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1 ABSTRACT 

New challenges arise in the face of global climate change which impact every ecosystem 

on earth, including aquatic systems.  This is evident in observations made in regard to the world’s 

oceans, which show trends of incremental changes in ocean surface temperatures, sea levels, and 

ocean acidity.  These environmental shifts impact human resources such as fisheries and 

aquaculture.  In addition, according to the World Bank, the increase in human population will also 

require more food and nutrient production, which include industries such as aquaculture.  With 

this increasing demand in aquaculture and fisheries, we must develop efficient and productive 

methods to operate these industries.  We can use genetic methods, specifically transcriptomic 

information to better understand the biology of our source of nutrition.  With the advent of RNA-

Seq techniques, we can provide a better understanding about growth and development, immune 

function and stress, and adaptations.  The use of population genetics or (genomics) to detect Single 

Nucleotide Polymorphisms (SNPs) between populations or closely related species can provide 

greater insight from stock structure to fishery-induced evolution.  In addition, candidate loci can 

be investigated further to better understanding evolutionary processes, which provide clues on 

physiological adaptations and gene expression patterns that can help elucidate how these 

organisms respond to their current environment.  In addition, the use of transcriptomic analyses 

such as differential gene expression can be used to determine resilience in various environmental 

conditions such as pollution, hypoxic/anoxic conditions, fluctuations in salinity, and temperature 

extremes.  There has been an increase in transcriptomic studies for many aquaculture species, 

which has aimed at improving our understanding of growth, development, and metabolism, 

providing vital information for fisheries and aquaculture industries to make adjustments to 
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environmental conditions such as oxygen availability, nutrition, and salinity. All of these aspects 

provide insightful information for advancing our knowledge of aquaculture, fisheries and 

conservation management.   
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2 INTRODUCTION 

 As the demand for aquaculture increases, the use of innovative methods to improve the 

health and quality of these industries are crucial.  By 2050, the human population will likely reach 

9 billion, which will require more food and nutrient production, which will include aquaculture 

industries (Barange et al. 2018; World Bank, 2013).  With this increasing demand in aquaculture 

and fisheries, we must develop efficient and productive methods to operate these industries.  In 

addition, there are a vast amount of changes to environmental conditions due to climate change 

and with a finite amount of resources available, this poses challenges for improving aquaculture 

production (Barange et al. 2018).  With the advancement in genetic sequencing technologies (i.e. 

next-generation sequencing, NGS) and computational methods, we can use genomic and 

transcriptomic information to better understand the biology of our source of nutrition (production 

of aquaculture) and improve production.  Also, advancements in technology and bioinformatic 

tools have bolstered many “omic” fields which include transcriptomics but also genomics, 

metabolomics, proteomics and metagenomics (Chandhini and Kumar, 2019).  All “omic” fields 

including transcriptomics provide extensive amounts of data and the opportunity to understand 

aquaculture from a holistic approach and address the issues associated with growth, nutrition, 

disease, and conservation.  Aquaculture practices are global efforts, which have an economic 

impact and provide food resources throughout the world.  Here lies many aspects of what is gained 

from sequencing transcriptomes from aquatic organisms that are targeted for food and nutrition.   

 With the advent of RNA-Seq techniques, we can provide a better understanding about 

biological systems in which many studies have generated data for aquaculture purposes and have 

made strides and efforts on a better understanding of nutrition, growth, reproduction, immune 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 January 2020                   doi:10.20944/preprints202001.0332.v1

https://doi.org/10.20944/preprints202001.0332.v1


function and stress, and adaptations for species used in aquaculture industries (Escalante-Rojas et 

al 2018; Leduc et al. 2018; Yang et al. 2018; table 1).  Although many species may have similar 

biochemical and physiological properties, life histories, diet, and physiological adaptations, these 

features can be unique to an array of species.  RNA-Seq techniques are a powerful tool which have 

multiple applications and can be applied to many facets of biology.  Therefore, RNA-Seq 

techniques offer a unique perspective on gene expression which can be applied to better understand 

the physiology, behavior, evolution, endocrinology, ecology, population genetics, and 

conservation of the species of interests used in aquaculture.  We can use these novel genetic 

methods to make stronger efforts in aquaculture production and conservation, in which optimal 

production can be available, and with a stronger understanding about the biology of these 

aquaculture species, we can strive toward stronger sustainable practices.   

 Transcriptomics allows us to identify transcripts (RNA molecules) from a given cell or 

tissue type from an organism (Wang et al. 2009).  Most transcriptomic studies have focused on 

messenger RNA (mRNA) molecules, because these molecules demonstrate that a gene is 

expressed, and the mRNA molecule will be translated into a protein product which serves a 

function within the cell or tissue. With high-throughput sequencing technologies, such as NGS, 

these sequencing technologies can be used for genomic and transcriptomic applications.  

Transcriptomic analyses would not be possible without the use of methods such as RNA-Seq 

technologies (Wang et al. 2009) and advancement in computation power and programming.  With 

a population of RNA, whether it’s total RNA or targeted with poly(A)+, these molecules are 

transformed into a library of cDNA fragments (Wang et al. 2009).  With these libraries, next-

generation sequencing (i.e. Illumina, Oxford Nanopore, and Pacific Biosciences) can be 

implemented to generate a vast amount of sequence reads.  In the past, transcriptomes were 
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quantified with either sequence or hybridization on custom made microarrays (Clark et al. 2002, 

Reinartz et al. 2002), but this required prior knowledge of genomic sequences, and were time-

consuming and highly laborious (Chandhini and Kumar, 2018).  With current methods, prior 

genomic information is not required to sequence a transcriptome of a given organism.  Once the 

transcriptome has been produced from one of the various sequencing platforms, multiple analyses 

can be conducted and give insight on the cellular processes for any species of interest and 

investigate questions associated with changes in diet, environment, or exposure to a pathogen.  

Analyses include transcriptome annotation, SNP detection, differential gene expression, gene 

enrichment, detection of alternative splice variants, identification of orthologous sequences, and 

estimation of positive Darwinian selection.  It is evident and there are abundant studies applying 

RNA-Seq techniques to aquaculture aimed at improving the health and quality of the desired 

species of interest (Chandhini and Kumar, 2018). 

 Also, the use of transcriptomic information has been a cost-efficient tool to utilize, 

especially in the absence of a genome for the species of interests.  However, with the constant 

reduction in sequencing costs, genomes can be readily available and used as a complement to 

transcriptomic analyses.  In the past couple of years, there has been extensive amount of research 

to develop fast and reliable software needed for genomic sequencing on “single node” computers 

which contain multi-threaded processors (Martinez et al. 2018).  The transcriptome can be used in 

a wide range of applications such as identifying a collection of protein encoding genes, the 

composition of a gene with alternative splicing and post translation modifications, and lastly 

measure differential expression of hundreds to thousands of genes within a given individual 

(Chandhini and Kumar, 2019).  Transcriptomic studies allow us to better understand gene 

expression within a temporal framework, where we can ask questions about how gene expression 
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changes during different time periods.  This insight on any changes in gene expression profiles can 

better explain which genes are involved in growth, diet shifts, metabolism, and development.  This 

temporal aspect used in transcriptomic analyses could not be identified solely with the use of 

genomic sequencing.  Genomic sequencing only provides the location of genes within 

chromosomal arrangements but does not provide insight on how these genes are expressed within 

a given tissue or time point.  Many studies investigate which genes are up-regulated or down-

regulated during developmental stages, which is crucial in understanding growth.  With improved 

insight on growth and reproduction, many industries seek to produce quick growth rates and 

simultaneously reduce the amount of stress and diseases present during production.  Gene 

expression patterns provide a unique opportunity to better understand how organisms respond to 

altered environmental conditions such as co-occurrence of hypoxia and high pCO2 (Cline et al. 

2020) or exposure to pollutants (Pojolar et al. 2012).  Also, transcriptomic analyses can have a 

spatial context (e.g. targeting a specific tissue type or whole organism).  These questions can 

provide answers about genes which encode for proteins within a given tissue that are essential for 

a physiological function such as digestion, reproduction, and/or adaptations.    

 As more genomic resources become available for more species important for aquaculture 

purposes, many studies have focused on the use of model species such as zebrafish (Danio rerio), 

Japanese rice fish (Oryzias latipes) and Japanese pufferfish (Fugu rubripes), which sequenced 

genomes have been used to make inferences about growth, development, fish physiology, diet, 

metabolism, immune function and response to toxins (Ulloa et al. 2014; Mazurais et al. 2011).  

With the genome at hand, transcriptomes have been generated for these model species where many 

bioinformatic pipelines pave the methodology for studies on non-model organisms.  Many studies 

have shown multiple genes that are up-regulated and down-regulated in which multiple 
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experimental designs can be developed to understand a variety of aspects of an organism such as 

metabolism of certain nutrients, disease and stress pathways, and development of specific organs, 

and the results of these studies can be applied to aquaculture (Dahm and Geiser, 2006).  As more 

transcriptomic and genomic studies are developed, more patterns can be elucidated where we can 

delineate whether there are clear patterns that transcend multiple species or can be restricted to a 

few species because of unique evolutionary adaptations.     

 Currently, a vast amount of transcriptomic and genomic sequence data is being generated 

for multiple organisms, where the data extensively exceeds the amount of analyses completed 

(Schadt et al. 2010).  With this immense amount of sequence data available, this requires us to 

adopt the use of advanced computational resources (Schadt et al. 2010). With the vast amount of 

data deposited on major sequence databases [DNA Data Bank of Japan - DDBJ (Japan), GenBank 

(USA) and European Nucleotide Archive (Europe)], this information can be used for many 

comparative genomic and transcriptomic analyses.  In addition, within the past 20 years 

sequencing data costs have decreased dramatically, where the cost per megabase (Mb or 1,000,000 

base pairs) of sequence data is a couple of U.S. cents (Wadapurkar and Vyas, 2018).  With these 

current reductions in costs of genetic sequencing gives rise for efforts to obtain sequencing 

information for the species of interests, but also analysis of closely related species which can give 

a broader understanding about the ecological and evolutionary relationships which can be crucial 

for conservation and aquaculture management. Aquaculture genetics had begun around 80 years 

ago and has steadily grown in the past thirty years (Dunham and Lucas, 2019).  Advancements in 

genetics and breeding research has been established for commercial species such as carps, catfish, 

salmonids, tilapias, and oysters; all of which have been genetically improved (Dunam and Lucas, 

2019).  However, we do not see a widespread of genetic studies on aquaculture species, where 
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some reports show that only 10% of commercial aquaculture species are genetically improved 

(Gjedrem et al. 2012; Gjedrem and Robinson et al. 2014).     

 With this vast amount of genetic information, the following type of questions can be 

addressed.  What type of immune response occurs in the presence of a pathogen?  Which genes 

are expressed when the composition of a diet has been changed (i.e. less fish meal)?  How does 

this novel diet or lack of nutrients impact immune function, growth and reproduction?  How has 

this vast amount of information improved our management for conservation and fisheries?  New 

methods will be crucial for developing demand of the aquaculture in the upcoming years.  Here I 

provide a review of why transcriptomics would will be vital to our understanding of fisheries and 

aquaculture.   

 

3 NUTRITION, GROWTH AND DEVELOPMENT 

3.1 Nutrition and Growth 

 One of the most crucial objectives in aquaculture is selecting nutrient resources optimal for 

aquaculture.  However, what are impacts of these diets on these species such as growth, digestion, 

metabolism, immune function, and reproduction?  Of course, many factors play into the health and 

quality of the species of interest, but most questions revolve around what type of nutrients can be 

given with the lowest cost but provide the highest yield in growth of fishes or invertebrates.  This 

goal is ubiquitous for any farming industry to create the fastest yield, however compromises come 

in the form of changing the diet can shift the quality and/or taste of the product (Calanche et al. 

2019).  In the past, fish meals (FM), mostly made from fish and not intended for direct human 

consumption, have been generated for carnivorous fishes, which contains a high source of protein, 

with essential amino acids and fats (Hardy, 2010).  Also, this provides a dilemma, in which the 
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availability of wild fish for the production of fish meal for any aquaculture species is limited, and 

the aquaculture production becomes a net consumer as opposed to a net producer (Hardy, 2010).  

In the past, there has been a focus on fish feed and fish oil as a source of nutrition for aquaculture.  

However, there has been a shift in giving the basic nutrients for aquaculture, in which “functional 

feeds” have been designed to improve the health and growth of a fish (Tacchi et al. 2011).  Now 

additives included in feeds comprise of prebiotics, probiotics, immunostimulants, vitamins, 

nucleotides, minerals, plant and algal extracts.  With these new strategies in shifting the diet of 

fishes, transcriptomic profiles can be used to understand how this may alter the physiological 

conditions of tissues within aquaculture species, and how this may benefit or be a detriment to the 

production of the species of interests, particularly in the gut.   

 The gastrointestinal tract offers so much insight on many functions such as digestion, 

osmoregulation, detoxification or immune function (Karasov and Douglas, 2013).  Where many 

studies have monitored the gut of fishes when presenting some type of modification within their 

diet (Kaushik, 2002; Morais et al. 2012; Calduch-Giner et al. 2012; Lu et al. 2019).  Many 

aquaculture species are carnivorous, such as the European seabass (Dicentrarchus labrax). This 

fish requires a vast amount of animal protein (43 - 50% of its daily food intake) (Kaushik, 2002). 

In addition to proteins, carbohydrates, and lipid content within fish feed, the function feed is crucial 

in which it serves health benefits for the fish (Martin and Król, 2017).  The function fish feed 

includes selenium, zinc and vitamins, and may contain other ingredients such as immunostimulants 

in which algal and plant extracts are integrated in these feeds.  Also, prebiotics which usually stem 

from yeast extracts in order to stimulate the microbiome operating within the fish intestine 

(Hoseinifar et al., 2016).  In all the modifications of diet within aquaculture, there is so much 

insight to be gained that can improve the quality of the aquaculture species of interest.   
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 Since FM and fish oil (FO) have been traditional marine resources as feed and a major 

source of dietary protein and lipids for aquaculture, recently, it has been a transition to include 

terrestrial plant products such as plant meals and vegetable oils (VO) into fish feed (Naylor et al. 

2009; Hardy, 2010). This shift in diet for aquaculture purposes is critical to reduce the reliability 

of fish meal or wild caught fish used for fish feed which is a finite and ever more expensive 

resource (Naylor et al. 2009).  With a majority of fish species which require a carnivorous diet and 

now with the increasing use of  plant meal and VO in feed, questions arise on whether this shift to 

a plant protein-based diet have impacts on growth, immunity, and digestive physiology?  

Particularly, questions regarding absorption and digestion, the use of gut transcriptomics can 

elucidate a better understanding of metabolism and digestion.  It is evident that the type of fish 

feed used in aquaculture impacts multiple aspects such as nutrition, development and health 

condition of the fish (Tacchi et al. 2011).  Studies have shown that alternative plant-based 

ingredients, as opposed to marine derived products can have negative impacts on fish physiology 

such as growth, health, and disease resistance (Hardy, 2010).  Nutrigenomics, a recent discipline 

that serves to improve many industries including aquaculture, has focused on the molecular 

movement and other dietary components required for aquaculture species (Vera et al 2017; Hakim 

et al. 2018).  This field focuses on developing feed which has positive effects of economic value, 

the welfare of the fish, and supplying the market demands (Hakim et al. 2018).  These studies 

involve altered diet conditions, and their effects are evaluated at the transcriptomic, proteomic, 

metabolomic, and epigenomic levels (Vera et al. 2017; Hakim et al. 2018).  It is clear that the use 

of transcriptomics along with other fields of biology can provide profound answers to questions 

concerning aquaculture.  In studies done in the rose spotted snapper (Lutjanus guttatus) when 

presented a vegetable based diet, recorded negative impacts where a vegetable diet did not provide 
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all the required amino acid requirements for a developing fish (juvenile). Also, a decrease in gene 

expression of myogenic and other growth related genes was recorded (Escalante-Rojas et al. 2018).  

With the use of transcriptomic studies, it is clear that modifications to diets especially in the 

presence of a plant-based diet are necessary in order to understand how the species of interest 

responds to this altered diet at the molecular level.  Ingredients such as soybean meal (SBM), 

soybean protein concentrate (SPC), corn gluten, sunflower meal and pea protein concentrate (PPC) 

are commonly used in fish feed (Vera et al. 2017).  It has been shown that these plant ingredients 

contain secondary metabolites, which can be anti-nutritional factors (ANFs).  These metabolites 

can reduce feed intake and the use of nutrients that’s within vegetable-based feeds (Vera et al. 

2017).  When a plant-based diet is introduced, a shift from a marine diet containing fish meal 

(80%) to a vegetable diet (10% FM), has had an impact on the Atlantic salmon (Salmo salar), 

showing up-regulated genes involved in oxidative phosphorylation, pyruvate metabolism, 

tricarboxylic acid (TCA) cycle, glycolysis and fatty acid metabolism (Vera et al. 2017) as shown 

in the liver transcriptome.  An additional factor that was considered in this study was ploidy (i.e. 

2n and 3n) which could be a potential factor that could influence how a diet shift may impact the 

development of these fishes.  Therefore, different nutritional requirements have been shown for 

triploid salmon as compared to diploid salmon (Vera et al. 2017).    

 There have been extensive studies on the digestive physiology of fishes which has been 

applied to many facets of biology which includes applications to aquaculture (German et al. 2015, 

German et al. 2016, Wang et al. 2010, De Santis et al. 2015).  A better understanding of the 

digestive enzymatic activity during a shift in diet can provide a better understanding of what type 

of activity is operating within the fishes of interest.  There are many digestive enzymes which play 

a crucial role in digestion and leading to absorption, but these genes are crucial to the diet of the 
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species of interest for aquaculture purposes.  In addition, many aquaculture species represent a 

broad range of diets (i.e. carnivorous, omnivorous, or herbivorous) or even contain an ontogenetic 

diet shift through their life history (Chinook salmon; Duffy et al. 2010).   A better understanding 

of enzymatic activity can provide a basic biological understanding of optimal enzymatic activity.  

There are two compelling hypotheses, the Adaptive Modulation Hypothesis (AMH; Karasov, 

1992) which states a positive correlation between the digestive enzyme activities and the substrate 

that has been ingested that corresponds to those enzymes.  This has been supported in many studies 

focused on carbohydrases from both herbivorous and omnivorous animals. In contrast, the Nutrient 

Balancing Hypothesis (NB; Clissold et al. 2010) supports the elevated expression levels of 

enzymes for a limiting dietary resource to ensure acquisition of these nutrients such as essential 

fatty acids.  With the use of gut transcriptomics to better understand which genes are expressed 

associated with digestive enzymes can provide a better understanding about which genes are 

expressed to acquire certain nutrients.  By understanding which proteolytic enzymes are necessary 

for digestion and absorption in the species of interest for aquaculture, efficient formulated feed can 

be developed for a specific species (Yasuike et al. 2018).  A study done on Japanese amberjack 

(Seriola quinqueradiata) has highlighted the genes expressed in the gut which has shown 

expression of proteolytic digestive enzyme genes such as trypsinogen, two chymotrypsinogen 

gene, and a carboxypeptidase B gene within the intestine and rectum.  Other digestive enzymes 

analyzed by Yasuike et al. (2018), showed three apolipoprotein genes, apolipo Eb, apolipo B-100, 

and apolipo A-1.  Apolipoproteins are vital in lipid transport and uptake in vertebrates and has 

been shown to be synthesized primarily in the intestine and liver of most teleost.  As a caveat, it 

has been suggested that the fish intestine transcriptomes are plastic, in which they can change 

spatially, seasonally, and with diet (Calduch-Giner et al. 2016).  This provides a key detail of 
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matching the available digestive enzymes present within the aquaculture species with the 

corresponding diet presented.  Providing a general diet for multiple species which do not have the 

digestive enzymes to efficiently breakdown the feed can be counterproductive and detrimental to 

the health of the aquaculture species.  Specialized feed or the possible use of CRISPR/Cas9 (gene 

editing) can be used to ensure optimal digestion and acquisition of nutrients, in which resources 

are not wasted and the health of the aquaculture species is not compromised.  In addition, due to 

external fertilization and high fecundity in many aquaculture species serve as better candidates for 

gene editing as compared to terrestrial animals (Gratacap et al. 2019).  More genomic and 

transcriptomic studies are being produced with species that naturally have an herbivorous diet such 

as the monkeyface prickleback fish (Cebidichthys violaceus; Heras et al. 2018).  Although this is 

not a widely cultured fish, a better understanding of organisms that can digest and acquire nutrients 

from an herbivorous diet, can allows us to use gene editing tools in aquaculture species to ensure 

that genes that aide in the digestion of plant material obtain the proper nutrients and reduce the 

risk of ANF contribution which may have negative effects on the health of fishes.  

 

4 REPRODUCTION AND DEVELOPMENT 

 In any form of culture or breeding, reproduction plays a crucial role in the large-scale 

commercial industries, in which some form of artificial reproduction is taking form.  When dealing 

with species in the wild, species identification is crucial because the possibility of hybridization 

can occur.  In addition, many marine species have wide distributions in which there can be putative 

population structure along their distribution.  Depending on the species in aquaculture facilities, 

there are various forms of artificial reproduction, but to what extent does this impact the progeny 

and generations afterward with this form of artificial selection?  Transcriptomic analyses can 
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provide some insight on fitness of individuals and also an understanding of how reproduction at 

the molecular level operates within the species of interest.   

 An understanding of the genetic loci responsible in determination of sex in fishes can 

provide insight into reproduction, which is helpful for aquaculture and fisheries.  Within fishes, 

sex determination is a dynamic process and has been observed in families or genera which can be 

modulated by external factors (Devlin and Nagahama, 2002).  Sex determination can occur through 

monogenic or polygenic systems, which can be located on autosomes or sex chromosomes.  With 

the use of transcriptomics, we can compare sexes to determine which loci contribute to sex 

determination (Chen et al. 2015; Sun et al. 2013; Lin et al. 2017).  The transcriptome from 

reproductive tissue can also provide biological insight on understanding sex-related differences or 

sex differentiation in fishes (Zhang et al. 2019; Tao et al. 2018).  Multiple candidate genes 

associated with sex determination, gametogenesis, and gonadal differentiation and maturation 

have been identified within fishes such as Dmy/dmrt1Yb, DM‐W, DMRT1, Sox9, SDy, and Sox3 

(Matsuda et al., 2002; Yokoi et al., 2002; Yano et al. 2012; Takehana et al., 2014).  Amur sturgeon 

(Acipenser schrenckii), a species used for generating caviar, a transcriptomic study has shown how 

long noncoding RNAs (lncRNAs) might be one factor in regulating differential gene expression 

associated with sex-related differences (Zhang et al. 2019).  More transcriptomic studies aimed at 

sex determination in fishes are still necessary in order to make broader inferences about 

reproduction which can be helpful for aquaculture management.  

 For both wild and domestic animals, egg production can be impacted by many factors, 

some that are highly variable, where the production of inviable eggs maybe common for a variety 

of species (Chapman et al. 2014).  At early stages of vertebrate embryo development, there are 

rapid cell division processes occurring where in a synchronous fashion cells are dividing the zygote 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 January 2020                   doi:10.20944/preprints202001.0332.v1

https://doi.org/10.20944/preprints202001.0332.v1


in a blastula.  At this period, maternal RNA are essential, in which these gene transcripts were 

inherited in growing oocytes and direct embryogenesis (Chapman et al. 2014).  In such studies 

have these transcripts encode regulators or participants in cell cycling (cyclins, nucleoplasmin), 

proliferation, growth and apoptosis (insulin-like growth factors and their receptor, prohibitin) and 

cytoskelton (tubulin beta, keratins 8 and 18; Aegerter et al. 2005; Bonnet et al. 2007a; Bonnet et 

al. 2007b).  Farmed striped bass has had issues with egg quality (Chapman et al. 2014).  It is clear 

that studies done on zebrafish and Japanese rice fish (medaka) can provide insights on reproduction 

and development (Vesterlund et al. 2011; Qiao et al. 2016), which can provide a better 

understanding of these fields and applied to aquaculture.  For instance, the use of gene ontology 

(GO) annotations from D. rerio were used in a gene set enrichment analysis (GSEA) with head 

tissue from European glass eels to better understand the development of head shape dimorphisms 

(De Meyer et al. 2017).  As more genomic and transcriptomic data becomes more readily available, 

we can make stronger inferences about fertilization, sex-determination, and reproductive 

physiology in fishes.  This insight can be applied to making better decisions in spawning 

management. 

    

5 IMMUNE FUNCTION, STRESS, AND TOXICOLOGY  

 An understanding of which genes are expressed in the presence of a pathogen, and also the 

diversity of genes related to immune function are important for aquaculture and fisheries.  Multiple 

immune function genes are known to be under positive Darwinian selection, which is key 

especially for maintaining a healthy population within the confinement of a facility (Xiao et al. 

2015).  Multiple studies in vertebrates generally show that Major Histocompatibility genes are 

under positive Darwinian selection, in which they are part of the adaptive immune system (Xiao 
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et al. 2015, Aguilar and Garza, 2005; Shad et al. 2012).  Candidate tissues for transcriptomic 

studies would be head kidney, kidney, and spleen for understanding immune function (Chandhini 

and Kumar, 2018).  Immune function does not operate in isolation, in which nutrition also plays a 

role in sustaining health of aquaculture species (Martin et al. 2010).  Martin et al. (2010) showed 

that fasting of Atlantic Salmon (Salmo salar) decreased expression of immune function within the 

liver in the presence of a bacterial pathogen as compared to fishes that were fed and exposed to 

the pathogen.  This suggests a mechanism for conservation of energy during starvation.  Therefore, 

any alterations in feed can also have positive or negative impacts on immune function.  If there are 

negative impacts on immune function, this provides stress on the organism which can result in a 

reduction of longevity.   

 Environmental stress can occur in multiple forms such as differences in temperature, 

salinity, pH, spatial constraints, and pollutants.  Exposure to different environmental conditions 

that provides some form of stress on the aquaculture species could hinder growth, development, 

and overall health of the fish.  Several studies showed that stress exposure elicits a physiological 

and biochemical response within teleost fishes (Aluru and Vijayan, 2009).  Of course, zebrafishes 

and medaka provide great models for understanding how pollutants can impact certain biological 

aspects, especially harmful consequences have been reported in development, endocrine and 

reproductive aspects (Weber et al. 2013).  A better understanding of the immune function and 

exposure to specific pollutants or stressors can have an extensive impact of growth, reproduction 

and longevity.  The use of transcriptomics hold strong promise in extending the lives of individuals 

within aquaculture and also can be litmus test for ensuring the health of these species which is 

important for sustaining aquaculture optimal for human consumption as well.   
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6 ADAPTATIONS, MOLECULAR EVOLUTION, AND POPULATION GENETICS  

 It is clear that physiological adaptations are crucial for organisms to survive within their 

habitats, especially if human activities have altered these conditions, due to aquapens for mass 

production or as a consequence of climate change impacting the temperature of our oceans.  Many 

species of economic value can also serve with great interests to applications in evolution.  Multiple 

studies have used comparative transcriptomics to identify orthologous gene pairs/clusters and then 

estimate natural selection by using a form of estimating non-synonymous and synonymous rates 

(omega), where an omega value > 1 indicates a positive selection, a value = 1 means a neutral 

selection, and a value < 1 is purifying selection (Heras et al. 2011, Heras et al. 2015 and Heras and 

Aguilar, 2019; Tong et al. 2015; Xiao et al. 2015).  Many of these genes can provide us with a 

better understanding if there are general patterns of selection operating on certain genes especially 

if multiple species are exposed to similar habitats (e.g. temperature, pH, oceanic depth, differences 

in salinity).  It is clear that some genes under positive Darwinian selection contribute to a 

physiological adaptation in a given environment.  Marine rockfishes (genus Sebastes) serves this 

unique opportunity to understand evolution of a genus that composed of 105 (Love et al. 2002) 

species but also important applied to our understanding to aquaculture purposes.  Rockfishes are 

clear examples of adaptive radiations within marine habitats and they are a cluster of multiple 

species which can live greater than 100 years.  As part of Heras et al. 2011, Heras et al. 2015 and 

Heras and Aguilar, 2019, we see multiple candidate genes under positive Darwinian selection.  

These estimates of positive Darwinian selection provide some insight on adaptation at the 

molecular level and elucidate patterns within this speciose group. There have been several 
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candidate genes of interests which involve genes associated with metabolism, longevity, 

reproduction, and oxygen consumption.   It was shown in Heras and Aguilar 2019 that hemoglobin 

subunit alpha is under strong positive Darwinian selection within rockfishes through a comparative 

transcriptomic analysis. In addition, understanding how well a species responds to novel 

environmental conditions such as changes in pCO2 which is likely in the occurrence of climate 

change within our oceans.  A study done by Hamilton et al. (2017) with rockfishes has 

demonstrated what the transcriptomic profile would look like in the presence of elevated pCO2, a 

simulated environment due to anticipated climate change.  Studies like these are of interests 

because not only do we understand the evolutionary adaptation of the species in interests but also 

what does this mean for conservation and fisheries efforts.   

 The fish specific genome duplication (FSGD) has been estimated to have occurred around 

~350 million years ago (Meyer and Van de Peer, 2005).  With a duplicated genome, this provides 

the opportunity for novel gene functions to occur via neofunctionalization or subfunctionalization 

(Wolfe, 2001).  With novel functions, these duplicated genes can also be favorable and can become 

fixed within a population as a result of positive selection.  There are about ~25,000 different 

species of teleost fishes presently known, which is more than any other vertebrate group (Meyer 

and Van de Peer, 2005).  Therefore, with the presence of gene duplications, there is the opportunity 

for expression profiles to be different from what is seen in other vertebrates.  Although there are 

many facets that contribute to adaptation and speciation, some of the basic understanding of the 

evolutionary patterns within organisms can be assessed with access to genomic information such 

as the identification of positive selection within the transcriptome and the identification of 

orthologous and paralogous genes.  In addition, by understanding which loci are expressed or if 
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there are multiple paralogous genes expressed, this can provide insight on using gene editing 

methods to make sure that similar copies are used for a desired phenotype in the species of interest.   

 Population genetics or genomic studies have always played a strong role in understanding 

population structure of a variety of aquaculture species such as salmon, trout, rockfishes, and etc.  

Although most population genetic studies focus on using genomic sequencing information to 

detect SNPs, this information gives us a better understanding about population structure or 

identifying candidate loci responsible for local adaptative traits (Nielsen et al. 2009).  

Transcriptomic information can be used to make these inferences about divergence in populations, 

which has been conducted between dwarf and normal whitefish to identify SNP markers within 

coding regions (Renaut and Bernatchez, 2011).  With more loci to analyze, population genomic 

analyses can give a better understanding about the evolutionary processes within or between fishes 

that are in captivity (reared) or in the wild.     

 

7 MICROBIOME AND APPLICATIONS FOR CONSERVATION AND AQUACULTURE 

MANAGEMENT 

 When thinking about the biology of a given aquaculture species and if an immense 

amount of transcriptomic data was available for such species, there is still more biological 

information that can be insightful since that organism does not operate in isolation.  Bacterial 

taxa are commonly viewed as pathogens, but many bacterial taxa have mutualistic relationships 

with fish that translate as health of a fish.  With a systems biology approach, which already exists 

in the form of a Holo-Omic effort to represent a broad understanding of the biology of a species 

of interest, which includes the microbiome (Limborg et al. 2018).  With the current technology 

and advancement in our understanding of microbial genomes, pairing the transcriptome of 

bacteria residing within the fish of interest and aids in digestion or other physiological functions, 
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will provide greater insight on genomic and transcriptomic studies. This approach offer many 

opportunities to better understand co-evolutionary processes that operate between the gut 

microbiome and the host (Mekuchi et al. 2019).  In addition, metatranscriptomics 

(transcriptomes of microbiota) serves as a useful tool for understanding how genes within the 

microbe aid in digestion (Wu et al. 2015).   

 The use of transcriptomics, a subset of genes expressed within the genome, is a powerful 

resource for rapidly identifying coding genes and non-coding transcripts from the genome as 

opposed to sequencing the genome with no prior knowledge.  Further, many studies contributed 

to advance in knowledge of the constituents of a genome which can provide understanding on 

loci that are associated with risk factors for genetic disorders, variation in immune function, 

specialization (i.e. dietary tolerances), and reproduction (Ryder, 2005). These factors may 

provide insightful information not only for evolutionary biology but for aquaculture, fisheries, 

and conservation management as well.  We can use transcriptomics to advance our 

understanding of a commercially important fishes and reveal how biological processes are 

operating at the transcriptomic level.  Many species are overfished, and some have been listed 

either as threatened or as endangered species (Magnuson-Ford et al. 2009). The advancement in 

transcriptomic studies can elucidate our understanding of risk factors for genetic disorders, 

variation in immune function, specialization (i.e. dietary tolerances), and reproduction.  These 

can enhance our knowledge about physiology and to propose an effective guide for conservation 

management by means of improving wildlife health conditions and plans for intervention of 

population viability (Ryder, 2005).  With recent advancements in genetic sequencing technology 

and computational capabilities, we can further advance the field of aquaculture for the health of 

the species consumed and in turn will benefit us. 
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Table 1.  Contemporary papers on aquaculture transcriptomics (past three years) 

Study Focus Species  Common 

Name  

Tissue Type(s)  Reference 

Adaptive evolution  Sebastes carnatus, S. nebulosus, 
S. maliger, S. mystinus, and S. 
serranoides 

Gopher, 
China, 
quillback, 
blue, and 
olive 
rockfishes 

brain Heras and Aguilar, 2019 

Climate change 
elevated pCO2  Sebastes carnatus and S. mystinus 

Gopher 
and Blue 
rockfishes 

white muscle  Hamilton et al. 2017 

Climate change 

stress 
Sebastes mystinus  Blue 

rockfish  
white muscle, gill, and 

liver  
Cline et al. 2020 

Diet 

Dicentrarchus labrax  

European 
seabass  
 

proximal intestines Leduc et al. 2018 

Diet and immune 
response  

Epinephelus akaara  Hong 
Kong 
grouper 

liver Yang et al. 2018 

Diet replacement Salmo salar L.   Atlantic 
salmon  

liver, midgut and hindgut  Betancor et al. 2017 

Egg quality  Dicentrarchus labrax  
 

sea bass  
 

fertilized eggs Żarski et al. 2017 

Fishmeal based 
diet Carassius gibelio 

gibel carp liver Xu et al. 2019 

Genome and 
transcriptome 
characterization of 
the digestive tract 

Seriola quinqueradiata  
Japanese 
amberjack 
(yellowtail) 

gills, skin, fins, red muscle, 
white muscle, heart, kid- 
ney, spleen, stomach, 
intestine, pyloric caeca, 
liver, gallbladder, retina, 
cerebellum, optic lobe, 
olfactory lobe and ovary   

Yasuike et al. 2018 

Growth/atrophy Lutjanus guttatus   rose 
spotted 
snapper 
 

spleen, gills, brain, heart, 
testis, liver, gut, muscle, 
dark skin, white skin and 
visceral fat 

Escalante-Rojas et al. 2018 

Head shape 
dimorphism/growth 
rate and 
chemotaxis 

Anguilla anguilla   European 
glass eel 

head  Meyer et al. 2017 

Nutrition (plant 
based feed) Salmo salar 

Atlantic 
salmon  

liver  Vera et al. 2017 

Sex related 
differences  Acipenser schrenckii 

Amur 
sturgeon 

testes, ovaries, and livers Zhang et al. 2019 

Sex related/sex 
determination 

Oreochromis niloticus Nile tilapia  gonads Tao et al. 2018 

Sex related/sex 
determination Symphysodon haraldi 

Discus fish gonads Lin et al. 2017 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 January 2020                   doi:10.20944/preprints202001.0332.v1

https://doi.org/10.20944/preprints202001.0332.v1


Sex reversal/ 
temperature 

Oreochromis niloticus Nile tilapia  gonads  Wang et al. 2019 

Stress Response 
and aggression 

Oreochromis niloticus Nile tilapia  hypothalamus Rodriguez‐Barreto et al. 2019 
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