disease progression can be arrested by prolonged treatment. Some evidence indicates that

high levels of iodine and fluorine in Atlantic salmon diets substantially decreased fatalities. R. sal-

moninarum is phylogenetically closest to Arthrobacter species (Wiens et al., 2008). Arthrobacter

davidanieli is a nonpathogenic strain that is commercially used as a vaccine and can provide a sig-

nificant cross-protection in Atlantic salmon, but this is not the same in the case of Pacific salmon

(Salonius et al., 2005).
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14.3.5 Clostridia

14.3.5.1 Clostridium botulinum
Clostridium, which develops a commensal interaction with the intestine of marine and freshwater

fishes, comprises a group of strict anaerobic gram-positive bacilli, predominantly the type II strain

of C. botulinum as a potent pathogen in fishes, usually having resistance to heat and other unfavor-

able conditions.

14.3.5.1.1 Habitat

The bacteria is found in diverse environments, usually isolated from decayed organic matter and in

marine sediments. It is also found in association with the intestines of animals, including coho

salmon and rainbow trout.

14.3.5.1.2 Morphology

The bacteria are gram-positive, motile forms in nature. They are nonacid fast, straight rods, measur-

ing 3.4�7.5 3 0.3�0.7 μm in size. Bacterial cultures show peritrichous flagella, and form subter-

minal, oval-shaped endospores.

14.3.5.1.3 Cultural and biochemical characteristics

C. botulinum is a strictly anaerobic bacterium and is cultured by using infected material as inocu-

lum that is transferred into a cooked meat medium; it needs an incubation period of about 6 days at

30�C. It forms colonies on the surface of the culture media, measuring approximately 1�3 mm in

diameter. Colonies show an irregular lobate margin, raised centers, and growth appears as a semi-

opaque mat on the media surface. Modest growth takes place in cooked meat broth, but to see the

optimal growth of bacteria, fermentable sugars are added to the broth at an optimum temperature of

25�C�30�C. It secretes neurotoxin, hemolysin, and lecithinase enzymes but catalase/urease is not

produced. It also ferments various sugars, and enzymes responsible for liquefaction are not usually

produced by the type E strain of C. botulinum.

14.3.5.1.4 Epizootiology

A major source of C. botulinum is supposedly minced trash fish used as feed, mud, and bottom-

living invertebrates in trout ponds (Huss & Eskilden, 1974). An outbreak of disease in a British

trout farm was identified as fish botulism. The outbreak was controlled and eliminated within 1

month by conservative measures that inclue cleaning and heavy liming of contaminated ponds;

intensive investigation of all ponds for immediate eradication of sick and dead fish and, banning of

movement of fish outwith the farm. In Denmark, the disease was considered to be “bankruptcy dis-

ease” as it was recorded in freshwater salmonid fish in every pond, and C. botulinum type E was

identified as the pathogen responsible for infections in all the cases.

14.3.5.1.5 Pathogenicity and clinical signs

Fish botulism has proved to be a serious threat to aquaculture. The affected fishes are generally

observed to haveslightly swollen dark skin ; they swim initially on the surface and then gradually

move to the bottom for some duration, and finally swim erratically to the surface again. Few patho-

logical signs are usually found with affected fishes; other than pallor of the gills, mild abdominal
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edema, and an empty digestive tract, there are no obvious histopathological signs. The predominant

signs of the pathology of affected fishes are basic behavioral changes and variation in skin color.

14.3.5.1.6 Treatment and control

There is no standard medication suggested for botulism in fish, but disinfection of the ponds used

to culture freshwater fishes is advocated. Certain precautionary measures yield good results, includ-

ing moving the uninfected stock to fresh clean areas, draining the contaminated ponds, and remov-

ing surface mud. To remove Clostridia from the gastrointestinal tract of infected trout, it is

recommended that the fish should be starved for 5 days (Wenzel et al., 1971); indeed this reduces

contamination with C. botulinum in stock.

14.4 Conclusion

There is global demand for aquaculture due to its nutritional value and ecological adaptations.

Several bacterial diseases are affecting aquatic life worldwide. Many relevant pathogens can be

removed by good management, which may include the use of appropriate vaccines. The novel bac-

terial pathogens present some major hurdles in the aquaculture industry, but several effective and

economical vaccines have been developed to prevent outbreaks. Fish is a crucial source of food for

humans, comprising about 60% of the world’s protein intake, and approximately 60% of the under-

developed economies derive 30% of their annual protein from fish. Still, it is clear from several

studies that the ecology of fish pathogens is not yet completely understood.

The current increase in aquaculture production coincides with a growing number of infectious

diseases that have a negative impact on the global aquaculture sector’s growth, profitability, and

sustainability. This chapter provides in-depth insight into the different bacterial pathogens associ-

ated with fish and discusses the various antibiotics used to control the pathogens, to help in effec-

tive management of diseases. For the future, a variety of modern molecular methods, including in

situ and probe hybridization, microarray techniques, and restriction enzyme digestion, are entering

taxonomic use and need to be employed in fish pathology. Identification of bacterial flora has path-

ogenic interactions with commercially significant cultured fishes and their ecological adaptations

are worthy of further study.
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15.1 Introduction
Aquaculture intensification in the midst of higher production per unit area leads to fast emergence

of diverse pathogenic bacteria in the culture environment of commercial aquaculture worldwide. It

is well established that the complex interaction between the host, the pathogen, and the environ-

ment results in the occurrence of disease (Dar et al., 2016). The potential disease-causing pathogens

in aquatic species comprise a wide range of both gram-positive and gram-negative bacteria and are

associated with a broad range of clinical manifestations comprising swellings, ulcerations, erosions,

and hemorrhagic septicemias. Many changes have been made in the sequence of disease control

measures over the decade. The major issues or hindrances in developing an effective disease man-

agement perspective have mostly been due to the unusual aquatic environment, where when the

host’s health status is weakened, the pathogens often take advantage. In many cases, environmental

deterioration, leading to stress in the cultured animals, leads to a disease outbreak (Dar et al.,

2020). Some stress factors that trigger the chances of infection by opportunistic pathogens in the

aquatic environment are high stocking density, poor nutritional status, nonoptimal water quality,

higher microbial load, etc. Earlier, the use of antibiotics as a potential means for disease control

was adapted from other sectors. However, the outcome was not sustainable and questions on antibi-

otic resistance and residues in the environment have long been debated. In such a situation, estab-

lishing a well-understood, sustainable approach to disease management is a prioritized research

area. This chapter provides detailed updates on several control measures of bacterial diseases in

aquaculture species, with suggestions on future work to be established.

15.1.1 Antibiotics residue

Antibiotics are therapeutic agents/drugs designed to hinder the growth and/or multiplication of

pathogenic bacteria in an organism. The term literally means “against life.” Technically, any drugs
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having the property to terminate bacteria are antibiotics. Most antibiotics are used in aquaculture to

prevent infectious diseases caused by bacteria. Antibiotic residue refers to molecules that remain in

the meat of cultured animals that are treated with antibiotics. As aquaculture has become more

intensified, the use of antibiotics has also risen, due to the multiplication of many bacteria

(Defoirdt et al., 2011), and so antibiotic residue also increased. The emergence of antibiotic-

resistant strains of bacteria is due to the indiscriminate use of antibiotics in aquaculture (Cabello

et al., 2016). Also, there is an increased risk of antibiotic residue as a health hazard for consumers

(Crawford, 1985), which can lead to biomagnification in higher animals. The Codex Alimentarius

Commission was jointly established by the Food and Agricultural Organization (FAO) and World

Health Organization (WHO) to evaluate the risk management recommendations (RMRs) and the

maximum residue limits (MRLs) of antibiotic residues in foods. The European Union legislation

has also established MRL values for antibiotics in fish, which is shown in Table 15.1. Different

groups of antibiotics with examples of resistant pathogenic bacteria isolated from aquaculture set-

tings are given in Table 15.2.

15.2 Preventive measures against diseases: possible outlook
An array of preventive approaches to overcome disease outbreaks in aquaculture is documented.

Until a decade ago, excessive application of antibiotics and other chemicals was regular practice

for preventing disease outbreaks in both cultured fish and shellfish. However, the serious threat

connected with the residues and resistance developed due to antibiotics in the host as well as the

environment has led to their ban in aquaculture, with the exception of selected chemicals. The

quantum of chemical control strategies can thus be minimized, allowing movement towards biolog-

ical strategies that are sustainable in the long run. Additionally, biosecurity measures are practical

solutions in overcoming disease spread and transmission in culture periods and systems and must

be seriously applied in aquaculture practices. Given the fact that the biosecurity measures are strin-

gent measures to be adopted by the farmers, negligence and lack of governance have made this

strategy ineffective, especially when the farm lacks facilities for such measures. Some important

stringent quarantine measures include fish traffic control, egg disinfection, clean feed, water treat-

ments, and disposal of carcasses. Alternative means of protection and control of bacterial pathogens

are listed in the following sections.

15.2.1 Fish derived antimicrobial peptides

Recently discovered antimicrobial drugs like AMPs can now successfully address the persistent

problems related to antibiotic resistance in cultured fishes. AMPs are components of eukaryotes’

native immune system and are therefore not essentially susceptible to conventional mechanisms

that play a role in drug resistance. The AMPs have a wide range of specificity towards pathogenic

groups like bacteria, viruses, fungi, and parasites (both ecto- and endo-) (Zasloff, 2002). In general,

AMPs are categorized on the basis of their biosynthesis, biological activities, or structural proper-

ties (alpha-helices, β-sheets, extended or loop structures) and have different structures, sizes, and

physicochemical characteristics (Campagna et al., 2007). They exhibit amphipathic characteristics
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Table 15.1 Values of MRLs (maximum residue limits) for antibiotics in fish under European

Union (EU) regulations.

Pharmacologically active substance Marker residue MRL (µg/kg)a

Sulfonamides (All substances that belong to the

category of sulfonamides)

Parent drug 100b

Diaminopyrimidine derivatives Trimethoprims Parent drug 50

Penicillins

Amoxicillin Amoxicillin 50

Benzylpenicillin Benzylpenicillin 50

Cloxacillin Cloxacillin 300

Dicloxacillin Dicloxacillin 300

Oxacillin Oxacillin 300

Quinolones

Oxolinic acid Oxolinic acid 100

Danofloxacin Danofloxacin 100

Difloxacin Difloxacin 300

Enrofloxacin Sum of enrofloxacin and

ciprofloxacin

100

Flumequine Flumequine 600

150 (salmonidae)

Sarafloxacin Sarafloxacin 30 (salmonidae)

Macrolides

Erythromycin Erythromycin A 200

Tilmicosin Tilmicosin 50

Tylosin Tylosin A 100

Florfenicol and related compounds

Florfenicol Florfenicol 1000

Thiamphenicol Thiamphenicol 50

Tetracyclines

Chlortetracycline Sum of parent drug and its

4-epimer

100

Oxytetracycline Sum of parent drug and its

4-epimer

100

Tetracycline Sum of parent drug and its

4-epimer

Lincosamides

Lincomycin Lincomycin 100

Aminoglycosides

Spectinomycin Spectinomycin 300

Neomycin (including framycetin) Neomycin B 500

(Continued)
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with a positively charged and nonpolar face, which is the basis for their interaction with the bacte-

rial cell membrane anionic community (Wimley & White, 1996). For clinical applications, like

polymyxins in the treatment of gram-negative bacterial infections, only a few AMPs have been

approved so far (Mahlapuu et al., 2016), even though new forms of antibiotics against multidrug-

resistant microbes have been explored in clinical research (Hancock & Lehrer, 1998). Several pep-

tide molecules belonging to the groups cathelicidin, defensin, and hepcidin have been isolated from

teleost over the last three decades, exhibiting various biological activities. However, there exist

families that are conserved explicitly to fishes, known as piscidin (homologous to cecropin) (Noga

& Silphaduang, 2003).

Ever since the first peptide was isolated from the skin of a winter flounder (Cole et al., 1997), a

good number of AMPs have been isolated from fish, mostly those living in a high microbial load

aquatic environment, which have evolved as a potent innate immune system (Shabir et al., 2018).

Noga and Silphaduang (2003) isolated piscidins from mast cells of hybrid striped bass (Morone

chrysops 3 M. saxatilis) and reported three different isoforms: piscidins 1, piscidins 2, and pisci-

dins 3. Later, piscidin-like peptides were reported from seabream, stored in professional phagocytic

granulocyte granules (Mulero et al., 2008). Piscidin 2 is active against fish ectoparasites (Colorni

et al., 2008). Piscidins are initially synthesized as pre-pro-peptides and subsequently activated into

a biologically active cationic molecule with around 22 amino acids after cleavage. However, their

pore-forming behavior on the bacterial cell wall seems to be accomplished by a toroidal mechanism

(Campagna et al., 2007). Subsequently, Perrin et al. (2016) suggested that transient bilayer mem-

brane distortions are responsible for membrane disruption of very stable pores. Of recent, in the

gills of hybrid striped bass, a new piscidin isoform (piscidin 4), having the ability to eliminate vari-

ous bacterial fish pathogens, has been reported (Cañada-Cañada et al., 2009).

15.2.2 Nanotechnology-assisted delivery systems

Frequent incidences of residual remains of drug and medicinal bioactivity of traditional medications

and unlicensed drugs promote environmental hazards, such as host tissue bioaccumulation that

makes fish unfit for human consumption and affects nontarget species and natural microbial

Table 15.1 (Continued)

Pharmacologically active substance Marker residue MRL (µg/kg)a

Paramomycin Paramomycin 500

Polymyxins

Colistin Colistin 150

Nitrofurans No maximum levels can

be fixed

aFor fin fish, these MRLs relate to “muscle and skin in natural proportions.”
bWithin the sulfonamide group, combined total residues for all substances should not exceed 100 µg/kg.
Derived from Cañada-Cañada, F., Muñoz de la Peña, A., & Espinosa-Mansilla, A. (2009). Analysis of antibiotics in fish samples.

Analytical and Bioanalytical Chemistry, 395, 987�1008. doi:10.1007/s00216-009-2872-z.
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Table 15.2 Different groups of antibiotics with examples of resistant pathogenic bacteria isolated from aquaculture

settings used in aquaculture.

Drug class Example Resistance bacteria
Multiple
resistance Isolated from Reference

Aminoglycosides Streptomycin Edwardsiella ictulari Yes Diseased striped catfish (Pangasianodon

hypophthalmus), Vietnam

Dung et al. (2008)

Amphenicols Florfenicol Enterobacter spp. and

Pseudomonas spp.

Yes Freshwater salmon farms, Chile Fernández

Alarcón et al.

(2010)

Beta-lactams Amoxicillin Vibrio spp., Aeromonas

spp. and Edwardsiella

tarda

Yes Different aquaculture settings, Australia Akinbowale et al.

(2006)

Beta-lactams Ampicillin Vibrio harveyi Yes Shrimp farms and coastal waters,

Indonesia

Teo et al. (2000)

Fluoroquinolones Enrofloxacin Tenacibaculum

maritimum

Yes Diseased turbot (Scophthalmus maximus)

and sole (Solea senegalensis), Spain and

Portugal

Avendaño-Herrera

et al. (2008)

Macrolides Erythromycin Salmonella spp. Yes Marketed fish, China Broughton and

Walker (2009)

Nitrofurans Furazolidone Vibrio anguillarum Yes Diseased sea bass and seabream, Greece Smith and

Christofilogiannis

(2007)

Nitrofurans Nitrofurantoin Vibrio harveyi Yes Diseased penaeid shrimp, Taiwan Liu et al. (1997)

Quinolones Oxolinic acid Aeromonas spp.,

Pseudomonas spp. and

Vibrio spp.

yes Pond water, pond sediment and tiger

shrimp (Penaeus monodon), Philippines

Tendencia and de

la Peña (2001)

Sulfonamides Sulphadiazine Aeromonas spp. yes Diseased katla (Catla catla), mrigel

(Cirrhinus mrigala), and punti (Puntius

spp.), India

Das et al. (2009)

Tetracyclines Tetracycline Aeromonas hydrophila yes Water from mullet and tilapia farms,

Egypt

Ishida et al.

(2010)

Tetracyclines Oxytetracycline Aeromonas salmonicida Yes Atlantic salmon (Salmo salar) culture

facilities, Canada

McIntosh et al.

(2008)



communities. Therefore evidence indicates that alternative methods that minimize the administra-

tion of antibiotics, including natural products, are necessary. In a study on the use of nanotechnol-

ogy in countering bacterial disease, nerolidol nanospheres (1.0 mL/kg diet) dietary supplementation

has been reported to have potent bactericidal effects in terms of improved fish longevity and

decreased brain microbial load survival. Also, they indicate an increase in the passage of nerolidol

nanospheres across the blood-brain barrier, enabling the brain tissue to minimize Streptococcus

agalactiae, a significant factor in the higher mortality of fish. Similarly, S. agalactiae-induced brain

oxidative damage that led to the disease’s pathogenesis was avoided by dietary supplementation

with nerolidol nanospheres (1.0 mL/kg diet).

15.2.3 Bacterial fish vaccines

Earlier, antibiotics were used as an effective remedy for an array of bacterial fish diseases in aqua-

culture. Nowadays, they are little used due to the negative consequences of antibiotic resistance to

different strains of bacteria. In addition, antimicrobial drugs cannot reduce bacterial infection in

aquatic animals (Dar et al., 2016). With advances in research, scientists developed several fish bac-

terial vaccines as immune-prophylaxis. Fish vaccination is possibly the most important approach to

prevent and control bacterial infection diseases, as it can immunize a large population of aquatic

animals at the same time. The first reported use of a fish vaccine was Duff’s killed Aeromonas sal-

monicida vaccine, which was an oral cutthroat trout vaccination (Oncorhynchus clarkia). A dead

Yersinia ruckeri vaccine administered by immersion against enteric red mouth disease was the first

commercially licensed vaccine for fish (Gudding & Goodrich, 2014).

15.2.3.1 Types of vaccines
15.2.3.1.1 Inactivated vaccines

Most of the licensed vaccines used in aquaculture are inactivated vaccines produced by a conven-

tional method (Ma et al., 2019). In this type of vaccine, inactivated pathogens are used. Through

multiplication and replication, the pathogens are produced in large quantities and then treated with

inactivating agents like formalin, b-propiolactone (BPL), binary ethylenimine (BEI), formaldehyde,

and temperature/heat that kill the microorganisms without affecting the induction of protective

immunity of the vaccine candidates. Earlier, fish vaccines consisted of formalin-killed bacteria,

with or without adjuvant (Taffala et al., 2013, 2014), and were delivered through immersion or

injection.

The efficacy and biosafety of the vaccine depend on the conditions of cultivation, such as the

media and temperature range. Most of the vaccines used in aquaculture for bacteria are cultivated

in broth culture and inactivated with formalin (Toranzo et al., 2009): Vibrio anguillarum, V. ordalli,

V. salmonicida, Yersinia ruckeri, and Aeromonas salmonicida are produced by broth fermentation

followed by inactivation with formalin (Gudding et al., 1999; Shao, 2001; Toranzo et al., 2009).

15.2.3.1.2 Attenuated/live vaccines

These vaccines are chemically or genetically attenuated or the pathogen’s virulence towards a par-

ticular fish species is reduced. This type of attenuated pathogen mimics a natural pathogen in the

host fish and subsequently generates the immune response. They have more advantages than the
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killed vaccines, as they are linked with both specific and nonspecific immunity (Levine & Sztein,

2004) and also have the ability to enhance humoral and mucosal immunity (Clark & Cassidy-

Hanley, 2005). At present, there are only three licensed bacterial live vaccines: arthrobactor vaccine

against bacterial kidney disease (BKD), E. ictalurii vaccine against enteric catfish septicemia, and

Flavobacterium columnare vaccine against columnaris disease to be directed to use in the United

States. The arthrobactor has also been licensed in Canada and Chile with the brand name Renogen.

The main disadvantage of this vaccine is that it can spread virulence to nontargeted species due to

the residual virulence in the targeted species (Dhar & Allnutt, 2011; Salgado-Miranda et al., 2013;

Shao, 2001).

15.2.3.1.3 DNA vaccine

These vaccines consist of a particular genetic material that encodes a target antigen of a specific

disease. The DNA is mostly present in the plasmid and when these vaccines are injected into the

host cell, they translate into immunogenic proteins (immune-stimulating antigen) and thus provide

an immune response against the disease (Adams et al., 2008; Roy, 2011). But most of the DNA

vaccines are used to protect against viral infection. There is a chance of reversion to virulence as

the DNA sequences encode only one microbial genome, so it has to be reduced for environmental

safety.

15.2.3.1.4 Recombinant vaccine

The gene sequence of the protective antigen of a pathogen is inserted into a production host with

the help of recombinant technology and cultured on a large scale, from which the protective antigen

is purified and used in the development of the vaccine (Adams et al., 2008). Pharos, Microtek,

Bayovac 3.1 are recombinant vaccines against the disease Salmon rickettsia septicemia in salmo-

nids. These vaccines can be delivered through intraperitoneal injection (IP), immersion, or orally

through food (Table 15.3).

15.2.4 Prebiotics

An alternative method for the prevention of bacterial infection in culture fish in aquaculture is to

enhance fish immunity using immune boosters or immunostimulants. Prebiotics is also one of the

promising immune-stimulants in the present aquaculture industry that can be used as an alternative

method of antibiotic. Prebiotics consist of a nondigestible substance that enhances the host’s immu-

nity by activating the beneficial bacteria’s activity in the gut (Gibson & Roberfroid, 1995).

Usually, they are referred to as the food of probiotics. There are some criteria for being a candidate

for prebiotics (Gibson & Roberfroid, 1995), such as (1) it should not be hydrolyzed in the upper

part of the gastrointestinal tract or absorbed, and (2) it should provide a selective growth and meta-

bolic activation substrate for one or a small number of beneficial colon-commensal bacteria and

improve the immune system. So, nondigestible carbohydrates (oligo- and polysaccharides), some

lipids (both ethers and esters), and certain peptides and proteins are strong candidates as prebiotics.

The use of prebiotics as an immune-stimulant in an aquaculture system will boost the immunity of

the fish and thus enhance host immunity (Ringø et al., 2010; Song et al., 2014; Torrecillas et al.,

2014). Fructooligosaccharides (FOSs), mannanoligosaccharides (MOSs), inulin, etc., are mostly

used as fish immunostimulants.
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15.2.4.1 Mannan oligosaccharide
MOS is a gluco-manno-protein complex extract from the Saccharomyces cerevisiae (yeast) cell

wall (Sohn et al., 2000). Its uses are mostly documented in terrestrial animals (Benites et al., 2008;

Klebaniuk et al., 2008; Yang et al., 2008). The mannose receptor (MR) is an endocytic receptor

that recognizes both self-glycoprotein and microbial glycan ligands in macrophages and endothelial

cells (Ringø et al., 2010). Immature cultured dendritic cells (DCs) also demonstrate MR, where it

promotes the absorption of high-efficiency glycosylated antigens (Linehan et al., 2000). Mannose-

containing ligands influence MR-mediated intracellular signaling cascades in DCs that can increase

the production of proinflammatory cytokines. Minimal research has been done on fish using MOS

as an immune stimulant (Table 15.4).

15.2.4.2 Fructooligosaccharide
Fructooligosaccharides (FOSs) are short and medium chains of β-D-fructans in which fructosyl units

are bound by β-(2-1) glycosidic linkages and attached to a terminal glucose unit (Ringø et al.,

2010). Naturally, they are present in various kinds of foods, such as Jerusalem artichokes, wheat,

banana rye, barley, triticale, onion, garlic, and honey (Fuller & Gibson, 1998). FOSs can be used

by bacteria like lactobacilli and bifidobacteria (Manning & Gibson, 2004; Sghir et al., 1998). Due

to the lack of β-fructosidases in the mammalian digestive system, the β-(2-1) glycosidic bonds can-

not be broken down (Teitelbaum & Walker, 2002). FOS interacts with TLR2 (Toll-like receptors),

a membrane surface receptor expressed on macrophages, PMNs (polymorphonuclear leukocytes or

granulocytes), and dendritic cells have resulted in immune cell activation through signal transduc-

tion pathways (Vogt et al., 2013). Some of the FOSs utilized as prebiotics are shown in Table 15.5.

Table 15.3 Types of bacterial vaccines applied in aquaculture.

Sl. no. Name of vaccine
Name of disease against which
vaccine is developed Fish species

1. Flavobacterium columnare

vaccines

Columnaris disease Salmonids, channel

catfish, and carps

2. Free-cell Aeromonas

hydrophila vaccine

Dropsy Indian major carps

3. Edwardsiella ictaluri vaccine Edwardsiellosis Catfish

4. Streptococcus agalactiae

vaccine

Streptococciosis Tilapia

5. Streptococcus iniae vaccine Streptococciosis Tilapia

6. Enteric red mouth disease

(ERM) vaccine

Enteric red mouth disease (ERM) Salmonids

7. Vibrio anguillarum-ordalii Vibriosis Salmonids, rainbow trout

8. Aeromonas salmonicida

bacterin

Furunculosis Salmonids

9. Aeromonas hydrophila

vaccine

Motile Aeromonas septicemia Salmonids

10. Edwardsiella ictaluri bacterin Enteric septicemia Channel catfish, Japanese

flounder
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15.2.4.3 Inulin
Inulins are oligosaccharides containing β-D-fructofuranoses attached by β-2-1 linkages. They are

mostly found in fruits, edible grains, and vegetables such as onions, wheat, leeks, asparagus, garlic,

bananas, and artichokes (Roberfroid, 1993). Inulins bind to specific lectin-like receptors on leuko-

cytes, inducing macrophage proliferation and thus triggering the human immune system (Causey

et al., 1998; Meyer, 2008; Seifert & Watzl, 2007); also, they are beneficial in the gut microbiota

(Possemiers et al., 2009) (Table 15.6).

15.2.4.4 Miscellaneous prebiotics
The other prebiotics that are used as immunostimulants are listed in Table 15.7. Some of them are

GroBiotictAE and GroBiotics-A, which is a mixture of partially autolyzed brewers yeast, dried

Table 15.4 Mannanoligosaccharides as immune stimulant in aquaculture.

Species Dose Duration Result Reference

Atlantic salmon

(Salmo salar)

DS

10 g/kg

4 month 11% lower routine oxygen intake, 5% lower

protein and 3% higher whole-body energy

concentration, and 7% higher energy retention.

k Neutrophil oxidative radical production and

serum lysozyme activity

Grisdale-

Helland et al.

(2008)

Crayfish, Cherax

destructor

(yabby)

DS

0.4%

56 days mTHC, mGCs, m semigranular cells, m Protease

activity in hepatopancreas, m amylase activity in

the guts

Sang et al.

(2011)

European sea

bass

(Dicentrarchus

labrax)

DS 4 g/

kg

8 weeks m anterior gut mucosal and surface area folds, m
mucins secreting cells, m ECG density, m
lysozyme activity

Torrecillas

et al. (2011)

Japanese flounder

Paralichthys

olivaceus

DS 5 g/

kg

56 days 2TG, m lysozyme activity, 2 phagocytic

activity

Ye et al.

(2011)

Marron, Cherax

tenuimanus

DS

0.2%

and

0.4%

30 days

and 112

days

m survivability against NH3, V. vimicus, mTHCs Sang and

Fotedar

(2009)

Rainbow trout

(Oncorhynchus

mykiss)

DS

2000

ppm

42 days weight gain of 9.9%, k FCR, kMortality, m
Lysozyme, m APCA, m CPCA 2 serum antibody

titer and bactericidal activity

Staykov

et al. (2007)

Rainbow trout DS

0.4%

12 weeks m Hematocrit, m macrophage activity, m skin

mucus volume per unit area, m Survivality against

Vibrio anguillarum

Rodriguez-

Estrada et al.

(2009)

Juvenile rock

lobsters

(Panulirus

ornatus)

DS 0.4

%

56 days m THC, m GC, and k bacteraemia Sang and

Fotedar

(2010)

DS, dietary supplement; m, increase/high; k, decrease/low; 2, no change/not significant; THC, total hemocyte count; GC,

granular cells; ECGs, eosinophil granulocytes, NH3; APCA, alternate pathway of complement activation; CPCA, classical

pathway of complete activation; FCR, feed conversion ratio.
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fermentation products, and dairy ingredient components (Ringø et al., 2010). The main nonstarch

polysaccharides found in many cereal grains are arabinoxyloligosachharides (AXOS) and are part

of dietary fiber, which consists of β-(1,4)-linked D-xylopyranosyl (Ringø et al., 2010);

Galactooligosaccharides (GOS) are manufactured through enzymatic treatments of lactose and con-

sist of 2�20 molecules of galactose and glucose (Yang et al., 2008).

15.2.5 Probiotics

Probiotics are organisms and substances that contribute to intestinal microbial balance. However,

the term has been redefined as a live microbial feed supplement that beneficially affects the host

animal by improving its intestinal microbial balance (Fuller, 1989). First introduced probiotics.

Most of the researchers used lactic acid bacteria like Lactobacilli, Bifidobacteria, Bacillus sp., and

yeast. Probiotics are commonly used for growth supplements or therapeutic or prophylactic

Table 15.5 Fructooligosaccharides used as immunostimulant in aquaculture.

Species Dose Duration Result Reference

Atlantic salmon

(Salmo salar)

DS 10 g/

kg

4 months Better FCR, 2 NBT and Serum lysozyme

activity, m energy retained, k Oxygen routine

consumption

Grisdale-

Helland

et al. (2008)

Triangular bream

(Megalobrama

terminalis)

DS 0.3%

and 0.6%

8 weeks m leukocyte count, m ACH50, m Total serum

protein and globulin, m Ig M

Zhang et al.

(2013)

Caspian roach

(Rutilus rutilus) fry

DS 1%,

2%, 3%

7 weeks At 2% and 3%, m Serum Ig, m Lysozyme

activity, m ACH50; m Resistance to salinity

challenge at 3%

Soleimani

et al. (2012)

Japanese flounder

(Paralichthys

olivaceus)

DS 5.0 g/

kg

56 days k Lipoprotein cholesterol, m Lysozyme

activity, k TG, 2 Phagocytic percentage and

index

Ye et al.

(2011)

Red swamp

crayfish

(Procambarus

clarkii)

DS 2.0,

5.0, 8.0,

10.0 g/kg

30 days At 8.0 and 10.0 g/kg, m Immune-related genes

(crustin1, lysozyme, SOD, and proPO),

mPhagocytic activity, m PO, m SOD, m
Survival against A. hydrophila at 5.0, 8.0, or

10.0 g/kg

Dong and

Wang

(2013)

Sea cucumber

(Apostichopus

japonicas)

0.25%,

0.5%

8 weeks m TCC, m Phagocytosis, m PO, m Resistance to

V. splendidus at 0.5% FOS

Zhang et al.

(2010)

Stellate sturgeon

(Acipenser

stellatus) juvenile

1%, 2% 11 weeks At 1% FOS, m total heterotrophic

autochthonous bacterial and presumptive LAB

levels, m WBC, m RBC, m MCV, m
Hematocrit, m hemoglobin, m lymphocyte

levels, m serum lysozyme activity, 2
respiratory burst activity

Akrami

et al. (2013)

FCR, feed conversion ratio; NBT, nitoblue tetrazolium; ACH50, alternative complement activity; IgM, immunoglobulin M; TG,

triglyceride; SOD, superoxide dismutase; PO, phenol oxidase; MCV, mean corpuscular volume; m, increase/high; k, decrease/
low; 2, no change/not significant.
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treatments against infectious diseases. Some microorganisms that can be used as probiotics in feed-

ing as directed by Council Directive 70/524/EEC are Bacillus cereus var. toyoi, Bacillus subtilis,

Bacillus licheniformis, Enterococcus faecium, Lactobacillus casei, Lactobacillus plantarum,

Lactobacillus farciminis, Lactobacillus rhamnosus, Pediococcus acidilactici, Saccharomyces cere-

visiae, Streptococcus infantarius. Probiotics enhance the immune system due to the following prop-

erties (Table 15.8):

• antagonistic action against pathogens.

• capability to produce metabolites like vitamins and enzymes.

• colonization and adhesion.

15.2.6 Synbiotic in aquaculture

The concept of synbiotic use was suggested to provide the benefits of both prebiotics and probiotics

on fish immunity mainly due to their synergistic effect (Gibson & Roberfroid, 1995) and it has

Table 15.6 Inulin as an immunostimulant in aquaculture.

Species Dose Duration Result Reference

Juvenile great

sturgeon (Huso

huso)

Dietary

supplementation

of 0.0%, 1.0%,

2.0%, and 3.0%

8 weeks m Inulin k AP

m WBC; 2 RBC, Glucose and

MCH

Ahmdifar et al.

(2011)

Gilthead seabream

(Sparus aurata)

Dietary

supplementation

10 g/kg

2 and 4

weeks

Serum complement activity m,
IgM level m, phagocytic activity

m, respiratory burst activity m

Cerezuela, Cuesta

et al. (2012),

Cerezuela,

Guardiola et al.

(2012)

Hybrid surubim

(Pseudoplatystoma

sp)

Dietary

supplementation

0.5% inulin

15 days Lactic acid bacteria m, Vibrio
sp. k, Pseudomonas sp. k,
Total Ig m

Mouriño et al.

(2012)

Nile tilapia Dietary

supplementation

of 5 g/kg insulin

1 and 2

months

Hematocrit m, NBT
(Superoxide activity) m,
lysozyme activity m, RLPm

Tilapia (Tilapia

aureus) and grass

carp

(Ctenopharyngodon

idella)

IP injection with

10 mg/kg

2 weeks m survivability against A.

hydrophilla and E. tarda

Wang and Wang

(1997)

Arctic charr

(Salvelinus alpinus

L.)

DS 150 g/kg 4 weeks k bacterial population and

dominated by the gram-

negative bacteria like

Staphylococcus, Streptococcus,

Carnobacterium and Bacillus

Ringø et al. (2006)

Siberian sturgeon

(Acipenser baerii)

20 g/kg 1 month 2 SCFA and lactate; m gas

production; k butyrate

Mahious et al.

(2006)

AP, alkaline phosphate; MCH, mean corpuscular hemoglobin; RLP, relative level of protection; SCFA, short-chain fatty acid;

IgM, immunoglobulin M; NBT, nitroblue tetrazolium; m, increase/high; k, decrease/low; 2, no change/not significant.
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Table 15.7 Other prebiotics used as immunostimulants in aquaculture.

Prebiotics Species Dose Duration Results Reference

GroBiotictAE Hybrid striped bass

(Morone chrysops

3 Morone

saxatilis)

1% and 2% 7 weeks

(Trial 1) and

4 weeks

(Trial 2)

m Feed efficiency

m Neutrophil

oxidative radical

anion

mIntracellular
superoxide anion

2 serum lysozyme

m Survivability

against S. iniae

Li and

Gatlin

(2004)

GroBiotics-

A

Subadult hybrid

striped bass

(Morone

chrysops3M.

saxatilis)

2% 21 weeks m Growth of fish

m Survivability

against

Mycobacterium

marinum

Li and

Gatlin

(2004)

Dairy-yeast

prebiotic

Golden shiners

(Notemigonus

crysoleucas)

2% 10 weeks k Mortality against

F. columnare

Sink and

Lochmann

(2008)

GroBiotics-

A

Red drum

(Sciaenops

ocellatus)

1% 3 weeks m Protein, fat, and

organic ADC

Burr et al.

(2008)

GOS Red drum

(Sciaenops

ocellatus)

1% 3 weeks m Protein and

organic ADC

k Lipid ADC

Burr et al.

(2008)

AXOS Crucian carp,

Carassius auratus

gibelio

50 mg/kg,

100 mg/kg and

200 mg/kg

45 days m RGR and DWG

2 Survivability

At 100 m mg/kg,

Enzymatic activity

(protease and

amylase)

Xu et al.

(2009)

AXOS Juvenile Siberian

sturgeon (Acipenser

baerii)

2% in the form

of AXOS-32-

0.30 or AXOS-

3-0.25

2 weeks With AXOS-32-

0.30, m Growth

performance and

feed utilization

m Alternative

hemolytic

complement activity

m Total serum

peroxidase

m Conc. of acetate,

butyrate, and total

SCFAs

Geraylou

et al.

(2012)

AXOS Juvenile Siberian

sturgeon (Acipenser

baerii)

2% 4 weeks m Phagocytic and

respiratory burst

activity of fish

macrophage

m Colonization and/

or growth capacity

of L. lactis

Geraylou

et al.

(2013)

GOS, galactooligosaccharides; AXOS, arabinoxyloligosaccharides; m, increase/high; k, decrease/low; 2, no change/not

significant.
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Table 15.8 Probiotics application in aquatic animal nutrition.

Probiotic species
Fish species/
application mode Beneficial effects Reference

Carnobacterium spp. Atlantic salmon (Salmo

salar L.)/Feed

Inhibited V. ordalii, A. salmonicida, and

Y. ruckeri; Reduced disease

Lactobacillus rhamnosus Rainbow trout

(Onchorhynchus

mykiss)/Feed

Increased resistance to A. salmonicida,

Reduced mortality from furunculosis

Streptococcus faecium

Lactobacillus acidophilus

Nile tilapia/Feed

(Oreochromis niloticus)

Better performance in growth and feed

efficiency

Saccharomyces cerevisae Nile tilapia (O.

niloticus)/Feed

Better performance in growth and feed

efficiency

Bacillus subtilis and B.

licheniformis

Rainbow trout (O.

mykiss)/Feed

Increased resistance to Yersinia ruckeri

L. rhamnosus (JCM 1136) Rainbow trout (O.

mykiss)/Feed

Increased serum lysozyme and

complement activities

Live yeasts European sea bass/Feed

(Dicentrarchus labrax)

Better performance in growth and feed

efficiency

L. rhamnosus Rainbow trout (O.

mykiss)/Feed

Immune response stimulated

B. subtilis, L. delbriieckii Gilthead seabream/Feed Stimulated cellular innate immune

response

L. lactis Sub sp. lactis; L.

sakei; Leuconostoc

mesenteroides

Rainbow trout (O.

mykiss)/Feed

Stimulated phagocytosis; Enhanced the

nonspecific immunity

L. delbrueckii subsp.

delbrueckii (AS13B)

European sea bass

(Dicentrarchus labrax

L.)/Feed

Positive effects on welfare and growth;

Increased body weight

L. rhamnosus GG Tilapia (O. niloticus)/

Feed

Enhanced the growth performance and

immunity

Micrococcus luteus Nile tilapia (O.

niloticus)/Feed

Enhanced the nonspecific immune

parameters; Improved resistance against

Edwardsiella tarda infection

Taoka

et al.

(2006)

Bacillus

spp. (Photosynthetic

bacteria)

Common carp/Feed

(Cyprinus carpio)

Better digestive enzyme activities;

Better growth performance and feed

efficiency

Saccharomyces cerevisiae

strain NCYC Sc 47

(Biosafs Sc 47)

Rainbow trout (O.

mykiss)/Feed

No significant effect on enzyme

activities

Saccharomyces cerevisiae

var. boulardii CNCM I-

1079 (Levucells SB20)

Rainbow trout/Feed O.

mykiss

Stimulated enzyme activities

Carnobacterium divergens

6251

Atlantic salmon/Feed

(Salmo salar L.)

Carnobacterium divergens is able to

prevent, to some extent, pathogen-

induced damage in the foregut.

Lactobacillus delbrueckii

sub sp. bulgaricus

Rainbow trout/Feed (O.

mykiss)

Enhanced humoral immune response

(Continued)

31915.2 Preventive measures against diseases: possible outlook



become a new research area in recent times. Such products trigger the beneficial microbes’ meta-

bolic activities in the gastrointestinal (GI) tract of the host and thus improve the host immunity.

There are reports that the use of synbiotics of prebiotics and probiotics is more effective than the

individual use of prebiotics and probiotics. However, the attention paid towards this subject is mini-

mal, and so the available data is still scarce. Some works are listed in Table 15.9.

15.2.7 Paraprobiotics: a new concept

Paraprobiotics is defined as “non-viable microbial cells (intact or broken) or crude cell extracts

(i.e., with complex chemical composition), which, when administered (orally or topically) in ade-

quate amounts, confer a benefit on the human or animal consumer” (Choudhury & Kamilya, 2019).

It has also been named “ghost probiotics,” “postbiotic,” and inactivated probiotics. There have been

many studies and reviews on the potential application of paraprobiotics in higher vertebrates; how-

ever, its application in aquaculture is in its beginning stage (Adams, 2010; deAlmada et al., 2016;

Kataria et al., 2009). However, to address the certain negative impact of the application of live

microbes as probiotics, along with assured advantages of nonviable microbes, the application of

paraprobiotics in aquaculture has gained much attention recently (Choudhury & Kamilya, 2019;

Singh et al., 2017; Zheng et al., 2020).

Paraprobiotics can be prepared by inactivating viable probiotic microorganisms using various

inactivation methods like heat inactivation, inactivation by ultraviolet (UV) rays, ionizing radiation,

high-pressure technique, and sonication (deAlmada et al., 2016). Commonly used methods of inac-

tivation of viable probiotics for preparation of paraprobiotics for aquaculture uses are heat inactiva-

tion, formalin inactivation, UV treatment and sonication, and among these, heat inactivation is the

Table 15.8 (Continued)

Probiotic species
Fish species/
application mode Beneficial effects Reference

L. rhamnosus (ATCC

53103); B. subtilis,

Enterococcus faecium

Rainbow trout (O.

mykiss)/Feed

Modulated cytokine production;

Stimulated immune response

Enterococcus faecium ZJ4 Nile tilapia (O.

niloticus)/Water

Increased growth performance;

Improved immune response

Leuconostoc mesenteroides

CLFP 196; Lactobacillus

plantarum CLFP 238

Rainbow trout (O.

mykiss)/Feed

Reduced fish mortality

Micrococcus luteus,

Pseudomonas spp.

Nile tilapia (O.

niloticus)/Feed

Higher growth performance, survival

rate and feed utilization; Enhanced fish

resistance against Aeromonas hydrophila

infection

Saccharomyces cerevisiae

(DVAQUAs)

Hybrid tilapia

(Oreochromis niloticus

Q 3 O. aureus

R)/Feed

Inhibited potential harmful bacteria;

Stimulated beneficial bacteria; Enhanced

the nonspecific immunity; No significant

effects on growth performance and feed

efficiency
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most preferred method. Though the application of probiotics in aquaculture is already popularized,

it is still in the early stages. Some researchers have studied the efficacy of paraprobiotics in fish

and shellfish for mediating immune responses, growth, and disease resistance. There are already

many research studies establishing the paraprobiotic role to stimulate the immune system in higher

vertebrate models (deAlmada et al., 2016; Taverniti & Guglielmetti, 2011). Similarly, the potency

of paraprobiotics that activate the immune system in in vitro conditions have also been studied in

Table 15.9 Synbiotics application in aquaculture.

Synbiotic combination Fish/shrimp species Results References

Bio-Moss and β-1,3-D-
glucan1 Pseudomonas

synxantha and P.

aeruginosa

Western king prawns

(Penaeus latisulcatus)

juveniles

Improvement in the growth, survival,

and immune response

Hai and

Fotedar (2009)

Isomaltooligosaccharides

1 Bacillus OJ

Litopenaeus vannamei

(avg. weight 1.75 g)

Synergistic effects on immune

responses and disease resistance

Li et al.

(2009)

Mannanoligosaccharides

(MOS)1 Bacillus spp.

European lobster

(Homarus gammarus

L.) larvae

Improved growth, survival; significant

increases in microvilli length and

density

Daniels et al.

(2010)

Fructooligosaccharide1
Bacillus subtilis

Sea cucumber

(Apostichopus

japonicus) (mean body

weight 5.06 g)

Improved growth; synergistic effect on

enhancing immunity and disease

resistance

Zhang et al.

(2010)

Fructooligosaccharide1
Bacillus subtilis

Yellow croaker

(Larimichthys crocea)

juveniles

No interactions between dietary B.

subtilis and FOS; B. subtilis enhanced

growth, feed utilization and

nonspecific immune response

Ai et al.

(2011)

Biomin IMBO

(Fructooligosaccharide1
Enterococcus faecium)

Rainbow trout

(Oncorhynchus mykiss)

fingerlings

Increased growth, survival, and

feeding efficiency

Mehrabi et al.

(2011)

Fructooligosaccharide and

mannanoligosaccharides1
Bacillus clausii

Japanese flounder

(Paralichthys

olivaceus)

No effect on growth, reduce feed cost

per unit growth, carcass composition

not affected

Ye et al.

(2011)

Isomaltooligosaccharide1
Bacillus licheniformis and

B. subtilis

Penaeus japonicas

juveniles

Positive effect on bacterial flora and

nonspecific immunity

Zhang et al.

(2011)

Fructooligosaccharide1
Bacillus TC22

Sea cucumber

(Apostichopus

japonicus) (mean body

weight 4.92 g)

No effect on growth, no interaction

between the two biotics

Zhao et al.

(2011)

Inulin1 Weissella cibaria Hybrid surubim

(Pseudoplatysoma sp.)

(avg. weight 76.3 g)

Manipulation of intestinal microbiota;

improved hematoimmunological

parameters

Mouriño et al.

(2012)

Fructooligosaccharide1
B. circulans

Rohu (Labeo rohita)

fingerlings

Improved growth, immunity and

protection against low pH and nitrite

stress

Singh, (2013);

Singh et al.

(2019)
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the aquaculture sector (Biswas et al., 2013; Giri et al., 2016; Kamilya et al., 2015) as well as in

in vivo (Biswas et al., 2013; Dash et al., 2015; Dıaz-Rosales et al., 2006; Pan et al., 2008; Singh

et al., 2017; Taoka et al., 2006) conditions. The existing literature demonstrates that paraprobiotics,

either alone or in combination, can induce both cellular and molecular immunity of fish and shell-

fish. It has also been found that there is better performance on growth and feed utilization of fish

and shellfish with the use of paraprobiotics, but there is no clear mechanism for this (Dash et al.,

2015; Zheng et al., 2017).

Paraprobiotics also induce disease resistance capability against infectious diseases in fish and

shellfish, though, again, the exact mechanism by which they do so is not clear.

Immunostimulations may be the mechanism by which paraprobiotics increase the disease resistance

of the host against pathogens (Dash et al., 2015; Irianto & Austin, 2003; Pan et al., 2008; Taoka

et al., 2006). Though many works demonstrate that paraprobiotics have an effective role in immune

modulation and disease resistance, similar to its viable form, that is, probiotics (Dash et al., 2015;

Dawood et al., 2015; Irianto & Austin, 2003), on the other hand, studies have also shown better

health benefits for probiotics compared to paraprobiotics (Munoz-Atienza et al., 2015; Taoka et al.,

2006).

15.2.8 Herbal biomedicines

The application of antibiotics, vitamins, and other chemicals as a prophylactic therapy is reduced

due to their residual effects. Now, researchers and farmers are showing more interest in low-cost

therapeutic natural products like medicinal herbs, which have less residue. From ancient times

onward, the phyto-therapy approach has been developed and its application has been well known

(Citarasu, 2010). Many researchers have reported on the presence of antimicrobial properties, anti-

stress, immune-stimulant, and growth promoters in herbal biomedicines.

15.2.8.1 Herbal biomedicines as growth promoters
The herbal biomedicines can be used as feed additives (Wang et al., 2015) and probiotics (Bahi

et al., 2017). The herbal products stressol-I- and stressol-II-enriched Artemia nauplii significantly

enhanced the growth of Penaeus indicus postlarvae (PL 10�20) and reduced the osmotic stress

(Chitra, 1995). Similarly, the commercial herbal medicine Livol (IHF1000) improves digestibility

in rohu (Jayaprakas & Euphrasia, 1997; Maheshappa, 1993) and other cultivable fishes, thereby

promoting the growth and immune system of fishes (Shadakshari, 1993; Unnikrishnan, 1995). The

papaya plant’s enzyme papain improves growth, feed utilization, and protein digestibility of P.

monodon postlarvae (Penaflorida, 1995). Francis et al. (2005) also observed the improvement in

growth, feed utilization, and hematological parameters in Nile tilapia while using the commercial

herbal medics from ginseng herb (Ginsanas G115). Quillaja saponins are also able to increase

growth and decrease the metabolic rate of tilapia (Francis et al., 2005). The herbal growth promo-

ters help enhance the production rate of proteins in the cells (Citarasu, 2010).

15.2.8.2 Herbal medicines as immune-stimulant
An immunostimulant is a chemical substance that can boost the host immune response (Anderson,

1992). For example, dietary supplementation of Ocimum sanctum enhances the antibody response

against A. hydrophila (Logambal et al., 2000). Glycyrrhizin also showed increased macrophage
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respiratory burst activity and lymphocyte proliferative responses in rainbow trout (Jang et al., 1995;

Kim et al., 1998) and the immune system of the yellowtail (Edahiro et al., 1991). This is because

glycyrrhizin is a glycosylated saponin, containing one molecule of glycyrretinic acid, which has

antiinflammatory and antitumor activities, mediated by its immunomodulatory activities (Wada

et al., 1987; Zhang et al., 1990). Soybean protein also increases bacterial killing ability by increas-

ing leukocyte activity when treated orally (Citarasu, 2010). Another herbal, Quil A saponin, also

has the potential of in vitro bactericidal activities in rainbow trout (Grayson et al., 1987) and leuko-

cyte migration in yellowtail (Ninomiya et al., 1995). Other herbals such as Adathoda vasica,

Emblica officinalis, and Cynodon dactylon have immunostimulant properties that improved the

immune system and reduced microbial infection in the goldfish Carassius auratus (Minomol,

2005). W. somnifera, O. sanctum, and Myristica fragrans herbs also enhanced the immunity and

bactericidal activity against Vibrio harveyi challenge in juvenile grouper (Sivaram et al., 2004). In

parallel to this, observed that extracts of five different herbal medicinal plants, Aegle marmelos, C.

dactylon, T. cordifolia, E. alba, and P. kurooa, enhanced the biochemical, hematological, and

immunological parameters in shrimp.

15.2.8.3 Herbal medicines as antibacterial agents
Antibacterial agents are groups of substances that inhibit the pathogenic activity of pathogenic bac-

teria by killing or reducing their metabolic activity (Kenawy, 2001). For example, methanolic

extracts of herbs like Andrographis paniculata, Solanum trilobatum, and Psoralea corylifolia have

antibacterial properties that, when enriched with Artemia, enhance survivability and specific growth

rate (SGR) and decrease bacterial load in the P. monodon culture system (Citarasu et al., 2003).

The butanolic extract of W. somnifera through Artemia enrichment protects shrimps from V. para-

haemolyticus and V. damsel (Praseetha, 2005). Likewise, 13 bacterial pathogens have been pre-

vented using antimicrobial Chinese herbal extracts like Impatiens biflora, Stellaria aquatica,

Artemisia vulgaris, Oenothera biennis, and Lonicera japonica (Shangliang et al., 1990). Scientific

research was started in 1992 on the antibacterial activity of guava (Psidium guajava) against patho-

genic microbes for shrimp (Citarasu, 2010). For example, guava is reported to perform better than

oxytetracycline in the prevention of luminous bacteria from black tiger shrimp (P. monodon)

(Direkbusarakom, 2004).

15.2.8.4 Herbal biomedicines as antistress agents
Most of the herbal biomedicines contain phytochemicals, which are redox-active molecules that

can inhibit oxygen anion production and scavenge free radicals (Chakraborty & Hancz, 2011;

Citarasu, 2010). The antioxidant effect of herbs has been shown to be kin to that of metal ion chela-

tors, superoxide dismutase, and xanthine oxidase inhibitors (Citarasu, 2010). Shahsavani et al.

(2011) observed the reduction of lead deposition in the liver, kidney, brain, bone, and blood of

common carp when fed with organosulfide allicin, a garlic clove extract. Also, a Thai herbal bio-

medic, Thunbergia laurifolia leaves, reduces the lead toxicity in O. niloticus (Palipoch et al.,

2011). Another biomedical herb, bercoli, reduces the toxicity of carcinogenic pollutant benzo(a)-

pyrene and phenol in Nile tilapia (Davila et al., 2010; Villa-Cruz et al., 2009), and its inclusion in

fish feed has also contributed to the activity of tolbutamide and chlorzoxazone, which may be con-

sidered useful for detoxification (Davila et al., 2010). Wu et al. (2007) also reported the herbal

extracts Portulaca oleracea, A. membranaceus, A. paniculate, and Flavescent sophora have shown
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antistress properties and induce immunological parameters such as SOD, serum lysozyme activity,

nitric oxide synthase (NOS), and levels of total serum protein, globulin, and albumin in C. carpio.

It is also reported that the herbal mixture is very effective in increasing stress recovery in contrast

to a single herbal supplement in diets (Chakraborty & Hancz, 2011).

15.2.9 Bacteriophage therapy

Bacterial diseases in aquaculture are commonly treated with antibiotics, as they are easily accessi-

ble to farmers. However, indiscriminate application of antibiotics in culture systems has led to

antibiotic-resistant strains of pathogens, which makes antibiotic treatment ineffective. Also, there

are other negative impacts of antibiotics, which make researchers search for alternatives. As an

alternative, bacteriophage therapy in aquaculture has gained much interest, as it is an eco-friendly

solution to treating bacterial infections (Akmal et al., 2020; Culot, Grosset, & Gautier, 2019; Jun

et al., 2016; Kim et al., 2010). The USFDA also has approved many phage-based products, like

List-Shieldt from Intralytix, for treating Listeria monocytogenes in food/meat products and they

are also recognized as safe (GRAS) and that has been another cause for the reemergence of bacteri-

ophage research (FDA, 2013). In aquaculture, many kinds of research have been conducted for iso-

lation and characterization of phages specific to bacterial pathogens and have tested their potential

for phage therapy. Findings on phage therapy to control many bacterial diseases in fish, such as

bacterial cold water disease, columnaris disease, vibriosis, edwardsiellosis, enteric septicemia of

catfish, Aeromonas hydrophila infection, furunculosis, Pseudomonas plecoglossicida infection,

Pseudomonas aeruginosa infection, streptococcosis, and lactococcosis, have been reviewed by

Choudhury et al. (2017). In the case of shellfish bacterial diseases, phage therapy was extensively

studied for two bacterial diseases, namely acute hepatopancreatic necrosis disease (AHPND) caused

by V. parahaemolyticus infection and luminous vibriosis caused by Vibrio harveyi.

Based on this research, the strategies for the development of phage therapy in aquaculture are

varied. However, the first important step in phage therapy is the determination of the disease-

causing agent. Other steps for the development of phage therapy in aquaculture are isolation of

potential lytic phage; large-scale culture of isolated phages; phenotypic and genotypic characteriza-

tion of the isolated phages; evaluating the potency of an isolated phage for therapy; therapeutic effi-

cacy study of an isolated phage against experimental infection in laboratory conditions followed by

natural infections in field conditions; whole sequencing of a potential phage and screening for viru-

lence genes or toxic genes presence; and finally acquiring regulatory approval and awareness for

the public and scientific community for commercial uses.

Regarding the mode of application for phage therapy in aquaculture, intramuscular or intraperi-

toneal administration, immersion, oral administration through feed, anal intubation, and direct

release of phages in culture systems have been reported (Huang & Nitin, 2019; Silva et al., 2016).

Phage cocktails or different combinations with phages are a new area of interest for phage applica-

tion for therapy (Choudhury et al., 2012, 2019; Duarte et al., 2018; Stalin & Srinivasan, 2017).

Estimation of appropriate doses for therapy is another crucial step for developing efficient phage

therapy and the existing literature describes diverse doses for phage therapy, both experimentally

and in field conditions (Choudhury et al., 2017).

Bacteriophage therapy has many advantages as well as demerits. Some advantages are (1)

phages are very specific to their host, meaning it kills or lyses only specific target pathogens and
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won’t affect other bacteria (Barrow & Soothill, 1997); (2) as phages are self-replicating and self-

limiting, they won’t affect the environment once the purpose of phage therapy is over (Inal, 2003);

(3) as phages are isolated from the environment where host/pathogenic bacteria are, the application

of phages in that same environment won’t harm the phages.

In addition to the advantages, some limitations of phage therapy are (1) lysogenic conversion of

phage is the key limitation for phage therapy; (2) development of phage resistance by bacteria is

another major drawback of bacteriophage application (Levin & Bull, 2004); (3) it is difficult to get

regulatory approval for phage therapy; and (4) optimum doses and modes of application of phages

are still not standardized for aquaculture.

15.3 Conclusion

Aquaculture is one of the fastest-growing food-producing industries, supplying a protein-rich diet

to the ever-increasing human population. To further advance the sector’s growth, disease preven-

tion, especially bacterial diseases, is a prime concern. The use of antibiotics in fishes has received

several opinions and negative concerns, for which alternative measures are being directed for con-

trol of diseases. The effectiveness and fruitfulness of novel fish vaccines have been evident.

Although various vaccines have emerged to save aquatic animals from various bacterial diseases,

there is still a need for vaccines against newly rising diseases in the aquaculture industry.

Additionally, other biological products, such as probiotics and paraprobiotics, are effective and safe

measures to combat disease. The application of prebiotics and synbiotics adapted from other animal

models are quite successful in fish too. India, being a rich plant biodiversity hub, also has great

potential for applying herbal biomedicines in fish disease management. Biotechnological advances

in the forms of AMPs and use of novel peptides are also in line for commercial application. The

future research focus should direct towards a molecular-level understanding of the disease and path-

ogen interaction, along with the long-term sustainability goals.
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CHAPTER

16Ulceration in fish: causes,
diagnosis and prevention

Ishtiyaq Ahmad and Imtiaz Ahmed
Fish Nutrition Research Laboratory, Department of Zoology, University of Kashmir, Hazratbal, Srinagar, India

16.1 Introduction
The world population drastically increased during the 20th century. Although agricultural produc-

tion was keeping pace with world population growth, the rate of population growth has now out-

stripped the agricultural production significantly. Thus there is a nutrient imbalance of essential

proteins, fats, and calories in the human diet. According to the United Nation’s statistics, over 900

million people in the world are malnourished. One-fourth of this number is children under the age

of four or five, who suffer from acute or chronic protein energy malnutrition (PEM). Fish have

become an increasingly important source of protein over the last decades in most developing

nations (FAO, 2000), and the importance of fish as a source of healthy food for humans is undeni-

able. Fish is recognized as an extremely nutritious food due to its high protein, micronutrients, and

lipids, which are rich in omega-3 unsaturated fatty acids (Ahmed & Ahmad, 2020). Compared to

terrestrial sources of animal protein like beef and chicken, fish has a greater satiation effect (Uhe

et al., 1992). Moreover, it serves as an affordable protein source with a wide choice of varieties

and species available throughout the world (Sarma et al., 2013). Around 60% of people in develop-

ing countries mainly depend on fish for at least 30% of their animal protein supplies, while almost

80% of the population in most developed countries obtain less than 20% of their animal protein

from fish. However, in some Asian countries, the intake is comparatively much higher (Delgado

et al., 2003). Fish make an essential contribution to the survival and health of a significant portion

of the world population, with a large share of the diet coming from fish and fishery products.

However, several fish health-related issues restrain continued industry growth (Table 16.1).

Outbreaks of diseases are one of the most important concerns in the fisheries sector. It is caused

by several factors related to interactions of the pathogen(s), the fish (host), and the environment

(Udomkusonsri & Noga, 2005; Wedemeyer, 1996). There are numerous fish diseases in the world

including bacterial (Aeromonas, Pseudomonas, Flavobacterium, Acinetobacter infections; Pękala-

Safińska, 2018); fungal (Saprolegniasis, Epizootic ulcerative syndrome (EUS), Ichthyophoriasis

etc. Choudhury et al., 2014); viral (Aquabirnavirus, Retrovirus, Betanodovirus, Paramyxovirus etc.

Crane & Hyatt, 2011) and parasitic diseases (Whirling disease, other Myxobolus infections etc.

Ahmad & Kaur, 2017, 2018; Ahmad et al., 2021; Ahmed et al., 2019; Bartholomew & Reno, 2002;

Kaur & Ahmad, 2016, 2017). Out of these, EUS is considered as the most dreadful one. Fish

microorganisms are generally non-hazardous as long as the fish’s immune systems are not
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compromised by a stressor. However, diseases persistently occur due to changes in their environ-

ment, which ultimately cause stress on fish (Pickering, 1998; Plumb, 1999; Wedemeyer, 1996).

Aquaculture is continuously affected by several stressors, including environmental changes (e.g.,

water temperature, pH, dissolved oxygen concentration) and different management practices

Dar, Dar et al., 2016; Dar, Kamili et al., 2016; Dar et al., 2020; Udomkusonsri & Noga, 2005;

Table 16.1 Ulceration in different fish species.

Disease Locality Species Cause Reference

Ulcerative disease USA

England

Carassius auratus Aeromonas salmonicida

& A. hydrophila

Elliot and Shotts

(1980)

Ulcerative disease Philippines Ophinocephalus striatus

Clarias batrachus etc.

A. hydrophila Llobrera and

Gacutan (1987)

Epizootic

ulcerative

syndrome

Indonesia

Malaysia

Singapore

Clarias batrachus

C. macrocephalus

Cirrhinus mrigala

A. hydrophila Boonyaratpalin

(1989)

Skin ulcer Finland Platichthys flessus A. salmonicida Wiklund and

Bylund (1993)

Epizootic

ulcerative

syndrome

Srilanka Puntius sarana

Wallago attu

A. hydrophila Pathiratne et al.

(1994)

Skin ulcer Italy Carcharhinus plumbeus Vibrio carchariae Bertone et al.

(1996)

Snout ulcer

disease

Japan

Korea

Takifugu rubrips

T. niphobles etc.

Virus Miyadai et al.

(2001)

Acute ulceration USA Morone saxatilis female

3 M. chrysops male

Acute stress Udomkusonsri

et al. (2004)

Skin ulceration USA M. saxatilis male 3
M. chrysops female

Saprolegnia Udomkusonsri &

Noga (2005)

Skin ulceration China Apostichopus japonicus Vibrio

Photobacterium

Deng et al.

(2009)

Winter ulcers Norway Salmo salar Moritella viscosa Olsen et al.

(2011)

Skin ulceration China Apostichopus japonicus Not given Li et al. (2012)

Skin & Intestinal

ulceration

Norway Salmo salar Skin- Tenaubaculum &

Arcobacter

Intestine- Aliivibrio &

Alcaligenes

Karlsen et al.

(2017)

Skin ulceration Thailand Scrotum barcoo Ranavirus infection Kayansamruaj

et al. (2017)

Skin ulcer Norway Salmo salar Tenacibaculum spp. Olsen et al.

(2017)

Skin ulceration Belgium Limanda limanda Vibrio tapetis

A. salmonicida

Vercauteren et al.

(2017)

Skin ulceration China Cynoglossus semilacvis Photobacterium

damselae subsp.

damselae

Shao et al. (2017)
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Wedemeyer, 1996). All of these components can influence fish homeostasis, making them prone to

a wide variety of pathogens due to which fish population is declining day by day. It has largely

been accepted that environmental fluctuations as well as stressors are the main causes leading to

outbreaks of infectious disease; however, the specific mechanisms responsible for these outbreaks

are not fully understood. Therefore, in order to minimise the chance of diseases in freshwater as

well as in cultured system, there is a dire need to have a proper knowledge about the real causes of

dreadful diseases including EUS.

Among all the diseases, ulcerations are the most commonly visible abnormalities that are seen in

different fish species. The precise etiologies have been determined only through continuous monitor-

ing body injuries, bacterial and parasitic infestations and wounds, which are considered to be a main

cause of the disease. During the last two decades, EUS has been reported from various parts of the

world in fish affecting some part of local populations , in which EUS dominantly consist of superficial

or penetrating ulcers. Among the varied disease outbreaks in fishes, ulcerative disease frequently leads

to mass mortality, although some evidence of recovery in the form of scarring can also be noted in

few cases. If one species is severely affected in any given locality, another species may exhibit lesser

ulceration in the same environment. In this review, a general search has been made for data related to

ulcerative diseases in fish fauna and its infectious agents, such as environmental stressors, viral, bacte-

rial, or fungal, which may act as prime pathogens or secondary invaders. All these factors have been

pointed out in this chapter in order to compile and authenticate data related to ulcerative syndrome,

which will provide insight into the early detection of this disease, both at hatcheries and on farms.

16.2 Ulceration and its causes in different fish species
Ulceration is a common clinical sign of disease affecting different fish species, in both freshwater

and marine environments. The development of ulceration has been chiefly associated with different

ecological stressors, viruses, bacteria, and fungi (Sindermann & Rosenfield, 1954). A virological eti-

ology pointed out the ulcus syndrome in cod, Gadus morhua (Jensen & Larsen, 1982) and ulcerations

in several freshwater fish species in Southeast Asia (Dar, Dar et al., 2016; Dar, Kamili et al., 2016;

Frerichs et al., 1986). Different bacterial species such as Vibrio anguillarum, Aeromonas hydrophila

(Ullrich, 1992), atypical Aeromonas salmonicida (Wiklund & Dalsgaard, 1998), and Mycobacteria

(Duijn, 1981) have been isolated from ulcerated fish. Moreover, an Aphanomyces fungus was also

reported to be associated with ulcerations in different fish species (Callinan et al., 1995).

Among ulceration, skin ulcers are considered as the most significant biomarkers of contami-

nated or stressful environments (Bernet et al., 1999; Noga, 2000; Sindermann, 1990). In fish spe-

cies, skin plays a vital role in response to ecological stressors as skin covers the whole body and

remains metabolically active all the time (Iger et al., 1994; Whitear, 1986), thus epidermal damage

may occur through direct contact with toxicants or indirectly due to various physiological changes

(Udomkusonsri & Noga, 2005). It has been reported that the skin of hybrid striped bass and other

fishes serves as a primary defense mechanism that contains two types of defense mechanisms i.e.

specific and nonspecific including immunoglobulins, lectins, complement-system, lysozymes, and

antimicrobial polypeptides, by which fish gets protection from the attack of such diseases

(Robinette & Noga, 2001; Yano, 1996). When fishes lose their protective skin barrier, opportunistic

bacteria like Aeromonas spp. and Pseudomonas spp., parasites, viruses, and water molds such as
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Saprolegnia spp. can easily invade the skin and cause infection (Plumb, 1997). Infections resulting

in loss of protective barrier (i.e skin) are a result of osmotic stress. Thus, acute ulceration response

(AUR) might expose fishes to many opportunistic skin pathogens, which can lead to morbidity and

mortality of fish facing the stress conditions.

An outbreak of the fish disease epizootic ulcerative syndrome (EUS) was first reported in 1988

and since then it has spread to most of the states in India, where around 30 genera of fishes were

found to be affected in all types of water areas. It is suspected that environmental factors, including

physicochemical parameters of water and anthropogenic factors such as pesticides, fertilizers, and

heavy metals discharged from industries, play an important role in the outbreak of EUS. In addi-

tion, heavy metals and pesticides, other agro-chemicals, and viral, bacterial, or fungal infections,

along with stress, are the other key factors that might be responsible for EUS in India.

Apart from India, several studies have been carried out by different workers in the past through-

out the world, focused mainly on ulcerative diseases and their causes. Some of them are discussed

in this chapter. Wiklund and Bylund (1993) reported skin ulceration in flounder, Platichthys flesus,

from the northern Baltic Sea in Finland. Their findings showed that on the basis of correlation,

males (10.7%) were found to be more affected than females (3.1%); however, larger fishes showed

higher disease prevalence than smaller ones. Through bacterial examination of diseased fish, they

successfully isolated a bacterium, known as cytochrome oxidase-negative, atypical A. salmonicida

(Wiklund & Bylund, 1991). They also mentioned in their study that isolation of A. salmonicida was

reported in the past, but it was not clear whether it came from a typical or an atypical strain or it

was isolated from a diseased or a healthy specimen (Vethaak, 1992). Their results also indicated

that prevalence of skin ulceration in flounder may be attributed to various factors like sex, fish

size, and sampling seasons.

Lunder et al. (1995) investigated winter ulcer pathologically as well as through bacteriology in

Atlantic salmon, Salmo salar. They also tried to establish the mechanism of transmissibility of a

disease through the experimental setup. Through histological analysis, the chronic stages observed

in affected fish were characterized by a severe redness of the dermis and also an involvement of

intestinal muscle tissue. Their results revealed that winter ulcer is mainly caused by an injection

with a Vibrio-like bacterium, and can be transmitted through cohabitation and injection.

Thampuran et al. (1995) conducted an exhaustive study on the EUS in different fish species

such as Channa striatus, Wallago attu, and Puntius and reported that isolation of Aeromonas hydro-

philla from the lesions and internal organs was dominant, which remained the main cause of this

disease. Noga et al. (1998) observed that due to acute stress exposure, skin ulceration occurred in

striped bass, Morone saxatilis, and hybrid bass, M. saxatilis female3M. chrysops male. Based on

histological study, their findings revealed epithelial erosion and ulceration in affected fish species.

They finally concluded that in some cases, ulceration can develop without any prior trama or before

any infection.

Wiklund et al. (1999) confirmed the presence of A. salmonicida strains from different ulcerated

fish species such as dab, Limanda limanda, flounder, P. flesus, and turbot, Scophthalmus maximus,

from the Baltic Sea. Their findings revealed that the development of ulceration disease occurred

due to the presence of A. salmonicida. They also reported that the preceding isolated strains were

indistinguishable from those previously reported from this fish species, and presumed that ulcer dis-

ease is considered to be associated with a biotype of A. salmonicida. Austin et al. (2003) recovered

an unusual gram-negative bacterium viz. Ultramicrobacterium ND5, Aquaspirillum arcticum,
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Zoogloea sp., and Janthinobacterium lividum in ulcerated rainbow trout, Oncorhynchus mykiss.

However, they didn’t confirm whether these bacteria are responsible for ulceration syndrome or

not; hence, they suggest that more studies are needed in order to determine the exact causative

agent for this particular disease.

Udomkusonsri et al. (2004) made a detailed survey of the pathogenesis of AUR in hybrid

striped bass. Their findings indicated that acute confinement may rapidly cause significant damage

to the epidermal and ocular epithelium; however, AUR might be a primary cause of morbidity in

acutely stressed fish. Altinok et al. (2006) observed the causes of ulcerative fish disease in rainbow

trout. After molecular characterization based on the 16s rRNA sequence, the causative bacteria iso-

lated from diseased fish were identified as Pseudomonas putida, while histological sections

revealed epithelia and epithelial necrosis. They found that approximately 35% of rainbow trout

died due to this disease.

Coyne et al. (2006) studied the winter ulcer disease in Atlantic salmon and observed that the

root cause of this disease was the presence of Moritella viscose. Uniruzzaman and Chowdhury

(2008) conducted a detailed survey on ulcer diseases in cultured fish of Bangladesh. They found

that the majority of the fish species were visibly affected by skin ulceration disease; however,

Cirrhinus cirrhosus and Barbodes gonionotus were highly affected fish species. Nsonga et al.

(2010) while observing the real cause of ulceration in fish reported that this disease actually

occurred during heavy rains that resulted in excess flooding, due to which pH concentration was

decreased on the plains of acidic soils. They observed high mortality rates in several fish species

including Barbus and Clariaus spp.

Olsen et al. (2011) studied ulcer disease in coldwater fish species and reported that winter ulcers

in Atlantic salmon, S. salar, were mainly caused by Moritella viscose bacteria. Due to nonavailabil-

ity and widespread use of vaccines against M. viscosa, winter ulcers remain a significant threat in

Norway as well as in Iceland and Scotland (Benediktsdóttir et al., 1998; Bruno et al., 1998; Lunder

et al., 1995). Histopathological investigation of their study revealed the presence of long, slender

rods in skin ulcers. They also noticed two Tenacibaculum spp. in ulcerative affected fish through

16s rDNA that were also positively related to fish ulceration.

Boys et al. (2012) found an EUS in bony herring, Nematalosa erebi, golden perch, Macquaria

ambigua, Murray cod, Maccullochella peelii, and spangled perch, Leiopotherapon unicolor from

Murray-Darling River System, Australia. Through the polymerase chain reaction (PCR), they iso-

lated bacteria called Aphanomyces invadans, which were the main cause of ulcerative syndrome,

but did not found ulcer in carp, Cyprinus carpio. Contrary to this, Abid & Al-Hamdani, 2016 inves-

tigated ulcerated skin carp and their causative agents from Sulaimani province in Iraq. They found

that the main causative agent of the skin ulceration was bacterial infection and reported nine spe-

cies that were isolated from skin lesions, out of which Pseudomonas spp. and Citrobacter freundii

were found dominant as compared to other bacterial species. Their results also revealed that, among

infected specimens, one fish had many more complications, which may be attributed to the pres-

ence of bacterial infection along with a protozoan parasite, that is, Chilodonella cyprinii. An out-

break of EUS was reported in Seranochromis robustus from Darwendale Dam, Zimbabwe by

Gomo et al. (2016). They found that fish of all ages were affected, and histopathological observa-

tions revealed that mycotic granulomas were present in all the affected fish. They finally concluded

that the main cause of ulceration in S. robustus was due to the presence of A. invadans bacteria,

resulting in high mortalities.
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Kayansamrua et al. (2017) studied ulcerative disease in barcoo grunter, Scrotum barcoo, associ-

ated with ranavirus from Thailand farms. They reported for the first time largemouth bass virus

(LMBV) identical to largemouth bass ulceration syndrome (LBUSV), which has been previously

reported in farmed Micropterus salmoides, that produced ulcerative skin lesions. They found the

affected fish possessed extensive hemorrhage as well as ulceration on skin and muscle. In addition

to this, they observed necrosis and ulceration in other organs such as gills, spleen, and kidney

through microscopic observation, which clearly indicated that LMBV was mainly responsible for

the ulceration; severe mortalities occurred in farmed barcoo grunter in Thailand.

Vercauteren et al. (2017) first reported an isolation of Vibrio tapetis and an atypical strain of A.

salmonicida from common dab, Limanda limanda, affected with skin ulcerations in the North Sea.

Based on their pathological results, several ulcerative stages were observed, with epidermal and

dermal tissue losses, infiltration in inflammatory tissues, and deterioration of the myofibers contigu-

ous to the ulceration, although in varying degrees. Upon bacteriological investigation, pure cultures

of V. tapetis were retrieved in high numbers from five fish and of A. salmonicida in one fish. Both

agents may play a significant role in the development of the skin lesions observed in their study.

Recently, Vercauteren et al. (2019) confirmed V. tapetis as a causative agent of ulcerative skin

lesions, due to which severe mortality, with various clinical indications and sizes of the budding

lesions, occurred. Zhang et al. (2019) reported severe skin ulceration in a net cage cultured around

Daqing Island, China in black rockfish, Sebastes schlegeli. Through morphological, physiological,

and biochemical observations, as well as gyrB gene sequencing, they found that the main cause of

the ulceration disease was the presence of Photobacterium damselae subsp. Damselae (Fig. 16.1).

16.3 Diagnostic methods
Based on the existing literature, it is well known that ulceration in fishes causes severe mortality

and is one of the major diseases responsible for fish mortality. Hence, in order to combat this

dreadful disease, scientists throughout the world are trying to determine diagnostic methods for

early detection. Different diagnostic methods are used in the fisheries sector, and some prominent

methods are discussed in the following paragraphs.

Noga and Udomkusonsri (2002) worked on the fluorescein method, which is basically a non-

toxic fluorescent dye. They observed that this method can easily and rapidly detect the presence of

ulceration in fish, as they successfully tested it for diagnosis of rainbow trout, O. mykiss; channel

catfish, Ictalarus punctatus; goldfish, Carracius auratus; and hybrid striped bass, M. saxatalis male

3 M. chrysops female. Ibrahem and Mesalhy (2010) also adapted the same dye for the detection

of skin ulcers that are invisible in two species, that is, Nile tilapia, Oreochromis niloticus, and the

scaleless African sharptooth catfish, Clarias gariepinus. Additionaly, the gross pathological and dif-

ferent clinical signs also serve vitally in the diagnosis of ulcerative disease in fish, as these methods

mainly help in the detection of mycotic granulomas in histological sections. Different scientists

have adopted this method to diagnose ulcerative disease in fish, such as goldfish ulcer disease in

Atlantic salmon, S. salar, from A. salmonicida (Carson & Handlinger, 1988); and the presence of

Pseudomonas putida infection in affected ulcerative rainbow trout (Altinok et al., 2006). Usually,

an ulcerative fish shows several symptoms like loss of appetite, weight loss, and lethargy. Initially,
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the affected fish shows Pin-head sized red spots appear usually on different locations of the body,

which turn into small dermal ulcers during the intermediate stage. Then the skin lesions are charac-

terized by the presence of acute hemorrhagic and necrotic ulcers on the surface of fish body. The

presence of epitheloid granulomas in different organs, such as muscle, liver, kidney, etc. are the

most striking diiagnostic feature of EUS (Lilley et al., 1998; Vishwanath et al., 1997). However, in

some cases, infection by the presence of oomycete has been observed without the formation of

granulomas in the body (Oidtmann et al., 2008; Sosa et al., 2007). Identification can also be done

through a culture method, in which the oomycete is isolated and subsequently morphological and

macroscopic assessment is carried out (Baruah et al., 2012; Lilley et al., 1998).

Apart from this, molecular approaches are continuously being applied for accurate diagnosis

and to get valuable results. Molecular methods include electrophoretic and western blot analysis

(Lilley et al., 1997), pyrolysis mass spectrometry (Lilley et al., 2001), and monoclonal antibody

based detection (Miles et al., 2003; Naik et al., 2008). PCR has achieved great success in identify-

ing fish diseases. Deng et al. (2009) isolated different bacteria from affected ulcerative sea cucum-

ber, Apostichopus japonicus, by the PCR method using 16s rRNA genes. Li et al. (2012) used

miRNA libraries to diagnose skin ulceration syndrome in A. japonicas and the sequence analysis

revealed 40 conserved miRNAs found in both libraries. Another study revealed that, based on the

FIGURE 16.1

Cultured rainbow trout infected with ulcerative syndrome.
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characterization of 16s rRNA gene sequencing, six different bacteria were isolated from ulcerative

Cynoglossus semilaevis in the Bohai Bay area of China. Finally, one more molecular method

described is fluorescent peptide nucleic acid in situ hybridization (FISH). This technique was suc-

cessfully tested in 50 Atlantic menhaden with typical severe ulceration disease, which provided

explicit visual substantiation that hyphae in the affected ulcerative fishes were totally due to the

presence of A. invadans (Vandersea et al., 2006).

16.4 Preventive measures
So far control of ulceration in fish has not been reported, but several measures have been estab-

lished to reduce risks or minimize mortality. Liming in water is prone to have a positive effect on

water parameters and is effective in reducing the infection as well as mortality (Lilley et al., 1998).

It is also observed that lime applied at the rate of 100 kg/ha in an ulcerative disease prone area in

the postmonsoon period just prior to the outbreak of disease has either prevented the occurrence of

the disease or, if an outbreak occurred, the intensity was mild (Das, 1992). In addition to this,

potassium permanganate (KMNO4) dip is also recommended in order to rule out any microbial

infection. Bleaching powder was also reported to be useful in healing initial lesions of ulcerative

affected fishes (Sanjeevaghosh, 1992). Antibiotics, whether erythromycin, oxytetracycline, or terra-

mycin at 602 100 mg/kg of feed for 7 days, cured ulcerative affected fishes (Das & Das, 1993). In

addition, Robertson et al. (2005) reported that prevention of ulceration in goldfish occurred by vac-

cination. They concluded in their results that the use of a polyvalent vaccine by immersion and an

oral booster can protect goldfish against ulcerative disease.

16.5 Conclusion

It is concluded that ulcerative disease has shown severe mortality in fish fauna and the main factors

responsible for this are environmental stressors, bacteria, fungi, and viruses. Different diagnostic

methods like PCR techniques, fluorescein dye method, and histopathological analysis should be

taken into account to determine the actual causes of this disease. Moreover, ulceration syndrome in

fish cannot be controlled fully, but some preventive measures have been reported, such as liming,

bleaching powder, potassium permanganate, and some antibiotics by which reductions in ulceration

were noted at initial stages. In addition, a few vaccines are also reported to reduce an ulceration

effect in fish. This study will provide insight to farmers as well as government hatcheries into this

disease and help them to determine early methods of detection as well.
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Pękala-Safińska, A. (2018). Contemporary threats of bacterial infections in freshwater fish. Journal of

Veterinary Research, 62, 261�267.

Pickering, A. D. (1998). Stress responses of farmed fish. In K. D. Black, & A. D. Pickering (Eds.), Biology of

farmed fish (pp. 222�255). Boca Raton, FL: CRC Press LLC.

Plumb, J. A. (1997). Infectious diseases of striped bass. In R. M. Harrell (Ed.), Striped bass and other Morone

culture (pp. 271�313). Amsterdam: Elsevier Science BV.

Plumb, J. A. (1999). Health maintenance and principal microbial diseases of cultured fished (p. 328) Ames,

Iowa: Iowa State University Press.

Robertson, P. A. W., Austin, D. A., & Austin, B. (2005). Prevention of ulcer disease in goldfish by means of

vaccination. Journal of Aquatic Animal Health, 17, 203�209.

Robinette, D. W., & Noga, E. J. (2001). Histone-like protein: A novel method for measuring stress in fish.

Diseases of Aquatic Organisms, 44, 97�107.

Sanjeevaghosh, D. (1992). Socio-economic impact of epizootic ulcerative syndrome on the inland fisherfolk of

Kerela. Consultation on Epizootic ulcerative Syndrome (EUS) vis-a-vis the Environment and People.

International Collective in Support of Fish Workers. 25�26 May 1992. Trivandrum, India.

Sarma, D., Akhtar, M. S., Das, P., Das, P., Shahi, N., Yengkokpam, S., Debnath, D., Alexander, C., &

Mahanta, P. C. (2013). Nutritional quality in terms of amino acid and fatty acid of five coldwater fish spe-

cies: Implications to human health. National Academy Science Letter, 36(4), 385�391.

Sindermann, C., & Rosenfield, A. (1954). Diseases of fishes of the western North Atlantic. I. Diseases of the

sea herring (Clupea harengus). Research Bulletin of the Department of Sea and Shore Fisheries, 18, 1�23.

Shao, P., Yong, P., Zhou, W., Sun, J., Wang, Y., Tang, Q., Ren, S., Zun, W., Zhao, C., Xu, Y., & Wang, X.

(2017). First isolation of Photobacterium damselae subsp. damselae from half-smooth tongue sole suffering

from skin-ulceration disease. Aquaculture, 511, 734208.

348 Chapter 16 Ulceration in fish: causes, diagnosis and prevention



Sindermann, C. J. (1990). Principal diseases of marine fish and shellfish, . Diseases of marine fish (Vol. 1).

New York: Academic Press.

Sosa, E. R., Landsberg, J. H., Stephenson, C. M., Forstchen, A. B., Vandersea, M. W., & Litaker, R. W.

(2007). Aphanomyces invadans and ulcerative mycosis in estuarine and freshwater fish in Florida. Journal

of Aquatic Animal Health, 19, 14�26. Available from https://doi.org/10.1577/H06-012.1.

Thampuran, N., Surendran, P. K., Mukundan, M. K., & Gopakumar, K. (1995). Bacteriological studies on fish

affected by epizootic ulcerative syndrome (EUS) in Kerala India. Asian Fisheries Science, 8, 103�111.

Udomkusonsri, P., & Noga, E. J. (2005). The acute ulceration reponse (AUR): A potentially widespread and

serious cause of skin infection in fish. Aquaculture, 246, 63�67.

Udomkusonsri, P., Noga, E. J., Nancy, A., & Monteiro-Riviere, N. A. (2004). Pathogenesis of acute ulceration

response (AUR) in hybrid striped bass. Diseases of Aquatic Organisms, 61, 199�213.

Uhe, A. M., Collier, G. R., & O’Dea, K. (1992). A comparison of the effects of beef, chicken and fish protein

on satiety and amino acid profiles in lean male subjects. Journal of Nutrition, 122, 467�472.

Ullrich, S. (1992). Bakterielle Fischkrankheiten in Untereider und Unterelbe und ihre Beeinflussung durch

Umweltfaktoren (115 pp). PhD/Doctoral thesis, Berichte aus dem Institut fur Meereskunde an der

Christian-Albrechts-Universitat, Kiel Nr. 223, Germany.

Uniruzzaman, M., & Chowdhury, M. B. R. (2008). Ulcer diseases in cultured fish in Mymensingh and sur-

rounding districts. The Bangladesh Veterinarian., 25, 40�49.

Vandersea, M. W., Litaker, R., Yonnish, B., Sosa, E., Landsberg, J. H., Pullinger, C., Moon-Butzin, P., Green,

J., Morris, J. A., Kator, H., Noga, E. J., & Tester, P. A. (2006). Molecular assays for detecting

Aphanomyces invadans in ulcerative mycotic fish lesions. Applied and Environmental Microbiology, 72,

1551�1557.

Vercauteren, M., De Swaef, E., Declercq, A., Bosseler, L., Gulla, S., Balboa, S., Romalde, J. L., Devriese, L.,

Polet, H., Boyen, F., Chiers, K., & Decostere, A. (2017). First isolation of Vibrio tapetis and an atypical

strain of Aeromonas salmonicida from skin ulcerations in common dab (Limanda limanda) in the North

Sea. Journal of Fish Diseases, 41, 1�7. Available from https://doi.org/10.1111/jfd.12729.

Vercauteren, M., De Swaef, E., Declercq, A. M., Polet, H., Aerts, J., Ampe, A., Romalde, J. L., Haesebrouck,

F., Devriese, L., Decostere, A., & Chiers, K. (2019). Scrutinizing the triad of Vibrio tapetis, the skin bar-

rier and pigmentation as determining factors in the development of skin ulcerations in wild common dab

(Limanda limanda). Veterinary Research, 50, 41�53.

Vethaak, A. D. (1992). Diseases of flounder (Platichthys flesus L.) in the Dutch Wadden Sea, and their relation

to stress factors. Netherland Journal of Sea Research, 29, 257�272.

Vishwanath, T. S., Mohan, C. V., & Shankar, K. M. (1997). Mycotic granulomatosis and seasonality are the

consistent features of epizootic ulcerative syndrome (EUS) of fresh and brackish water fishes of

Karnataka, India. Asian Fisheries Science, 10, 155�160.

Wedemeyer, G. A. (1996). Physiology of fish in intensive culture systems (p. 232) New York: Chapman &

Hall.

Whitear, M. (1986). The skin of fishes including cyclostomes � Epidermis. In J. Bereiter-Hahn, A. G. Matoltsy,

& K. S. Richards (Eds.), Biology of the integument (Vol. 2, pp. 8�38)). New York, NY: Springer-Verlag.

Wiklund, T., & Bylund, G. (1991). A cytochrome oxidase negative bacterium (presumptively an atypical

Aeromonas salmonicida) isolated from ulcerated flounders (Platichthys flesus (L.)) in the northern Baltic

Sea. Bulletin of the European Association of Fish Pathologist, 11(2), 74.

Wiklund, T., & Bylund, G. (1993). Skin ulcer disease of flounder Platichthys flesus in the northern Baltic Sea.

Diseases of Aquatic Organisms, 17, 165�174.

Wiklund, T., & Dalsgaard, I. (1998). Occurrence and significance of atypical Aeromonas salmonicida in non-

salmonid and salmonid fish species: A review. Diseases of Aquatic Organisms, 32, 49�69.

349References



Wiklund, T., Tabolina, I., & Bezgachina, T. V. (1999). Recovery of atypical Aeromonas salmonicida from

ulcerated fish from the Baltic Sea. ICES Journal of Marine Science, 56, 175�179.

Yano, T. (1996). The nonspecific immune system: Humoral defense. In W. S. Hoar, D. J. Randall, & A. P.

Farrell (Eds.), The fish immune system: Organism, pathogen, and environment (pp. 150�157). San Diego,

CA: Academic Press.

Zhang, Z., Yu, Y. X., Wang, K., Wang, Y. G., Jiang, Y., Liao, M. J., & Rong, X. J. (2019). First report of skin

ulceration caused by Photobacterium damselae subsp. damselae in net-cage cultured black rockfish

(Sebastes schlegeli). Aquaculture (Amsterdam, Netherlands), 503, 1�7.

350 Chapter 16 Ulceration in fish: causes, diagnosis and prevention



CHAPTER

17Application of probiotic bacteria
for the management of fish health
in aquaculture

Sandip Mondal1, Debashri Mondal2, Tamal Mondal3 and Junaid Malik4
1School of Pharmaceutical Technology, School of Medical Sciences, ADAMAS University Kolkata, India

2Department of Zoology, Raiganj University, University Road, College Para, Raiganj, India 3Department of Botany,

Hiralal Mazumdar Memorial College for Women, College Para, Dakshineswar, Kolkata, India 4Department of

Zoology, Government Degree College, Bijbehara, India.

17.1 Introduction
Aquaculture is the cultivation of various aquatic organisms, both marine and freshwater, using dif-

ferent management procedures to enhance production of the cultivated stock. Aquaculture has

become a significant economic activity worldwide. Currently, the contributions of aquaculture to

food production, industrial raw materials, medical applications, and and using marine species for

the ornamental trade have risen exponentially.

With the growth and intensification of aquaculture production, aquatic animals are subject to

the frequent occurrence of adverse environments and disease-related complications, as well as envi-

ronmental deterioration, resulting in major financial casualties. In recent years, antibiotic use has

decreased due to the complex environmental problems it causes in the ecosystem, such as the pro-

liferation of antibiotic-resistant bacterial strains. Incorporating antibiotics into the cultured organ-

isms, in addition to removing pathogenic microbes, often destroys bacteria that are advantageous to

the same individuals. Also, the accumulation of certain compounds is not healthy for humans, who

are the ultimate consumers, as health risks are found to be linked with antibiotics use. Hence the

production of nonantibiotic means of treatment is a critical aspect of aquaculture health manage-

ment, with a view toward the current dietary trends of consuming whole natural foods, in support

of a healthier and longer life. Similarly, protection of the environment has changed over time, with

consumers giving preference to commercial entities with an economic mission of environmental

sustainability, also important in the aquaculture industry.

In this context, for several decades the implementation of probiotics has been explored in fish

cultivation primarily for commercial purposes. Browdy (1998) said that probiotics are among the

most remarkable innovations that have emerged as biofriendly agents of disease prevention.

Probiotics can be applied in the aquatic ecosystem to enhance microbial resistance and improve

feeding quality, growth rate, and survival of the cultured species (Browdy, 1998). In addition, they

have no unwanted side effects on treated organisms (Dar, Dar et al., 2016; Dar, Kamili et al., 2016;

Dar et al., 2020; Huynh et al., 2017; Mohapatra et al., 2013). This review highlights the present

351
Bacterial Fish Diseases. DOI: https://doi.org/10.1016/B978-0-323-85624-9.00024-5

Copyright © 2022 Elsevier Inc. All rights reserved.



knowledge concerning the application of probiotics for growth enhancement, fish disease manage-

ment, and water quality management in aquaculture.

17.2 Probiotics definition
Probiotics are beneficial living bacteria found in some foods or supplements. They can provide

numerous health benefits. The term probiotic was first used to define compounds synthesized by a

microorganism that promotes the development of others (Lilly & Stillwell, 1965). The word probi-

otic derives from the Greek words pro bios, which means “for life” (Chalas et al., 2016). Dr. Elie

Metchnikoff (1908), in the year 1905, first explained the effects of certain bacteria among farmers

who consumed pathogens in milk and showed that health could be improved by enhancing our

intestinal microflora and replacing pathogenic microorganisms with beneficial ones. Up to 1965,

Lilly and Stillwell (1965) modified the original word probiotika and introduced the term probiotic.

Afterward, Sperti changed the idea of cell extracts that promote bacteria load. Presently, the term

probiotic represents those substances having a different function than that of antibiotics, generated

from a microorganism and prolonging the logarithmic development process in other organisms

(Sperti, 1971).

According to the World Health Organization (WHO) and the Food and Agriculture Organization

(FAO), probiotics are living microorganisms that are used orally with certain significant health bene-

fits for the host (Akhter et al., 2015). Seeing the difference between the aquatic ecosystem and that

of terrestrial species, an updated concept was proposed by Merrifield et al. (2010) for probiotics in

aquaculture, as a probiotic organism may be a living, dead, or part of a microbial cell delivered

through food or the rearing water, supporting the host through enhancing disease tolerance and over-

all health (Hai, 2015). The probiotics include various forms of bacteria, bacteriophages, microalgae,

and yeast, commonly using a water routine or feed substitute in aquaculture. Several commercially

available probiotics are currently available with mono- or multistrains.

17.3 Routes of administration
Probiotics may be administered with feed, according to Abidi (Rehna, 2003), and cod liver oil or

egg as a binder; the most common commercial preparations comprise either Saccharomyces cerevi-

siae or Lactobacillus sp. FAO and WHO mentioned in their strategies that probiotic organisms

essentially resist the gastric juices and bile, as they must have the ability to multiply and inhabit

the gastrointestinal area. They need to be active, secure, and retain their efficacy for the product’s

shelf life (Senok et al., 2005). Probiotics may be applied through injection also. Experimentally,

the probiotic delivery of Micrococcus luteus by intraperitoneal injection to Oreochromis niloticus

had a fatality rate of just 25%, compared to 90% for Pseudomonas using the same path (Khattab

et al., 2005). Of all the probiotic delivery routes in aquaculture, applying it via the farming water is

the only approach accessible to all kinds of fish. Through the water, probiotic delivery may also

affect the fish’s safety by enhancing the water quality, as the probiotics alter the bacterial composi-

tion of water and sediments (Ashraf, 2000; Venkateswara, 2007).
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17.4 Significant factors governing the advantages of probiotic form of
administration

The length of therapy (contact time), the dosage, and the probiotics source are significant factors

that may influence efficacy (Cabello, 2006; Van Hai, 2015). However, the key factors that can

influence the effects of water-based probiotics are described here.

1. Temperature: Temperature tends to be an essential aspect in the medicinal operation of

probiotics in aquaculture systems when applied by immersion. The probiotic strain Aeromonas

media A199’s maximal antagonistic activity toward saprolegniosis infection was accomplished

by a small increase in water temperature (Lategan et al., 2004).

2. Dose: The effective dose of the probiotics employed through specific application to the water

medium shall be determined based on the weight of the fish handled and the amount of water.

The effects on developmental efficiency and immune response in Perca fluviatilis L. of

commercial probiotics composed of a combination of B. licheniformis and Bacillus pumilus

were tested on larvae. The use of the bacteria probiotics via water did not result in substantial

growth, survival, or immunity. Applying probiotics with this operational method may not have

been adequate to stimulate their digestive processes (Suzer et al., 2008). Similarly,

Lactobacillus spp. was immediately applied. Like a probiotic for the gilthead bream tank water

(Sparus aurata L.), the larvae, development, and gastrointestinal enzyme production did not

improve dramatically relative to probiotic administration in live fish (Jahangiri & Esteban,

2018).

3. Inoculation times: Inoculation must be repeated during the treatment cycle to ensure a healthy

probiotic population at a final measured concentration. In cases when the probiotics are injected

into the water, the time will depend on how long it takes for a given probiotic to vanish from

the column of water. Because of this, this period should be measured before treatment begins.

4. Age of treated fishes: In initial larval phases, probiotic administration can more efficiently

control the gut microbiota, since the digestive tract isn’t fully formed and the established

microbiota represents that of the feed and rearing water. Therefore initial probiotic therapies are

strongly recommended for full benefit via rearing water. In the initial postfertilization of cod,

administration by water column (105�107 CFU/mL) of two probiotic strains (Arthrobacter sp.

and Enterococcus sp.) may regulate the endogenous microbiota and support the growth and

survival of larvae (Lauzon et al., 2010).

5. Salinity: Salinity is believed to reduce probiotic bacteria survival and restrict their seawater use.

Lactic acid bacteria (LAB) half-lives in seawater (35 gL/b) were stated to be between 3 and

21 h (20�23�C) (Gatesoupe, 2008). This small range of practicality could end in lower

probiotic colonization in fish species that live in higher salinity environments. Yet, eight lactic

acid bacteria extracted from fish and seafood for turbot probiotics in vitro, and in vivo analysis

showed that all isolates could live in seawater for 7 days (at 18�C) (Muñoz-Atienza et al.,

2014). It seems as though salinity and temperature have a concomitant effect on the

advantageous effects of probiotics. On the other hand, it has to be noted that in marine

aquaculture, the direct addition of probiotics to the water column has generally been considered

more successful than other methods (Villamil et al., 2010). Apart from the factors mentioned

previously, it seems as though the effects of probiotics are widely diverse among different
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species of fish (Jahangiri & Esteban, 2018), although there is not enough evidence to

substantiate this.

17.5 Rationale for use of probiotics in aquaculture
Researchers require a detailed understanding of the digestive tract as an ecosystem to identify the

function and future importance of probiotics to hydrobiont safety and well-being. The recent years

of increased scientific activities in this area have verified the significance of microbials in the

digestive system. The hydrobiont digestive tract is an open structure that continuously comes into

contact with the natural atmosphere—water. Compared with water, the digestive tract is a much

richer nutrient environment and more suitable for most bacterial growth. Gastrointestinal bacteria

(GIT) are involved in nutritional decomposition, supplying pharmacologically important products

like sugars, vitamins, and amino acids to the macroorganisms (Sugita et al., 1997; Thompson et al.,

1999; Verschuere et al., 2000).

Bairagi et al. (2002) evaluated GIT-associated aerobic bacteria in nine species of freshwater

fish. They concluded that digestive enzymes were produced by selected bacterial strains, thereby

promoting food consumption and digestion. Probiotics applied to the diet also have the same bene-

ficial characteristics (Wang, 2007; Yanbo & Zirong, 2006). The digestive tract microflora have

been established; limited hydrobionts play a significant part in the confrontation against contagious

diseases, since they produce antibacterial resources that prevent pathogenic bacteria from penetrat-

ing the organism. Probiotics were originally meant to preserve or to restore an effective interaction

between healthy and pathogenic microbes that form the microbiota of the gastrointestinal tract or

the surface mucus of hydrobionts. A few bacteria also have antiviral properties and are employed

as candidate probiotics. While the precise process by which bacteria achieve this is not understood,

experimental studies suggest that chemical and biological suppression of viruses, such as samples

of aquatic algae and extracellular bacteria, may occur. Mucosal surfaces attachment and coloniza-

tion are potential defense mechanisms against pathogenic agents for binding sites and nutrients

(Westerdahl et al., 1991) or immune regulation.

17.6 Selection criteria for probiotics
Probiotics’ primary function is to create or sustain an equilibrium between favorable and detrimen-

tal bacteria naturally found in the intestine or gut of fish (Chauhan & Singh, 2019; Thirumurugan

& Vignesh, 2015). Effective probiotics should have the following qualities (AFRC, 1989;

Merrifield et al., 2010; Ouwehand et al., 1999):

1. Probiotics should have beneficial effects, against various pathogenic bacteria, on the fish’s

growth, development, and defense.

2. The probiotic bacteria should not negatively affect the host.

3. The genetically stable probiotics do not have the potential for drug resistance.

4. They may exhibit the following properties as a useful feed:

a. Tolerance to bile and acid.
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b. Resistance to digestive fluids.

c. Attach to the surfaces of digestive system.

d. Aversion of pathogens.

e. Immunity enhancement.

f. Greater motility in the stomach.

g. Endurance in mucus.

h. Synthesis of vitamins and enzymes.

5. They should have good sensory properties, fermentation operation, cryo-drying resistance, and

feed survival through packing and storage processes.

To determine their potential as ideal probiotics, bacteria extracted from various sites are sub-

jected to multiple steps of sampling. The screening method includes gram staining, indexing, in-

vitro assessment of hostile characteristics, acid resistance, bile resistance, drug sensitivity, and bio-

films formation. Effective compliance with all requirements qualifies them as a possible probiotic

suitable for aquaculture use.

17.7 Probiotics formulation and commercialization
Although the definition does not specify exact quantities, elevated amounts of active microorgan-

isms for probiotics are suggested (Gatesoupe, 1999). Therefore high viability maintenance during

planning and storing poses specific difficulties and may be considered a significant roadblock in

industrial probiotics development. This phenomenon is chiefly true for “tech adaptive” strains

(such as particular LABs) with the impact that the most widely marketed probiotics are typically

only resilient.

Most liquid/frozen probiotic products need storage and delivery refrigeration, thus adding cost

and frequent aquaculture applications. Probiotic bacteria resilience and healthy cell counts differ

according to strain and producer (Schillinger, 1999). It is necessary to display the effective sustain-

ability of the bacteria in products during their shelf life to retain trust in the probiotic materials

used for aquaculture. Over the last 20 years, the understanding of how probiotic products are pro-

cessed and formulated has grown. Most probiotic experiments are performed in vitro, and even

without the implementation of uniformity criteria.

The genus Bacillus is a gram-positive rod that produces a single endospore (spore), which is a

rare case within probiotic bacteria. Bacillus spp. B. subtleis, B. cereuses, B. coagulans, B. clouseii,

B. megaterium, and B. licheniformis are used as probiotics (Oggioni et al., 2003). These powders or

solutions of distilled water formulations are incredibly tolerated by spores because of the spore cli-

mate’s physical and biological features and long lifespan. The price of growing spores for aquacul-

ture in comparison to the production of distilled components is also low.

The prospect of using these species as probiotics is made much more possible by distinct struc-

tures, comprising the unique plasmids obtainable for genetic engineering of Bacillus subtilis (Driks,

1999). Nevertheless, as a basic guideline, the plasmids’ existence is not a justification for disregard-

ing the strain as a possible probiotic. However, this additional chromosomal DNA’s role in produc-

ing phenotypes important to technical and probiotic elements should be evaluated.
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The consistency is also important to ensure probiotic potency and their potential to deliver bene-

fits in the host’s final product preparation. Probiotic colonies must also preserve their probiotic

properties after manufacturing and survive in adequate amounts throughout their shelf life to be

viable and provide their beneficial effects. It is well documented that probiotic viability is deter-

mined by different variables, including species, strain biotype, water storage, hydrogen ion concen-

trations (pH), mechanical friction, osmotic strength, and oxygen. Therefore particular care and

methods are required throughout the probiotic development procedure. Diverse methods have been

suggested, including oxygen-impermeable tanks, two-step fermentation, pressure tolerance, the

introduction of micronutrients like amino acids and peptides, and microencapsulation to improve

the resilience of these probiotics to adverse environments.

There is growing attention on probiotics as an ecologically sustainable substitute used in both

methodological and theoretical situations (Soccol et al., 2010). As per a recent study by Grand

View Research, Inc., the international probiotics demand is expected to hit USD 77.09 billion by

2025 (Narayana et al., 2020), observing a compound annual growth rate of 6.9%. There are cur-

rently numerous marketable probiotic formulations containing one or more live microorganisms

developed to enhance aquatic organism production. Probiotics should be used as a food supplement

applied either to or combined with food in the culture tank.

In addition to the laboratory treatment of bacteria, some items are now available for commercial

use. One of the first consumer products to be focused on Bacillus isolated extracted commercial

formulations such as Biostart to research the influence of inoculum concentration during the proces-

sing of cultured catfish. The usage of marketable Bacillus spp. probiotic strains improved the con-

sistency and viability of pond-grown shrimp (Moriarty, 1998).

Marketed products are usually sold in powder or liquid formats, and new technologies for devel-

opment have been created. In the fermentation procedures, the emphasis was on optimization condi-

tions for fermentation to improve probiotic viability and versatility, enhancing performance

(Lacroix & Yildirim, 2007). The manufacture is usually done in batch cultures because of the com-

plexity of continuous processing in large-scale systems (Soccol et al., 2010).

Recently, systems for the immobilization of probiotics have been developed, in particular using

microencapsulation. Microbial cells of large density are encapsulated in a colloidal matrix using algi-

nate, chitosan, carboxymethylcellulose, or pectin to secure the microorganisms biologically and

chemically. Approaches widely intended for probiotic microencapsulation are extrusion, emulsion,

starch adhesion, and spray drying (Rokka & Rantamäki, 2010). Aimed at extension to aquaculture,

Rosas-Ledesma et al. (2012) have efficiently encapsulated Shewanella putrefaciens cells into calcium

alginate, showing the persistence of compressed probiotic cells via the sole gastrointestinal tract.

Alginate matrix encapsulation defends bacteria from low pH and gastrointestinal enzymes; this

defense allows the discharge of the probiotic without harm to the intestine (Morinigo et al., 2008).

The benefits of freeze-dried industrial preparations lie in preservation and shipping. Conditions for

the execution of reconstituting these formulations, such as degree of hydration, temperature, and

solution osmolarity, are nevertheless critical for ensuring the bacteria’s viability.

It is crucial to note that these items must offer health value to the host; to this point, confined

microorganisms can withstand storage conditions and stay viable and stable in the digestive tract of

the aquatic species to increase production (Dar, Dar et al., 2016; Dar, Kamili et al., 2016; Martı́nez

Cruz et al., 2012). In the opinions of the producers, these preparations are safe to use and useful for

the maintenance of the well-being of aquatic animals.
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17.8 Classification of probiotics in aquaculture
Probiotics are classified according to their use, administration, function, etc.

17.8.1 Commercial form

The aquatic probiotics are commonly sold in two primary forms, dry and wet. Dry forms are more

stable and are paired with host water or feed. Liquid probiotic materials are usually specifically

combined with food or placed in the tank, generally used in hatcheries for chickens. The liquid

forms of probiotics show stronger and more beneficial outcomes because of their reduced concen-

tration as compared to dried probiotics (Nageswara & Babu, 2006).

17.8.2 Mode of administration

Depending on the way they are treated, the aquatic probiotics can be further classified into two

groups. The first one involves combining probiotic bacteria with feed supplements to improve ben-

eficial intestinal bacteria. The second class includes applying probiotics in water directly; therefore

fish can absorb the available nutrients in the aqueous system and prevent pathogen propagation.

These two types of probiotics have been used in aquaculture with finfish and shrimp (Sahu et al.,

2008).

17.8.3 Based on derivation

Putative probiotics refers to probiotics derived from various organic sources such as gastrointestinal

tract, liver, gill, gonads, intestine, and certain inner organs. In comparison, the (nonputative) com-

mercial sources include those previously manufactured and commercially accessible in the market-

place. Bacillus, lactobacillus, and the genus Bifidobacterium are the most commonly used probiotic

microorganisms (Hai, 2015).

17.8.4 Depending upon the function

Probiotics are classified into three categories according to their actions against pathogens:

1. Antibacterial: Several probiotics employed in aquaculture are known for their antibacterial

properties against recognized pathogenic agents. The probiotic Lactococcus lactis RQ516 shows

an inhibitory effect when given to tilapia against Aeromonas hydrophila. Leuconostoc

mesenteroides can hinder the pathogens of fish present in Nile tilapia (Zhou et al., 2010).

Bacillus subtilis significantly decreases the motile total of Coliforms, Aeromonads, and

Pseudomonads present in aquarium fish, according to studies. Many species of Lactobacilli

extracted from inside the intestine of Anguilla, Labeo rohita, Clarias orientalis, Oreochromis,

and Puntius carnaticus have shown potent antimicrobials combating Aeromonas and Vibrio

species.

2. Antiviral: Probiotics’ antiviral function has developed a reputation in recent years. However,

the precise mechanism by which probiotic bacteria exhibit antiviral activity is still unclear.
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The in-vitro studies show that virus inhibition can happen via the bacteria’s extracellular

enzyme secretion. Usage of Lactobacillus as a probiotic, whether as a single strain or in

combination with Sporolac, has led in the case of Paralichthys olivaceus (oil flounders) to less

susceptibility to viral lymphocytes disease. The antiviral activity against IHNV was shown by

the species Aeromonas, Corynebacterium, Pseudomonas, and Vibrio.

3. Antifungal: Very few studies on the probiotic antifungal function have been published. The

cultivated water of the Anguilla australis Aeromonas strain A199 (eel) possessed a strong

inhibition property against Saprolegnia species (Lategan & Gibson, 2003). In another study, in

Oncorhynchus mykiss (rainbow trout), increased tolerance for saprolegniasis has been shown by

the species Pseudomonas M162, Pseudomonas M174, and Janthinobacterium M169. Nurhajati

et al. (Nurhajati et al., 2012) showed the inhibitory potential of Lactobacillus Plantarum FNCC

226 against Saprolegnia parasitica in catfish (Pangasius hypothalamus).

17.9 Use of probiotics

17.9.1 Probiotics as a growth enhancer

Probiotics have been shown experimentally to increase fish growth. Probiotic treatments have

increased marine organisms’ growth rates, their effectiveness in feeding by affecting digestive

enzyme cycles, and their longevity. In reality, probiotics enhanced feed digestibility by enhancing

digestive enzymes, for example, lyase alginate, protease, and amylase. Probiotics work effectively

through extracellular enzymes, such as proteases, carbohydrolases, and lipases, and the production

of growth factors. Vibrio midae SY9 improved digestive protease function, absorption level protein

digestion, and Haliotis midae growth rate. The highest growth rate and best feed utilization ratio

for tilapia species such as Oreochromis niloticus were observed using probiotic Micrococcus luteus

(Yassir et al., 2002). Thus in fish aquaculture, M. luteus is known as a growth promoter. A probi-

otic formulation culminated in producing vital nutrients, such as biotin, fatty acids, and vitamin

B12. Probiotics may serve as a supplemental food supply or be added to food digestion, as bacteria

are essential foods in typical environments of deposit-feeding holothurians. Worldwide, different

research studies have been ongoing using probiotics as a growth enhancer. Table 17.1 provides

information about research on the usage of probiotics as a growth enhancer for fish.

17.9.2 Probiotics for disease management

In aquaculture, probiotics or their derivatives for health purposes have been described as beneficial.

This involves microbial nutrients that keep bacteria from spreading throughout the gastrointestinal

tract, external layers, and cultured species (Verschuere et al., 2000). The effectiveness of these

advantageous organisms is accomplished by improving the immune system of cultivated species,

reducing their susceptibility to disease, or developing inhibitors that deter pathogenic organisms

from manifesting infection in the host. It was noticed that streptococcus, which is one of the biggest

problems in tilapia communities, has been controlled after the administration of a probiotic with

artificial feed (Utami & Suprayudi, 2015).
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Probiotics not only help in disease management but also augment innate immune responses.

The ability of probiotics to increase the number of lymphocytes, macrophages, granulocytes, and

erythrocytes of various fish is well known (Anand et al., 2015; Irianto & Austin, 2002; Kumar

et al., 2008). The immune systems of fish larvae, shrimp, and other invertebrates are less evolved

than those of the adult stage, and for their resistance to infection they are dependent mainly on non-

specific immune responses (Verschuere et al., 2000). The application of probiotics promotes rain-

bow trout’s immunity by inducing phagocyte growth, enhanced bacterial killing, and

immunoglobulin development (Nikoskelainen et al., 2003). The probiotic Lactobacillus fermentum

LbFF4 extracted from fermented Nigerian food (“fufu”) and L. plantarum LbOGI from the “Ogi”

beverage may induce immunity in Clarias gariepinus (Burchell) to certain selected bacterial patho-

gens (Ogunshe & Olabode, 2009). It is known that both live probiotics and dead probiotics have

health benefits and can be used to change biological reactions (Adams, 2010). The probiotics will

thus shield the host from numerous diseases caused by pathogenic microorganisms (Akhter et al.,

2015).

Table 17.1 Use of probiotics as a growth enhancer of fish.

Probiotic Test fish Activity Reference

Shewanella putrefaciens Pdp11 Solea

senegalensis

Regulating the microbiota of

digestive tract, increment in

growth performance

Ashraf

(2000)

Lac. pentosus BD6, Lac. fermentum LW2,

Bacillus subtilis E20, Saccharomyces

cerevisiae P13

Asian seabass Augmenting growth

performance

Lin et al.

(2017)

Lactobacillus plantarum Oreochromis

niloticus

Improving growth

performance and survival rate

Meidong

et al. (2017)

Lactobacillus casei Keureling (Tor

tambra) fish

Increase the rate of growth

and feed production

Muchlisin

et al. (2017)

Lactobacillus plantarum Tilapia Regulating some

hematological parameters and

enhancing the growth

performance

Yamashita

et al. (2017)

Lactobacillus rhamnosus Pagrus major Promoting growth Dawood

et al. (2015)

Enterococcus casseliflavus Oncorhynchus

mykiss

Favoring growth performance Safari et al.

(2016)

Enterococcus faecalis Oncorhynchus

mykiss

Augmenting growth Rodriguez-

Estrada

et al. (2013)

“Ecotec” (Lactobacillus acidophilus,

Streptococcus thermophiles, STY-31, LA-5,

Bifidobacterium, BB-12, and Lactobacillus

delbrueckii ssp. Bulgaricus, LBY-27)

Labeo rohita

juveniles

Increase in growth and

survival

Kanwal and

Tayyeb

(2019)

Baker’s yeast, Saccharomyces cerevisiae Mystus

cavasius

Promoting growth and

survival

Banu et al.

(2020)
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17.9.2.1 Modes of action
The valuable actions of probiotics on the defensive system of the host’s gastrointestinal tract have a

vital role in the treatment of inflammation and prevention of different diseases (Azimirad et al.,

2016; Modanloo et al., 2017). Considering the potential probiotic effect in vivo, a distinction must

be made between the strain’s inherent ability to positively affect the host and its success in achiev-

ing and sustaining itself at the position where the action is to be carried out. For example, if the

host does not ingest the strain, it is meaningless if siderophore development or inhibiting molecules

are of adequate quantity and under GI conditions. This is significant, because Prieur (1981) showed

that the bivalve Mytilus edulis selectively ingested and digested microbes. Likewise, if probiotics

cannot successfully multiply in the intestine after being consumed, significant results cannot appear

unless they are routinely added into the diet. Therefore potential means of action essentially call for

the selected probiotics to get to where probiotic outcomes are expected. The modes are described

in the following paragraphs.

17.9.2.1.1 Production of bacteriocidal substances

Microbial communities can discharge biochemical materials with a bactericidal or bacteriostatic

impact on other microbial species, which may change interpopulation associations by affecting

chemical or accessible energy rivalry (Fredrickson & Stephanopoulos, 1981; Pybus et al., 1994). In

the host surface or culture media, bacteria produce inhibitory substances, thus serving as an obsta-

cle to propagating (optimistic) pathogenic substances. Bacteriologic antibacterial activity, in partic-

ular, is related to the following: antibiotic development (145), lysozymes, siderophores, hydrogen

peroxide, proteases, and alteration of its pH properties through organic acid processing (126), both

individually and in combination.

Lactic acid bacteria develop compounds that inhibit the development of other microorganisms

such as bacteriocins (136). Because lactic acid bacteria naturally constitute only a small portion of

the intestinal microbiota and, although they may be commonly regarded as nonpathogenic, this can

be resolved by suppressing closely associated organisms from lactic acid bacteria by producing bac-

teriocin, which effectively contributes to the higher health status of their organisms.

In amensalism, which can happen between bacterial species, compounds apart from bacteriocins

and antibiotics have been proposed to play a role. Strand B-10�31, isolated from the Japanese

nearshore seawater, formed a monastatin alkaline protease inhibitor. The purified and diluted mon-

astatin in vitro test showed inhibitory activity to suppress the fish pathogen A. hydrophila protease

and V. anguillarum thiol protease.

Probiotics are bacterial alternatives to contaminants in aquaculture (Decamp et al., 2008; Heo

et al., 2013). While the mechanism of action through which probiotics cause antibacterial effects

still remains to be determined, several studies suggested that probiotics develop antibiotic com-

pounds (Moriarty, 1998); pH decrease after the production of organic acid would also inhibit the

growth of pathogenic bacteria (Ma et al., 2009). Bacillus licheniformis and B. pumilus were

reported to have antibacterial activity by Ramesh et al. (2015). Pumilus is immune to low pH and

elevated bile levels. An inhibitor of Vibrio alginolyticus in whiteleg prawns was also shown in a

further study of Bacillus licheniformis (Ferreira et al., 2015). The Lactobacillus spp. is confirmed.

Common probiotics synthesize diacetyl, hydroperoxide, short-chain fatty acids, and bactericidal

proteins (Faramarzi et al., 2011), reinforcing both the immune response and disease tolerance
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(Gram et al., 1999). Thus, through developing antibiotic compounds, probiotics may shield marine

animals from pathogen threats.

17.9.2.1.2 Competition for nutrients

Rivalries for nutrients, or usable energy, can determine how various communities of microbials

coexist within a similar environment (Fredrickson & Stephanopoulos, 1981). Nutrient rivalry is

regarded as one of the pathways by which probiotics prevent pathogenic agents (Ringø et al.,

2016). In aquaculture ecosystems, the microbial ecology is typically dominated by heterotrophs act-

ing as carbon and energy sources for organic substrates. Basic knowledge of the factors regulating

microbiota composition in aquaculture systems is needed for manipulation. However, this informa-

tion is not widely accessible, and so one needs to focus on an observational approach. Previous

research has shown that iron rivalry is a vital component in marine bacteria. For their growth, most

bacteria require iron. However, iron is scarce in animal tissues and body fluids (Verschuere et al.,

2000). The bacteria get the quantity of iron required for their development from the iron-binding

siderophores. There is a clear link between the development of siderophores and specific diseases

(Gram et al., 1999).

17.9.2.1.3 Competition for binding sites

Competition over gastrointestinal sites and other tissue interfaces is one potential method to avoid

invasion by pathogens. Capability to bind to the surface wall and enteric mucus is considered to be

essential for bacteria survival in fish intestines (Westerdahl et al., 1991). Because bacterial adhesion

to the tissue surface is necessary throughout the initial stages of pathogenic infection (Krovacek

et al., 1987), the first probiotic impact could be the contest for binding receptors with pathogens

(Montes, 1993). Adhesion may be unspecific, depending on physicochemical or particular factors,

like adhesive molecules on the epithelial outer membrane of adherent bacteria and receptor mole-

cules (Salminen et al., 1996). Mutual exclusion is suggested as an operation mode of probiotics in

the deterrence of pathogens (Sorroza et al., 2012), accomplished by probiotic settlement in the GI

mucosal epithelium (Korkea-Aho et al., 2012). Various forms of surface factors have indicated par-

ticipation in a probiotic association with intestinal epithelial cells and mucus that inhibits pathogen

colonization (competitive exemption) per se. This can contribute specifically to associations in

adhesion receptor systems (Montes, 1993) that could antagonize (Luis-Villaseñor et al., 2011) and

limit the invasion of pathogens (Chabrillón et al., 2005). This phenomenon explicitly illustrates the

ability to prescribe probiotics as a supplement for antibiotics and other elements (Cheng et al.,

2014). Electrostatic interactions, passive forces, steric forces, hydrophobic and lipoteichoic acids

have been reported to be among the factors that cause probiotic adhesion to the binding position

(Wilson et al., 2011). Westerdahl et al. (1991) reported that rivalry following mucosal surfaces’

occupation for attachment sites and nutrients might be a potential functional mode for the defensive

implications of probiotics combating pathogens.

17.9.2.1.4 Immunomodulation

The innate immune responses are the nonspecific immune response of the first line to defend host

species from infection, involving various cells and pathways. It has been documented that probio-

tics can affect nonspecific elements of the immune system, such as mononuclear phagocytes

(monocytes, macrophages), natural killer cells (NKs), and polymorphonuclear leukocytes
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(neutrophils). Immune stimulants are chemicals that stimulate animals’ immune systems and

increase their resistance to viral, bacterial, fungal, and parasite infections (Raa, 1996). However,

currently, it is not evident whether probiotic bacteria can positively affect the immune response of

cultured aquatic species, but this cannot be excluded a priori from this system. Previous studies

have indicated improvements in monocytes (Aly et al., 2008), leukocytes (Korkea-Aho et al.,

2012), granulocytes, macrophages, erythrocytes, and lymphocytes in numerous fish after probiotic

therapy (Nayak et al., 2007). For example, rainbow trout that consumed Clostridium butyricum

demonstrated improved tolerance to vibriosis by impacting phagocytic action in leukocytes (Sakai

et al., 1995). Often, Vibrio species and Bacillus have joint administration. In young white shrimps,

the growth efficiency, survival, and resistance to white spot syndrome virus and V. harveyi were

beneficial (Hoseinifar et al., 2018). The authors contributed to the advancement of phagocytosis

and antibacterial action in this defense, and thus immunomodulation. Probiotics are also useful bac-

teria capable of inhibiting infections and host immune system control. The main microbe-

associated molecular patterns (MAMPs) of probiotics include peptidoglycanS-layer protein A

(Slpa), lipoteichoic acid (LTA), exopolysaccharide (EPS) flagellin, and microbial nucleic acids.

Some pattern recognition receptors or PRRs can detect the MAMPs and cause signaling cascades

that can lead to cytokines, chemokines, and other results. These receptors are used for identifying

patterns. In recent years, interest has been growing in determining the mechanism of action of pro-

biotics on the immune system of the intestine. The investigators examined the potential association

between TLR-mediated signaling probiotic identification and bowel immunity stimulation in this

context. For example, the TLR2 signaling pathway was stated to have been involved in identifying

the Psychrobacter sp. SE6 probiotic and subsequent activation of the immune reaction in

Epinephelus coioides, the grouper (Sun et al., 2014) (Table 17.2).

17.9.2.1.5 Quorum sensing disruption

Quorum sensing (QS) is a bacterial regulating system responsible for monitoring the production

of different biological macromolecules such as cell density-dependent virulence factors. Bacteria

control the gene that expresses this mechanism by generating, releasing, and recognizing small

signal molecules (Chu et al., 2014) named auto-inducers. This mechanism is used by many bacte-

ria to interact and control a range of physiological processes (Miller & Bassler, 2001).

Disruption of the pathogen QS mechanism, a new antiinfective approach, has been proposed for

aquaculture.

Since N-Acyl homoserine lactones (AHLs) are the critical family of auto-inducers used in

gram-negative bacteria, their biodegradation proves to be an important way to disrupt QS. Sp.

Bacillus QSI-1 is an effective quorum quencher of the fish pathogen A. hydrophila on virulence

factor development and biofilm formation (Chu et al., 2014). Sp. Bacillus QSI-1 reduced AHL

accumulation but did not impact the growth of A. hydrophila strain YJ-1 when co-cultured. The

QSI-1 supernatant was found to exhibit substantial inhibition of protease development (83.9%),

hemolytic function (77.6%), and biofilm-forming (77.3%) in the YJ-1 strain.

Bacillus species QSI-1 significantly reduced the pathogenicity of the A. hydrophila YJ-1 strain

in zebrafish (Danio rerio) in biocontrol studies. Fish fed with QSI-1 were found to have 80.8% rel-

ative survival. The findings showed that AHLs destroying bacteria should be seen as an alternative

to antibiotics for bacterial fish diseases in aquaculture. Probiotic bacteria such as the strains

Lactobacillus, Bifidobacterium, and Bacillus cereus destroy the signal molecules of pathogenic
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Table 17.2 Use of probiotics for disease management and augmentation of the immune system

of fish.

Probiotic Test fish Activity Reference

Bacillus licheniformis (TSB27)

Lactobacillus thuringiensis

Bacillus plantarum

Bacillus subtilis (B46).

Sparus aurata L. Boosting the immune system Bahi et al.

(2017)

Carnobacteria inhibens Atlantic salmon,

Rainbow trout

Reduced mortalities by defending

with A. salmonicida, Vibio ordalii,

Yersinia ruckeri

Robertson et al.

(2000)

Bacillus subtilis and Bacillus

licheniformis (BioPlus2B)

Trout Increased survival rate against Y.

ruckeri

Raida et al.

(2003)

Bacillus subtilis Indian major

carp

Control of infection, against A.

hydrophila

Kumar et al.

(2006)

Bacillus subtilis Rainbow trout Increased survival rate against

Aeromonas

Newaj-Fyzul

et al. (2007)

Bacillus subtilis Grouper Enhance the relative survival

percentages against Streptococcus sp.

Liu et al. (2012)

Bacillus circulans Catla catla Enhanced the immune response and

therefore survival against A.

hydrophila

Bandyopadhyay

and Mohapatra

(2009)

Lactobacillus acidophilus African catfish Reduced mortalities against

Staphylococcus xylosus, A.

hydrophila, and Streptococcus

agalactiae

Al-Dohail et al.

(2011)

Lactobacillus sakei Rock bream A nonsignificant decrease in the

cumulative mortality against

Edwardsiella tarda

Harikrishnan

et al. (2011)

Lactococcus lactis Olive flounder Activated the innate immune system

and protection against pathogen

infection against Streptococcus iniae

Kim et al.

(2013)

Flavobacterium sasangense Common carp Enhance immune response and

disease resistance against A.

hydrophila

Chi et al. (2014)

Pseudomonas aeruginosa Zebrafish Protect fish by inhibiting biofilm

formation and enhancing defense

mechanisms against Vibrio

parahaemolyticus

Vinoj et al.

(2015)

Shewanella xiamenensis Grass carp Improved disease resistance against

A. hydrophila

Wu et al. (2015)

Enterococcus casseliflavus Rainbow trout Improve growth performance and

enhance disease resistance against

Streptococcus iniae

Safari et al.

(2016)

Lac. pentosus BD6, Lac.

fermentum LW2, Bacillus

subtilis E20, Saccharomyces

cerevisiae P13

Asian seabass Improving disease resistance of Asian

seabass against A. hydrophila

Lin et al. (2017)

(Continued)
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bacteria by enzymatic secretion or auto-inducer antagonist development (Brown, 2011). Medellin-

Peña et al. (2007) demonstrated that Lactobacillus acidophilus secretes a molecule inhibiting the

QS or interfering with Escherichia coli O157 gene bacterial transcription (Medellin-Peña et al.,

2007).

17.9.3 Probiotics for water quality management in aquaculture

Water plays a crucial role in the lives of all organisms, but especially in all aquatic species.

Characteristics of water affect the survival, reproduction, and growth of fish and other aquatic

organisms. The hydrobiological parameters and distribution of nutrients have a significant impact

on aquatic organisms. Water quality analysis helps to detect whether the water is suitable for

human consumption, fish health, etc., which is one of the criteria associated with outbreaks of fish

diseases in aquatic organisms. The main concern in aquaculture is water quality improvement,

avoiding organic, nitrogen, ammonia, and nitrite wastes. High levels of these compounds can cause

severe harm and significant mortality (Das et al., 2017). The oxidizing bacteria of ammonia

Table 17.2 Use of probiotics for disease management and augmentation of the immune system

of fish. Continued

Probiotic Test fish Activity Reference

Bacillus sp. MVF1 Labeo rohita Decreasing susceptibility to disease Park et al.

(2017)

Bacillus subtilis, Bacillus

licheniformis

Juvenile

rainbow trout

Increasing resistance against A.

salmonicida

Park et al.

(2017)

Vibrio lentus Dicentrarchus

labrax

Protecting against vibriosis caused by

V. harveyi in seabass larvae

Schaeck et al.

(2017)

Enterococcus casseliflavus Oncorhynchus

mykiss

Favoring disease resistance by

inmunomodulation

Safari et al.

(2016)

Bacillus sp. Pediococcus sp. Solea

senegalensis

Improving protection against

pathogen outbreaks

Batista et al.

(2015)

Lactobacillus plantarum (LP20) Seriola dumerili Improving immune response and

stress

Dawood et al.

(2015)

Lactobacillus mesenteroides

SMM69 Weissella cibaria P71

Scophthalmus

maximus L.

Acting as antimicrobial agent against

the turbot pathogens T. maritimum

and V. splendidus

Muñoz-Atienza

et al. (2014)

Bacillus subtilis Bacillus

licheniformis Bacillus sp.

Pediococcus sp.

Oreochromis sp. Increasing resistance to S. agalactiae Ng et al. (2014)

Enterococcus faecalis Oncorhynchus

mykiss

Stimulating immune system and

protecting against diseases

Rodriguez-

Estrada et al.

(2013)

Saccharomyces cerevisiae Nile tilapia

(Oreochromis

niloticus)

Activating the immune responses

(lysozyme activity and phagocytosis)

that help in improving resistance

against pathogens

Dawood et al.

(2020)
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(ammonia to nitrite) and oxidizing nitrate bacteria (nitrite to nitrate) will turn these toxic substances

into safer forms (Qi et al., 2009). Probiotic bacteria have been argued to be an ecological biocontrol

or bioremediation agent for sustainable aquaculture production (Ibrahem, 2015). The decreased

growth of algae, decreased organic load, increased concentration of nutrients, increased population

of beneficial bacteria, inhibition of potential pathogens, and increased concentration of dissolved

oxygen are probiotic effects (Ibrahem, 2015).

Among the different routes of probiotic application in aquaculture, supplementation of rearing

water is the only method applicable for all ages of fish. Administration of probiotics through feed-

ing (dry feed) or injection has some limitations during early larval stages, due to the immature

digestive tracts in that stage of fish development and the high level of stress.

On the other hand, from the beginning day of hatching in incubators, probiotics can be directly

administered to the rearing water. Commercialized probiotics (Remus, Avecom, Ghent, Belgium)

can be directly applied to the water containing the larvae of cod (Gadus morhua L.), enriching roti-

fer unregulated growth-related proteins and downregulated proteins related to stress (Sveinsdóttir

et al., 2009). According to the findings, L. plantarum consisted of 70% of the microbial community

in the cod larvae intestine. The probiotic L. plantarum was inoculated at the rearing water

stage. was inoculated at the rearing water stage. (Strøm & Ringø, 1993). Overall, the most benefi-

cial mode of administration of probiotics in cod larviculture was administration through the rearing

water (Lauzon et al., 2014).

Studies have documented gram-positive bacteria (Bacillus species) as probiotics to boost the

water quality. The bacterial community of Bacillus is more effective in converting organic matter

into CO2 than gram-negative bacteria. It is proposed that fish farmers should reduce the accumula-

tion of dissolved and particulate organic material during the growing season, while maintaining

high rates of probiotics in production ponds. What is more, this can support phytoplankton produc-

tion. Nonetheless, this theory could not be tested using one or more Bacillus species, Nitrobacter,

Pseudomonas, Enterobacter, Cellulomonas, and Rhodopseudomonas, during the cultivation of

shrimp or channel catfish. Except for the nitrates, published evidence for improving the water qual-

ity is therefore limited. Use of the Bacillus sp. has been documented to result in improved water

safety, longevity, and development rates, as well as improved juvenile Penaeus monodon health

status and decreased pathogenic Vibrio species (Dalmin et al., 2001).

Boyd acknowledged the positive impact of probiotics on organic matter decomposition and

decreased phosphate and nitrogen compound amounts (Boyd & Massaut, 1999). Aerobic denitrify-

ing bacteria are deemed ideal candidates in aquaculture waters to reduce nitrate or nitrite to N2.

Many bacteria have been extracted in tanks for shrimp farming to that purpose. Some of the already

known denitrifying bacteria are Acinetobacter, Arthrobacter, Bacillus, Cellulosimicrobium,

Halomonas, Microbacterium, Paracoccus, Pseudomonas, Sphingobacterium, and Stenotrophomas.

17.10 Safety and evaluation of probiotics
The basic principle that probiotics can have multiple beneficial effects in aquaculture has been

proven beyond question. This principle’s application to health and disease in hydrobionts has

already shown some promising results (Olafsen, 2001), even though still in its infancy. However,

previously ignored safety factors for the production and promotion of probiotics are now being
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considered (Courvalin, 2006). Safety is the state of certainty that an entity will not inflict harmful

consequences under specified circumstances.

New species and more complex strains of probiotic bacteria are continually being discovered.

These new probiotic colonies cannot be expected to share the historical stability of established or

typical strains. New strains should be thoroughly tested and examined for both safety and effective-

ness before integrating them into products. Furthermore, current producers of probiotics should sub-

mit molecular methods for ensuring the accurate detection of the types of bacteria present in their

products, for quality assurance and safety.

Different bacteria belonging to the genera Streptococcus, Lactococcus, Vagococcus, and

Carnobacterium can be linked to an increasing number of diseases that have emerged with the

worldwide growth of aquaculture (Ringø & Gatesoupe, 1998). Therefore the safety profile of a pos-

sible probiotic strain in the selection process is of vital importance. This research may include

assessing strain tolerance to a broad range of different antibiotic groups such as tetracyclines, qui-

nolones, and macrolides, and subsequent evidence of nontransmission of drug-resistance gene viru-

lence plasmids (Moubareck et al., 2005). The end-product composition should also be considered,

as to whether it causes adverse effects in specific subjects or eliminates the positive effects. A

greater understanding of the possible pathways by which probiotic species may induce adverse

effects will help create successful assays that predict which strains may not be safe for probiotic

products. Enhanced awareness will also strengthen recommendations for using particular drugs and

help define conditions under which probiotics can be supervised closely. However, current molecu-

lar methods should also be applied to ensure that the probiotic organisms used in aquaculture are

adequately established for consistency and safety compliance.

Probiotics used in the food industry have historically been considered safe, and in reality no

human hazards have been reported, remaining the best evidence of their safety (Saxelin et al.,

1996). In principle, probiotics could be blamed for four kinds of side effects in susceptible people:

bacterial infections, harmful metabolic activity, unnecessary immune suppression, and gene spread.

However, no hard evidence has been found regarding the safety of aquaculture products; Penaeus

monodon cultures have been documented in Asia and, more recently, in Latin America with bacte-

rial white spot syndrome (BWSS), in farms with repeated use of Bacillus subtilis related probiotics.

The spots are similar to those produced in white spot viral syndrome (WSS), a deadly disease that

spreads rapidly and causes mass mortality in shrimp cultures (Wang et al., 1999), as proven by

Wang et al. (2000).

In 2000, BWSS was a nonsystemic infection of P. monodon, and lesions usually vanished after

molting. Cultures having this disease are still stable and typically develop without substantial mor-

tality. However, it is of considerable concern that most farmers are unable to differentiate between

BWSS and WSS. In the event of doubt, farmers are urged to send samples to a confirmatory testing

laboratory.

Also, because certain aquaculture products are eaten raw or half-cooked, the question has been

asked whether residual probiotics in the end user could induce some infection. Shakibazadeh et al.

(2011) evaluated the capacity of danger for humans through Shewanella probiotic algae in shrimp

farms. Studies in mice given up to 1036 CFU were conducted to achieve the LD50 value for

Shewanella algae, demonstrating the probiotics’ efficacy in animals. Based on their observations,

these authors noted that using Shewanella algae is healthy for shrimp users, such as those working

in manufacturing plants and farms.
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Since there has been no scientific consensus to ensure probiotics quality and protection, the

FAO and WHO acknowledged the need to establish recommendations for a comprehensive

approach to testing probiotics in food to substantiate their health claims. Based on scientific evi-

dence (Pineiro & Stanton, 2007), field experts developed a working group to suggest standards and

probiotics assessment methods, and Guidelines for the Evaluation of Probiotics in Food was pub-

lished, providing guidance on assessing health and nutrient properties of probiotics in foods.

The working group reported no pathogenic or virulent properties present in lactobacilli, bifido-

bacteria, or lactococci, although they noted that certain lactobacilli strains were identified with

unusual cases of bacteremia under certain circumstances. However, with increasing the use of lacto-

bacillus in probiotics, the prevalence of the number of unusual cases of bacteremia does not

increase. An enterococcus was also identified that can exhibit virulence characteristics; thus it is

not intended for human consumption as a probiotic (FAO, 2006). While the Guidelines are not

based on aquaculture products, they provide a basis for conducting studies to determine the safety

of probiotics in this field.

To date, it has not been possible to identify particular virulence determinants or pathogenicity

of the probiotic microorganisms tested using animal models, including mice, rats, and fish

(Lahtinen et al., 2009), to show their overall safety. It is necessary, however, to continue research

using three approaches: (1) analyzing the inherent properties of probiotic strains, (2) researching

their pharmacokinetics (survival, intestinal function, dosage reaction, and mucosal recovery), and

(3) recognizing the relationships between the microorganism and the host.

17.11 Research gaps and future research plans
Usage of probiotics as substitutes for antibiotics and chemicals has led to enormous benefits in

aquaculture, so this achievement deserves further research to examine relevant but less studied pro-

blems. One such problem is the efficacy of various methods of administration. This problem can be

seen as a critical factor in the new probiotics generation in the aquaculture industry. Using probio-

tics straight into the water column in aquaculture systems as a possible method has been less inves-

tigated than the other implementation methods, though some studies point to the high efficacy of

probiotic administration in this manner.

In addition, because this approach is more successful in marine environments due to higher pro-

biotic absorption by treated fish (owing to intense drinking activity in these habitats), further

research should be carried out on probiotics through the water in different marine fish species. It

appears that further studies on the environmental safety of these additives are needed (Chinabut &

Puttinaowarat, 2005). The least-studied problems regarding the administration of probiotics as a

water additive involve the relationship between the quality and quantity of probiotics required to

regulate ammonia nitrogen in aquatic environments (Gross et al., 2004).

Similarly, in finfish aquaculture, considering the beneficial effects of yeasts as a probiotic, no

information is available on their rearing-water administration. The application of various probiotics

in biofloc systems has proven successful in improving shrimp quality (Yuniasari & Ekasari, 2010).

No studies to examine the effects of biofloc technology combined with probiotics in finfish aqua-

culture have been performed, to our knowledge. A study on this route of administration may

include numerous instruments for molecular biotechnology.
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DNA microarrays are commonly used for the assessment of immune responses as well as die-

tary effects in fish (Murray et al., 2010; Yuniasari & Ekasari, 2010), but knowledge of transcrip-

tomic effects induced by the administration of probiotics via water is minimal; further research

should therefore concentrate on this new method to gain a better understanding of the effectiveness

of probiotic application as a water additive.

Some experiments have shown that the use of chosen probiotics may be an effective way to pro-

tect marine animals from diseases. Farmers, though, cannot anticipate when the initiation of disease

will occur or schedule probiotic feeding in the weeks before infection. If the initiation of disease

has already occurred, additional analysis of the treatment results is then needed. It is noted that a

successful probiotics screen plays a vital role in the collection of suitable probiotics in aquaculture

as positive findings in vitro.

There are times where the in vivo results are not known (Kesarcodi-Watson et al., 2008).

Additionally, the safety of probiotic health benefits is also unclear. In marine conditions, the exis-

tence of live probiotics is unclear (Newaj-Fyzul et al., 2014). While there is no evidence supporting

short-term cyclic probiotic feeding techniques, this strategy is believed to prevent overstimulating

of an immune response, thus retaining a degree of immunostimulation or defense.

Studies related to dosage are minimal and somewhat inconsistent. We will require further inquiries

before presenting guidance with some degree of trust. Moreover, overdose or excessive probiotic

administration causes immunosuppression of the hosts’ continuous responses. While there is not much

evidence of sustained probiotic administration in aquaculture, Sakai (Sakai, 1999) disproves the theory

that long-term exposure to immune stimulants causes immunosuppression in aquatic organisms.

More studies are required on the effects, or even mortality, of probiotics, when they are admin-

istered over a long period and with an indiscriminate dosage.

17.12 Conclusion

This chapter shows that the application of probiotics in aquaculture as an alternative to chemicals and

antibiotics has proven useful in promoting profitable aquaculture, because probiotics have the potential

to boost the quality of the water, increase stress tolerance, produce high-quality livestock, and provide

varied potential benefits to fish health, among other advantages. Further research is required into the

most effective routes of probiotic administration. In addition, new research must be carried out on new

biotechnological processes that contribute to mass production and application of cost-effective probio-

tics on an industrial scale. To transfer the laboratory results to industry, we must overcome some non-

minor gaps, such as the legal permission involved when working with living organisms for human

consumption. Probiotics are a welcome addition to the mix of disease prophylaxis solutions in aquacul-

ture, but the research and science behind this field are still very much in the developmental stages. It

seems likely that the use of probiotics will gradually increase and, if validated through rigorous scien-

tific investigation and wide application, it may prove to be a boon for the aquaculture industry.
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18.1 Introduction
Fish represent a significant food for humans, and are also used for environmental research pur-

poses. Every year, more environmental pollutants are found, which is worrisome due to the rela-

tionship between toxic sources of pollution and disease. Aquatic toxins can be of special concern,

as water bodies may act as a means of accumulation or spread of various toxins. Additional meth-

ods are required for better detection and risk evaluation of health-related toxins in water ecosystems

(Dar et al., 2016b, 2016a, 2020; Ravi et al., 2007). At the immature stage of the fish life cycle, dis-

eases cause fish mortality.

Most of the disease outbreaks in aquaculture occur due to stress, such as pollution, predators, etc.

When a pathogen is able to establish an infectious disease, the impact on fish species can be problem-

atic. Disease from pathogens can be a viral infection, bacterial infection, or fungal infection. Fishes

are more susceptible to disease when environmental pollution, such as chemicals or drugs, is present,

and can also be adversely affected or even killed by other microorganisms and some parasites.

Many diseases and conditions, mainly in freshwater, affect fish: columnaris, also referred to as

cottonmouth, gill infections, ich, swelling, tail and fin rot, fungal diseases, pop-eye and cloudy eye,

swim bladder disease, lice and nematode worm infestations, water quality-induced diseases, alimen-

tary blockages, anorexia, chilodonella, ergasilus, TB, glugea, henneguya, hexamita, head and lateral

line erosion disease, injuries, leeches in aquariums, lymphocystis, marine velvet, neon tetra disease,

and many others. The most significant causes of death are due to bacterial diseases in aquaculture,

such as Streptococcus agalactiae, Lactococcus garvieae, Enterococcus faecalis, Aeromonas hydro-

phila, and Yersinia ruckeri.

In the whole world, about 1/3 food source is agriculture management or manufacturing, which

might play a major role in facing the subsequent need (Ravi et al., 2007). Pisciculture may lead to

as independent or absolute farming due to the enlargement of manufacturing in farms. The recent

intensive growth of fish-farming production has led to lowered immunity, causing mass fatalities or

also reducing the number of fishes, leading to major financial losses (Harper & Wolf, 2009). Fish

infections are cured by different treatments including drugs and chemicals. Chemicals have led to

greater production in fish farming (Table 18.1). Sanitation management of bacterial infection in

aquafarms is used in parallel with other measures, through specific pathogen-free brood stocks,
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with good sanitization, feed optimization, good water quality, and good health control. Pathogen

prevention measures (used on vehicles, staff, equipment, and visitors) are employed to prevent

pathogen entry into the farms. Also, the water can be treated with UV radiation to avoid water con-

tamination. This is mainly used in hatcheries and land-based recycling units in which a lower water

level can be processed (Almeida et al., 2009) (Fig. 18.1).

18.2 Bacterial infections occurring in freshwater fish

18.2.1 Aeromonas infections

Analysis shows that a number of diseases are recognized year after year in certain fish farms in

Poland. There are many reasons behind this; most of the diseases are due to motile Aeromonas,

such as A. hydrophila, A. sobria, or A. caviae. The symptoms depend upon the disease type. First,

skin ulcers and gill or fin injuries are observed in MAI (motile Aeromonas infection). This can

change into a systematic infectious disease, MAS (motile Aeromonas septicemia). In salmonids,

psychrophilic Aeromonas, Aeromonas salmonicida, may cause furunculosis, leading to skin ulcers.

Due to these, death rates have increased (up to 80%) (Austin & Austin, 2016). A species that

Table 18.1 Different diseases in fishes.

Sr. no. Disease condition Pathogens involved Symptoms

1. Columnaris disease Flavobacterium columnare Hemorrhagic and ulcerative lesions on fins,

head, and back, which may look yellow to

orange due to bacterial growth and

pigmentation

2. Tail rot and fin rot Pseudomonas spp.,

Cytophaga spp.

Erosions, discoloration, and disintegration of

fins and tails

3. Bacterial gill disease

or gill rot or

environmental disease

Flavobacterium

branchiophilum, Cytophaga

spp., Flexibacter spp.

Gasping, lethargic, gills look discolored with

trapped materials, secondary fungal infection

4. Aeromoniasis or

motile Aeromonas

septicemia

Aeromonas hydrophila, A.

veronii bv. Sobria, A. sobria

Hemorrhagic and ulcerative lesions on skin

fins, head, exophthalmia

5. Edwardsiellosis or

Edwardsiella

septicemia

Edwardsiella tarda Ulcerative abscesses in internal organs,

hemorrhagic ulcers on skin, fins and body,

rectal protrusion

6. Vibriosis Vibrio anguillarum, V.

parahaemolyticus, V.

alginolyticus

Ulcerative abscesses in internal organs,

hemorrhagic ulcers on skin, fins, and body

7. Eye disease Aeromonas liquefaciens,

Staphylococcus aureus,

various other bacteria

Cataract of eyes, affect cornea, eyeball

becomes putrefied

8. Pseudomoniasis/

Pseudomonas

septicemia

Pseudomonas sp.

Pseudomonas fluorescens

Hemorrhagic lesions on skin, fins, tail
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commonly found in any condition may display to bacteria, that is, Aeromonas species. Some condi-

tions are risky, such as bacterial interchange occurring during fish transport. Aeromonas spp. can

play a role in the physical flora of fish intestines (Austin & Austin, 2016), and they can cause dis-

orders in Cyprinus carpio L. as seen in data from over 5 years ago in Poland, in which deaths of

fish were observed (Kozińska et al., 2014). Also, infections can occur from multiple pathogen spe-

cies, such as Pseudomonas species, S. putrefaciens, Acinetobacter species, and S. maltophilia.

18.2.2 Pseudomonas infections

The species Pseudomonas is dispersed worldwide, representing a great number of microorganisms.

All psychrophilic bacteria grow in cold conditions, and they are the dominant microflora. The bac-

teria Aeromonas and the P. fluorescens group are significant, and can be identified in infected skin

or fins at above 10�C. The increase in infections may cause mutations to form new genera, allow-

ing the bacteria to change, based on the situation. Pseudomonas species can cause cold water straw-

berry disease in rainbow trout (Oncorhynchus mykiss) and Tinca tinca. Whole body disease along

with the usual condition of septic infection has been detected in Carassius carassius and Carassius

gibelio (Ahne et al., 1982; Csaba et al., 1984).

18.2.3 Flavobacterium infections

In aquatic habitats, the Flavobacterium species is found as a native species and can be a part of gill

microbiota in fish. Three species of Flavobacterium can cause flavobacteriosis: F. columnare is an

FIGURE 18.1

Different treatments used for fish diseases.
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etiologic pathogen that causes columnaris disease; F. branchiophilum spp. cause bacterial gill dis-

ease; F. psychrophilum spp. are related to cold water disease and rainbow trout fry syndrome.

Cyprinidae are a family of freshwater fish also referred to as cryprinids. The species F. columnare

and F. branchiophilum have given rise to some health issues. However, F. psychrophilum spp. also

cause deadly infections but usually are isolated from salmonids (Lehmann et al., 1991). These are

acute diseases in which the death rate can reach 50%, but in critical situations they can cause about

80% death rate in fish communities. In the previous 10 years, these bacteria species have been iso-

lated from salmonids or cyprinids in Polish fish farms. In these farms the diseases are detected

through clinical identification of disease signs in particular species (Kozińska & Pekala, 2007), pri-

marily outbreaks of cold water disease in Poland in rainbow trout.

18.2.4 Acinetobacter infections

Normally, infectious diseases originate because of particular bacterial microorganisms. The

Acinetobacter species is distributed throughout the environment, which also includes water bodies.

Recently in Poland, these microorganisms were isolated from trout and carp. Generally, the infec-

tion is detected in a distinct period, usually in the month of May or September (Kozinska &

Pekala, 2004). The laboratory work detects scale loss, nonpigmented body, injury in gills, and eye

obstruction in afflicted trout. Also, loss of blood and blockage in the gills are observed in afflicted

trout or in autopsies of these fish species. The disease syndrome has a death rate of 5%�20%

(Kozinska & Pekala, 2004). Acinetobacter species cause diseases that are commonly varied from

supplementary bacterial diseases, that is, Aeromonas and Chryseobacterium species, but the inac-

tive pathogen study included the Acinetobacter group. Acinetobacter species usually are considered

a transporter of disinfectant genes. They play a significant role in increasing antibiotic resistance in

the environment (Manchanda et al., 2010).

18.2.5 Shewanella putrefaciens infections

For more than 10 years, Shewanelloses have been known as serious infectious diseases in freshwa-

ter aquacultured fish. Shewanella putrefaciens is a halobacterium that is a significant microorgan-

ism in the putrefaction, or decay, process. It mainly spoils fish stored in cold temperatures, but also

affects chicken and beef as well (Borch et al., 1996). Shewanella putrefaciens has also been iso-

lated from marine and brackish water, as well as marine fish (Al-Harbi & Uddin, 2005). The first

bacteria of this type to be isolated from freshwater infected fish were described by Kozinska and

Pekala (2004). Disease developed very fast in different species, both ornamental and cultured fish,

including Cyprinus carpio L., Oncorhynchus mykiss, Anguilla anguilla, Salmo trutta m. trutta,

Hypophthalmichthys molitrix, Coregonus lavaretus, Sander lucioperca, Leuciscus idus, Rutilus ruti-

lus, Brachydanio rerio, Pelvicachromis taeniatus, Heterandria formosa, and Cyprinus carpio L.

(Qin et al., 2012; Rusev et al., 2016). The disorders in cultured fish were noticed in the spring sea-

son when the water temperature went up to 7�C�10�C (Dar et al., 2016b, 2016a; Pękala et al.,

2015). Common clinical signs in afflicted fish are dark skin, lethargy, and skin ulcers. In post-

mortem exams, kidney and spleen hemorrhage was observed. In different species the death rate ran-

ged from 40% to 50% (Peralta et al., 2012; Qin et al., 2012).
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18.2.6 Fish infection with gram-positive bacteria

Recently, various diseases caused by gram-positive bacteria in Oncorhynchus mykiss suddenly

increased in Poland (Kozińska et al., 2014). Two species of gram-positive bacteria, Lactococcus

garviae and Streptococcus iniae, are of particular importance. Both of these species cause serious

illness in both freshwater and marine fish, especially Oncorhynchus mykiss or the oncorhynchus

group, eels, and fish of the catfish and tilapia family (Austin & Austin, 2016). The source of bacte-

rial infections can be from water or sediments (Park et al., 1998). Though bacteria are present in

the environment and in the fish all year, the diseases mainly occur in the summer season when tem-

peratures rise to 18�C�25�C. The conditions of the aquatic environment and temperature are con-

sidered to be the most important factors affecting the appearance of disease (Austin & Austin,

2016). The clinical signs of infection of L. garviae and Streptococcus iniae are similar, depending

upon the fish species. They both cause exophthalmos. In addition, darkened skin, accumulation of

fluid in body tissue, and hemorrhage are seen. Dissection (necropsy) shows hemorrhage in the

swim bladder, liver, spleen, or kidney, and also inflammation in the stomach. The disease charac-

teristics are similar and are detected easily at the initial stage. Then the fish show nervous whirling

movements as the disease develops, from encephalitis or meningitis (Eldar & Ghittino, 1999; Eldar

et al., 1994). In Poland streptococcosis was first recognized in salmonids in 2010 (Grawiński,

2010). During summer each year since then, streptococcosis has appeared in salmonid farms.

18.3 Emerging potential pathogens of freshwater fish
For the past 10 years in Poland, new bacterial infectious diseases have been detected. All these dis-

eases represent emerging infections. These include new, previously undefined diseases as well as

old diseases with new features. These new features may include the introduction of a disease to a

new location or a new population, or new clinical features (Okamura & Feist, 2011). For instance,

in 2004, shewanellosis infection first appeared as a critical health issue in carp and rainbow trout

(Kozinska & Pekala, 2004), and then spread to other fish species in other countries (Pękala et al.,

2015; Qin et al., 2012; Rusev et al., 2016). These emerging infectious diseases may lead to critical

health issues in some fish species. Recently, Plesiomonas shigelloides and Stenotrophomonas mal-

tophilia are gram-negative bacteria that have been frequently isolated from both diseased and

healthy fish.

18.3.1 Infections due to Plesiomonas shigelloides

Plesiomonas shigelloides is a bacterium that belongs to the Enterobactiaceae family and acts as a

pathogen for both animals as well as humans. Until relatively recently, disease issues observed in

fishes related to P. shigelloides have been few. However, high mortality in salmonids was caused

by some of them, affecting up to 40% of the stock (Cruz et al., 1986; Vladik & Vitovec, 1974).

Cachexia of fish and redness of the anus were clinical symptoms observed, and the presence of

“punctate petechiae” was reported based on post-mortem examination of the fish peritoneum and

exudative fluid was also present in the body cavity. Growth of P. shigelloides in monoculture and

infection with both Flavobacterium sp. and Aeromonas hydrophila were detected in the bacterial
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examination of samples collected from diseased fish (Cruz et al., 1986; Vladik & Vitovec, 1974).

In African catfish (Heterobranchus bidorsalis), eels (Anguilla anguilla), and sturgeon (Acipenser

sturio) the presence of P. shigelloides was also detected (Klein et al., 1993). Again, clinical signs

of infection included redness of anus, petechial hemorrhage in the peritoneum, and ascites, similar

to those seen in rainbow trout. However, it should be noted that P. shigelloides is considered to be

part of the microbiota of fish intestines (Vandepitte et al., 1980).

18.3.2 Infections due to Stenotrophomonas maltophilia

Stenotrophomonas maltophilia is a bacterium that can cause infection in freshwater fishes. This

microorganism is present everywhere in the sediments of the bottom surface, in both freshwater

and salt water (Dungan et al., 2003; Juhnke & des Jardin, 1989). S. maltophilia was detected in

industrial and agricultural soils in terrestrial environments (Sturz et al., 2001) and also isolated

from plant tissues (Taghavi et al., 2009). S. maltophilia is associated with the degradation of xeno-

biotics compounds and thus it plays a very important role in the processes of biological purification

(Dubey & Fulekar, 2012). This bacterium has the ability to produce phytohormones, and due to this

ability it is used to promote plant growth and as a biological agent for fighting various plant patho-

gens (Peralta et al., 2012). S. maltophilia bacteria are resistant to a number of antibacterial agents

and thus this species is termed a multidrug-resistant bacterium. It is commonly related to respira-

tory diseases in humans (Brooke, 2012).

The most important fish diseases reported in the literature for S. maltophilia are those in

African catfish (Heterobranchus bidorsalis) and channel catfish (Ictalurus punctatus) (Abraham

et al., 2016; Geng et al., 2010). Various symptoms such as lethargy, depigmentation of the skin,

focal hemorrhages and petechiae, as well as edema in the body cavity, were observed during clini-

cal examination of the fish. Congestion of internal organs, petechiae on their surface, and intestines

filled with gases were also observed in post-mortem studies, with 20% mortality rate of the fish

stock. Geng et al. (2010) defined these conditions as “infectious intussusception syndrome.” In

Poland, S. maltophilia has been frequently isolated from internal organs and skin of fish showing

nonspecific symptoms of disease, often along with many and varied microflora.

18.3.3 Infections due to Kocuria rhizophila

Kocuria rhizophila is another species of bacteria that causes infections in fish. This is a new emerg-

ing bacterium that acts as a pathogen for fish such as salmonids (Pękala et al., 2018). Kocuria

spp. are recognized as a parasite in mammals and have been isolated from “marine sediments,

chicken meat, freshwater, or food” (Becker et al., 2008). Kim et al. (2007) isolated Kocuria rhizo-

phila from the gut of trout, where they formed the microfloral physiology. Fishes infected with

Kocuria rhizophila showed 50% mortality of the stock and pathological changes in both outer and

inner organs were also observed. Clinical symptoms like “exophthalmia, swollen abdomen,

increased skin melanisation as well as skin petechiae and focal lesions” were observed in “mori-

bund fish” (or those fish with severe sublethal symptoms). Intestinal inflammation, congestion of

liver, and hemorrhages in the tail muscles (mainly in the caudal part) were observed in post-

mortem examinations (Pękala et al., 2018). By viewing the available literature and information
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collected with regard to the impacts on health of fish from Kocuria spp., it should be assumed that

this bacterium can act as a pathogen to fish, depending on conditions.

18.3.4 Infections caused by myxobacteria

Myxobacteria are pathogens of fish and various diseases are caused by agents of this group, in soil

as well as water. There are many species of myxobacteria that can serve as fish pathogens. If the

water temperature increases to 20�C, then fish can die due to columnaris disease (Dubos & Davis,

1946). Also, at lower temperatures, various psychrophilic forms have been reported. It is suggested

that treatment with 1:2000 copper sulfate can be used only in initial phases of the diseases, while

the infection is still minor.

Many surface disinfectants have been tested to control these bacteria, but none of these were

able to control myxobacterioses (Rucker et al., 1954). However, the most promising surface disin-

fectant is pyridylmercuric acetate. The chemotherapeutic effects of many sulfonamides for the con-

trol of myxobacterioses disease in fingerlings of Oncorhynchus tschawytscha (Chinook salmon)

were first explored by Snieszko (1954). From the sulfonamides tested, sulfamethazine gave the

results but these results were not as effective. Sulfathiazole gave no effect and sulfanilamide in

food was refused by the fishes after a few days of treatment. In the first week of treatment, all sul-

fonamides experimented on were processed by mouth in the proportion of 12 g/100 lbs of fish per

day for a week, and during the next week, the dosage was reduced by half. The treatment with sul-

fonamides had merely a provisional effect and infection due to myxobacterioses increased just after

the therapy was stopped. It was reported that the sulfamethazone was absorbed at a more gradual

rate than that of sulfamerazine in fingerlings of Salvelinus fontinalis (brook trout) retained at tem-

peratures of 12�C�13�C and the sulfathiazole could barely be spotted in the tissue of trout. Hence,

these consequences are in agreement with the observations (Snieszko & Friddle, 1951).

Sulfanilamide was poisonous in nature due to its prompt absorption and subsequent high tissue

levels. The sulfadiazine acts on this disease significantly as in Salvelinus fontinalis. A treatment of

sulfamerazine and sulfadiazine suggested by Slater was given to the fingerlings of salmon of vari-

ous species and trout in which myxobacterioses disease developed at temperature ranges from

16�C�21�C. This treatment helped to reduce the mortality rate among Oncorhynchus kisutch (coho

salmon) and Oncorhynchus mykiss (rainbow trout). On the other hand, it had no effect on that of O.

tshawytscha (Chinook salmon) and results with cutthroat trout were also unsure. It is possible that

species of fish that showed no response to therapy had not absorbed sufficient sulfamerazine to

accumulate a protective concentration in the tissues. To confirm the tissue levels of sulfonamides

in these two species, it is hard to believe that the drug resistance developed by pathogens could

change with the host. A study revealed that sulfamerazine is simply absorbed by rainbow trout

(Snieszko & Friddle, 1951). Rainbow trout also respond to sulfonamide treatment of myxobacter-

ioses. Hence, it was observed that fishes reared at lower temperature developed no myxobacter-

ioses; the temperature was less than 15�C and it appeared meaningful, so that the most appropriate

method for prevention of this disease could be to nurture the fishes at lower temperature. If fish

have to be reared at higher temperature, then the carriers of infections should be removed from the

water supply or the water should be free from any infectious agents. Routine chlorination along

with dichlorination of the water source may be applied when waterborne fish diseases are creating

heavy losses. Hence, it may be supposed that the effectual treatment with sulfonamides promisingly
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provide strong consequences, although the presence of pathogens and high temperature of water

may allow permanent infection. Surprisingly, a federal trout hatchery at LaCrosse, Wisconsin that

obtains chlorinated city water, which is dechlorinated before it reach the fish, is basically free from

communicable trout diseases.

18.4 Treatment of bacterial pathogens in fish
Disease prevention is more important than treatment to stop and overturn the disease processes once

they have started. Fish immunization to protect fish from bacterial diseases has been carried out for

years, with mixed results. Some alternatives to antibiotics have been proposed by researchers such as

vaccines (Kurath, 2008), antibiotic substitutes (Dorrington & Gomez-Chiarri, 2008), and probiotics

use (Kesarcodi-Watson et al., 2008). Bacteriocinogenic bacterial strains are emerging as an important

applicant for an alternative, because bacteriocin has been used as a substitute for antibiotics (Joerger

and Zhu 2003), while bacteria are used as potential probiotics (Gillor et al., 2008).

18.4.1 Bacteriocins

Bacteriocins are peptides, proteinaceous compounds, synthesized by ribosomes in some bacteria.

These inhibits the growth of other similar or closely related bacterial strains (Gillor et al., 2005;

Joerger and Zhu 2003). In the communities of microbes, the function of bacteriocins has not been

fully determined. Bacteriocins may act as anticompetitor compounds, facilitating an invasion of a

strain into an established community of microbes (Lenski & Riley, 2002; Riley & Gordon, 1999;

Riley & Wertz, 2002), or act as molecules that play an important role in communication between

bacterial groups (Gillor et al., 2008).

Bacteriocins are basically toxins produced by bacteria to stop the growth of their related bacte-

rial strains. Further, most of the classified bacteriocins are detected in coastal aquacultures.

However, it is also expected that the bacteriocin-like inhibitory substance, that is, BLIS-400, iso-

lated from Vibrio mediterranei can inhibit hemorrhagic septicemia, vibrio septicemia, and ulcer dis-

ease due to A. hydrophila and Vibrio sp. (Carraturo et al., 2014). Similarly, a novel bacteriocin-like

substance, also called BLIS, from Vibrio sp. NM10, BLIS AP8 from L. casei AP8, and bacteriocins

such as repressive H5 from Lactobacillus plantarum H5 (Ghanbari et al., 2013) could help to

inhibit hemorrhagic septicemia and vibrio septicemia bacterial diseases, although the mechanism of

action is not yet clear. Pscicocin V1a and Pscicocin V1b detected from Carnobacterium piscicola

or CS526 from Carnobacterium piscicola V1 (Bhugaloo-Vial et al., 1996) correspondingly can

inhibit hemorrhagic septicemia disease transmitted by Pseudomonas sp. It is possible that the

Phocaecin PI80 bacteriocin detected from the gut microbiota of Fenneropenaeus indicus, which is

also known as Indian white shrimp (Kumar & Arul, 2009), could obstruct Vibrio septicemia caused

by Vibrio sp. Equulites elongatus or spot nape pony fish and Pacific sturgeon or sturgeon fish

(Acipenseridae) are efficacious fish species having microbiota capable of producing BLIS and

could obstruct various bacterial diseases such as Vibrio septicemia, hemorrhagic septicemia, and

bacterial gill diseases in aquaculture. It was observed that bacteriocin-releasing bacteria isolated

from freshwater fish show action against the most common fish bacteria A. hydrophila (Banerjee
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et al., 2013; Giri et al., 2011; Vijayabaskar & Somasundaram, 2008), but the mechanism of the

same is still unidentified. Additionally, wide-ranging study is needed to find the scientific evidence

and knowledge to prevent diseases in aquaculture and to combat the losses and depletions in aqua-

culture production.

18.4.2 Fish gut microbiota

A native microbiota may have some advantages within the intestine of a host, such as nutrient

metabolism, colonizing resistance, protective action in the case of a pathogen, etc. (Denev et al.,

2000; Guarner & Malagelada, 2003). It affects physiological activities, anatomical activity, and/or

immunological growth of the host (Rawls et al., 2004). It involves A. hydrophila, Acinetobacter,

Bacillus, Flavobacterium, Pseudomonas characterized as Enterobacteriaceae, as well as anaerobic

bacteria from Bacteroides, Clostridium, or Fusobacterium groups (Huber et al., 2004; Kim et al.,

2007).

Different lactic acid bacteria, that is, Lactobacillus, Lactococcus, Streptococcus, Leuconostoc,

and Carnobacterium spp., reside in the gastrointestinal tract (Nikoskelainen et al., 2001). Thus,

well-developed bacterial flora have a crucial role to play in the generation of pathogen immunolog-

ical processes. (Salminen et al., 2005). It helps to control infections of microorganisms in fish, that

is, furunculosis, columnaris, streptococcosis, or can be associated with antiinfectious effects

(Gutowska et al., 2004; Saha et al., 2006; Skrodenyte-Arbaciauskiene et al., 2006; Sugita & Ito,

2006). Recently, the gastrointestinal tract has emerged as an antimicrobial promoter. Compounds

such as Thuricin CD, abp118, and microcin C7 from bacteria present in the intestine, that is, B.

thuringiensis, L. salivarius, E. coli, having a narrow range of microorganism targets, generally act

as beneficial biomedicine.

18.5 Treatment with beneficial gram-negative and gram-positive
bacteria

Gram-negative bacteria commonly known to be pathogenic to fish, such as Aeromonas species,

Flavobacterium species, Pseudomonas species, and Shewanella putrefaciens are replaced by other

species, which until now have not been known to be virulent or even conditionally pathogenic to

fish. (Jiang et al., 2012). Enterobacteriaceas, the largest family of gram-negative bacteria, gave rise

to the synthesized ribosomal peptides called microcins (Zschüttig et al., 2012). EcN (E. coli Nissle)

1917 is a probiotic strain in which microcins M and H47 have been observed (Patzer et al., 2003).

In gram-positive bacteria, Bacillus spp. (S11) can protect against various infections (Rengpipat

et al., 2000). B. subtilis was isolated from catla (major carp) introducing conflict in P. fluorescens

(a pathogen) (Ghosh et al., 2007). Different species, such as L. plantarum, L. fermentum, and

Lactococcus lactis are probiotics that inhibit some pathogens, such as A. hydrophila, A. salmonici-

da, V. anguillarum, or Y. ruckeri through attachment to intestine secretions (Balcázar et al., 2008;

Denev et al., 2009). Different strains such as D14 (Paenibacillus sp.), B11 (Staphylocooccus coh-

nii), D12 (Paenibacillus barcinonensis), E28 (B. megaterium) formed in red tilapia have resistance

potential against bacterial pathogens A. hydrophila ATCC 35654, Vibrio alginolyticus ATCC
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33839, and A. salmonicida. Paenibacillus barcinonensis strain D12 and Paenibacillus sp. strains

D14 showed strong antagonistic capability.

18.6 Bioremediation (improving water quality)
Gram-positive bacteria (Bacillus spp.) are more useful than gram-negative bacteria to improve

water quality, as they convert organic matter into CO2 or microorganism biofuel (Balcázar et al.,

2006). In addition, NH3 and NO2 toxicity can be removed by introducing bacterial culture into the

aquatic environment. Also, pH, oxygen, ammonia, hydrogen sulfide, and temperature were found to

be present in breeding water at acceptable levels when probiotics had been added. The improve-

ment of water quality and the fish environment is termed “bioremediation” (Mohapatra et al.,

2013).

18.6.1 Disinfectants

In fish farms, chemicals are often employed, depending upon the organism types, different stages

of the life cycle, method of culturing, and the people who are using the chemicals (Gomez-Gil

et al., 2000). Some of the chemicals or drugs used to prevent bacterial infection are KMnO4 (5 mg/

L), C6H6O (5%), NaClO (1%), iodine solution, C5H8O2 and CH2O; C23H25N2 and CuSO4 are also

used, but overdosing can lead to toxicity (Bornø & Colquhoun, 2009). Antibiotics are used on a

large scale in aquaculture (Bruun et al., 2000), because many contagious or infectious diseases can

be prevented or treated in fish farms by the use of antibiotics; however, they have certain draw-

backs like the expense, short time of protection and need for multiple doses, antibiotic-resistant

strains of bacteria, and the problem of large amounts of toxins remaining in seafood and being con-

sumed (Miranda & Zemelman, 2002). Also, fewer types of antibiotics are available for the treat-

ment of fishes (van der Waaij & Nord, 2000).

18.6.2 Prebiotics

Prebiotics are nondigestible food components consisting of MOS, that is, mannan oligosaccharides,

derived from the yeast cell wall. MOS excite the intestinal health-promoting bacteria and due to

this the bacterial pathogen rate is less in aquaculture treated with prebiotics (Sohn et al., 2000).

According to Rodrigues-Estrada et al. (2008), health supplements with MOS led to better growth,

hemolytic activity, and phagocytic activity, increasing fish survival in a challenge with V. anguil-

larum. In the case of Oncorhynchus mykiss, when the MOS diet was fed, then growth was signifi-

cantly increased, as well as antibody titer and lysozyme activities (Staykov et al., 2007). Prebiotics

and probiotics together form synbiotics, which enhance development and reproduction of the

microbial flora in the digestive tract. E. faecalis and MOS are regulated in goldfish to increase the

beneficial immune responses and it is live, as compared to V. anguillarum. Synbiotic feeding has

better results than prebiotic or probiotic approaches (Gatlin & Peredo, 2012). Fig. 18.2 shows the

action of prebiotic bacteria.
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18.7 Vaccination
Treatment using conventional vaccines uses killed bacteria (bacterins) from broth culture of a par-

ticular strain undergoing inactivation of formalin, with bacterins including both bacterial cells and

extracellular products (Soliman et al., 2019). There are increasing problems with vaccines, for

example, the need for booster doses that stimulate just the humoral immune response, and the short

length of protection (Dahiya et al., 2010). Hence, many researchers are searching for better and

more ecofriendly treatment approaches (Dahiya et al., 2010).

18.7.1 Biovaccines (living attenuated vaccines)

There are several types of biovaccines. Live attenuated vaccines are not inactivated, but their viru-

lence is lowered genetically (Adams et al., 2008). Giving a live vaccine can initiate an immune

response in the host for a short period. Living attenuated vaccines play a significant role in fish

aquaculture. The live bacterial vaccine was first used in aquaculture in 1990 (Sun et al., 2010).

This type of weakened vaccine is a prototype of infection. In particular, it induces cellular immune

FIGURE 18.2

The prebiotic bacteria.
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response. In addition, it can stimulate humoral and mucosal immunity (Clark & Cassidy-Hanley,

2005).

18.7.2 Encapsulated oral vaccine

18.7.2.1 Live feeds bioencapsulated vaccine
In this type of vaccine, encapsulation is applied to stop antigens from escaping from the pellets or

to protect them from the acidic environment in the stomach of fish. Bioencapsulated feed is mainly

for fish fry. Live feeds such as Artemia, copepods, and rotifers are included with the vaccine sus-

pension and fed to fish (Lin et al., 2005). The vaccines are released by the bioencapsulated feed

into the fish alimentary canal, which is a superior method for vaccine releasing. It lessens fish han-

dling and as a result the fish stress is reduced. It also appears to be appropriate for immunization of

groups of fishes. “For effective oral vaccine delivery, the antigen should not be subject to digestive

hydrolysis and should be absorbed well for inducing a protective immune response” (Vandenberg,

2004).

18.7.2.2 Nanobioencapsulated vaccine
Recently researchers have been giving more attention to the use of nanoparticles (NPs).

“Nanoparticles (NPs) are adjuvant and efficient delivery systems in fish vaccine development due

to their nano size.” A cellular endocytosis mechanism grasps the nanoparticles, which allow easy

uptake of cell antigens and increase their ability to be presented (Vinay et al., 2018).

18.8 Immunomodulation
Probiotics, a combination of live beneficial yeast and bacteria, can accelerate the immune system

(fight against infection), regulating the action of lymphocytes, which play an important role in the

immune system. They also increase the lysozymes, complement, and antimicrobial peptides

(Mohapatra et al., 2013). In humans and animals, probiotics plays an important role in modulating

the immune system (Galdeano & Perdigon, 2006). Recent studies showed that probiotics regulate

growth and protect against disease. Immunological studies show that different probiotics are effec-

tive and can regulate teleost and fish immunity in both in vitro and in vivo conditions (Aly, 2008).

Monocytes and macrophages interact with probiotics, stimulating NK cells to enhance immune

responses. In in vivo and in vitro conditions, proliferation of B-lymphocytes is stimulated in fish.

Some probiotics can enhance the number of RBCs and WBCs in fishes and other higher verte-

brates. Probiotics interact with “phagocytic cells” and “polymorph nuclear leukocytes” to enhance

the level of immunoglobulin, as immunoglobulin level elevated by probiotics supplementation is

reported in fishes and other higher vertebrates (Nayak, 2010). Song et al. (2006) reported high

globulin in the mucosa layer of the skin of Miichthysmiiuy due to Clostridium butyricum. This

group of probiotics, commonly known as lactic acid bacteria, decreases the level of immunoglobu-

lin in fish. Due to supplementation with probiotics, Lactobacillus rhamnosus increased the level of

immunoglobulin in some fishes, such as Oncorhynchus mykiss (Nikoskelainen et al., 2003).
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18.9 Bacteriophage therapy
Bacteriophage therapy is another very important biological control method for bacterial pathogens

in aquaculture. This therapy is risk-free for humans as well as animals. In the field of biotechnol-

ogy and medical sciences dealing with prevention of bacterial disease, treatment, rapid detection of

disease, and biological control, these phages are widely used (Haq et al., 2012). Furthermore,

phages are very specific and can only infect bacterial cells with receptors on the surface of the cells

that match the phages (Kutter & Sulakvelidze, 2004). Currently, these phages have gained interest

due to their use in biological control of fish pathogens, as no drug residues are linked with such

treatment (Jun et al., 2016; Silva et al., 2016). Depending on the isolation and identification of the

bacteriophages that will specifically kill the desired pathogens, their use for therapeutic purposes in

aquaculture has great potential to control diseases (Higuera et al., 2013).

18.10 Phage therapy dosage
Accurate phage therapy dosage is necessary for effective therapy. Different dosages have been

reported in in vitro and in vivo conditions, and the treatment may not be cost effective if a very

high concentration of phage is required. Research should be focused on finding those phages with a

high infection rate at lower dosages as well as a high replication rate (Rong et al., 2014). Currently,

the ability of phage therapy to treat bacterial infections in aquaculture has made great progress

(Higuera et al., 2013; Karunasagar et al., 2007; Nakai & Park, 2002; Nakai et al., 1999; Park et al.,

2000; Shivu et al., 2007). To authorize it as a marketable treatment, however, a precise assessment

of this approach is required. Though studies have tackled the use of phages to manage against vibri-

osis in aquaculture (Vinod et al., 2006), current research is needed to assess the capacity to limit

vibriosis in fish larvae production. Assessment of the suitable bacteriophages, phage handover

method, and life cycle stage, such as eggs, larvae, juveniles, or adult fish throughout which the

phage therapy is applied, become the main factors in the accomplishment of phage-mediated con-

trol of Vibrio sp. in aquaculture.

There are various factors and conditions needed to determine the steps for phage therapy in

aquaculture, such as host range, latent period, burst size, survival in the environment, and efficiency

of bacterial inactivation. Two double standard DNA phages were assessed in a study that detected

V. parahaemolyticus and V. anguillarum transmission of disease to the discussed three hosts, V.

parahaemolyticus, V. anguillarum, and A. salmonicida, showing strong ability to deactivate the

pathogenic Vibrio species assessed. Even so, phage VP-2 indicated greater ability to incapacitate V.

anguillarum than phage VA-1 and serve as superior as acquired whenever this phage was consumed

to disable possess host. Phage VP-2 effectively treated larval fish diseased with V. anguillarum, but

defeating arcs analyses determined that, 8 h after phage add-on, certain bacteria continued feasible

and could regrow, as seen in preceding studies (Barrow et al., 1998). The majority of the resistant

bacteria were phage-resistant mutants; however, it has been shown that the virulent bacteria which

flattered repellent to phage infectivity are not as much of fit or evade their morbific assets

(Capparelli et al., 2010; Filippov et al., 2011). This arises mainly because the cell exterior constitu-

ents, such as LPS and proteins, imitate receptors for phage adsorption and could also act as
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virulence factors. When comparable conditions arise in vivo, then its significance revealing that the

bacterial inhabitants would affect a nonlethal state or nonvirulent to fish larvae. Alterations in such

receptors to acquire endurance to the phage could diminish pathogenicity (Capparelli et al., 2010;

Filippov et al., 2011; Wagner & Waldor, 2002) and, accordingly, bacteria regrowth after phage

treatment could be affected by limited or no outcomes for fish larvae. More analyses are necessary

to perceive mutations in surface bacterial molecules of unaffected bacteria after phage therapy, as

they can behave as phage receptors and, perhaps at the same time, as virulence factors.

It was also suggested that phages reduce the bacterial level sufficiently to be eradicated by the

fish immune system by attained reaction (Levin & Bull, 2004), but this does not happen in the case

of fish larvae since they do not have the ability to develop the particular acquired immunity

(Vadstein, 1997).
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Balcázar, J. L., De Blas, I., Ruiz-Zarzuela, I., Cunningham, D., Vendrell, D., & Múzquiz, J. L. (2006). The
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Lehmann, J. D. F. J., Mock, D., Stürenberg, F. J., & Bernardet, J. F. (1991). First isolation of Cytophaga psy-

chrophila from a systemic disease in eel and cyprinids. Diseases of Aquatic Organisms, 10, 217�220.

Lenski, R. E., & Riley, M. A. (2002). Chemical warfare from an ecological perspective. Proceedings of the

National Academy of Sciences, 99(2), 556�558.

Levin, B. R., & Bull, J. J. (2004). Population and evolutionary dynamics of phage therapy. Nature Reviews.

Microbiology, 2, 166�173.

Lin, J. H., Yu, C. C., Lin, C. C., & Yang, H. L. (2005). An oral delivery system for recombinant subunit vac-

cine to fish. Developments in Biologicals, 121, 175�180.

395References



Manchanda, V., Sanchaita, S., & Singh, N. P. (2010). Multidrug resistant acinetobacter. Journal of Global

Infectious Diseases, 2, 291.

Miranda, C. D., & Zemelman, R. (2002). Bacterial resistance to oxytetracycline in Chilean salmon farming.

Aquaculture (Amsterdam, Netherlands), 212, 31�47.

Mohapatra, S., Chakraborty, T., Kumar, V., DeBoeck, G., & Mohanta, K. N. (2013). Aquaculture and stress

management: A review of probiotic intervention. Journal of Animal Physiology and Animal Nutrition, 97,

405�430.

Nakai, T., & Park, S. C. (2002). Bacteriophage therapy of infectious diseases in aquaculture. Research in

Microbiology, 153, 13�18.

Nakai, T., Sugimoto, R., Park, K. H., Matsuoka, S., Mori, K. I., Nishioka, T., & Maruyama, K. (1999).

Protective effects of bacteriophage on experimental Lactococcus garvieae infection in yellowtail. Diseases

of Aquatic Organisms, 37, 33�41.

Nayak, S. K. (2010). Probiotics and immunity: A fish perspective. Fish & Shellfish Immunology, 29, 2�14.

Nikoskelainen, S., Ouwehand, A., Salminen, S., & Bylund, G. (2001). Protection of rainbow trout

(Oncorhynchus mykiss) from furunculosis by Lactobacillus rhamnosus. Aquaculture (Amsterdam,

Netherlands), 198, 229�236.

Nikoskelainen, S., Ouwehand, A. C., Bylund, G., Salminen, S., & Lilius, E. M. (2003). Immune enhancement

in rainbow trout (Oncorhynchus mykiss) by potential probiotic bacteria (Lactobacillus rhamnosus). Fish &

Shellfish Immunology, 15, 443�452.

Okamura, B., & Feist, S. W. (2011). Emerging diseases in freshwater systems. Freshwater Biology, 5,

627�637.

Park, K. H., Kato, H., Nakai, T., & Muroga, K. (1998). Phage typing of Lactococcus garvieae (formerly

Enterococcus seriolicida) a pathogen of cultured yellowtail. Fisheries Science, 64, 62�64.

Park, S. C., Shimamura, I., Fukunaga, M., Mori, K. I., & Nakai, T. (2000). Isolation of bacteriophages specific

to a fish pathogen, Pseudomonas plecoglossicida, as a candidate for disease control. Applied and

Environmental Microbiology, 66, 1416�1422.

Patzer, S., Baquero, M. R., Bravo, D., Moreno, F., & Hantke, K. (2003). The colicin G, H and X determinants

encode microcins M and H47, which might utilize the catecholatesiderophore receptors FepA, Cir, Fiu and

IroN. Microbiology (Reading, England), 149, 2557�2570.
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19.1 Introduction
The global aquaculture industry has had rapid growth, as in recent decades (1980�2020) it has con-

tributed significantly to food production. According to the Food and Agriculture Organization

(FAO) of the USDA (United States Department of Agriculture, 2018), fish production globally

reached approximately 171 million tons in 2016, 47% of which came from aquaculture production.

In the same year, the first sale of fishery production reached a total value of $362 billion USD, out

of which $232 billion belonged to aquaculture production. Nowadays, aquaculture is a very

dynamic food sector, showing an annual growth rate of 6%. Some reports indicate that by 2025

aquaculture will generate profits exceeding $208.9 billion USD. Organisation for Economic Co-

operation and Development (OECD) and FAO (2019) project that aquaculture will have a higher

fish production than the wild catch sector by 2028. However, despite the high impact this industry

has had on food production, there have been serious threats to its economic growth due to the vari-

ous diseases that attack farmed fish.

Diseases caused mainly by the action of bacteria, parasites, viruses, and fungi have a significant

economic impact on fish production (Rodger, 2016). According to Mishra et al. (2017) the growing

variety of diseases has resulted in the total loss in the aquaculture sector worldwide of more than

$6 billion USD per year. Bacteria-caused diseases are responsible for serious losses in the produc-

tion of hatcheries and aquaculture farms, mainly because bacteria have the ability to survive in the

aquatic environment regardless of their hosts (Dar, Dar, et al., 2016; Dar, Kamili, et al., 2016; Dar

et al., 2020; Jayaprakashvel & Subramani, 2019). Bacterial diseases in fish are enhanced when the

temperature of the aquatic environment is warm, physicochemical conditions and microbial quality

are inadequate, the nutritional status of the medium is poor, and the storage density is high

(Pridgeon & Klesius, 2012).
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19.2 Principal fish species produced in the aquaculture industry
worldwide

Aquaculture production is defined as cultivated fish and crustaceans extracted from marine and

inland waters and marine tanks. Aquaculture plays a key role in many emerging economies world-

wide, due to its potential to contribute to increasing food production, as it helps to reduce the pres-

sure on fishery resources. This indicator is measured in tons and USD (OECD, 2020).

Global fish (fish, crustaceans, mollusks, and other aquatic animals, excluding aquatic mammals,

reptiles, seaweeds, and other aquatic plant production) is estimated to have reached about 179 mil-

lion tons in 2018 with a total first sale value estimated at $401 billion USD, out of which 82 mil-

lion tons, valued at $250 billion USD, came from aquaculture production. Of the overall total, 156

million tons were used for human consumption, equivalent to an estimated annual supply of

20.5 kg/capita (FAO, 2020). Aquaculture accounted for 46% of the total production and 52% of

fish for human consumption.

Fig. 19.1 shows the main “food fish” (fish destined for human consumption) worldwide in

2016, highlighting the production of Ctenopharyngodon idellus (Grass carp) with a total of 6068

and 5704 thousand tons in 2016 and 2018, respectively.

Fig. 19.2 shows aquaculture production by continent in thousands of tons, among which the pro-

duction of fin fish stands out over crustaceans, mollusks, and other aquatic animals. Asia had the

highest production in 2018, followed by Africa, the Americas, and Europe (Fig. 19.2). Within Asian

countries, China is the largest producer, with 35% of the global fish production in 2018 (FAO, 2018).

19.3 Principal causes of economic loss in the aquaculture industry
There are a number of environmental and health factors in the aquaculture industry that can affect

and trigger diseases in fish, causing considerable economic losses to producers. According to

Thrusfield (1995), diseases in aquaculture can cause two types of economic losses: (1) disease con-

trol costs and (2) reduced production, resulting in an economic loss for the producer and consumer.

Income economic loss can be calculated as the difference in income that producers earn after

experiencing an outbreak of disease and the income they would have earned if the fish had grown

without disease. The profit is affected by the expenses of disease control, which include the costs

to prevent disease and the costs to prepare farming tanks (Israngkura and Sae-Hae, 2002). These

economic losses are estimated between 10% and 15% of total production. Economic losses increase

in the world’s highest production species, that is, the higher the production volumes, the greater the

handling and incidence of diseases in farming tanks or ponds.

Fig. 19.3 shows economic losses in aquaculture production during the period from 2010 to 2018

for the main food-fish species, including Ctenopharyngodon idellus, Hypophthalmichthys molitrix,

and Cyprinus carpio.

Due to the economic impacts that occur globally, it is very important to carry out socioeconomic

impact assessments of bacterial diseases on aquaculture, with the intention of implementing appro-

priate strategies according to the type and characteristic of each pathogen. Such assessments can

be used as a guide to determine the proper investment on food-fish disease control (Israngkura &
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Sae-Hae, 2002). Unfortunately, carrying out such assessments is an arduous task, due to the com-

plexities around them (Mohan & Bhatta, 2002). According to Murray et al. (2016), economic esti-

mates of disease impacts have been supported by expert opinions and restricted calculations; very

few have employed systematic and clear methods. In many cases, even if systematic approaches are

available, the lack of data restricts the realization of detailed economic assessments. It is important

to mention that opinions about economic impacts will be variable in each country, and even among

aquaculture companies within the same region, because this will depend on the needs of the different

stakeholders (Brooks et al., 2014). However, it is necessary to consider that the occurrence of dis-

eases in fish is the result of the incidence of one or more biological, physicochemical, nutritional,

and density-dependent factors. Fig. 19.4 details said factors.

Table 19.1 presents global economic losses for the aquaculture industry caused by different

types of pollutants: organic, inorganic, and biological agents. Economic losses depend on the type

of pollutant, which is likely associated with the environmental conditions and economic activities

of each region; even within the same country, pollutants vary from region to region (Table 19.1).

FIGURE 19.1

Principal food fish worldwide from 2010 to 2018.
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19.4 Pathogens that causes economic loss in the aquaculture industry
Although the aquaculture industry generates significant gains and is a profitable activity, there are

considerable economic losses due to attacks of pathogenic bacteria. According to Kuebutornye

et al. (2020), most bacterial diseases in aquaculture are caused by the gram-negative genera

Aeromonas, Vibrio, Edwardsiella, Flavobacterium, Franciella, Photobacterium, Piscirickettsia,

Tenacibaculum, Yersinia, Acinetobacter, Pseudomonas, and Mycobacterium; and gram-positive

genera such as Streptococcus, Lactococcus, and Clostridium (Pridgeon & Klesius, 2012). These

bacteria are the cause of the main diseases presented in fish: (1) pseudomoniasis (Pseudomonas

sp.); (2) aeromoniasis or ascitis (Aeromonas hydrophila and Aeromonas salmonic); (3) botulism

(Clostridium botulinum); (4) streptococcosis (Streptococcus sp.); and (5) Flavobacterium columnare

(Abowei & Briyai, 2011). Fig. 19.5 shows the principal pathogenic bacteria and the global eco-

nomic losses they cause.

Moreover, a study published by Wei (2002) indicates that bacterial sepsis caused by pathogens

such as Aeromonas hydrophila, Yersinia ruckeri, and Vibrio fluvialis had a major impact on

Chinese aquaculture in the years 1990�92; these bacteria hit almost all regions and provinces of

China and had a considerable effect on fish of the species Hypophthalmichthys and Carassius.

According to Wei (2002), the annual economic loss was greater than $120 million USD. For this rea-

son, scientific research methods were applied to reduce the economic loss to about $72.4 million USD.

FIGURE 19.2

Production of edible fish per continent.
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That same year Thi-Van et al. (2002) detailed the socioeconomic impact of red spot disease

(RSD) on aquaculture in different regions of North Vietnam over several years (1983�98). This

report did not identify the causal agent of the disease; however, by linking the symptoms mentioned

by the farmers with the information shown in the FAO letter (2009), it can be concluded that the

RSD was caused by the bacterium Vibrio anguillarum. Thi-Van et al. (2002) reported that in 1988

the Da River experienced severe losses of 80% in the production of herbivorous carp due to RSD.

By 1992, in the Hoa Binh province, the carp production loss was 100%, and in 1994, RSD caused

a mortality rate of 70%�80% in the Tuyen Quang province. Overall, in North Vietnam, during the

period 1995�97, 80%�90% of the ponds were affected by RSD, and the estimated economic

losses for that period were greater than $500,000 USD.

According to Gracı́a-Mendoza (2017), this same bacterium (V. anguillarum) is an important

causal agent of diseases with an economic impact in the fish culture of the Seriola genus. Some

FIGURE 19.3

Economic loss for the principal species of food fish worldwide.
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reports indicate that in the Japanese aquaculture industry alone, losses per year have reached $200

million USD, including expenses for disease treatments (Nelson, 1999).

On the other hand, a study by Peterman (2019) indicated that commercial catfish production was

affected by diseases caused by the action of virulent Hydrophila, Aeromonas, Edwardsiella ictaluri,

and Flavobacterium columnare. This resulted in a significant economic loss in the United States,

since catfish production is the leading aquaculture industry in that country. In total, $16.9 million

USD were lost in the production season in 2016 in Eastern Mississippi, out of which $10 million

was attributed to catfish disease, $4.3 million to production loss, $1.9 million invested in medicated

food, $0.6 million to the use of chemicals, and $0.1 to other various expenses. In addition, the USDA

reported that columnaris disease, caused by Flavobacterium columnare bacteria, affects fish species

such as catfish, rainbow trout, tilapia, sport fish, bait fish, and ornamental fish, costing the aquacul-

ture industry an economic loss of between $40 million and $50 million USD annually. In addition,

the USDA indicates that the bacterium Aeromonas hydrophila has significantly affected the catfish

industry in sums up to $10 million USD annually in fish production losses and treatment costs.

On the other hand, the Chilean aquaculture industry stands out for its high production of salmo-

nid species, such as Atlantic salmon (Salmo salar), coho salmon (Oncorhynchus kisutch), and rain-

bow trout (Oncorhynchus mykiss). However, salmonid rickettsial septicemia (SRS) has been the

main problem to be treated in salmonid aquaculture farms, where production losses from infectious

FIGURE 19.4

Principal factors that lead to disease in the aquaculture industry.
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Table 19.1 Summary of economic losses due to different types of contamination in

aquaculture industry.

Region Country Continent
Type of
contamination Relevant notes References

Lakes of

Pátzcuaro

Michoacán

Mexico Americas Agrochemical

dumping

Pollution leads to low

fish catch

Gaspar-Dillanes

et al. (2002)

Coastal areas of

Veracruz state

Mexico Americas Heavy metal

contamination

Pollution affects

commercial species

such as Centropomus

undecimalis, Gerres

sp., Carcharhinus

limbatus and

Rhizoprionodon

terranovae

Vázquez-Botello

et al. (2002)

Magdalena and

Meta River

basins

Colombia Americas Hydrocarbons

and persistent

organochlorine

compounds

These pollutants are

the result of

chemicals that are

banned around the

world but are still

used in Colombia

Mancera-Rodrı́guez

and Álvarez-León

(2005)

Mojana region

and wetlands in

the south of the

Department of

Bolivar

Colombia Americas Chemical

contamination,

especially

heavy metals

Chemical pollution is

the most dangerous in

the aquatic

ecosystems of

Colombia

Mancera-Rodrı́guez

and Álvarez-León

(2006)

Fish farms in

different regions

of Brazil:

Dourados, Rio

de Janeiro,

Itambaracá,

Itaju, Arealva,

Porto Ferreira,

Guaı́ra, Santa

Fé do Sul,

Palmital and

Jaboticabal

Brazil Americas Bacterial

contamination

Twelve species of

occurrence in

Brazilian fish farms

were detected and a

diagnostic method for

bacterial pathogens in

fish farms was

proposed

Sebastião et al.

(2015)

Central and

Southwestern

Uganda

Uganda Africa Bacterial and

parasitic

contamination

The outbreaks of

diseases caused by

bacterial pathogens

such as

Flavobacterium

columnare,

Aeromonas sp.,

Edwardsiella sp.,

Pseudomonus sp.,

Streptococcus sp.,

Staphylococcus sp.,

Walakira et al.

(2014)

(Continued)
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Table 19.1 Summary of economic losses due to different types of contamination in

aquaculture industry. Continued

Region Country Continent
Type of
contamination Relevant notes References

Proteus sp., and

Vibrio sp. cause low

survival rates (0%�
30%), especially in

catfish and tilapia

hatcheries, resulting

in economic losses to

commercial fish

farms and aquatic

ecosystems in Uganda

Kirinyaga

County

Kenya Africa Bacterial

contamination

Several bacterial

pathogens in farmed

tilapia, catfish,

goldfish and koi carp

harbor potentially

pathogenic and

zoonotic bacteria that

may cause significant

fish diseases and

public health risks

Wanja et al. (2019)

District of

Mymensingh

and Gazipur

(Dhaka)

Bangladesh Asia Bacterial

contamination

This study

contributed to the

careful use of

antibiotics against

bacterial fish diseases

in aquaculture in

Bangladesh

Chowdhury (1998)

Several

ecological

compartments in

China

China Asia Mercury

contamination

Carnivorous fish

bioaccumulate and

biomagnified Hg

Zhang and Wong

(2007)

Whole country

of Korea

Korea Asia Bacterial

contamination

Some of the

important bacterial

pathogens are

Edwardsiella tarda,

Streptococcus iniae,

Streptococcus

parauberis, and

Lactococcus garvieae,

Vibrio anguillarum,

and Vibrio harveyi

Park (2009)

Local markets

of Varanasi,

Allahabad,

Mirzapur, and

India Asia Heavy metal

contamination

The bioaccumulation

of heavy metals in

edible fish species

may be considered as

Maurya et al.

(2019)
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Table 19.1 Summary of economic losses due to different types of contamination in

aquaculture industry. Continued

Region Country Continent
Type of
contamination Relevant notes References

Kanpur of Uttar

Pradesh

a warning for the

negative impacts of

fish consumption on

human health

Provinces of

Cadiz, Malaga,

and Huelva

Spain Europe Bacterial

contamination

The culture of Sparus

aurata L. is affected

by bacteria of the

genera Vibrio,

Pseudomonas,

Photobacterium

damsela subsp.

piscicide, bacteria

similar to Cytophaga/

Flexibacter,

Aeromonas and gram-

positive bacteria

causing millions in

economic losses per

year

Balebona et al.

(1998)

Kaiseraugst Switzerland Europe Mycotoxins Fish can retain

mycotoxins, and this

is a problem for

consumers

Pietsch (2020)

Galicia

(Northwest

Spain)

Spain Europe Bacterial

contamination

The sea lamprey can

act as a carrier of a

strain of Aeromonas

salmonicida that is

pathogenic for

commercial fish,

causing disease and

severe economic

losses

El Morabit et al.

(2004)

Whole country Norway Europe Bacterial

contamination

The effects of

bacterial

contamination impact

economically

important wild fish

populations such as

salmon in farmed

fish, of which

Norway has the

largest industry in the

world

Johansen et al.

(2011)

Whole country Greece Europe Bacterial

contamination

Greece is the country

with the largest

(Continued)
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diseases reach $700 million USD per year and remain uncontrolled, even though 30 vaccines and

antimicrobials are available. In order to reduce the ravages of this problem, the Chilean authorities

have been motivated to employ various strategies such as diversifying aquaculture, and helping and

Table 19.1 Summary of economic losses due to different types of contamination in

aquaculture industry. Continued

Region Country Continent
Type of
contamination Relevant notes References

production of

euryhaline fish

between

Mediterranean

countries and

bacterial

contamination origin

has become one of

the major agents of

economic losses

Yiagnisis and

Athanassopoulou

(2011)

Three fish farms

in north-eastern

Poland

Poland Europe Zearalenone

mycotoxin

Accumulation of this

mycotoxin in the

ovaries may be a

concern for the

aquaculture industry

Woźny et al. (2013)

FIGURE 19.5

Economic losses due to bacterial pathogens in aquaculture industry.
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strengthening small- to medium-scale cultivation of native species with high export potential

(Flores-Kossack et al., 2020).

In a study conducted by Junior et al. (2020), etiological agents causing injuries in tilapia fillets

of the Nile River were identified, resulting in economic losses to fish farmers and farms in Brazil.

The results of several tests indicated that the agents causing these lesions in the tilapia fillets were

the bacteria Streptococcus agalactinae and Franciella noatunesis sub. orientalis. The losses caused

by these bacteria were estimated to be numerically significant. To explain this, the authors consid-

ered that 1 kg of tilapia in Brazil in 2017 had an average value of $7.30 USD. Therefore, an aver-

age loss of 30 tons of steak per month can be translated into an economic loss of $219,000 USD.

However, according to Junior et al. (2020), further study is needed to determine a more accurate

estimate of economic losses.

In addition, a study carried out by Tavares-Dias and Martins (2017) in the same country

(Brazil) estimated the costs of economic losses due to fish mortality caused by various diseases.

The study indicated that the direct losses are mainly caused by parasites and bacteria. However,

they do not consider secondary losses caused by other factors (e.g., medicines, use of chemicals,

food, among other miscellaneous costs); productivity, loss of growth, and food conversion rates

were also not considered. Among the significant economic losses caused by bacterial diseases in

fish, there was a loss of $4.0 million USD in the production of Nile tilapia, Oreochromis niloticus,

due to the attack of various bacteria such as Aeromonas spp., Pseudomonas fluorescens,

Flavobacterium columnare, and Streptococcus sp. (Kubitza et al., 2013). In addition, there are

reports on this same species of fish being affected by Aeromonas caviae, causing an economic loss

of $13,000 USD (Dar et al., 2016; Martins et al., 2008).

Furthermore, the bacterium Aeromonas hydrophila caused a loss in the production of surubim

hybrid fish, reaching an amount of $160,000 USD (Silva et al., 2012). Finally, there are records of

economic loss caused by the bacterium Citrobacter freundii in the production of Pseudoplatystoma

reticulatum fish; however, the cost of production loss is not shown (Pádua et al., 2014). In all cases

analyzed, the authors indicate that more reliable data on the type of pathogen and causative disease

is needed in order to perform a reliable economic analysis. Table 19.2 highlights some cases where

economic losses are reported in the aquaculture industry due to the attack of pathogenic bacteria in

different host fish species (Table 19.2).

19.5 Identification of bacterial diseases in fish farms
In fish farms, diseases can occur due to the interaction of various environmental or manipulation

variables, as well as the presence of pathogens and suboptimal conditions both nutritional and

immunological of the organisms in cultivation. In this environment, fish cohabit or are infected

with numerous pathogens without contracting the disease; this situation is established by a balance

between the resistance of the host (fish) and the virulence of the pathogen (harmful). This condition

is broken when there are important stress factors enough for the fish to develop the disease.

The disease may be acute or severe, and without apparent physical effects or noticeable

physical alterations. In some cases, knowledge of the normal behavior and external anatomy of

the fish can help identify the presence of diseases on a fish farm. In order to identify the presence
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of diseases, it is necessary to observe motor behavior and performance, or the physical appearance

of the fish; but it is also important to rely on different scientific and traditional methods, which

allow analysis of both the origin and effects of the biological or chemical agents causing the

disease.

An example within physical characteristics is the pigmentation as a factor that is defined in

some species; in some fish of the genus catfish (Fig. 19.6A), the coloration is darker than the color

presented in tilapia (Fig. 19.6B), whose skin has a lighter coloration and a greater presence of

scales. Traditionally, some farmers consider a healthy fish to be one with soft skin with no flaking

and no bruising with discharge, besides having bright eyes and a transparent cornea (Fig. 19.6C).

Fig. 19.7 presents the steps to follow for the identification of diseases on aquatic farms.

Constant monitoring is essential in order to prevent a new disease in a group of fish from multiply-

ing and affecting all other fish in the pond. Economic losses will depend on the type and level of

effects presented.

Table 19.2 Economic losses due to bacterial pathogens in aquaculture industry.

Host species Bacterium

Estimated
loss (in
million
USD) References

Hypophthalmichthys molitrix,

Hypophthalmichthys nobilis and

Carassius carassius

Aeromonas hydrophila, Yersinia

ruckeri, and Vibrio fluvialis

120 Wei (2002)

Ctenopharyngodon idella Vibrio anguillarum 0.5 Thi-Van et al. (2002)

Oreochromis niloticus Aeromonas spp., Pseudomonas

fluorescens, Flavobacterium

columnare, and Streptococcus sp.

4 Kubitza et al. (2013)

Oreochromis niloticus Aeromonas caviae 0.013 Martins et al. (2008)

Hybrid surubim Aeromonas hydrophila 0.16 Silva et al. (2012)

Pseudoplatystoma reticulatum Citrobacter freundii Not reported Pádua et al. (2014)

Seriola spp. V. anguillarum 200 Gracı́a-Mendoza

(2017)

Ictalurus punctatus A. hydrophila 10 USDA (2018)

I. punctatus, Oncorhynchus

mykiss, sport fish, bait fish, and

ornamental fish

Flavobacterium columnare 40�50 USDA (2018)

Catfish I. punctatus and Hybrid

catfish

Aeromonas hydrophila virulentas,

Edwardsiella ictaluri, and F.

columnare

16.9 Peterman (2019)

Oncorhynchus kisutch,

Oncorhynchus mykiss, and

Salmo salar

Piscirickettsia salmonis 700 Flores-Kossack et al.

(2020)

Oreochromis niloticus Streptococcus agalactinae and

Franciella noatunesis sub. Orientalis

0.219 Junior et al. (2020)
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19.6 Analysis of a fish farm system in Huasteca Potosina, Mexico
In aquaculture farms, fish are subject to a density (number of organisms per unit area or volume)

much higher than what they would find in their natural environment, which causes greater stress

because of the competition for space, food, oxygen, etc. The more intensive (the greater the number

FIGURE 19.6

Physical appearance of different food fish. (A) Catfish genus, (B) Several tilapia fish, and (C) Appearance of a

healthy tilapia.

1. Swimming
Irregular, erratic, turns, 

swim sideways on the 

surface and/or sinking to 

the bottom.

2.   Food consumption
Does not eat food or there 

is much food left.

3.   Escape reaction
Does not respond to noise, 

sudden, movements, lights, 

shadows, etc.

4.   Coloration
Light colors in anemias, 

darkening in some 

infetions, petechiae.

5. Skin
Flaking, ulcers, bruises, 

mucus hypersecretion.

6. Eyes
Opaque.

7.   Gills
Abnormal coloring (pale 

pink or hemorrhagic), 

discontinuos lamella.

8.   Fins
With apparent wounds 

and/or injuries.

9.  Anus and genital 
papillae
Potrusions with signs 

of bleeding.

FIGURE 19.7

Steps to follow in order to identify disease in fish tanks or ponds (Balbuena-Rivarola, 2011).
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of fish per unit area) the fish farm, the greater the stress caused by said competition and the greater

the likelihood of disease being generated, if adequate management is not available. Therefore, the

fish farmer should seek to maintain the appropriate conditions of aquaculture management, as well

as having an emergency plan to carry out corrective measures in a timely manner, and thus reduce

the occurrence of diseases in fish. In aquaculture farms, it is essential to take into account the fol-

lowing effects: (1) water quantity and quality, (2) cleaning of tanks or ponds, (3) density of fish

stock, (4) water treatment, (5) fish feeding, (6) environmental conditions, (7) type of culture, and

(8) size of tanks or ponds.

A field trip was carried out in order to analyze the management practices on an aquaculture

farm in a region of Huasteca Potosina, Mexico, where fish are farmed in both tanks, and in a pond

and river. Fish farmers have an adequate disease management plan and identification system, which

FIGURE 19.8

System of aquaculture in Huasteca Potosina, Mexico. (A) Water pumping system, (B) Sanitization of the tank

(C) water distribution, and (D) fingerling stage (3�5 cm fish).
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has allowed them to reduce losses to only 5% of the total production per year. The practices they

carry out include constant monitoring and cleaning of the tanks and pond, monthly evaluation of

the water quality including physicochemical analysis of water in specialized laboratories, the pump-

ing and oxygenation of the ponds, proper management while stocking, and the maintenance of an

adequate density of fish. Fig. 19.8 shows the system of fish farming in a tank.

In traditional fish farming systems, sufficient water must be available in the tanks and ponds, in

terms of quantity and quality. The required volumes should be appropriate, and the tanks and ponds

refilled when there is water evaporation, especially when external temperatures are high. In addi-

tion, it is necessary to empty and clean the tanks and ponds when the water quality is low. In fish

farming, water pumping is usually carried out to maintain adequate oxygen levels, as well as being

a means for removing the waste generated by the fish themselves, through circulation of water

from the bottom. In addition, this activity is carried out when environmental temperatures exceed

optimal levels. These activities help the fish inside the tank or pond to remain healthy and maintain

an adequate defense system against pathogens that may enter the aquatic environment. In addition,

the water quality analyses performed consist of physicochemical (pH, conductivity, hardness, whole

solids, total alkalinity) and microbiological analyses, which allow for decisions to be made before

any problems affecting production arise.

In this traditional fish farming system, alternate fish cultures start in tanks, and then are moved

into a pond as the fish grow larger, and the last stage is carried out in cage systems in rivers

(Fig. 19.9), which reduces production costs, as pumping and water change is reduced. Sustainable

fish production systems are implemented in which fish waste is used as food for chicken farms.

This process is a productive cycle that favors the economy of producers in rural communities.

19.7 Conclusions

In food fish production in the aquaculture industry, bacteria are the most important groups of patho-

genic organisms and the cause of the largest economic losses worldwide. The most common

FIGURE 19.9

Types of fish farms in Huasteca Potosina, Mexico. (A) Stock in a traditional tank, (B) Free fish in a pond, and

(C) Aquaculture in cage systems in a river.
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bacteria and most likely to be identified by the symptoms they generate correspond to the gram-

negative genera Flexibacter columnaris, Aeromonas, and Pseudomonas, and the gram-positive gen-

era Streptococcus and Clostridium, which are the causes of the main diseases presented in fish.

Timely identification of biological agents and environmental factors that can promote the spread of

disease in fish can significantly reduce economic losses in the aquaculture industry. For this reason,

it is important to have basic health practices in fish management, as well as sustainable systems in

both rural and industrial production systems.
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Ictiólogos, 8, 89�103.
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