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 As the aquaculture industry expands to feed an ever-growing world population, it 

seeks to develop more low-cost, environmentally sustainable feed ingredients.  Fish meal 

replacement by plant sources of protein, including those derived from soybeans, wheat, 

and peas may have unintended effects. Certain fish species have reacted poorly to 

particular ingredients, including components of soy and pea protein. We present here 

evidence for potential negative health effects, including possible inflammation, elicited 

by wheat gluten incorporation into the feed of Cobia (Rachycentron canadum). European 

sea bass (Dicentrarchus labrax), on the contrary, seem to well tolerate this ingredient.  

 We sought to evaluate the ability of taurine, a known immunomodulator, to 

alleviate inflammation in cases of adverse effects caused by particular plant ingredients in 

feed. We saw evidence for this in the cobia study, and though our study did not induce 

any inflammation in sea bass, we detected dramatically increased levels of taurine levels 

in the plasma of fish consuming a diet containing 4% wheat gluten. In another study, 

supplemental taurine in European sea bass shifted spectral sensitivity to a longer 



 
 

wavelength, though there were no apparent anatomical differences in the retina between 

the un-supplemented and supplemented groups.  

 We observed changes to the microbiome induced by dietary wheat gluten, and in 

a separate study, taurine. Wheat gluten addition to the diet greatly increased the number 

of predominant orders represented in the intestinal microbiota. Taurine caused less of a 

shift, but interestingly, the predominant orders were very uniform throughout the sections 

of the intestines of the taurine-fed fish.  

 In two different studies, we attempted to characterize a dietary taurine-dependent 

zebrafish that was incapable of endogenous taurine synthesis. However, both of our 

potential strains turned out to be producing a wild-type CSAD (cysteine sulfinic acid 

decarboxylase) protein even in the presence of early termination codons in the csad gene. 

We also observed the expression of two smaller sizes of CSAD, ~53 and ~55 kDa, in 

addition to the previously described ~59 kDa protein. The two smaller sizes appear to be 

produced early in development and are not detectable by 3.5 weeks post-fertilization.  
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CHAPTER 1:  INTRODUCTION AND BACKGROUND 

 

1.1 Aquaculture and plant-based feeds 

 
 The aquaculture industry is rapidly expanding to feed a burgeoning world 

population. The unsustainability of harvesting small ocean forage fish to feed aquaculture 

fish has precipitated the increased incorporation of plant proteins. The introduction of 

plant ingredients foreign to the natural diet of aquatic species with differences in 

metabolism and detoxification processes can be expected to have broadly ranging effects.  

A variety of these ingredients including low-fat, high-protein concentrates derived from 

plants such as soy and wheat (including processed wheat gluten) have been successfully 

incorporated into fishmeal-free diets for a variety of cultured species 12. Isolating and 

purifying plant protein is generally preferable to using whole seed meal. There are several 

described antinutritional compounds present in plants that promote detrimental effects 

ranging from reduced palatability of feed to toxicity in fish 3. When evaluating a 

particular feed additive, a one-size-fits-all approach should not be assumed considering 

the vastly different natural diets of various aquaculture species. Furthermore, when 

developing diets, it is crucial to examine how one component may influence the 

physiological consequences of another.  
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1.2 Taurine: Roles and Synthesis 

 

 Taurine (2-aminoethanesulfonic acid) is a critical amino acid for animals and 

must be synthesized de novo or obtained through the diet. For taurine synthesizers, the 

CSAD enzyme (NP_001007349.1) catalyzes the terminal reaction in the primary 

biosynthetic pathway (Figure 1.1). Essential roles for taurine include osmoregulation, bile 

salt conjugation, and protection from oxidative stress (Figure 1.2) 4. Species lacking 

sufficient endogenous synthesis require dietary supplementation. This is particularly 

apparent in carnivores who tend to have low levels of CSAD or none at all. Strictly 

carnivorous cats have low levels of CSAD but require high levels of taurine as well as 

methionine, which along with cysteine is a precursor of taurine synthesis 5,6. In fish, 

deficiencies in endogenous taurine production have become increasingly apparent as 

aquaculture feeds exchange greater proportions of fish meal for plant protein sources 

containing no taurine. The supplementation requirements of several commercially 

relevant species have been described, including by our laboratory for the strict marine 

carnivore, cobia. Taurine synthesizers also benefit in terms of growth from 

supplementation in the feed 7-8. The FDA recently approved taurine supplementation of 

feed for farmed fish intended for human consumption 9. 

 Taurine mitigates inflammation by scavenging free radicals, ameliorating 

oxidative injury, and modulating the immune response 10. Taurine is halogenated to Tau-

Cl in activated neutrophils and its release following apoptosis inhibits the production of 

several potent inflammatory agents including TNF-α, interleukins, prostaglandins, 

superoxide anion, and nitric oxide 11. Administration of taurine can mollify chemically 
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induced degeneration of the intestinal mucosa and inflammatory bowel disease  10,12. 

Taurine has been shown to prevent ocular tissue injury caused by excess glutamate, an 

excitatory neurotransmitter. It is possible that it offers some protection in the gut against 

deamidated gluten, which can cause an immune response in sensitive individuals, 

including those with celiac disease  4.  

 

 

 

 

 

 

 

Taurine Biosynthetic Pathway

Modified from Vitvitsky et al. 

Figure 1.1: CSAD is the terminal enzyme in the taurine biosynthetic pathway 185. 
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Knocking out the csad gene in mice leads to an 83% reduction in plasma levels of 

taurine, with resulting mortality within 24 hours of birth by the third generation of inbred 

homozygotes 13. Residual production of taurine might be via the cysteamine pathway 

(Figure 1.1). Cats, as insufficient synthesizers of taurine, exhibit retinal degeneration and 

hepatic lipidosis when fed a diet lacking sufficient taurine 5,6. Taurine-deficient fish 

display similar liver maladies, largely expected since fish conjugate bile salts to taurine 

7,14. CSAD mRNA is found in the earliest stages of zebrafish embryonic development, 

including in the yolk at the gastrula stage, and in both the yolk and notochord in the 

somite and pharyngula stages. In the pharygula stage, 24-48 hpf (hours post fertilization), 

CSAD expression is evident in several additional tissues including the liver, brain, and 

TAURINE Vision:
Photoreceptor 

protection

Brain:
Neurotransmitter, 

some taurine 

synthesis

Muscle: 
antioxidant, 

cytoprotectant

Kidney:
Urea recycling 

and 

osmoregulation
Liver: 

Main site of taurine 

synthesis, protection 

from disease

Gall bladder: 
Conjugation 

to bile salts

Heart:
Protection from 

cardiomyopathy

Systemic:
Antioxidant

Figure 1.2: Taurine plays a number of roles in zebrafish physiology. 
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optic cup 15,16. Knockdown of CSAD mRNA or TauT (taurine transporter) mRNA during 

early embryonic development results in cardiomyopathy and mortality in zebrafish 16,17. 

 

1.3 Wheat Gluten  

 

 Feed formulations often incorporate wheat gluten as a source of protein and for its 

texture and cohesive properties. Wheat gluten is derived from wheat flour in a process 

that includes kneading the dough under water followed by centrifugation to separate the 

insoluble protein mass from the liquid fraction. Soluble fibers and starches are lost, and 

the remaining mass of insoluble protein consists mainly of two fractions described by 

their solubility in aqueous alcohols: soluble gliadins and insoluble glutenins 18,19. Vital 

wheat gluten, marketed as a dry powder, regains its physical properties upon rehydration 

20. Beyond the benefit of nutrition at low cost, several properties of wheat gluten render it 

well suited for inclusion in feed. Its visco-elastic and adhesive properties are ideal for 

binding together granules and pellets and promoting a preferred chewy texture. In 

addition, its insolubility in water reduces feed breakdown. Wheat gluten's cohesive 

properties are favorable to both extrusion or air incorporation, which facilitates the 

production of feeds for either bottom or surface feeding, respectively.  

 Wheat gluten has been shown to elicit adverse effects in some humans, 

particularly in those with a genetic predisposition to developing celiac disease. Other 

mammalian models of gluten sensitivity have been described 21-22. The incomplete 

digestion of gliadin, one of the two protein fractions in wheat gluten, yields several 

potentially immunogenic and toxic peptides 23. The tissue transglutaminase-catalyzed 
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glutamine to glutamate deamidation reaction in gliadin is instrumental in gluten-induced 

pathology. A low pH environment favors this toxic transition, raising the possibility that 

wheat gluten might be less tolerated in the gastrointestinal tracts of carnivorous fish such 

as cobia and European sea bass as compared to omnivorous fish such as zebrafish 24-25.  

Zebrafish are stomachless, a feature shared by a number of other teleost species spanning 

a variety of trophisms. In the omnivorous zebrafish, enzymatic digestion occurs at a 

roughly neutral pH along the length of the intestine 26–30. External factors such as salinity 

may also influence digestive physiology 31. 

Wheat gluten has been successfully incorporated into feeds for several fish 

species 18. Differences between the omnivore and carnivore microbiomes, as well as the 

extremely acidic gut pH typical of most carnivores, may be influential factors in 

orchestrating immune tolerance or inflammation. 

 

1.4 Food Sensitivities and the Gastrointestinal Tract 

  

 While seeking to characterize the nature of the adverse reaction to wheat gluten, it 

is necessary to differentiate between a food intolerance and allergy. Food sensitivities, 

also referred to as food intolerances, are more common and typically primarily affect the 

gastrointestinal system. Though components of the immune system are involved in celiac 

disease-associated pathology, this condition still falls under the category of a food 

intolerance since the symptoms are mainly gastrointestinal 32. In contrast, allergic 

responses engender a broad range of symptoms and impact multiple organ systems, and 

they can be life-threatening. Allergies have not been documented in fish, but sensitivities 
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to soybean meal and other plant-based ingredients such as pea protein concentrate 

manifesting as gastroenteritis are well described 33,34. Saponins, amphipathic soap-like 

compounds, have been shown to be a component in soy capable of inducing 

gastroenteritis in zebrafish. Analysis of total mRNA by quantitative PCR revealed an 

increase in pro-inflammatory cytokines, including TNF-α, IL-1β, and C3b 35,36.  

 Other emulsifiers have been shown to promote colitis in mice with concomitant 

alterations to the gut microbiota 37. Saponins can potentiate irritation caused by other 

plant proteins, as demonstrated in a study that evaluated combinations of soy saponins 

with various plant ingredients in Atlantic salmon and resulting distal gastroenteritis. 

Interestingly, it appears that this particular study designed the wheat gluten plus 0.2% soy 

saponin diet to serve as a reference diet for no induced ill effects. However, fish 

consuming this diet had the lowest leucine aminopeptidase (LAP) activity in the pyloric 

region of the intestine compared to the other eleven evaluated diets. Levels of LAP, a 

protein-hydrolyzing enzyme of the intestinal tract, are typically highest in the pyloric 

caeca 38. The article does not address this unanticipated finding with the wheat gluten 

diet, instead stating that the results from this diet did not contribute important 

information, and therefore further presentation of results was mostly excluded. In this 

study and another by Bakke et al., LAP activity was significantly reduced in the distal 

portion of the intestine of Atlantic salmon fed a soybean meal diet 39. These findings 

suggest that intestinal regions most affected by sensitivities to feed ingredients such as 

wheat or soy, as well as mechanisms of an immune response, might be different.  

 Pyloric caeca, finger-like pouches with similar structure and function to the 

mammalian small intestine, are particularly well developed in carnivorous fish species 40. 
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Dietary studies have demonstrated that changes in diet cause distinct alterations to the 

microbiome of the pyloric caeca 41. Mucosal surfaces of the intestines are important 

interfaces between commensal bacteria and the immune system. Alterations to the 

microbial landscape are associated with gastroenteritis, including inflammation of the 

small intestines in the case of mammalian wheat allergies and intolerances.   

 To date, only one published study has evaluated the effect of wheat gluten 

replacing fish meal as a protein source in zebrafish. Zebrafish fed a diet containing 50% 

wheat gluten exhibited the poorest performance of all protein formulations, including one 

that was soy-based, in terms of body length and weight. The highest performing diet 

consisted of a combination of fish and all other protein sources tested and contained 

roughly 8% wheat gluten. This suggests that there may be a threshold for tolerance of this 

ingredient in zebrafish 42. The low level of lysine in wheat was likely a contributing 

factor to the poor performance of the wheat gluten diet. A study of plant-based diets 

formulated for rainbow trout (Oncorhynchus mykiss) highlighted the importance of lysine 

supplementation, an amino acid that is plentiful in fishmeal but can be deficient in plant 

protein sources 43.  

 

1.5 Gliadin as a Potential Elicitor of an Immune Response 

 

 Gliadin, the potentially pathogenic component of wheat, might have the capacity 

to initiate both innate and adaptive immune responses. Enzyme-solubilized wheat gluten 

extracts have been shown to initiate complement via the alternative pathway in vitro 44. It 

has been proposed that gliadin, the primary pathogenic component of wheat, may act 
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directly as a TLR (toll-like receptor) ligand 45. In susceptible humans, there are several 

mechanisms by which gliadin can stimulate innate and adaptive immune responses. 

Binding of gliadin to chemokine receptors on enterocytes can lead to disruption of tight 

junctions between cells of the small intestine. Binding of gliadin to chemokine receptor 

CXCR3 results in an increase of zonulin, which directs an increase in intestinal 

permeability 46. After breaching the intestinal barrier, the deamidation of glutamine 

residues to glutamate in the gliadin peptide can render peptides potent stimulators of 

CD4+ cells 47. In individuals with celiac disease, cytokine production by intestinal CD4+ 

T cells leads to the generation of specific antibodies and destruction of mucosal epithelial 

cells mediated by CD8+ T cells, NK cells, and anti-tissue transglutaminate antibodies 48–

50. Release of TNF-α and IFN-γ perpetuate the state of inflammation and increased 

intestinal permeability. The innate components outlined above have all been described in 

some fish, including a haptoglobin/zonulin-like protein, and represent a possible 

mechanism by which gliadin could induces inflammation in fish 51-52.  

 Another pathway by which gliadin induces a specific immune response in 

`susceptible humans involves IgA-mediated transport across the gut epithelium 53,54. IgA-

based tests are the most commonly used serological assays for celiac disease 55. Similar 

to IgA in mammals, IgT is specialized for mucosal immunity 56. IgT arises from a 

separate lineage than IgM and IgD, the two other immunoglobulin classes in teleosts 57,58. 

The pyloric caeca was shown to be a major site of IgM and IgT response after vaccine 

challenge 59. IgM is the principal immunoglobulin found in teleost plasma and though its 

primary role is in systemic immunity, a role in mucosal immunity has also been described 

56. A study revealing that IgT+ B cells dominated an anti-parasite response in the skin 
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mucosa also reported a rise in serum IgT along with IgM 60. 

 

1.6 Model Species and Study Approach 

 

 The cobia work presented here was not a planned dietary wheat gluten study. It 

constitutes unanticipated findings on the response of cobia to this feed ingredient while 

evaluating various plant-based formulations. Following on from this work, European sea 

bass and zebrafish were chosen for further research into the effects of dietary wheat 

gluten and taurine supplementation.  

 In zebrafish, the primary objective was to test the effects of dietary wheat gluten 

in a strain deficient in endogenous taurine synthesis. The secondary goal was to assess if 

supplementary taurine, by virtue of its anti-inflammatory properties, might alleviate 

potential symptoms caused by wheat gluten.  Zebrafish were a logical system to be used 

for a study of gastrointestinal disease due to their transparency in early development, the 

availability of a variety of mutants, and their propensity to develop immune responses to 

food ingredients similar to those seen in commercially relevant fish species. In addition, 

findings might be relatable to human medicine, as a chemically induced gastroenteritis 

has been described in zebrafish with similarities to human inflammatory bowel disease 61.  

 The transparency of zebrafish in the embryonic stage permits in vivo visualization 

of dyes and fluorescent molecules. For our study, we chose a transgenic zebrafish strain, 

Tg(mpx:GFP), which has GFP expression under the control of the neutrophil-specific 

myeloperoxidase promoter. Two research groups used this strain to characterize the 

immunogenic effects of soy components on the gastrointestinal tract of zebrafish 
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embryos 35,36. They observed neutrophil migration in the intestine in response to ingestion 

of soy saponins, so we deemed this a useful strain for evaluating potential immune 

responses in response to dietary wheat gluten.   

 Zebrafish synthesize sufficient levels of taurine and do not require dietary 

supplementation 62. To observe the effects of wheat gluten and taurine supplementation in 

a taurine-negative background required an inactivation of the endogenous taurine 

biosynthesis. The sensible target was the csad gene, which encodes the CSAD protein 

that catalyzes the final and rate-limiting enzymatic step in the taurine biosynthetic 

pathway (Figure 1.1). The work presented here describes the characterization of a 

commercially available csad mutant which turned out to be reading through a premature 

stop codon that should have terminated CSAD protein translation. Following these 

results, an attempt was made to knockout the csad gene using CRISPR/Cas9 gene 

editing. However, the F2 generation csad mutants were still capable of producing CSAD 

protein, so we were unable to perform the wheat gluten and taurine dietary studies in 

zebrafish.  

 The dietary studies in European sea bass sought to evaluate the effects of dietary 

wheat gluten and taurine supplementation on growth and overall health including probing 

for indicators of inflammation and alterations to the intestinal microbiome. We hoped to 

be able to characterize more completely an immune response to wheat gluten and 

taurine's specific impact on that effect than we were able to complete in the cobia.  In 

addition to the relevance of the research findings to aquaculture, the larger species 

offered advantages in terms of looking at specific factors and tissues. Post-mortem blood 

collection in zebrafish is challenging and yields low volumes 63. The increased body size 
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and blood volume in European sea bass makes blood collection more feasible. Blood 

collection facilitates the ability to detect the presence of either innate or adaptive factors 

present in plasma, including those directly capable of binding the gliadin component of 

wheat gluten. 

 Detection tools for various innate and adaptive immune factors in plasma and 

tissues of European sea bass have been developed, offering an advantage over cobia for 

this particular study. One important innate factor that we wished to assay was TNF-α.  In 

gilthead seabream and zebrafish, TNF-α has been shown to exert its proinflammatory 

effects through the activation of endothelial cells 64. Similar to its human homologue, 

teleost TNF-α may have the capacity to disrupt the tight junction organization of 

intestinal epithelial cells 6566. If the intestinal barrier is compromised, potentially 

immunogenic dietary components could gain direct access to the immune system. The 

innate immune system in zebrafish is functional in day-old embryos, but maturation of 

the adaptive immune system is not complete between 4-6 weeks post-fertilization 74-67.  

This is likely a similar timeline for other fish species, so we planned for the length of 

study to extend well beyond this developmental period so as to capture the full scope of a 

potential immune response, including any alterations to plasma IgM and IgT levels.  

The length of the intestines in European sea bass also permits the scrutinization of 

differences in the histology and microbiome of distinct regions of the intestine. Since 

European sea bass have stomachs and therefore acidic digestion, the potential 

contribution of pH to wheat gluten toxicity can be evaluated. Perturbations to the 

microbial landscape are associated with gastroenteritis. The microbial landscape may be 

altered by the presence of an unfamiliar protein source such as wheat gluten, and this may 
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play a role in inflammation.  

1.7 Main Findings 

 
 
 Overall, we present evidence that dietary wheat gluten is deleterious to juvenile 

cobia, and that there is a factor present in the plasma of fish fed <4% wheat gluten that is 

capable of binding to gliadin. European sea bass consuming a diet containing 4% wheat 

gluten had dramatically increased levels of plasma taurine and marked changes to the 

intestinal microbiome, but we observed no adverse reactions. Taurine supplementation to 

5% of the diet in European sea bass had no apparent measurable benefits over the un-

supplemented group. Plasma taurine levels were increased and spectral sensitivity shifted 

to a longer wavelength, though there were no apparent anatomical differences in the 

retina between the un-supplemented and supplemented groups. The predominant 

microbial orders were very uniform throughout the sections of the intestines of the 

taurine-fed fish. We noted some differences in the gut microbial landscape between the 0 

and 5% taurine groups, but they were not as distinct as with the wheat gluten study.  

 In our studies in zebrafish, we attempted to characterize a dietary taurine-

dependent strain incapable of endogenous taurine synthesis. This strain would be used for 

subsequent dietary studies to evaluate the potential mitigating effects of supplemental 

taurine in fish afflicted with inflammation stemming from a component of feed such as 

wheat gluten. As it turns out, none of our strains isolated thus far would be suitable 

candidates for that study since they all appear to be producing a full-length CSAD 

protein. We propose that the fish we analyzed of the commercially obtained sa9430 strain 

are producing wild-type CSAD by means of translational readthrough of an early 

termination codon in the csad gene. CRISPR/Cas9 gene editing of the csad gene resulted 
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in F2 progeny also capable of producing a full-length CSAD protein. In addition to an 

early termination codon readthrough, we propose the possibility of ribosome re-

association at a nearby AUG following an early termination codon. Three sizes of CSAD 

were detected in the CRISPR/Cas9 gene-edited individuals. This included the previously 

described ~59 kDa protein along with two smaller products, ~53 and ~55 kDa, which 

appear to be produced early in development and are not detectable by 3.5 weeks post-

fertilization.  

 Overall, the data presented here summarize findings on wheat gluten, a potentially 

inflammatory dietary ingredient, as well as requirements for taurine and its benefit as a 

feed supplement in fish. This work directly advises the feed formulation and aquaculture 

industries, as well as research into treatments for intestinal disorders in other animals and 

humans. 
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CHAPTER 2:  JUVENILE COBIA (Rachycentron canadum) MAY NEED TO GO 

GLUTEN-FREE1 

 

2.1 Abstract 

 

 In developing more sustainable fishmeal-free diets for a broad range of fish 

species, a “one-size-fits-all” approach should not be presumed. The production of more 

ecologically sustainable aquaculture diets has increased the incorporation of plant-based 

protein sources such as wheat gluten. Here we show that despite a high protein 

digestibility (>80%), wheat gluten at even less than 4% inclusion in a compound feed has 

a negative impact on growth and survivorship in juvenile cobia (Rachycentron canadum). 

In addition, plasma factors capable of binding wheat gluten were detected in the plasma 

of cobia fed diets containing this constituent but not in cobia with no exposure to dietary 

wheat gluten. Furthermore, there is evidence that supplementary taurine partially 

mitigates the deleterious effects provoked by wheat gluten. Based on these results, we 

propose that wheat gluten should be added with caution into aquaculture diets intended 

for juvenile cobia and potentially other marine carnivores. 

                                                 
1Watson, AM, Larkin, MEM, Place, AR. 2018 Are Gluten-Free Diets Needed for the 

Marine Carnivore Cobia, Rachycentron canadum? In preparation.  
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2.2 Introduction 

 

 Reducing fishmeal inclusion in favor of more sustainable and cost-effective 

protein sources is a high priority for the fish aquaculture industry 68. Aquaculture diets 

that incorporate low-fat, high-protein concentrates derived from plants such as soy or 

wheat (including processed wheat gluten) have been described for many species 21. When 

plant proteins replace fishmeal, essential amino acids (e.g. lysine, methionine, threonine), 

as well as various vitamins and minerals, often need to be supplemented to counteract 

deficiencies in the protein source 69–71. A critical component of fishmeal missing from 

plant protein sources is the amino acid taurine, which plays several crucial physiological 

roles in vertebrates and may be an essential amino acid for carnivorous fish 8,72,73. As a 

result, fishmeal replacement diets are often supplemented with taurine 74,75.  

 Currently, commercial feed formulations vary based on the availability and cost 

of ingredients, with different batches potentially containing significantly different 

proportions and quality of ingredients, or even different ingredients altogether. The 

assessment of multiple components and combinations is necessary in the development of 

optimized fishmeal replacement diets. In light of this, we formulated and tested diets 

based on available and cost-effective plant ingredients, all of which were previously 

found to be highly digestible by cobia and to be effective fishmeal replacements in 

rainbow trout (Oncorhyncus mykiss) and other species 75-87.  When a plant protein-based 

diet lacking taurine was fed to cobia, poor growth and palatability were observed. 

However, when taurine was added to a similar plant protein-based diet, growth 

performance was as good if not better than a fishmeal-based commercial diet 75.  It is 
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likely that taurine supplementation greatly contributed to the improved performance of 

the diet. However, two of the plant protein sources were also replaced: barley meal 

(10.4%) and wheat gluten (8.2%) in exchange for solvent-extracted soybean meal 

(12.1%) and wheat flour (22.7%).  The barley meal was replaced because of poor 

digestibility (< 60%), and the wheat gluten was replaced with wheat flour as part of a 

slight reformulation unrelated to specific concerns regarding wheat gluten. 

 In the current study, we prepared plant-based diets with varying concentrations of 

taurine (0 to 5%) at a fixed vital wheat gluten level of 2.2%. Wheat flour in the 

formulations also contributed a small amount of wheat gluten. Dietary wheat gluten 

appears to be poorly tolerated, and we propose caution when considering it for inclusion 

in fishmeal-free diets intended for juvenile cobia. 

2.3 Results 

 
 Diets 1-4 for both PP (plant protein) and FM (fish meal) were formulated to 

contain graded levels of taurine of approximately 0, 0.5%, 1.5% and 5% (exact 

percentages for PP diets shown in Table 2.6). PP1-4 contain approximately 3.6%, 3.6%, 

3.5%, and 3.2% total wheat gluten, respectively. This calculation includes any wheat 

gluten present in the wheat flour, estimated to be ~8% of the total weight. The FM1-4 

diets contain an average of 1.8% total wheat gluten. These diets are part of a previously 

published study performed by our laboratory 73. The EPP3 diet contains approximately 

1.2% wheat gluten and 1.5% taurine.  
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Growth Data  

 

 Growth data for Trial 1 of diets PP1-PP4 are displayed in Figure 2.1 (A). For this 

trial, the average initial fish weight was ~10 g, and fish were maintained on the diets for 8 

weeks. Data from Trial 3 with fish of average initial weight ~18 g fed the EPP3 diet are 

also included on this graph, as well as averaged growth data for fish fed various fish meal 

diets (FM1-FM4). Growth data from Trial 2 (~120 g initial weight) are shown in Figure 

2.1 (B). The trial continued for 8 weeks and as with the graph for the first trial, data are 

included for comparison from the EPP3  and FM1-FM4 studies. For both trials, the fish 

meal and EPP3 diets trend higher in terms of growth. PP1 appears to be the least 

favorable diet in terms of growth. It contains the greatest amount of wheat gluten but also 

contains no taurine.  
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Figure 2.1: Growth data from 8-week dietary trials in juvenile cobia.  

Plot A presents data from the first growth trial starting with ~10 g average weight 
juveniles for four plant protein based diets (PP1, PP2, PP3, PP4, see Table 2.5 for 
formulation) with graded levels of supplemental taurine and the average of four fishmeal-
based diets (FM, data from Watson et al. 2014) 73. Plot B presents data from the second 
growth trial starting with ~120 g average weight juveniles. Included are the growth data 
for the trial with diet EPP3 (see Table 2.5 for formulation) starting with ~18 g average 
weight juveniles. Plotted are the average tank weights from 3 replicates ± standard 
deviation. 
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Survival and performance characteristics 

 

 Performance characteristics for fish fed PP1-PP4 are shown in Table 2.1. 

Differences in survival are substantial, with PP4 containing the lowest amount of wheat 

gluten and highest amount of taurine being the best performer. There were no significant 

differences among surviving individuals in percent weight gain, feed conversion ratio 

(FCR), specific growth rate (SGR), total plasma protein concentration, or total bile salt 

concentration (ANOVA, P>0.05). Due to low survival in several replicates of PP1 and 

PP2 resulting in 0 individuals in some tanks, these diets were not included in statistical 

analyses other than survival for the first trial.  

 
 

Table 2.1: Performance characteristics from Trial 1 (~10 g initial weight).  

Within a row, values that share common superscripts are not significantly different from 
one another (P>0.05).  
 

Diet (Taurine %) PP1 (0.02) PP2 (0.39) PP3 (1.35) PP4 (4.08) 
Survival (%) 1.96 ± 1.96a 9.80 ± 5.18a,b 9.83 ± 1.97a,b 19.6 ± 7.06b 
Weight Gain (%) 315.55 3 1194.73 ± 21.22

3 
1155.92 ± 
410.70 

1200.68 ± 
214.22 

FCR1 1.93 3 0.96 ± 0.02 3 1.17 ± 0.44 0.95 ± 0.11 
SGR2 2.54 3 4.57 ± 0.03 3 4.26 ± 0.72 4.53 ± 0.31 
Total Plasma Protein  
     (g dL-1) 

3.493 3.40 ± 0.173 3.35 ± 0.17 3.48 ± 0.23 

Total Bile Salts (mM) 40.843 42.17 ± 0.463 41.37 ± 1.99 41.50 ± 1.36 
 

 

1 FCR =feed conversion ratio = (g fed/g gained) 
2 SGR=specific growth rate = ((lnBWf-lnBWi)*(days of growth trial-1))*100 
3 Not included in statistical analyses due to lack of replicates due to survival 
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 Performance characteristics from the second trial (~120 g initial weight) are 

shown in Table 2.2.  Percent weight gain was significantly lower in diets PP1 and PP2 

compared to the other four fishmeal-based diets (p<0.05), but not significantly different 

from diets PP3 and PP4 (p>0.05). Diet PP1 resulted in significantly lower FCR and SGR 

than the other diets (p<0.05). Diets PP2, PP3, and PP4 did not result in significantly 

different SGRs than one another (p>0.05). The compared outcomes from diets PP1 and 

PP2 containing roughly the same amount of wheat gluten with and without taurine 

supplementation reinforce the importance of the amino acid for promoting growth and 

suggest that it may partially alleviate adverse effects resulting from wheat gluten. Total 

bile salt concentration was not significantly different between any of the 4 dietary 

treatments (p>0.05).  

 

Table 2.2: Performance characteristics from Trial 2 (~120 g initial weight).  

Within a row, values that share common superscripts are not significantly different from 
one another (P>0.05). 
 

 
Diet (Taurine %) PP1 (0.02) PP2 (0.39) PP3 (1.35) PP4 (4.08) 
Weight Gain (%) 23.35 ± 22.82a 80.57 ± 60.24a 130.87 ± 25.20b 133.82 ± 10.83b 
FCR 6.38 ± 1.49a 2.97 ± 1.17b 1.98 ± 0.19b 2.12 ± 0.23b 
SGR 0.57 ± 0.12a 1.31 ± 0.26b 1.47 ± 0.19b 1.51 ± 0.09b 
Total Bile Salts (mM) 38.76 ± 7.40 28.37 ± 1.94 36.30 ± 5.69 28.75 ± 3.22 
 

1 FCR =feed conversion ratio = (g fed/g gained) 
2 SGR=specific growth rate = ((lnBWf-lnBWi)*(days of growth trial-1))*100 
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 For the EPP3 diet in the third trial (initial weight ~18 g), weight gain, FCR, and 

SGR were much improved from the first two trials, and were an improvement over all 

previous plant protein diets tested in our laboratory. Performance characteristics included 

weight gain of 1673.52% ± 192.75, FCR of 1.22 ± 0.04, and SGR of 3.42 ± 0.13. The 

EPP3 diet contains the lowest gluten content of all diets tested in this study (1.2%).  

 

Wheat gluten: Survival and pathology  

 

 Figure 2.2 presents survival curves based on percent wheat gluten for fish fed 

diets PP1-PP4 (Trial 1), EPP3 (Trial 3), or fish meal-based diets FM1-FM4 (averaged) 

from a previous study 73. These data suggest that wheat gluten inclusion may be 

deleterious to cobia at this early stage of development, though it may be tolerated at later 

stages. Histological analysis of the proximal intestinal epithelium showed no distinct 

differences for fish fed the PP1-PP4 and FM1-FM4 diets. However, pathological effects 

in the distal intestinal region cannot be ruled out. No histological analysis was performed 

on the EPP3 fish. Survival was approximately 100% for fish in Trial 2 fed the PP1-PP4 

diets and in Trial 3 with the EPP3 diet. Cannibalism was not observed to be a 

contributing factor to the low survival in Trial 1, and dead individuals were promptly 

removed from the tanks so as to not be a nutritional/taurine source for remaining fish. 
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Figure 2.2: Dietary wheat gluten level affects survival of young cobia.  

For Trial 1 fish (growth data shown in Figure 2.1(A)), probability of survival is graphed 
as a function of dietary gluten. For fish fed PP1-PP4, (> 3% gluten) or FM1-FM4 (< 3% 
gluten) 73, survival data from the diet subtypes (1,2,3, and 4) are averaged. Also shown is 
survival data from fish fed EPP3 (1.2% gluten). 
 

 

Muscle and liver characteristics 

   

Fillet and liver characteristics from the second and third trials are shown in Table 

2.3. Fillet water content was highest in fish fed the PP1 diet with a gradual reduction in 

fillet water content as dietary taurine level increased. Hepatosomatic index show showed 

a similar trend of reduction as dietary taurine level increased. Fillet yield, liver water, 

fillet taurine, and liver taurine contents all showed increasing trends with increasing 
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dietary taurine levels.  

 

Table 2.3: Fillet and liver characteristics from the second and third growth trials.  

Values represent the mean ± standard error for six fish per dietary treatment. Within a 
row, values that share common superscripts are not significantly different from one 
another (p>0.05). 
 

Diet (Taurine %) PP1 (0.02) PP2 (0.39) PP3 (1.35) PP4 (4.08) EPP3 
Fillet Water Content 
(%) 

79.21 ± 2.46 75.34 ± 0.29 74.19 ±0.17 75.16 ± 0.67 76.30 ± 0.19 

Fillet Taurine (μmol 
g-1) 

2.14 ± 0.46a 5.65 ± 0.90a,b 19.55 ± 
11.32b 

67.29 ± 
18.15c 

9.25 ± 0.62b 

Fillet Yield (%)1 19.86 ± 1.84 23.54 ± 0.87 25.07 ± 2.18 23.79 ± 0.43 nd 
Fillet Lipid (% dw) 14.57 ± 3.33 16.04 ± 0.86 15.83 ± 1.18 12.93 ± 3.48 nd 
Liver Water Content 
(%) 

55.97 ± 7.81 48.54 ± 3.79 53.46 ± 1.80 61.40 ± 1.57 51.89 ± 4.67 

Liver Taurine (μmol 
g-1) 

2.03 ± 0.99a 10.62 ± 1.13b 20.36 ± 2.78c 42.21 ± 5.02d 11.06 ± 4.17b 

Hepatosomatic Index2 2.29 ± 0.41 2.23 ± 0.16 2.23 ± 0.21 2.05 ± 0.19 2.20 ± 0.36 

 

1Fillet Yield = fillet weight (g)*100/body weight(g) 
2Hepatosomatic index = liver weight (g)*100/body weight(g) 

 

 

Plasma analysis 

 
 

Results of the plasma analysis are shown in Table 2.4. Plasma water content 

significantly decreased as dietary taurine level increased (p<0.05). Plasma taurine levels 

were significantly lower in diets PP1 and PP2 than the other diets (p<0.05). Plasma 

cholesterol, phosphorous, and albumin all showed similar trends of significantly 

increasing with dietary taurine level (p<0.05). Lower creatine kinase levels can be 

indicative of muscle wasting 78. Though biochemical markers of liver failure are not well 
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characterized in fish, elevated bilirubin is a classic sign 79. Stress on the liver may be a 

result of insufficient taurine required for bile acid conjugation or a manifestation of 

gluten-induced enteritis 80. The substantial difference in plasma glucose levels between 

PP1-PP4 and EPP3 is likely an artifact of MS-222 and not a barometer of health status 63. 

 

 

Table 2.4: Plasma analysis from fish from the second and third growth trials.  

Values represent the mean ± standard error for three fish per dietary treatment. Within a 
row, values that share common superscripts are not significantly different from one 
another (p 
>0.05). 
 

Diet (Taurine %) PP1 (0.02)1 PP2 (0.39)1 PP3 (1.35)1 PP4 (4.08)1 EPP32 

Water Content (%) 96.75 ± 0.19a 94.75 ± 0.21b 95.19 ± 0.29a,b 94.73 ± 0.13b 94.94 ± 1.21a,b 

Osmolality (Osm L-1) 329.17 ± 5.57 343.00 ± 5.57 325.17 ± 
18.94 

336.33 ± 4.60 332.84 ± 9.65 

Taurine (nmol ml-1) 421.25 ± 
41.03a 

565.79 ± 
17.91a 

658.47 ± 
50.92b 

723.86 ± 
89.62b 

601. 29 ± 
47.97a,b 

Albumin (g dL-1) 0.53 ± 0.12a 0.70 ± 0.06a,b 0.80 ± 0.00a,b 0.87 ± 0.03b 0.52 ± 0.07a 

Total Bilirubin (mg 
dL-1) 

0.40 ± 0.10a 0.30 ± 0.00a 0.23 ± 0.03a 0.23 ± 0.03a 0.12 ± 0.00b 

Calcium (mg dL-1) 9.70 ± 0.88 10.90 ± 0.61 11.10 ± 0.10 11.37 ± 0.27 11.69 ± 0.30 
Cholesterol (mg dL-1) 49.33 ± 

12.17a 
68.33 ± 
1.20a,b 

80.33 ± 3.18b 79.33 ± 4.26a,b 46.59 ± 11.43a 

Creatine Kinase (U L-

1) 
96.67 ± 46.77 386.67 ± 

276.01 
301.33 ± 
81.63 

552.00 ± 
113.15 

nd 

Creatinine (mg dL-1) 0.17 ± 0.03 0.20 ± 0.00 0.17 ± 0.03 0.17 ± 0.03 nd 
Glucose (mg dL-1) 48.00 ± 4.36a 51.33 ± 3.48a 48.33 ± 3.92a 41.67 ± 3.93a 109.13 ± 

19.13b 

Phosphorous (mg dL-

1) 
7.13 ± 1.34a 8.37 ± 0.69a 8.87 ± 0.38a 9.33 ± 0.23a 13.82 ± 1.78b 

Magnesium (mg dL-1) 2.37 ± 0.22 1.97 ± 0.07 2.13 ± 0.03 2.23 ± 0.08 2.77 ± 0.18 
Triglycerides (mg dL-

1) 
66.67 ± 27.43 112.00 ± 

19.67 
91.00 ± 36.12 109.67 ± 

20.96 
75.73 ± 17.35 

Sodium (mmol L-1) 169.10 ± 3.56 178.67 ± 2.89 177.33 ± 2.32 174.83 ± 3.89 nd 
Potassium (mmol L-1) 8.78 ± 1.09 8.07 ± 0.36 8.92 ± 0.53 9.35 ± 0.23 nd 
Chloride (mmol L-1) 169.97 ± 1.93 173.97 ± 2.08 168.83 ± 0.88 169.43 ± 3.85 nd 
 

1 UCLA DLAM analysis 
2 NOAA-NWFSC analysis by A.W. (excluding water content, osmolality, and taurine) 
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Liver histology 

 

Figure 2.3 shows H&E-stained liver sections from Trial 2 fish fed PP1 (Panel A) 

or PP4 (Panel B). Supplementation with taurine prevents pervasive steatosis. This effect 

was also seen in fish fed FM1 vs. FM4 (data not shown). Taurine supplementation may 

have therapeutic potential in the treatment of nonalcoholic fatty liver disease, suggesting 

that supplementation may be of value even in cases where there is not an underlying 

deficiency 81.  

 

Figure 2.3: Supplementation with taurine mediates hepatic steatosis. 

Histological sections from fish were stained with H&E and microscopically examined. 
Panel A presents a representative section from fish fed PP1 (0.02% taurine). Panel B 
presents a representative section from fish fed PP4 (4.08% taurine). Pervasive lipidosis is 
apparent in Panel A. 
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Detection of immune factors capable of binding to wheat gluten 

 

 Suspecting that wheat gluten might be a contributing factor to poor growth 

performance, we sought to assay in plasma from Trial 2 fish an immune response to 

gliadin, a potentially immunogenic component of wheat gluten. Standard methods for 

detecting specific antibody responses to wheat gluten in human celiac patients cannot be 

utilized as they are designed to detect IgA. Cobia and other teleosts have only three 

classes of immunoglobulins: IgM, IgT, and IgD, and there are currently no reagents to 

detect these immunoglobulins in cobia 82. It is not known if antibodies designed to detect 

these adaptive factors or innate factors such as TNF-α and IL-1β in other species have 

cross-reactivity to these immune components in cobia.  

 To detect plasma factors capable of binding to gliadin, varying concentrations of 

the protein as well as a fixed amount of eIF4E-1A from the dinoflagellate A. carterae 

were subjected to immunoblotting. eIF4E-1A, a translation protein, was used as a control 

for loading, transfer efficiency, and specificity of binding. After electroblotting, 

membranes were pre-incubated in blocking buffer only or blocking buffer containing 

plasma. The 30-40 kDa bands visible on the immunoblots correspond to a range of α/β 

and γ gliadins 83. These gliadin bands are less visible over the course of 2-fold dilutions 

(Figures 2.4 and 2.5). 

Pre-incubation with plasma from cobia fed diets containing 3.2-3.6% wheat 

gluten diminished binding of an anti-gliadin polyclonal antibody, even at the highest 

concentration of gliadin (Figure 2.4). A comparison of slopes from linear regressions 

based on densitometry data for “No Plasma Block” vs. “With Plasma Block” relatively 
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quantifies this difference in signal as approximately 10-fold. A similar dot blot 

experiment with gliadin but no eIF4E-1A confirmed the results of the western blot (not 

shown). Similar results were obtained using plasma from fish fed diets containing 1.5-

1.9% wheat gluten, suggesting that a small amount is sufficient to mobilize a response 

(not shown).  

 

 

 

Figure 2.4: Factor(s) that specifically bind gliadin are present in plasma of fish fed 

plant-based diets containing 3.2-3.6% wheat gluten. 

Immunoblotting of gliadin without pre-incubation of plasma (A) or with pre-incubation 
with plasma from fish fed diets containing 3.2-3.6% wheat gluten from Trial 2 (B) 
demonstrates the ability of factor(s) in plasma to bind to gliadin (30-40 kDa) and inhibit 
binding of anti-gliadin polyclonal antibody. Each lane also contains 431 ng recombinant 
A. carterae protein eIF4E-1A (50 kDa).  
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Pre-incubation with plasma from wild-caught cobia with no dietary exposure to 

wheat gluten does not diminish binding of an anti-gliadin polyclonal antibody, even at the 

lowest concentrations of gliadin (Figure 2.5). For all experiments, there was no reduction 

in eIF4E-1A signal as a result of pre-incubation with plasma, demonstrating the 

specificity of plasma factors for gliadin. There was also no detection of a component 

capable of binding gliadin found in the plasma of fish fed the FM1-4 diets (data not 

shown). 

 

 

Figure 2.5: Factor(s) that bind gliadin are absent in plasma from cobia with no 

dietary gluten exposure. Immunoblotting of gliadin without pre-incubation of plasma 
(A) or with pre-incubation with plasma (B). No factors capable of binding to gliadin (30-
40 kDa) and inhibiting binding of anti-gliadin polyclonal antibody are detectable. Each 
lane also contains 431 ng recombinant A. carterae protein eIF4E-1A (50 kDa). 
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protein eIF4E-1A (control)
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2.4 Conclusions  

  

 Negative effects observed in the first trial are not likely due to a poor 

cohort as other fish from this brood used for separate feeding trials grew well on both 

fishmeal-based formulations and commercial feeds in the IMET ARC facility. 

Palatability issues with plant protein diets have been well described for many species, and 

it is known that taurine has the potential to serve as a feed attractant due to its small 

nitrogenous structure 84,85. Increased feed palatability rather than solely physiological 

benefits from taurine supplementation may have contributed to the differences in growth 

and survival during the first trial. Concerns over palatability and the overall formulation 

prompted the second trial, which was initiated with a size that readily accepted and 

performed well on plant protein formulations. Although growth and feed conversion in 

the second trial were lower than for some of the other plant protein formulations such as 

EPP3, survival was 100% in all treatments, a significant improvement over the first trial. 

As with the first trial, there was a significant increase in performance with increasing 

dietary taurine, indicating that taurine is promoting growth and is possibly remediating 

the negative impacts of this formulation.  

 The fact that levels of taurine and wheat flour are similar between the high-

performing EPP3 diet and the poorer performing PP3 diet suggests that 2.2% added 

wheat gluten is contributing to a reduction in performance characteristics. There is the 

possibility that the soy protein concentrate HP300 in EPP3 is greatly enhancing growth 

characteristics, but trials with another diet, EPP2, point to the gluten as a critical 

component. EPP2 has an identical formulation to PP3, except EPP3 contains no added 
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wheat gluten with the exception of what is introduced from the wheat flour itself (which 

is in slightly greater proportion). EPP2 contains roughly 1.8% wheat gluten, and as was 

the case with EPP3, fish consuming this diet outperformed fish fed the other plant 

protein-based diets. 

The identity of the plasma factor(s) capable of binding gliadin cannot be 

determined without the necessary reagents to isolate non-specific and specific immune 

factors in cobia. It is probable that constituents of the cobia innate immune system 

recognize gliadin, the potentially pathogenic component of wheat. Enzyme-solubilized 

wheat gluten extracts have been shown to initiate the alternative complement pathway, 

and it has been suggested that similar to some pathogens, gliadin may be capable of 

binding to toll-like receptors and initiating an innate immune response 44,45.  

Wheat gluten has been shown to have negative impacts on humans, often but not 

always affiliated with celiac disease, and other mammalian models 86,87,88,89. It is possible 

that IgT, the primary mucosal antibody in teleosts, might play a similar role to human 

IgA. In gluten-sensitive humans, IgA mediates the transport of gliadin across the 

gastrointestinal epithelium and induces an adaptive immune response 53,54. Without 

purified antibodies against cobia IgM or IgT, the role of adaptive immunity cannot be 

assessed. However, it is clear that ingestion of wheat gluten triggers the mobilization or 

production of plasma factors capable of binding gliadin, be they innate or adaptive. 

 The glutamine to glutamate deamidation reaction in gliadin catalyzed by tTG 

(tissue transglutaminase) is instrumental in gluten-induced pathology. During 

transamidation, another reaction catalyzed by tTG, the reaction of glutamine with lysine 

or lysine methyl ester abrogates the T-cell mediated immunotoxic effects of gliadin in the 
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intestine 90. It is possible that the success of wheat gluten incorporation into many fish 

feeds is due in part to the addition of lysine favoring the transamidation rather than 

deamidation of gluten catalyzed by tTG. Zebrafish fed a diet containing 60% wheat 

gluten without adequate lysine supplementation had compromised growth 42. A low pH 

environment favors deamidation over transamidation, which offers a possible explanation 

for why gluten may be less tolerated in the gastrointestinal tract of carnivorous fish 

compared to omnivorous fish 24,91.  

Taurine is present in several tissues and possesses powerful anti-inflammatory 

properties.  It mitigates inflammation by scavenging free radicals, ameliorating oxidative 

injury, and modulating the immune response 10. Intestinal enteritis has been observed in 

several species with specific plant protein inclusion such as soy ingredients in salmon and 

carp  92,93. Wheat gluten may have triggered inflammation in the cobia intestinal tract, 

leading to the proliferation of circulating plasma factor(s) capable of binding gliadin.  

Previous studies have demonstrated the ability of taurine to mitigate degeneration 

of the intestinal mucosa and inflammatory bowel disease. It is possible that taurine 

supplementation of the cobia diet may partially counteract intestinal inflammation caused 

by dietary ingredients such as wheat gluten 10,94. Taurine may also offer some protection 

in the gut against deamidated gluten 4. Unfortunately, samples of the distal intestine were 

not preserved from fish in this study. This would have been useful for histological 

analysis of any gluten-induced enteritis. 

Genetic predisposition is the primary risk factor for CD in humans, but there is 

evidence that early and abrupt introduction of gluten-containing foods into the infant diet 
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alters the microbiome and increases likelihood of developing the disease 95. Several 

microorganisms are known to uptake taurine via Tau transporters for utilization as sulfur 

or carbon sources 96. Though no characterization has been performed of the cobia 

microbiome, such analysis has been performed in cats, another strict carnivore. Dietary 

studies have revealed that cats, like cobia, require dietary intake of taurine due to 

insufficient synthesis. By virtue of the fact that they have similar dietary needs (high 

protein: carbohydrate ratio) and metabolism (can only conjugate bile acids to taurine), 

there may also be common commensal bacteria. Similar to cats, alterations to populations 

of intestinal bacteria in cobia caused by intake of fermentable feed ingredients might 

increase deconjugation of bile salts and contribute to taurine depletion  97. Rapid shifts in 

the microbiome induced by diet are not isolated to carnivores, as it has also been well 

documented in humans along with celiac disease-associated dysbiosis 98,99. In the case of 

juvenile cobia in Trial 1, it is possible that gut immaturity and incomplete establishment 

of commensal microbiota may have increased injurious effects from gluten. However, 

alterations to the normal carnivore microbial landscape from ingredients such as gluten 

could have the potential to affect the overall health of cobia at any stage of development. 

2.5 Materials and Methods  

 

Diet preparation  

 

 Formulations of the five plant protein (PP) diets used in the feed trials are shown 

in Table 2.5. For all diets, ingredients were ground using an air-swept pulverizer (Model 

18H, Jacobsen, Minneapolis, MN) to a particle size of < 200 μm. All ingredients for PP1, 
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PP2, PP3, and PP4 were mixed prior to extrusion, while EPP3 was top-coated with the oil 

ingredient after extrusion. Pellets were prepared with a twin-screw cooking extruder 

(DNDL-44, Buhler AG, Uzwil, Switzerland) with an 18-second exposure to 127 °C in the 

extruder barrel. Pressure at the diet head was approximately 26 bar, and a die head 

temperature of 71 °C was used. The pellets were dried for approximately 15 minutes to a 

final exit air temperature of 102 ºC using a pulse bed drier (Buhler AG, Uzwil, 

Switzerland) followed by a 30 min cooling period to product temperature less than 25 °C. 

Final moisture levels were less than 10% for each diet. Diets were stored in plastic lined 

paper bags at room temperature and were fed within six months of manufacture. Portions 

of each diet were analyzed by New Jersey Feed Labs, Inc. (Trenton, NJ, USA) for 

proximate composition (Table 2.6). Calculations of feed gluten content are based on 

wheat flour containing 8% gluten plus any added vital wheat gluten 100. 
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Table 2.5: Dietary formulations for the cobia dietary study. 

 

 

Ingredient (g kg-1) PP1 PP2 PP3 PP4 EPP3 

Soy Protein Concentrate 269 269 269 269 269 
Soy Protein Concentrate HP300 0.0 0.0 0.0 0.0 233.3 
Corn Protein Concentrate 193.4 193.4 193.4 193.4 153.4 
Wheat Flour 175.5 170.5 160.5 125.5 150.4 
Soybean meal, solvent extracted 90 90 90 90 0.0 
Wheat Gluten meal 22 22 22 22 0.0 
Menhaden Fish Oil 120 120 120 120 59.5 
Mono-Dical Phosphate 42.5 42.5 42.5 42.5 39.5 
Vitamin Pre-mix1 20 20 20 20 20 
Lecithin 20 20 20 20 30 
L-Lysine 19.9 19.9 19.9 19.9 7.5 
Choline CL 6 6 6 6 6 
Potassium Chloride 5.6 5.6 5.6 5.6 5.6 
DL-Methionine 5 5 5 5 4.5 
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Table 2.6: Proximate composition and measured taurine values of the diets. 

 

 

Proximate Composition1 PP1 PP2 PP3 PP4 EPP3 
Protein (% DM) 47.6 48.5 48.6 50.3 46.4 
Lipid (% DM) 12.16 11.73 12.06 11.91 7.92 
Fiber (% DM) 1.25 1.09 1.28 1.21 2.39 
Carbohydrate (% DM by 
difference) 

30.82 30.84 30.04 28.81 35.16 

Moisture (%) 2.14 1.73 2.15 2.13 6.56 
Ash (% DM) 8.17 7.84 8.02 7.77 8.13 
Taurine (%) 0.02 0.39 1.35 4.08 1.05 
 

1 New Jersey Feed Labs analysis 
 

 

 

Experimental fish, systems, and trials  

 

This study was carried out in accordance with the guidelines of the International 

Animal Care and Use Committee of the University of Maryland Medical School (IACUC 

protocol #0610015). Approximately 500 juvenile (~2 g) cobia were obtained from the 

Virginia Agricultural Experiment Station, Virginia Tech, Hampton, VA, USA, for the 

first and second trials and approximately 500 juveniles (~2 g) were obtained from the 

University of Miami in Miami, FL, USA, for the third trial. Juveniles were housed at the 

Institute of Marine and Environmental Technology's Aquaculture Research Center in 

Baltimore, MD. Fish for the first and second trials (PP1-PP4) were maintained on a 

fishmeal diet until they reached an average weight of ~10 g (Trial 1) or ~120 g (Trial 2), 
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at which point 18 fish were stocked into each of 12 identical tanks and randomly assigned 

one of the four experimental diets using three replicate tanks per dietary treatment. Six 

340-liter tanks connected to bubble-bead and biological filtration as well as protein 

skimmers constituted the recirculating systems. Four replicate systems were occupied 

simultaneously during trials with the photoperiod maintained at 14 hours light, 10 hours 

dark throughout the trials. The first trial was conducted for 8 weeks, with tank weights 

recorded and feeding rates adjusted weekly to 5% bw day-1. The second trial commencing 

with ~120 g fish was conducted for 8 weeks, with tank weights recorded weekly and 

feeding rates adjusted from 3.5% bw day-1 to 2.5% bw day-1, with a bi-weekly 0.25% bw 

day-1 reduction throughout the trial.  

The third trial (EPP3 diet) was initiated with ~18 g average weight individuals, 

with 12 fish stocked per tank. The third trial was conducted for 12 weeks, with tank 

weights recorded and feeding rates adjusted weekly to 5% bw day-1 for the first 6 weeks, 

reduced to 3.5 % from 6 weeks through 10 weeks, and 3.0% for the final 2 weeks of the 

trial as feed conversion ratio gradually increased. Fish received the daily ration by hand 

over the course of 4 feedings. 

 

Analytical procedures 

  

 At the conclusion of the first trial, two individuals from each tank were sacrificed 

for intestinal analysis. Portions of the anterior intestine were preserved in 4% 

paraformaldehyde and dehydrated from 70% to 90% EtOH in 10% increments over eight 

hours. Dehydrated samples were sent to AML Laboratories (Baltimore, MD) for 
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sectioning, mounting, and H&E staining. Slides were analyzed for pathologies and 

abnormalities with the aid of the acknowledged pathologist, Dr. Renate Reimschuessel, 

VMD, PhD, (FDA in Laurel, MD). Gall bladders were removed and bile was extracted 

and stored at -20 °C prior to bile salt analysis. Total bile salts were assayed with 3 α-

hydroxysteroid dehydrogenase  101. Blood samples were taken from the caudal vein with 

heparinized needles, plasma was separated by centrifugation (16,000 x g for 20 min), and 

total plasma protein was quantified after a 1:600 dilution utilizing a Micro BCA™ 

Protein Assay Kit (ThermoFisher Scientific, Waltham, MA, USA).  

At the conclusion of the second trial, two fish from each tank (total of six per 

dietary treatment), were randomly selected for sampling. Fish were anesthetized with 

Tricaine methanosulfonate (MS-222, 70 mg L-1, Finquel, Redmond, WA, USA), blood 

samples were taken from the caudal vein with heparinized needles, after which fish were 

euthanized with MS-222 (150 mg L-1) and gall bladders were removed for bile analysis 

as in Trial 1. Liver and fillet samples were also taken for histology. Blood plasma was 

separated by centrifugation (16,000 x g for 20 min at 4 °C) and plasma osmolality 

measured in triplicate (10 μl) on a Vapro™ Model 5520 vapor pressure osmometer 

(Wescor, Logan, UT, USA). Plasma samples from three fish per dietary treatment were 

sent to the Pathology and Laboratory Medicine Services department at the University of 

California at Los Angeles for constituent analysis. Remaining plasma, fillet, and liver 

samples were frozen and stored at -80 °C and portions of each were lyophilized to 

constant weight for water and taurine content analysis. Triplicate samples of each liver 

(~10 mg), fillet (~50 mg), plasma (~10 μL), and diet (~50 mg) sample were used for 

taurine extractions based on Chaimbault et al., with samples homogenized in cold 70% 
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EtOH, sonicated for 20 min, dried, and resuspended in 1 ml H2O prior to injection into 

the LC-MS 102. 

 

SDS-PAGE and western blotting 

A solution of gliadin (Sigma, St. Louis, MO, USA) was made to an original 

concentration of 2 mg/ml and subsequently diluted 2-fold to 1 mg/ml, 0.5 mg/ml, 0.25 

mg/ml, and 0.125 mg/ml, all in Laemmli sample buffer.  All samples were heated to 95 

°C for 3 min and centrifuged at 10,000 x g for 1 min prior to electrophoresis. 

Recombinant Amphidinium carterae eIF4A-1A (obtained from Grant Jones at IMET, 

7/28/14) was diluted into Laemmli sample buffer to a concentration of 57.5 ng/µl. 15 µl 

of a 1:1 volume ratio of gliadin and eIF4A was loaded into each lane of a Novex 

NuPAGE 4-12% Bis-Tris gel and electrophoresed in a Bolt® Mini Gel Tank at 165 V for 

1 h with MOPS SDS running buffer (Life Technologies, Frederick, MD, USA).  

PVDF membrane was activated by a brief dip in 100% methanol and equilibrated 

for 5 min in Novex™ NuPAGE® transfer buffer. The gel was electroblotted onto a 

prepared PVDF in a Bolt Mini Blot Module at 30 V for 1 h in Novex™ NuPAGE® 

transfer buffer (Life Technologies, Frederick, MD, USA). Following transfer, the 

membrane was washed in ddH20 for 5 min. Duplicate transferred lanes were divided and 

designated as “No Plasma Block” or “With Plasma Block” for subsequent incubation 

procedures.  

The “No Plasma Block” membrane was incubated at room T for 1 h followed by 

overnight at 4 °C with 5 ml 5% nonfat milk in TBS-T. The “With Plasma Block” 
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membrane was incubated at room T for 1 h followed by overnight at 4 °C with mixed 

plasma from a total of 7 fish from Trial 2 fed diets containing 3.2-3.6% gluten (PP1-PP4) 

diluted 1:10 into TBS-T containing 5% nonfat milk. The following day, both blots were 

washed 4 times for 10 min each time with TBS-T. Both blots were incubated with 

polyclonal anti-gliadin antibody (Biorbyt, Cambridge, UK) and rabbit anti-A. carterae 

eIF4E-1A (GenScript, Piscataway, NJ, USA) diluted 1:500 and 1:2000, respectively, into 

TBS-T containing 5% nonfat milk at room temperature for 1 h. The blots were again 

washed 4 times for 10 min each time with TBS-T. Both blots were incubated with goat 

anti-rabbit IgG-HRP conjugate (Bio-Rad, Hercules, CA, USA) diluted 1:2500 into TBS-

T containing 5% nonfat milk at room temperature for 1 h followed by four 10-min 

washes with TBS-T. The HRP signal from bound antibody was visualized using 

Clarity™ Western ECL Substrate (Bio-Rad, Hercules, CA, USA). Imaging was 

performed in a Flourchem™, and the AlphaView program was used to analyze 

densitometry (ProteinSimple, San Jose, CA, USA). 

The procedure described above was also applied to separate experiments utilizing 

either combined plasma from six cobia on fish meal diets FM-FM4 (1.5-1.9% gluten) or 

two wild-caught cobia with no dietary exposure to gluten.  
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CHAPTER 3:  DIETARY WHEAT GLUTEN ALTERS PLASMA TAURINE 

LEVELS AND PREDOMINANT GUT MICROBIOME DIVERSITY IN 

EUROPEAN SEA BASS (DICENTRARCHUS LABRAX)1 

 

3.1 Abstract 

 

After observing that dietary wheat gluten can cause deleterious effects in juvenile cobia 

(Rachycentron canadum), we decided to see if a similar effect was elicited in European 

sea bass (Dicentrarchus labrax). There were no major effects in terms of growth rate, 

common plasma biochemical parameters, or detectable induction of plasma IgM, IgT, 

TNF-α, or factors capable of binding gliadin. However, plasma levels of taurine doubled 

and there were considerable changes to the intestinal microbiome. There was greater 

diversity of predominant orders in the pyloric caeca, anterior, middle, and posterior 

intestinal sections of fish consuming 4% wheat gluten as compared to the fish consuming 

the same diet but with no added wheat gluten. Despite these measurable changes, the data 

suggest that dietary inclusion of 4% wheat gluten is well tolerated by European sea bass 

in an aquaculture feed formulation.  

 

                                                 
1 Larkin, MEM, Place, AR. 2018. Dietary wheat gluten alters plasma taurine levels and 

predominant gut microbiome diversity in European sea bass (Dicentrarchus labrax). In 

preparation.  
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3.2 Introduction 

 

Aquaculture  

 European sea bass (Dicentrarchus labrax) is a globally important aquaculture 

fish, with approximately 60, 000 tons of fish produced each year as part of a greater than 

300 million dollar market. They are most widely cultivated in the Mediterranean region, 

and despite their greater prevalence in Europe, are increasingly being consumed in the 

United States 103. They can be found on restaurant menus as branzino or branzini.  

 

Plant-Based Diets 

 

 The aquaculture industry as a whole continues to shift toward more affordable and 

ecologically sustainable feeds, which  includes the reduction of fish meal and increased 

incorporation of plant-based sources of protein. A number of studies have evaluated the 

suitability of various plant sources of protein for at least partial replacement of fish meal 

protein. For the most part, plant ingredients are well tolerated. However, some 

ingredients including soy and pea protein have negatively impacted some species in terms 

of growth deficits or inflammation of the gastrointestinal tract 33,34. A feed study 

performed by our laboratory indicates that less than 4% dietary wheat gluten, as part of 

completely plant-based diet, has deleterious effects in juvenile cobia, potentially even 

contributing to mortalities (Chapter 2). A study in European sea bass suggests that they 

perform well on a diet containing wheat gluten (~25% of formulation) when fish meal is 

also included in the formulation 104. Another study included 20% gluten in an entirely 
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plant-based formulation and noted differences in growth rates between the fish 

consuming that diet as compared to a fish meal-based diet  105. 

 

Wheat Gluten 

 

 Feed formulations often incorporate wheat gluten as a protein source and for 

binding and adding a desirable chewy texture to pellets. Wheat flour is processed to 

remove soluble fibers and starches, and the vital wheat gluten product that remains 

contains two fractions: soluble gliadins and insoluble glutenins 18,19. Vital wheat gluten, 

marketed as a dry powder, regains its elastic properties when rehydrated 20. In addition to 

being a low-cost protein source, it it useful for the binding together of feed ingredients 

into granules and pellets. Gliadins are known to trigger an immune response in 

susceptible people, i.e. those with celiac disease 48–50. In cobia, dietary wheat gluten 

prompted the presence of a plasma factor(s) capable of binding gliadin (Chapter 2). 

 

Taurine 

 

 Plants do not contain many of the necessary nutritional constituents found in fish 

meal, one of which is taurine. Some fish species are inadequate synthesizers of taurine 

and require dietary intake. Previous work by our laboratory showed that cobia is one such 

species, and it is essential to add  taurine to a plant-based feed formulation 75. Being 

uncertain as to the taurine requirements of European sea bass, we supplemented the diets 

in the study with 1.5% taurine to ensure that taurine deficiency would not be a 
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confounding factor in evaluating the effects of wheat gluten.  

 

Common plasma parameters 

 

 Concentrations of glucose, calcium, phosphorus, and magnesium ions, as well as 

overall osmolality, are indicators of health status. Total protein levels also often correlate 

with nutritional status and general health 106,107. Triglycerides are an energy substrate, and 

a fasting study in European sea bass demonstrated their potential as a marker for 

nutritional condition 108. AST (aspartate aminotransferase) and ALP (alkaline 

phosphatase) are indicators of liver health and function 109. 

 

Immune factors 

 

 European sea bass, like other teleost fish, have both innate and adaptive 

immunity. TNF-α is a cytokine and important activator of macrophages. Its increased 

levels in plasma are associated with inflammation in fish and other organisms 110. 

European sea bass have three types of immunoglobulins: IgM, IgT, and IgD 57,58. The 

functions of the first two types have been well described. The role of IgM in fish is 

similar to its role in other organisms. It is the principal immunoglobulin found in teleost 

plasma and though its primary role is in systemic immunity, a role in mucosal immunity 

has also been described. IgT is an integral part of mucosal immunity and functions 

similarly to IgA in mammals. Like IgM, it is detectable in plasma, though levels tend to 

be lower 60. 
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Microbiome 

 

 It is known that predominant intestinal microbes in fish differ by trophic level 

(herbivores, omnivores, carnivores) and by diet, including with the addition of plant-

based protein sources such as soybean meal 111–113. A study of European sea bass fed 

combined fish- and plant-based protein sources reported the main gut genera to be 

Lactobacillus, Pseudomonas, Vibrio, and Burkholderia 114. In this study, we wished to 

characterize both the microbiome of European sea bass fed a plant-based diet and  the 

contribution of wheat gluten to the microbial landscape.  

 

Approach 

 

 For this study, we sought to determine if the inclusion of 4% wheat gluten into the 

diet of European sea bass impacted overall growth, health and immune status, and the 

intestinal microbiome. This entailed tracking growth rates, assaying plasma parameters 

and tissue weights, detecting innate immune factor TNF-α, adaptive immune factors IgM 

and IgT, and evaluating differences in the intestinal microbiome. It is important to note 

than in the dietary formulations for the study, the added wheat flour contributes a small 

amount of gluten. However, results from our study described in Chapter 2 in cobia 

suggested that wheat flour does not elicit the same negative effects as the processed vital 

wheat gluten.  
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3.3 Results 

 

Growth data  

 

 Growth rates were equivalent (p>0.05) for the fish fed plant-based diets with or 

without added wheat gluten (4%). The study commenced with fish of an average weight 

of ~25 g and continued for 6 months. The growth curve is shown in Figure 3.1.  

 

 

 

 

Figure 3.1: Dietary inclusion of 4% wheat gluten does not affect growth of 

European sea bass. 

European sea bass were fed plant-based diets containing 0 or 4% wheat gluten starting at 
an average weight of ~25 g.  The study continued for 6 months, and growth rates were 
similar throughout the study (p>0.05).  
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Common plasma parameters  

 

 As shown in Table 3.1, analysis of common plasma analytes using a bioanalyzer 

revealed no differences in levels between the 0 or 4% wheat gluten dietary groups with 

the exception of calcium and AST (aspartate aminotransferase) (p<0.05). Plasma calcium 

is higher in the group fed 4% wheat gluten, whereas plasma AST levels are lower.  

 

Table 3.1: Levels of common plasma parameters for European sea bass fed diets 

with 0 or 4% wheat gluten are similar in value except for levels of calcium and AST. 

 
 

 

*Statistically different between diets 
ALP=Alkaline phosphatase 
AST=Aspartate aminotransferase 
 

 

 

 

DIET

PLASMA COMPONENT 0 Wheat Gluten 4% Wheat Gluten

Glucose (mg/dL) 120.727 ± 27.335 113.874 ± 32.011

Calcium (mg/dL) *11.045 ± 0.465 *11.75 ± 0.567 

Magnesium (mg/dL) 3.545 ± 0.398 3.7 ± 0.25

Phosphorus (mg/dL) 7.909 ± 0.76 8.125 ± 0.784

Triglycerides (mg/dL) 410.364 ± 77.747 388 ± 129.836

Cholesterol (mg/dL) 199.545 ± 33.074 206.75 ± 43.702

ALP (U/L) 24.091 ± 1.486 25.125 ± 1.511

AST (U/L) *47.8 ± 28.558 *35.25 ± 17.484

Osmolality (mOsmol/kg) 363 ± 5.773 368.917 ± 6.851

Total Protein (g/dL) 4.291 ± 0.241 4 ± 0.525
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Body and tissue weights 

 

 Whole body and tissue weights are similar between fish fed either 0 or 4% 

wheat gluten with the exception of the mid-intestine (p<0.05). This is not a typical place 

for major changes to the intestine to manifest, so this is an interesting result. These data 

are summarized in Table 3.2. Hepatosomatic indices were an average of 0.01 for both 

dietary groups.  

 

 

Table 3.2: Body and tissue weights for fish fed 0 or 4% wheat gluten are similar 

with differences manifesting in the mid-intestine. 

 

 

*Statistically different between diets 

 

 

 

 

Diet

Weight (g) 0 Wheat Gluten 4% Wheat Gluten

Whole body 312.142 ± 68.727 311.667 ± 71.247 

Pyloric caeca 0.818 ± 0.402 0.805 ± 0.266

Anterior intestine 0.875 ± 0.194 1.03 ± 0.235

Middle Intestine *0.576 ± 0.13 *0.932 ± 0.335

Posterior Intestine 0.621 ± 0.16 0.753 ± 0.238

Total Intestine 2.89 ± 0.605 3.52 ± 0.918

Liver 3.625 ± 1.188 3.703 ± 1.064 
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Plasma taurine analysis 

 

 Though there were minimal differences between the diets for levels of most 

common plasma analytes, a separate analysis of plasma taurine levels by HPLC showed 

that levels were approximately twice as high in the fish fed the diet containing wheat 

gluten (Figure 3.2). One possible explanation is that the fish are producing or 

sequestering more taurine to counter some effect induced by the wheat gluten. 

 

  

*Statistically different between diets 

 

Figure 3.2: 4% dietary wheat gluten substantially raises plasma taurine levels in 

European sea bass.  

Taurine levels in plasma were measured using HPLC. Average concentrations of plasma 
taurine for fish fed the 0 or 4% wheat gluten diets are 33.82 ± 7.133 or 62.515 ± 15.719 
nmol/mL, respectively.  
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Gliadin immunoblotting  

 

To detect plasma factors capable of binding to gliadin, varying concentrations of 

the protein as well as a fixed amount of eIF4E-1A from the dinoflagellate A. carterae 

were subjected to immunoblotting. eIF4E-1A, a translation protein, was used as a control 

for loading, transfer efficiency, and specificity of binding. After immunoblotting, 

membranes were pre-incubated in blocking buffer only or blocking buffer containing 

plasma. In the immunoblot, bands are visible in the 30-40 kDa range corresponding to 

various α/β and γ gliadins (Figure 3.3) 83. These gliadin bands are less visible over the 

course of 2-fold dilutions. There does not appear to be a component in European sea bass 

plasma produced in response to dietary wheat gluten that is capable of binding gliadin. 

This would be evidenced by decreased binding of the primary antibody, and subsequently 

the secondary signal antibody. This is in contrast to data presented in Chapter 2 showing 

that juvenile cobia do produce a plasma factor capable of binding gliadin when they are 

fed a diet containing 3.2-3.6% wheat gluten.  
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Figure 3.3: Plasma factors capable of binding gliadin are not detectable in European 

sea bass fed 4% wheat gluten.  

Western blot analysis of gliadin without pre-incubation of plasma (a) or with pre-
incubation with plasma (b). No factors capable of binding to gliadin (30-40 kDa) and 
inhibiting binding of anti-gliadin polyclonal antibody are detectable. Each lane also 
contains 431 ng recombinant A. carterae protein eIF4E-1A (50 kDa). 
 

IgT, IgM, and TNF-α 

 

 We used immunoblotting to assay for IgT and IgM to see if dietary inclusion of 

wheat gluten alters their levels in plasma. The results shown in Figure 3.4 (a) suggest that 

levels do not change in response to dietary wheat gluten. Any immune response mounted 

against gliadin or some other component of wheat gluten is not likely due to an adaptive 

response, in this case. The size of ~73 kDa for the heavy chains of the antibodies is 

similar  to the size of  ~78 kDa detected by Picchietti et al. 115. TNF-α levels were 

measured using a commercial ELISA kit. TNF-α is a pro-inflammatory cytokine and 

elevated levels indicate inflammation. Levels of TNF-α in the plasma of fish fed 0 or 4% 
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wheat gluten do not significantly differ (Figure 3.4 (b)). This suggests a lack of an innate 

immune response to dietary wheat gluten.  

 

 

 

 

Figure 3.4: Dietary wheat gluten does not induce changes to levels of plasma IgT or 

IgM (panel a), or TNF-α (panel b). 

IgT and IgM were measured using immunoblotting, and levels of TNF-α were evaluated 
using a commercial ELISA kit. Levels of these immune factors do not appear to be 
altered by 4% dietary wheat gluten.   
 

Microbiome data  

 

 To characterize the microbiome of the water, feed, and intestinal sections of the 

European sea bass, 16S rRNA gene analysis was performed using the MiSeq platform. 

Figure 3.5 shows a bar graph of order-level taxonomic abundance. Proteobacteria 

dominate in the tank water. The "cyanobacteria" in feed are most likely chloroplasts from 

plant ingredients. This is also true for "cyanobacteria" in the pyloric caeca, which likely 

corresponds to undigested feed despite the fact that food was withheld from these fish for 

24 hours before tissue sampling. For fish consuming no dietary gluten (Tank 6-11), the 
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predominant phylum for all intestinal sections analyzed (pyloric caeca, anterior intestine, 

mid-intestine, and posterior intestine) is Proteobacteria. The same is true for the intestinal 

sections of the fish fed 4% gluten (Tank 6-12), but there is a greater diversity of 

predominant orders of Proteobacteria, and Bacteroidetes presents in the mid- and 

posterior intestines. Figure 3.6 shows an alpha-diversity rarefaction curve based on OTU 

data. The PCA (principal component analysis) plot in Figure 3.7 shows that samples 

cluster by absence or presence of dietary wheat gluten. The ellipse shows the 95% 

confidence interval.  
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Figure 3.5: European sea bass fed 4% wheat gluten as part of a plant-based diet 

exhibit a greater diversity of predominant taxonomic orders across the intestine. 

DNA extracted from water, feed, and various sections of the intestine for the two diet 
groups underwent 16S rRNA gene analysis using the MiSeq platform to characterize the 
microbial landscape. The addition of 4% wheat gluten to a plant-based diet dramatically 
shifts the intestinal microbiome of European sea bass. 
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Figure 3.6: Species richness for each microbiome sample. 

Species richness of the microbiome samples is shown in a rarefaction curve of observed 
OTUs vs. sequences per sample.   
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Figure 3.7: Samples cluster by absence or presence of dietary wheat gluten in a PCA 

plot. 

Samples cluster by absence or presence of dietary wheat gluten. The ellipse shows the 
95% confidence interval.  
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3.4 Conclusions 

 

 The most significant physiological impacts of 4% dietary wheat gluten are the 

substantial increase in plasma taurine and induction of greater diversity of predominant 

taxonomic orders of intestine microbiota. These changes in no way suggest a poorer 

fitness outcome, and there were no significant differences in growth between the two 

groups. Therefore, there is no reason to contraindicate the addition of 4% wheat gluten 

addition to a completely plant-based diet for European sea bass.  

 The common plasma measures of overall health that differed between the 0 and 

4% groups were calcium and AST. Plasma calcium was higher in the group fed 4% wheat 

gluten, whereas plasma AST levels were lower than they were in the fish fed the diet 

without wheat gluten. European sea bass stressed by hydrogen peroxide exposure 

exhibited higher levels of plasma calcium, so it could be indicative of a health effect 116. 

AST is an indicator of liver health and function, along with ALP (alkaline phosphatase) 

117. In a fasting study in European sea bass performed by Peres et al., AST levels 

increased during the fasting period 108.  

 Our values for all plasma markers measured are similar to those reported by Peres 

et al. in European sea bass maintained on a fish meal diet with the exception of 

cholesterol, ALP, and AST. For ALP and AST, our values were substantially lower, 

almost half of the values obtained by their group. This may be a function of a plant-based 

vs. fish meal-based diet.  Changes to cholesterol were not apparent in our study, but they 

have been in other studies with wheat gluten as a feed component. Plasma cholesterol 

decreased in European sea bass fed diets with graded levels of wheat gluten partially 



 

 58

replacing up to 70% of the fish meal as a protein source, but that may be due to the 

greater proportion of plant protein incorporation rather than an effect unique to wheat 

gluten 118. Interestingly, a partial replacement of fish meal with corn as a protein source 

and no added wheat gluten was shown to raise plasma cholesterol and phospholipid 

levels. The authors attributed this effect to the higher carbohydrate content in the diet 

containing corn 119. Different plant sources of protein may have have a variety of 

influences on plasma parameters.  

 The only change in measured tissue weights between diets was for the mid-

intestine. There have been no reports of major histological changes to only the mid-

intestine prompted by dietary ingredients. However, a gene expression study performed 

in European sea bass suggested that there is functional specialization across the length of 

the intestinal tract 85. Another study found that mid-intestine lactic acid bacteria 

(order Lactobacillales) are highly modulated by diets in a recirculating aquaculture 

system 120.  

 There are no studies correlating wheat gluten to higher levels of taurine in plasma. 

Recently there have been reports of diets for pets containing legumes marketed as "grain-

free" causing cardiomyopathies related to taurine deficiency 121. It is possible that a feed 

ingredient such as wheat gluten might be influencing sequestration of taurine in plasma. 

Alternatively, endogenous levels of taurine may be increased as a result of dietary wheat 

gluten, perhaps to counter some pro-inflammatory effect of the wheat gluten.  

 The lack of detectable induction of higher levels of plasma IgM, IgT, and TNF-α 

suggest a lack of innate or adaptive immune response. There was also no detectable 

plasma factor capable of binding to gliadin. This is in contrast to our data presented in 
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Chapter 2 for cobia consuming a diet containing less than 4% wheat gluten in which a 

gliadin-binding plasma factor(s) was produced.  

 The dietary inclusion of wheat gluten induced marked changes to the intestinal 

microbiome. In the intestines of fish fed 4% wheat gluten, there were increased 

predominant diversities of Proteobacteria as compared to the 0 wheat gluten group as 

well as the presence of Bacteroidetes in the mid- and posterior intestines.  Several studies 

have linked dietary changes to alterations in the intestinal microbiome, and a small 

number have probed for this effect specifically with wheat gluten. Human studies in 

which participants shifted to a gluten-free diet showed variations to the microbiome, 

though the most significant variation was inter-patient. One of these studies found a 

significant decrease in the family Veillonellaceae of the class Clostridia 122-123. One study 

in zebrafish in demonstrated that fish fed diets containing wheat gluten (~50% of 

formulation) had heightened abundances of Legionellales, Rhizobiaceae, and 

Rhodobacter over fish meal-fed fish 124. In another study in zebrafish, fish fed wheat 

gluten had decreased Bifidobacterium relative to fish fed brine shrimp  125. Only an 

abstract could be located for this study, so the actual percentage of wheat gluten is 

unknown. In a study of Atlantic salmon, wheat gluten (~14-20% of formulation) mixed 

with a legume protein (soybean meal or guar meal) increased abundance of lactic acid 

bacteria in the gut as compared to the reference fish meal diet 126. Our data do not appear 

to correlate with these other studies, but many of the differences are likely attributable to 

the difference between species and the overall constitution of the diet: Plant-based, fish 

meal-based, or a combination. Overall, the study results do not seem to indicate some 



 

 60

type of disease state induced by the addition of 4% wheat gluten, as the fish have overall 

health comparable to that of the fish consuming a dietary containing no wheat gluten.  

 

3.5 Materials and Methods 

 

European sea bass maintenance  

 

 European sea bass were obtained from the laboratory of Yonathan Zohar, PhD, 

and maintained in the Aquaculture Research Center at the Institute of Marine and 

Environmental Technology (Institutional Animal Care and Use Committee at University 

of Maryland, Baltimore, #0616014 approved 9/2016. Starting at ~25 g of body weight, 

fish were fed diets containing either 0 or 4% wheat gluten (Zeigler Bros., Gardners, PA, 

USA), starting with 75 fish per diet. Fish were maintained on these diets for 6 months, at 

which time the average weight was 250 g. Fish were fed 3.5% of their body weight per 

day over 3-4 feedings.  

 Temperature was maintained at 27 degrees C and salinity was 25 ppt. Fish were 

divided by diet and housed in one of 2 eight-foot diameter, four cubic meter, recirculating 

systems sharing mechanical and bio-filtration as well as life support systems. The 

recirculating system has a filtration system which including protein skimming, ozonation, 

mechanical filtration in the form of bubble-bead filters, and biological filtration. Water 

samples were tested 2-3 times per week and analyzed by the National Aquarium water 

quality lab at IMET. Water quality was not significantly different between systems 

utilized (ANOVA, p>0.05) during the study and overall parameters were: dissolved 
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oxygen, 5.69 ±  1.62 mg/L ; temperature, 26.85 ±  1.77 degrees C; pH (4,500-H+), 7.61 ±  

0.27; total ammonia nitrogen (4,500-NH3 ), 0.06 ±  0.06 mg/L ; nitrite (4,500-NO2
- ), 0.12 

± 0.08 mg/L ; nitrate (4,500-NO3
- ), 49.28 ±  8.87 mg/L, alkalinity (2,320), 95.77 ±  23.11 

meq/L ; and salinity (2,510) 24.91 ±  1.65 ppt. 

 

Dietary formulations 

 

 The formulations for the 0 and 4% wheat gluten diets are shown in Table 3.3 

(Zeigler Bros., Gardners, PA, USA).  The proximate composition of the feeds in shown 

in Table 3.4. The analysis was performed by New Jersey Feed Laboratory, Inc. (Ewing 

Township, NJ, USA). 
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Table 3.3: Formulations for the wheat gluten dietary study. 

 

 

 

 

 

 
 

0 Wheat Gluten 4% Wheat Gluten
Profine VF 28.75 26.75

Soybean meal, 47.5% 23.33 23.33

Wheat flour, bagged 15.04 15.04

Corn gluten, 60% 15.34 13.34

Menhaden gold oil, top-dressed 5.96 5.96

Monocalcium phosphate FG 3.95 3.95

Lecithin FG 3 3

L-Lysine, 98.5% 0.75 0.75

Choline chloride, 70% 0.6 0.6

Potassium chloride (DYNA K) FG 0.56 0.56

DL-Methionine, 99% 0.45 0.45

Sodium chloride 0.28 0.28

Tiger C-35 0.2 0.2

Premix AquaVit 0.12 0.12

Premix Aquamin Fish 0.12 0.12

Magnesium oxide FG 0.05 0.05

Taurine FG, 98.5% 1.5 1.5

Wheat gluten 0 4

100 100

Protein (%) 43.4463 43.9239

Total fat (%) 10.0615 10.0665

Crude fiber (%) 2.6398 2.5598

Ash (%) 4.477 4.373

FG= Food Grade

Tiger C-35 is vitamin C

Omega fatty acids are top dressed
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Table 3.4: Proximate composition of feeds for the gluten dietary study. 

 

 

 

 

Anesthesia and blood and tissue sampling  

 

 At the conclusion of the 6-month trial, food was withheld for 24 hours and 10-12 

fish from each diet were sedated with 25 mg/L MS-222 (Syndel, Ferndale, WA, USA) 

buffered with 50 mg/L sodium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA) and 

exsanguinated via the caudal vein to collect blood for plasma analysis. Following blood 

collection, the spinal cord was severed, and tissues were harvested for analysis.  

 

Preparation of plasma for analysis 

 

 Approximately 1 ml blood from the caudal vein was put into a tube containing 20 

µL of 1000 units/ml heparin and gently inverted to mix. Samples were centrifuged at 

2000 x g for 15 minutes at 4 degrees C and the plasma fraction retained. This processing 

was sufficient for plasma chemistry and immunoblotting. In preparation for taurine 

analysis by HPLC, 10 µL plasma was mixed with 90 µL (1:10) 70% ethanol containing 

0 Wheat Gluten 4% Wheat Gluten 
Moisture (%) 6.97 9.4

Protein (crude) (%) 45.02 44.93

Fat (crude) (%) 6.19 6.02

Fiber (crude) (%) 1.95 2.2

Ash (%) 7.75 7.58

Taurine (%) 1.48 1.54
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0.154 mM D-norleucine. The solution was vortexed and centrifuged at 2000 x g for 5 

min. 50 µL supernatant was retained and dried down at 70 degrees C overnight.  

 

Plasma chemistry 

 

 Plasma analysis was performed by Jill Arnold of the National Aquarium in 

Baltimore, MD. Samples were processed using standard procedures for biochemistry 

analytes (Table 3.5) using the ChemWell-T analyzer (CataChem, Oxford, CT, USA). 

Calibration and quality control materials were used per manufacturer’s instructions 

(Catacal and Catatrol control level 1 and 2, CataChem, Oxford, CT, USA).  Osmolality 

was measured using the Wescor Osmometer (Wescor, Inc., Logan, UT, USA) after 

calibration with two levels of standards (290 and 1000 mmol/kg, OPTIMOLE, 

ELITechGroup Biomedical Systems, Logan, UT, USA). 

 

Table 3.5: Common plasma analyzes measured in this study. 

 

Analyte Method 

AST(U/L) Kinetic; oxaloacetate reaction 
ALP (U/L) Kinetic; p-nitrophenyl phosphate 

Calcium (mg/dL) Arsenazo III method 
Cholesterol (mg/dL) Enzymatic; cholesterol esterase, peroxidase 
Glucose (mg/dL) Enzymatic; cholesterol esterase, peroxidase 
Magnesium (mg/dL) Xylidyl Blue indicator 
Phosphorus, inorganic (mg/dL) Molybdate method 
Total Protein (g/dL) Biuret method 
Triglycerides (mg/dL) Enzymatic; glycerophosphate oxidase 
Uric Acid (mg/dL) Enzymatic; uricase, peroxidase 
Osmolality (mmol/Kg) Vapor pressure 
 
AST = aspartate aminotransferase; ALP = alkaline phosphatase 
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Plasma taurine analysis by HPLC 

 

  Dry samples were resuspended in 300 µL 0.1 N HCl and filtered through 

0.45 micron filters (EMD Millipore, Billerica, MA, USA). 5 µL of the filtered extracts 

was derivatized according to the AccQTag Ultra Derivitization Kit protocol (Waters 

Corporation, Milford, MA, USA). Amino acids were analyzed using an Agilent 1260 

Infinity High Performance Liquid Chromatography System equipped with ChemStation 

(Agilent Technologies, Santa Clara, CA, USA) by injecting 5 µL of the derivatization 

mix onto an AccQTag™ Amino Acid Analysis C18 (Waters, Milford, MA, USA) 

4.0 um, 3.9 x 150 mm column heated to 37 °C. Amino acids were eluted at 1.0 mL min-

1  flow with a mix of 10-fold diluted AccQTag Ultra Eluent (C) (Waters Corporation, 

Milford, MA, USA), ultra-pure water (A) and acetonitrile (B) according to the following 

gradient: Initial, 98.0% C/2.0% B; 2.0 min, 97.5% C/2.5% B; 25.0 min, 95.0% C/5.0% B; 

30.5 min, 94.9% C/5.1% B; 33.0 min, 91.0% C/9.0% B; 38 min, 40.0% A/60.0% B; 43 

min, 98.0% C/2.0% B. Derivatized amino acids were detected at 260 nm using a photo 

diode array detector. Signals were referenced to AABA (alpha-Aminobutyric acid), D-

norleucine, and standard hydrolysate amino acids. 

 

Concentrations of plasma TNF-α  

 

 For both the gluten and taurine studies, concentrations of TNF-α in plasma were 

determined using the Fish Tumor Necrosis Factor-α (TNF-α) ELISA kit (Cusabio 

distributed through MyBioSource, San Diego, CA, USA). Manufacturer's instructions 
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were followed and one of the standards was added to plasma in a "spike" experiment to 

confirm that an inherent plasma component was not influencing absorbance readings 

(data not shown). 

 

IgM and IgT immunoblotting 

 

 Plasma was diluted 1:40 in 1x SDS-PAGE sample buffer. Samples were heated 

for 3 minutes at 95 degrees C and centrifuged for one minute at 10,000 x g. 13 µL of each 

sample was electrophoresed on a  4%–12% Bis-Tris protein gel (NuPAGE Novex, 

(ThermoFisher Scientific, Waltham, MA, USA) for 35 minutes at 200 V using MOPS 

buffer in  a PowerPac™ HC Power Supply (Bio-Rad, Hercules, CA, USA. Proteins were 

transferred to a PVDF membrane for 14 minutes on the high molecular weight setting (25 

V) in the Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA). 

Immunoblotting was performed in the iBind Western System (ThermoFisher Scientific, 

Waltham, MA, USA).  

 For IgT detection, an anti-European sea bass IgT polyclonal antibody (rabbit IgG 

"RAIgT1," kindly provided by Giuseppe Scapigliati, Tuscia University, Italy) was used at 

a dilution of 1:1000 as the primary antibody, and goat anti-rabbit IgG H&L HRP 

conjugate at a dilution of 1:2000 (Bio-Rad,  Hercules, CA, USA) was used as the 

secondary antibody. For IgM detection, the Magic™ anti-European sea bass IgM 

monoclonal antibody (mouse IgG) (Creative Diagnostics, Shirley, NY, USA) was used at 

a dilution of 1:1000 as the primary antibody, and goat anti-mouse IgG H&L HRP 

conjugate (Bio-Rad,  Hercules, CA, USA) was used as the secondary antibody at a 
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dilution of 1:2000. A chemiluminescent signal was generated with addition of Clarity™ 

Western ECL substrate and imaged in a ChemiDoc™ Touch Imaging System (Bio-Rad, 

Hercules, CA, USA). Image Lab software (Version 5.2.1, Bio-Rad, Hercules, CA, USA) 

was used to visualize immunoblots and analyze protein molecular weights.  

 

Microbiome analysis 

 

DNA Extraction 

 

 For sampling of tank water, 1 L of water was filtered through a pore size of 0.2 

microns. For the feed, 0.127 g (3 pellets) of each diet was used. For intestinal samples 

(pyloric caeca, anterior intestine, mid-intestine, and posterior intestine), ~0.25 g tissue 

was collected. DNA extraction was performed using the Qiagen DNeasy Powerlyzer 

Powersoil kit (Qiagen, Germantown, MD, USA). Samples were manually processed 

through the beat beating step 6 m/s for 30 sec, repeated once (FastPrep®-24, MP 

Biomedicals, Santa Ana, CA, USA) and centrifugation procedure for two minutes at 

10,000 x g (Eppendorf 5415 D, Sigma-Aldrich, St. Louis, MO, USA). In the case of the 

water analysis, the filter was treated as the sample for processing. Following Step 5 in the 

manufacturer's protocol, DNA extracted was completed in a Qiacube (Qiagen, 

Germantown, MD, USA) according to manufacturer's instructions for DNA extraction 

including the optional PCR inhibitor removal. DNA was stored at -20 degrees C.  
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PCR and Gel Electrophoresis 

 

 PCR was performed to confirm the presence of amplifiable DNA for 16s rRNA 

sequencing. One µL of extracted DNA was used in a 25 µL reaction volume with 

Promega PCR Master Mix (Thermo Fisher Scientific, Waltham, MA) and amplified in 

a DNA Engine Dyad (MJ Research, Quebec, Canada) using the following primers and 

reaction conditions: 

 

16S_27F 5' AGAGTTTGATCMTGGCTCAG 3'  

16S_1492R 5' TACGGYTACCTTGTTACGACTT 3' 

 

95 degrees C for 5 min, 92 degrees C for 30 sec, 50 degrees C for 2 min, 72 degrees C for 

1 min, 30 sec, cycle to step 2 for 39 more times, incubate at 72 degrees C for 5 minutes, 

hold at 4 degrees C. Agarose gel electrophoresis was performed on each PCR product to 

detect the presence of a 1465 bp DNA band spanning bacterial rRNA variable regions 1-

9. Samples were electrophoresed in a 1% agarose gel containing 0.5 μg/mL ethidium 

bromide at 150V for 40 minutes and imaged in a ChemiDoc™ Touch Imaging System 

(Bio-Rad, Hercules, CA, USA). 

 

Sequencing  

 

 Sequencing was performed at the BioAnalytical Services Laboratory (BAS Lab) 

at IMET on an Illumina MiSeq™ (San Diego, CA, USA) using 5 ng DNA from each 
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sample. Primers complementary to the V3-V4 hypervariable region of the bacterial 16s 

rRNA gene were designed based on those characterized by Klindworth et al. 127. 

 

S-D-Bact-0341-b-S-17, 5’-CCTACGGGNGGCWGCAG-3’ 

S-D-Bact-0785-a-A-21 5’-GACTACHVGGGTATCTAATCC-3’ 

 

Including the Illumina adaptor sequences, the full-length primers are as follows: 

 

F 5' 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 

R 5'  

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA

TCC 

 

 CLC Genomics Workbench 8 (Version 8.5.1, Qiagen, Germantown, MD, USA) 

was used to trim, pair, and merge sequences (default parameters used for all functions). 

They were exported as a merged FASTA file and imported into the Quantitative Insights 

into Microbial Ecology (QIIME) program (Version 1.9.1) 128 for open reference 

operational taxonomic unit (OTU) and taxonomic classification using the Silva 128 

reference database 129. Rarefaction curves were generated based on observed OTUs. 

Identify threshold was set to 97%. Representative sequence alignments for each OTU 

were generated using Python Nearest Alignment Space Termination (PyNAST) 130, and R 
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(Version 3.4.3) 131 was used to generate a bar graph of the bacterial orders, as well as a 

PCA plot. QIIME was used to generation the rarefaction plot.  

 

Statistics 

 

 Statistical significance was evaluated using analysis of variance (ANOVA) and 

Student's t-test (2-tailed) with a 95% confidence interval.  
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CHAPTER 4:  SUPPLEMENTARY DIETARY TAURINE IN EUROPEAN SEA 

BASS (DICENTRARCHUS LABRAX) INFLUENCES COMMON PLASMA 

MARKERS AND TAURINE LEVELS1 

 

4.1 Abstract 

 

European sea bass (Dicentrarchus labrax) were fed plant-based diets containing 0 or 5% 

supplemental taurine. The supplemented group showed an overall increase in growth rate. 

Levels of plasma analytes were similar between the two groups with the exception of 

triglycerides, which were significantly higher in the 5% group. The supplemented group 

also had double the levels of plasma taurine as compared to the zero taurine group. No 

differences in levels of plasma IgM, IgT, or TNF-α based on dietary treatment were 

detected. Plasma taurine levels in the supplemented fish were twice those of the zero 

taurine group. The taurine-supplemented group exhibited greater uniformity of 

predominant gut orders across the length of the intestine. Interestingly, the posterior 

intestinal sections of the zero taurine group resembled the uniform microbial landscape of 

all of the intestinal sections of the supplemented group. Retinal analysis indicated no 

difference in anatomy between the two groups, but taurine supplementation did result in a 

shift in retinal spectral sensitivity to longer wavelengths in the fish fed 5% taurine. In 

total, these data suggest that European sea bass likely endogenously produce sufficient 

                                                 
1 Larkin, MEM, Place, AR. 2018. Supplementary Dietary Taurine in European Sea Bass 
(Dicentrarchus labrax) Influences Common Plasma Markers and Taurine Levels. In 
preparation.  
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taurine to maintain health, but taurine may be supplemented in their aquaculture feed and 

might slightly improve growth outcome.  

 

4.2 Introduction  

 

Aquaculture 

 

 European sea bass, commonly found on restaurant menus as branzino or branzini, 

are a globally important aquaculture fish. Despite their current greater prevalence in 

Europe, with the greatest cultivation occurring in the Mediterranean region, they are 

increasingly being consumed in the United States 103. Approximately 60,000 tons of 

European sea bass are produced each year as part of a greater than 300 million dollar 

market.  

 

Plant-based diets 

 

 The aquaculture industry continues to shift towards the incorporation of plant 

protein sources into feeds for their low cost and ecological sustainability as compared to 

fish meal. Several studies in a variety of common aquaculture species have evaluated the 

suitability of various plant sources of protein for at least partial replacement of fish meal 

protein. Plant ingredients are generally well tolerated. However, soy and pea proteins 

have been shown to have the capacity to cause growth deficits or inflammation of the 

gastrointestinal tract 33,34.  
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 In the shift towards sustainable diets, it is necessary to ensure that plant-based 

formulations are supplemented with components that are present in fish meal but lacking 

in plants. In fish, deficiencies in taurine production have become increasingly apparent as 

aquaculture feeds exchange greater proportions of fish meal for plant protein sources 

containing no taurine. 

 

Taurine 

 

 Taurine (2-aminoethanesulfonic acid) is a critical amino acid for animals and 

must be synthesized de novo or obtained through the diet. For some species this an 

essential amino acid, meaning that they lack sufficient endogenous synthesis and must 

acquire it through the diet. Many carnivores are in this category despite the fact that they 

may have the genes for the enzymes of the taurine synthetic pathways. Cats are strict 

carnivores and require high levels of taurine as well as methionine, which along with 

cysteine is a precursor of taurine synthesis. Despite possessing the genes necessary for 

endogenous synthesis of taurine, they have low levels of cysteine sulfinic acid 

decarboxylase (CSAD) 56. European sea bass have the genes that encode CSAD and CDO 

(cysteine dioxygenase), another enzyme in the taurine biosynthetic pathway, but as with 

cats, that does not guarantee that there is sufficient endogenous synthesis. 

 Taurine plays several critical roles in the body including osmoregulation, bile salt 

conjugation, and protection from oxidative stress 4. It acts as an immunomodulator, 

scavenging free radicals, ameliorating oxidative injury, and modulating the immune 

response 10. In activated neutrophils, taurine is halogenated to Tau-Cl which has been 
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shown to inhibit the production of several potent inflammatory agents including TNF-α, 

interleukins, prostaglandins, superoxide anion, and nitric oxide 11. Administration of 

taurine mitigated damage to the intestinal mucosa and the severity of  inflammatory 

bowel disease following chemically induced injury 10,12.  

The supplementation requirements of several commercially relevant species have 

been described, including by our laboratory for the strict marine carnivore, cobia 132. 

Taurine synthesizers also benefit in terms of growth from 1.5% supplementation of the 

feed, the standard amount in commercial formulations 7,8,14,132. The FDA recently 

approved taurine supplementation of feed for farmed fish intended for human 

consumption 9. A number of partial replacement of fish meal studies have been 

performed in European sea bass but only one evaluating the complete replacement of it 

with plant-based protein. Though they do not list taurine as an additive, their feed 

attractant mix contained taurine which contributed an overall 0.5% taurine to the feed 105. 

 

Common plasma parameters 

 

 Concentrations of plasma ions including glucose, calcium, phosphorus, and 

magnesium, as well as overall osmolality, are indicators of health status. Total protein 

levels also often correlate with nutritional status and general health 106,107. Triglycerides 

are an energy substrate, and a fasting study in European sea bass demonstrated their 

potential as a marker for nutritional condition 108. AST (aspartate aminotransferase) and 

ALP (alkaline phosphatase) are indicators of liver health and function 109. 
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Immune factors 

 

 Like other teleost fish, European sea bass have both innate and adaptive 

immunity. TNF-α is a cytokine and important activator of macrophages. Its increased 

levels in plasma are associated with inflammation in fish and other organisms 110. 

European sea bass have three types of immunoglobulins: IgM, IgT, and IgD 57,58. IgD is 

highly conserved, though its role is less defined than for the first two types 133. The role 

of IgM in teleost fish is similar to its role in other organisms. It is the principal 

immunoglobulin found in plasma and though its primary role is in systemic immunity, a 

role in mucosal immunity has also been described. IgT is similar to IgA in mammals and 

is an integral part of mucosal immunity. Like IgM, it detectable in plasma, though levels 

tend to be lower 60. 

 

Approach 

 

 This study represents the first evaluation of a completely plant-based diet with no 

taurine supplementation for European sea bass. They have the genes for synthesis, but as 

described with cats, it does not mean their endogenous synthesis is adequate for 

homeostasis. For this study, we sought to determine if the inclusion of 5% taurine into the 

diet of European sea bass impacted overall growth, health and immune status, as well as 

the intestinal microbiome. This entailed tracking growth rates, assaying plasma 

parameters and tissue weights, detecting innate immune factor TNF-α, adaptive immune 

factors IgM and IgT, and evaluating differences in the intestinal microbiome. 
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4.3 Results 

 

Growth data 

 

 The feeding study commenced with fish of an average starting weight of ~15 g in 

the case of taurine supplementation and ~25 g for the un-supplemented fish and 

continued for 5 months. The zero taurine feed seemed insufficiently palatable to the 

smaller weight fish which is why a starting weight of ~25 g ended up being used for the 

study for that particular diet. Supplementation of a plant-based diet with 5% taurine 

appears to increase growth rates as seen in Figure 4.1, but results are not statistically 

significant (p>0.05). This suggests that European sea bass endogenously produce 

sufficient taurine for growth and development. The genes for csad and cdo (cysteine 

dioxygenase) have been identified in European sea bass 134. However, the presence of the 

synthesis genes does not necessarily correspond to sufficient production of taurine.   
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Figure 4.1: Taurine supplementation to 5% in a plant-based diet increases growth 

rate, but not to the level of statistical significance (p>0.05). 

Fish with an average starting weight of ~15 g or  ~25 g were fed diets containing 5% or 0 
taurine, respectively, for 6 months. The growth rate appears to be greater for the taurine 
supplemented fish, but this difference in not significant (p>0.05).  
 

 

Plasma parameters  

 

  Analysis of common plasma analytes using a bioanalyzer showed significant 

differences between fish consuming diets containing 0 or 5% taurine in terms of levels of 

plasma glucose, magnesium, triglycerides, and cholesterol (Table 4.1). Glucose levels 

decreased in response to taurine supplementation, whereas magnesium, triglycerides, and 

cholesterol increased. The increase in triglyceride levels was the most profound, with fish 
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fed 5% taurine having triple the levels of plasma triglycerides as compared to the 0 

taurine group.  

 

Table 4.1: The addition of 5% taurine to a plant-based diet increases plasma 

glucose, magnesium, triglycerides, and cholesterol, but not other common plasma 

parameters. 

 
 

 
 

 

*Statistically different between diets 
ALP=Alkaline phosphatase 
AST=Aspartate aminotransferase 
 
 

 

Body and tissue weights 

 

 Total body weights did not statistically differ between fish fish fed 0 or 5% 

dietary taurine (p>0.05). For tissues, weights statistically differed for the pyloric caeca, 

anterior intestine, middle intestine, total intestine, and mesenteric fat (p<0.05). These 

DIET

PLASMA COMPONENT 0 Dietary Taurine 5% Dietary Taurine

Glucose (mg/dL) *128.222 ± 19.065 *100.273 ± 10.131

Calcium (mg/dL) 12.311 ± 1.127 12.327 ± 0.353

Magnesium (mg/dL) *2.856 ± 0.352 *3.373 ± 0.147

Phosphorus (mg/dL) 8.122 ± 2.284  8.427 ± 0.639 

Triglycerides (mg/dL) *278.111 ± 67.969 *842.955 ± 184.473

Cholesterol (mg/dL) *172.444 ± 26.022 *214.364 ± 25.51

ALP (U/L) 37.444 ± 7.887 38 ± 4.02

AST (U/L) 116.667 ± 74.214 49.909 ± 29.255

Osmolality (mOsmol/kg) 366.5 ± 6.83 360.917 ± 5.144

Total Protein (g/dL) 4.5 ± 0.489 4.973 ± 0.274
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weights were all greater in the fish fed the 5% taurine diet. Hepatosomatic indices were 

an average of 0.01 for both dietary groups.  

 

 

Table 4.2: Tissue weights for fish fed 0 or 5% dietary taurine statistically differ for 

the pyloric caeca, anterior intestine, middle intestine, total intestine, and mesenteric 

fat. 

 
 

 
 

 

*Statistically different between diets 

 

 

Plasma taurine  

 

 Plasma taurine levels were analyzed using HPLC. Plasma taurine levels 

approximately twice as high in the fish fed the diet containing 5% taurine as compared to 

levels in the fish consuming a diet containing no supplemental taurine  (p<0.05).  

Diet

Weight (g) 0 Dietary Taurine 5% Dietary Taurine

Whole body 215.68 ± 134.76 246.492 ± 36.487

Pyloric caeca *0.386 ± 0.174 *0.606 ± 0.13

Anterior intestine *0.532 ± 0.196 *0.752 ± 0.13

Middle Intestine *0.42 ± 0.154 *0.585 ± 0.094 

Posterior Intestine 0.422 ± 0.166 0.581 ± 0.094

Total Intestine *1.76 ± 0.618 *2.524 ± 0.237 

Liver 2.891 ± 1.844 3.081 ± 1.068

Brain 0.28 ± 0.051 0.238 ± 0.062

Head kidney 0.103 ± 0.037 0.106 ± 0.056

Mesenteric fat *7.441 ± 4.223 *12.533 ± 2.544 
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*Statistically different between diets 

 

 

Figure 4.2: 5% Dietary taurine substantially raises plasma taurine levels in 

European sea bass (p<0.05). 

Taurine levels in plasma were measured using HPLC. Average concentrations of plasma 
taurine for fish fed the 0 or 5% taurine diets are 14.548 ± 5.0 or 23.566 ± 4.304 nmol/mL, 
respectively.  
 

 

IgM, IgT, and TNF-α 

 

 Since taurine is a known immunomodulator, we used immunoblotting to assay 

plasma for IgM and IgT, and an ELISA assay to detect TNF-α in order to assess whether 

or not supplemental taurine affects levels of these antibodies. The results shown in Figure 

4.3 (a) suggest that IgM and IgT levels do not change in response to supplementary 
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taurine. The size of ~73 kDa for the heavy chains of the antibodies is similar to the size 

of  ~78 kDa detected by Picchietti et al. 115. Levels of TNF-α in the plasma of fish fed 0 

or 5% taurine do not significantly differ (Figure 4.3 (b)).  

 

 

 

 

Figure 4.3: Dietary wheat gluten does not induce changes in levels of plasma IgT, 

IgM (panel a),  or TNF-α (panel b). 

IgT and IgM were measured using immunoblotting, and levels of TNF-α were evaluated 
using a commercial ELISA kit. Levels of these immune factors do not appear to be 
altered by 5% dietary taurine. 
 

 

Taurine and TNF-α 

 

 Though there were no significant differences in TNF-α levels between treatment 

groups in separate studies of fish consuming 0 or 4% wheat gluten (Chapter 3) or 0 or 5% 

taurine, there appears to be a trend between levels of taurine and TNF-α. Both the 0 and 

4% wheat gluten diets contained 1.5% supplementary taurine. As shown in Figure 4.4, as 

plasma levels of taurine increase, plasma levels of TNF-α trend lower, suggesting a 
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possible inverse correlation. We are uncertain as to why the overall levels of both factors 

are vastly different between the two studies.  

 

 

Figure 4.4: Plasma taurine and TNF-α levels may have an inverse correlation. 

Plasma taurine levels were measured by HPLC, and TNF-α levels were evaluated using a 
commercial ELISA kit. Increased plasma taurine appears to correlate with lower TNF-α 
for both the wheat gluten (Chapter 3) and taurine dietary studies.   
 

 

Microbiome data 

 

 16S rRNA gene analysis was performed using the MiSeq platform to 

characterize the microbiome of the water, feed, and intestinal sections of the European 

sea bass. Figure 4.5 shows the order level abundance of the samples. Microbiome 

analysis showed mostly Proteobacteria in water samples. Feeds contain Proteobacteria 
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and "Cyanobacteria," which are likely chloroplasts from plant ingredients. For the fish 

fed a diet without supplemental taurine, the pyloric caeca showed "Cyanobacteria" and 

Actinobacteria. The anterior intestine had primarily Actinobacteria and Proteobacteria. 

The predominant phylum in the mid-intestine was Proteobacteria, which were also in the 

posterior intestine along with Fermicutes. For the fish fed 5% taurine, the predominant 

phyla found in the pyloric caeca, anterior, mid-, and posterior intestines were 

Proteobacteria and Fermicutes. It is interesting that the microbiome of the posterior 

intestine of the un-supplemented fish resembled the more uniform intestinal landscape of 

the 5% taurine fish. The rarefaction curve (Figure 4.6) shows the number of observed 

OTUs vs. sequences per sample and illustrates alpha-diversity, or species richness, of the 

samples. Samples from the posterior intestine of un-supplemented fish cluster with the 

majority of all intestinal samples from fish consuming 5% dietary taurine. As seen in the 

PCA plot in Figure 4.7, there is no clear clustering in regards to dietary taurine. The 

ellipse shows the 95% confidence interval. 
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Figure 4.5: European sea bass fed 5% taurine as part of a plant-based diet exhibit 

greater uniformity of predominant taxonomic orders across the intestine. 
DNA extracted from water, feed, and various sections of the intestine for the two diet 
groups underwent 16S rRNA gene analysis using the MiSeq platform to characterize the 
microbial landscape. The addition of 5% taurine to a plant-based diet promotes 
uniformity of the intestinal microbiome of European sea bass. 
 



 

 85

 

 

 
 

 

Figure 4.6: Species richness for each microbiome sample. 

Species richness of the microbiome samples is shown in a rarefaction curve of observed 
OTUs vs. sequences per sample.   
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Figure 4.7: PCA plot does not demonstrate clear grouping of samples by absence or 

presence of supplementary taurine. 

There is no clear grouping according to dietary taurine levels. The ellipse shows the 95% 
confidence interval.  
 
 

Retinal anatomy 

 Investigation of the retinal anatomy was performed with Renate Reimschuessel, 

DVM, PhD, of the U.S. Food and Drug Administration. No differences in retinal anatomy 

was observed between dietary groups. Representative results are shown in Figure 4.8.  

 



 

 87

 

Figure 4.8: Retinal anatomy is similar between European sea bass fed diets with 0 or 

5% taurine. 

Retinal layers in European sea bass: G=Ganglion cell layer, IP=Inner plexiform layer, 
IN=Inner nuclear layer, OP=Outer plexiform layer; ON=Outer nuclear layer, 
P=Photoreceptor layer, PE=Pigmented epithelium. 
 
 

Spectral sensitivity 

 

 Spectral sensitivity refers to the relative efficiency of response to light as a 

function of  wavelength. Using electroretinography (ERG), researchers from the Virginia 

Institute of Marine Science in Gloucester Point, VA, USA, evaluated visual function on 

eyes from the 0 and 4% taurine groups. They also included in this analysis eyes from fish 

fed 1.5% taurine that were part of our wheat gluten study (Britt et al., manuscript in 

preparation).  

Spectral sensitivities were not significantly different between the 0 and 1.5% taurine 

groups, so these data were combined and compared with the 5% group (Figure 4.9, 

0 Taurine 5% Taurine

PE PEPP ON
ON

OP
OP IPIP GG

IN IN



 

 88

panels A and B). Published SSH and GFRKD rhodopsin templates for maximum 

likelihood estimation fit equally well, and the analysis indicates that retinas of European 

sea bass fed a 5% taurine diet have three α-band vitamin A1 pigments with maximal 

absorbance peaks (λmax) of 380, 497, 598 nm (P1, P2, P3, respectively; Figure 4.9, panel 

D) 135,136. In fish fed 0 or 1.5% taurine diets, the maximum likelihood estimation using 

the SSH template gave the best fit, and the analysis suggests that the retinas European sea 

bass raised on these diets have three α-band vitamin A1 pigments with maximal 

absorbance peaks (λmax) of 389, 512, 611 nm (P1, P2, P3, respectively; Figure 4.9, panel 

C). Dietary taurine level also clearly has an effect on the relative abundance of the three 

visual pigments. In fish fed 0 and 1.5% taurine diets, the ratio of the middle and long 

wavelength visual pigments (P2 and P3, respectively) was approximately equal (0.9 to 1, 

Figure 4.9, panel C) with a reduced abundance of the short wavelength pigment (P1) 

relative to the most abundant longwave length pigment (P3) (0.2 to 1) (Figure 4.9, panel 

C). However, in fish fed a 5% taurine diet, there was a reduction in the abundance of the 

middle wavelength pigment (P2) relative to the long wavelength pigment (P3). The ratio 

of middle and long wavelength pigments was 0.3 to 1 (Figure 4.9, panel D), while the 

ratio of the abundance of the short wavelength pigment (P1) relative to the most abundant 

longwave length pigment (P3) remained at 0.2 to 1 (Figure 4.9, panel D). As a result of 

the changes in abundance of visual pigments, the peak in overall retinal spectral 

sensitivity was shifted to longer wavelengths, from 530 nm in fish fed the 0% or 1.5 % 

taurine diets (Figure 4.9, panel C) to 600 nm in fish fed the 5% taurine diet (Figure 4.9, 

panel D).  
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Figure 4.9: Spectral sensitivity differs in European sea bass fed diets containing 0, 

1.5%, or 5% taurine. 

Spectral sensitivity was evaluated using electroretinography. For the fish fed the diet 
containing 5% taurine, the peak in overall retinal spectral sensitivity was shifted to longer 
wavelengths. 
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4.4 Conclusions 

 

 Despite the fact that growth was increased in the group fed 5% taurine, the results 

were not statistically different. A relatively low number of data points for weight likely 

contributed to the finding of statistical insignificance.  Notable changes to plasma 

parameters, tissue weights, microbiome diversity, and spectral sensitivity neither indicate 

a benefit nor detriment from the addition of 5% taurine to a plant-based diet.  

 The most significant changes to common plasma parameters were to levels of   

glucose, magnesium, triglycerides, and cholesterol. Plasma levels of magnesium, 

triglycerides, and cholesterol increased with taurine supplementation while glucose 

decreased. The increase in triglyceride levels was the most striking, with fish fed 5% 

taurine having triple the levels of plasma triglycerides as compared to the 0 taurine group. 

Many of our levels of plasma markers are similar to those reported in a fasting study in 

European sea bass performed by Peres et al. 108. Notably, our value for triglyceride levels 

in the 0 taurine group approached half of their unfasted measurement, and for the 5% 

taurine group, the value was double their unfasted measurement. Some of the differences 

may be attributable to a plant-based vs. fish meal-based diet, but it still begs the question 

as to why the staggering difference in levels of plasma triglycerides between fish fed the 

0 or 5% taurine diets. The health of the fish does not seem to be affected by the change, 

and perhaps it is related to the microbiome and its propensity to influence levels of 

plasma triglycerides 137. Supplemental taurine has been shown to reduce serum levels of 

cholesterol and triglycerides in studies of rats fed diets containing high levels of those 

components 138–140. One study in men showed in increase serum levels of triglycerides 
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and suggested that taurine may have an effect on lipoprotein lipase, an enzyme that 

breaks down triglycerides 141. However, taurine has been shown in studies to promote the 

activity of lipoprotein lipase in chickens 142,143. Also in chickens, taurine has been shown 

to reduce serum AST levels 142. In our study, AST levels were lower in the supplemented 

group as compared to the 0 taurine group, but the difference was not statistically 

different.  

 Tissue weights for fish fed 0 or 5% dietary taurine statistically differed for the 

pyloric caeca, anterior intestine, middle intestine, total intestine, and mesenteric fat. 

These weights were all greater in the fish fed the 5% taurine diet. This is likely due to the 

overall greater weight of the fish fed the 5% taurine diet, though the body weight 

differences between the groups were not statistically significant. Studies in fish and 

mammals have indicated that taurine promotes hypolipidemia 8,139,144,145. This is in 

contrast to our findings that 5% taurine supplementation increased mesenteric fat. Again, 

this finding may be a function of the differences in overall sizes of the fish between the 

two groups.  

 The substantial increase in plasma levels of taurine is likely a result of 

supplementation. However, in the wheat gluten study described in Chapter 3, plasma 

taurine levels approximately doubled in the group fed 4% wheat gluten even though the 

taurine supplementation was the same between the two groups (1.5%). There are likely a 

number of factors that modulate taurine production and sequestration. Recently there 

have been reports of grain-free formulations containing legumes sold as pet food causing 

cardiomyopathies related to taurine deficiency 121. It is possible that feed components 

might be influencing sequestration of taurine in plasma. 
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 The lack of detectable differences in plasma IgM, IgT, and TNF-α between the 

two groups suggests that 5% taurine supplementation does not influence an innate or 

adaptive immune response, at least not in the absence of an immunological challenge. For 

comparison of plasma TNF-α to taurine levels, we included the wheat gluten study data 

from Chapter 3. For both studies, greater plasma concentrations of taurine correlated to 

lower levels of TNF-α. Other studies have observed this trend, with lower serum levels or 

reduced gene expression of TNF-α in response to in vivo and in vitro exposure to taurine 

or  taurine derivatives taurolidine or taurine chloramine 142,146–148. 

 As far as the microbiome analysis, the changes to predominant gut orders 

between the two groups was not nearly as profound as it was for the wheat gluten study 

in Chapter 3. Fish fed 5% taurine as part of a plant-based diet exhibited greater 

uniformity of predominant gut orders across the intestine as compared to the 0 taurine 

group. Interestingly, the posterior intestine of the un-supplemented fish resembled the 

more uniform intestinal landscape of the 5% taurine fish. Two published studies looked at 

the effect of taurine on the gut microbiota and yielded conflicting results.  A human study 

showed no influence, whereas a mouse study reported an influence of taurine on the 

intestinal microbiome 149,150 It is known that certain bacteria can uptake and utilize 

taurine 151–153. 

 Taurine supplementation did not alter retinal anatomy but did shift spectral 

sensitivity.  Overall retinal spectral sensitivity was shifted to longer wavelengths in the 

fish fed the 5% taurine diet. As far as we know, these are the first such findings of this 

kind.  
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4.5 Materials and Methods 

 

European sea bass maintenance  

 

 European sea bass were obtained from the laboratory of Yonathan Zohar, PhD, 

and maintained in the Aquaculture Research Center at the Institute of Marine and 

Environmental Technology (Institutional Animal Care and Use Committee at University 

of Maryland, Baltimore, #0616014 approved 9/2016. Starting at ~15 g or ~25 g body 

weight, fish were fed diets containing 5% or 0  taurine, respectively, starting with 75 fish 

per diet. The zero taurine feed seemed insufficiently palatable to the smaller weight fish 

which is why a starting weight of ~25 g ended up being used for the study for that 

particular diet. Fish were maintained on the diets for 5 months, at which the the average 

weight for fish being fed the 0 taurine was 170 g  and for the 5% taurine diet, the average 

weight was 260 g. Fish were fed 3.5% of their body weight per day over 3-4 feedings. To 

obtain average tank weights, fish were anesthetized biweekly with 25 mg/L MS-222 

(Syndel, Ferndale, WA, USA) buffered with 50 mg/L sodium bicarbonate (Sigma-

Aldrich, St. Louis, MO, USA). 

 Temperature was maintained at 27 degrees C and salinity was 25 ppt. Fish were 

divided by diet and housed in one of 2 eight-foot diameter, four cubic meter, recirculating 

systems sharing mechanical and bio-filtration as well as life support systems. The 

recirculating system has a filtration system which including protein skimming, ozonation, 

mechanical filtration in the form of bubble-bead filters, and biological filtration. Water 

samples were tested 2-3 times per week and analyzed by the National Aquarium water 
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quality lab at IMET. Water quality was not significantly different between systems 

utilized (ANOVA, p>0.05) during the study and overall parameters were: dissolved 

oxygen, 5.69 ±  1.62 mg/L ; temperature, 26.85 ±  1.77 degrees C; pH (4,500-H+), 7.61 ±  

0.27; total ammonia nitrogen (4,500-NH3 ), 0.06 ±  0.06 mg/L ; nitrite (4,500-NO2
- ), 0.12 

± 0.08 mg/L ; nitrate (4,500-NO3
- ), 49.28 ±  8.87 mg/L, alkalinity (2,320), 95.77 ±  23.11 

meq/L ; and salinity (2,510) 24.91 ±  1.65 ppt. 

 

Dietary formulations 

 

 The formulations for the 0 and 4% wheat gluten diets are shown in Table 4.3 

(Zeigler Bros., Gardners, PA, USA). The proximate composition of the feeds in shown in 

Table 4.4. The analysis was performed by New Jersey Feed Laboratory, Inc. (Ewing 

Township, NJ, USA). 
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Table 4.3: Formulations for the taurine dietary study. 

 

 

 

 
 

 

 

 

0 Taurine 5% Taurine
Profine VF 28.75 28.75

Soybean meal, 47.5% 23.33 23.33

Wheat flour, bagged 16.54 11.54

Corn gluten, 60% 15.34 15.34

Menhaden gold oil, top-dressed 5.96 5.96

Monocalcium phosphate FG 3.95 3.95

Lecithin FG 3 3

L-Lysine, 98.5% 0.75 0.75

Choline chloride, 70% 0.6 0.6

Potassium chloride (DYNA K) FG 0.56 0.56

DL-Methionine, 99% 0.45 0.45

Sodium chloride 0.28 0.28

Tiger C-35 0.2 0.2

Premix AquaVit 0.12 0.12

Premix Aquamin Fish 0.12 0.12

Magnesium oxide FG 0.05 0.05

Taurine FG, 98.5% 0 5

Wheat gluten 0 0

100 100

Protein (%) 42.0993 46.5893

Total fat (%) 10.0916 9.9911

Crude fiber (%) 2.6593 2.5943

Ash (%) 4.4845 4.4595

FG= Food Grade

Tiger C-35 is vitamin C

Omega fatty acids are top dressed
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Table 4.4: Proximate composition of feeds for the taurine dietary study. 

 

 

 

Anesthesia and blood and tissue sampling 

 

 At the conclusion of the 5-month trial, food was withheld for 24 hours and 10-12 

fish from each diet were sedated with 25 mg/L MS-222 (Syndel, Ferndale, WA, USA) 

buffered with 50 mg/L sodium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA) and 

exsanguinated via the caudal vein to collect blood for plasma analysis. Following blood 

collection, the spinal cord was severed, and tissues were harvested for analysis, including 

intestines and eyes. 

 

Preparation of plasma for analysis 

 

 Approximately 1 ml blood from the caudal vein was put into a tube containing 20 

µL of 1000 units/ml heparin and gently inverted to mix. Samples were centrifuged at 

2000 x g for 15 minutes at 4 degrees C and the plasma fraction retained. This processing 

was sufficient for plasma chemistry and immunoblotting. In preparation for taurine 

analysis by HPLC, 10 µL plasma was mixed with 90 µL (1:10) 70% ethanol containing 

0 Taurine 5% Taurine 
Moisture (%) 8.05 9.5

Protein (crude) (%) 43.82 45.65

Fat (crude) (%) 5.94 6.94

Fiber (crude) (%) 3.06 2.25

Ash (%) 7.83 7.71

Taurine (%) 0.07 4.85
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0.154 mM D-norleucine. The solution was vortexed and centrifuged at 2000 x g for 5 

min. 50 µL supernatant was retained and dried down at 70 degrees C overnight.  

 

Plasma chemistry 

 

 Plasma analysis was performed by Jill Arnold of the National Aquarium in 

Baltimore, MD. Samples were processed using standard procedures for biochemistry 

analytes (Table 4.5) using the ChemWell-T analyzer (CataChem, Oxford, CT, USA). 

Calibration and quality control materials were used per manufacturer’s instructions 

(Catacal and Catatrol control level 1 and 2, CataChem, Oxford, CT, USA).  Osmolality 

was measured using the Wescor Osmometer (Wescor, Inc., Logan, UT, USA) after 

calibration with two levels of standards (290 and 1000 mmol/kg, OPTIMOLE, 

ELITechGroup Biomedical Systems, Logan, UT, USA). 

 

Table 4.5: Common plasma analytes measured in this study. 

 
 
 

Analyte Method 

AST(U/L) Kinetic; oxaloacetate reaction 
ALP (U/L) Kinetic; p-nitrophenyl phosphate 

Calcium (mg/dL) Arsenazo III method 
Cholesterol (mg/dL) Enzymatic; cholesterol esterase, peroxidase 
Glucose (mg/dL) Enzymatic; cholesterol esterase, peroxidase 
Magnesium (mg/dL) Xylidyl Blue indicator 
Phosphorus, inorganic (mg/dL) Molybdate method 
Total Protein (g/dL) Biuret method 
Triglycerides (mg/dL) Enzymatic; glycerophosphate oxidase 
Uric Acid (mg/dL) Enzymatic; uricase, peroxidase 
Osmolality (mmol/Kg) Vapor pressure 
 
AST = aspartate aminotransferase; ALP = alkaline phosphatase 
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Plasma taurine analysis by HPLC 

 

 Dry samples were resuspended in 300 µL 0.1 N HCl and filtered through 0.45 

micron filters (EMD Millipore, Billerica, MA, USA). 5 µL of the filtered extracts was 

derivatized according to the AccQTag™Ultra Derivitization Kit protocol (Waters 

Corporation, Milford, MA, USA). Amino acids were analyzed using an Agilent 1260 

Infinity High Performance Liquid Chromatography System equipped with ChemStation 

(Agilent Technologies, Santa Clara, CA, USA) by injecting 5 uL of the derivatization 

mix onto an AccQTag™ Amino Acid Analysis C18 (Waters, Milford, MA, USA) 

4.0 um, 3.9 x 150 mm column heated to 37 °C. Amino acids were eluted at 1.0 mL min-

1  flow with a mix of 10-fold diluted AccQTag™ Ultra Eluent (C) (Waters Corporation, 

Milford, MA, USA), ultra-pure water (A) and acetonitrile (B) according to the following 

gradient: Initial, 98.0% C/2.0% B; 2.0 min, 97.5% C/2.5% B; 25.0 min, 95.0% C/5.0% B; 

30.5 min, 94.9% C/5.1% B; 33.0 min, 91.0% C/9.0% B; 38 min, 40.0% A/60.0% B; 43 

min, 98.0% C/2.0% B. Derivatized amino acids were detected at 260 nm using a photo 

diode array detector. Signals were referenced to AABA (alpha-Aminobutyric acid), D-

norleucine, and standard hydrolysate amino acids. 

 

Concentrations of plasma TNF-α  

 

 For both the gluten and taurine studies, concentrations of TNF-α in plasma were 

determined using the Fish Tumor Necrosis Factor-α (TNF-α) ELISA kit (Cusabio 

distributed through MyBioSource, San Diego, CA, USA). Manufacturer's instructions 
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were followed and one of the standards was added to plasma in a "spike" experiment to 

confirm that an inherent plasma component was not influencing absorbance readings 

(data not shown). 

 

IgM and IgT immunoblotting 

 

 Plasma was diluted 1:40 in 1x SDS-PAGE sample buffer. Samples were heated 

for 3 minutes at 95 degrees C and centrifuged for one minute. 13 µL of each sample was 

electrophoresed on a  4%–12% Bis-Tris protein gel (NuPAGE Novex, ThermoFisher 

Scientific, Waltham, MA, USA) for 35 minutes at 200 V using MOPS buffer in  a 

PowerPac™ HC Power Supply (Bio-Rad, Hercules, CA, USA. Proteins were transferred 

to a PVDF membrane for 14 minutes on the high molecular weight setting (25 V) in the 

Trans-Blot® Turbo™ Transfer System (Bio-Rad, Hercules, CA, USA). Immunoblotting 

was performed in the iBind Western System (ThermoFisher Scientific, Waltham, MA, 

USA).  

 

 For IgT detection, an anti-European sea bass IgT polyclonal antibody (rabbit IgG 

"RAIgT1," kindly provided by Giuseppe Scapigliati, Tuscia University, Italy) was used at 

a dilution of 1:1000 as the primary antibody, and goat anti-rabbit IgG H&L HRP 

conjugate at a dilution of 1:2000 (Bio-Rad,  Hercules, CA, USA) was used as the 

secondary antibody. For IgM detection, the Magic™ anti-European sea bass IgM 

monoclonal antibody (mouse IgG) (Creative Diagnostics, Shirley, NY, USA) was used at 

a dilution of 1:1000 as the primary antibody, and goat anti-mouse IgG H&L HRP 
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conjugate (Bio-Rad,  Hercules, CA, USA) was used as the secondary antibody at a 

dilution of 1:2000. A chemiluminescent signal was generated with addition of Clarity™ 

Western ECL substrate and imaged in a ChemiDoc™ Touch Imaging System (Bio-Rad, 

Hercules, CA, USA). Image Lab software (Version 5.2.1, Bio-Rad, Hercules, CA, USA) 

was used to visualize immunoblots and analyze protein molecular weights.  

 

Retinal histology and spectral analysis 

 

Samples were prepared in the laboratory of Wolfgang Vogelbein, PhD, at the 

Virginia Institute of Marine Science (Gloucester Point, VA, USA), part of the College of 

William and Mary. Histopathology was analyzed with the kind assistance of Renate 

Reimschuessel, DVM,PhD, at the Food and Drug Administration (Laurel, MD, USA). 

Images were captured using a BX53 microscope outfitted with a DP73 camera and 

visualized with the cellsSens software standard version 510, all manufactured by 

Olympus (Center Valley, PA, USA). Spectral analysis was performed by researchers 

from the Virginia Institute of Marine Science in Gloucester Point, VA, USA, using 

electroretinography (ERG). Details of methods will be published in a manuscript in 

preparation by Richard Brill, PhD, et al.  
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Microbiome analysis 

 

DNA extraction 

 

 For sampling of tank water, 1 L of water was filtered through a pore size of 0.2 

microns. For the feed, 0.127 g (3 pellets) of each diet was used. For intestinal samples 

(pyloric caeca, anterior intestine, mid-intestine, and posterior intestine), ~0.25 g tissue 

was collected. DNA extraction was performed using the Qiagen DNeasy Powerlyzer 

Powersoil kit (Qiagen, Germantown, MD, USA). Samples were manually processed 

through the beat beating step 6 m/s for 30 sec, repeated once (FastPrep®-24, MP 

Biomedicals, Santa Ana, CA, USA) and centrifugation procedure for two minutes at 

10,000 x g (Eppendorf 5415 D, Sigma-Aldrich, St. Louis, MO, USA). In the case of the 

water analysis, the filter was treated as the sample for processing. Following Step 5 in the 

manufacturer's protocol, DNA extracted was completed in a Qiacube (Qiagen, 

Germantown, MD, USA) according to manufacturer's instructions including the optional 

PCR inhibitor removal. DNA was stored at -20 degrees C.  

 

PCR and Electrophoresis 

 

 PCR was performed to confirm the presence of amplifiable DNA for 16s rRNA 

sequencing. One µL of extracted DNA was used in a 25 µL reaction volume with 

Promega PCR Master Mix (Thermo Fisher Scientific, Waltham, MA) and amplified in 
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a DNA Engine Dyad (MJ Research, Quebec, Canada) using the following primers and 

reaction conditions: 

Primers 

 

16S_27F 5' AGAGTTTGATCMTGGCTCAG 3'  

16S_1492R 5' TACGGYTACCTTGTTACGACTT 3' 

 

 PCR reaction conditions were as follows: 95 degrees C for 5 min, 92 degrees C 

for 30 sec, 50 degrees C for 2 min, 72 degrees C for 1 min, 30 sec, cycle to step 2 for 39 

more times, incubate at 72 degrees C for 5 minutes, hold at 4 degrees C. Agarose gel 

electrophoresis was performed on each PCR product to detect the presence of a 1465 bp 

DNA band spanning bacterial rRNA variable regions 1-9. Samples were electrophoresed 

in a 1% agarose gel containing 0.5 μg/mL ethidium bromide at 150V for 40 minutes and 

imaged in a ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, CA, USA). 

 

Sequencing  

 

 Sequencing was performed at the BioAnalytical Services Laboratory (BAS Lab) 

at IMET on an Illumina MiSeq™ (San Diego, CA, USA) using 5 ng DNA from each 

sample. Primers complementary to the V3-V4 hypervariable region of the bacterial 16s 

rRNA gene were designed based on those characterized by Klindworth et al. 127. 

S-D-Bact-0341-b-S-17, 5’-CCTACGGGNGGCWGCAG-3’ 

S-D-Bact-0785-a-A-21 5’-GACTACHVGGGTATCTAATCC-3’ 
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Including the Illumina adaptor sequences, the full-length primers are as follows: 

 

F 5' 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 

R 5'  

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA

TCC 

 

 CLC Genomics Workbench 8 (Version 8.5.1, Qiagen, Germantown, MD, USA) 

was used to trim, pair, and merge sequences (default parameters used for all functions). 

They were exported as a merged FASTA file and imported into the Quantitative Insights 

into Microbial Ecology (QIIME) program (Version 1.9.1) 128 for open reference 

operational taxonomic unit (OTU) and taxonomic classification using the Silva 128 

reference database 129. Rarefaction curves were generated based on observed OTUs. 

Identify threshold was set to 97%. Representative sequence alignments for each OTU 

were generated using Python Nearest Alignment Space Termination (PyNAST) 130, and R 

(Version 3.4.3) 131 was used to generate a bar graph of the bacterial orders as well as a 

PCA plot. Qiime was used to generate the rarefaction curve.  
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Statistics 

 

 Statistical significance was evaluated using analysis of variance (ANOVA) and 

Student's t-tests (2-tailed) with a 95% confidence interval.  
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CHAPTER 5:  RUNNING THE STOP SIGN: READTHROUGH OF A 

PREMATURE UAG TERMINATION SIGNAL IN THE TRANSLATION OF 

A ZEBRAFISH (DANIO RERIO) TAURINE BIOSYNTHETIC ENZYME1 

 

5.1 Abstract 

 

 The UAG termination codon is generally recognized as the least efficient and 

least frequently used of the three universal stop codons. This is substantiated by 

numerous studies in an array of organisms. We present here evidence of a translational 

readthrough of a mutant nonsense UAG codon in the transcript from the cysteine 

sulfinic acid decarboxylase (csad) gene (ENSDARG00000026348) in zebrafish (Danio 

rerio). The csad gene encodes the terminal enzyme in the taurine biosynthetic pathway. 

Taurine is a critical amino acid for all animals, playing several essential roles 

throughout the body, including modulation of the immune system. The sa9430 zebrafish 

strain (ZDB-ALT-130411-5055) has a point mutation leading to a premature stop codon 

(UAG) 20 amino acids 5’ of the normal stop codon, UGA. Data from immunoblotting, 

enzyme activity assays, and mass spectrometry provide evidence that the mutant is 

making a CSAD protein identical to that of the wild-type (XP_009295318.1) in terms of 

size, activity, and amino acid sequence. UAG readthrough has been described in several 

species, but this is the first presentation of a case in fish. Also presented are the first data 

                                                 
1 Larkin, MEM, Place, AR. 2017. Running the Stop Sign: Readthrough of a Premature 
UAG Termination Signal in the Translation of a Zebrafish (Danio rerio) Taurine 
Biosynthetic Enzyme. 
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substantiating the ability of a fish CSAD to utilize cysteic acid, an alternative to the 

standard substrate cysteine sulfinic acid, to produce taurine. 

 

 

5.2 Introduction 

 

To assess a possible amelioratory role for taurine in dietary induced inflammation, 

our laboratory seeks to procure a strain of zebrafish deficient in endogenous taurine 

synthesis. This will enable clear observation of the effects of graded dietary 

supplementation. Taurine (2-aminoethanesulfonic acid) is a critical amino acid for 

animals and must be synthesized de novo or obtained through the diet. For taurine 

synthesizers, the cysteine sulfinic acid decarboxylase (CSAD) enzyme 

(XP_009295318.1) catalyzes the terminal reaction in the primary biosynthetic pathway 

(Figure 1.1). Taurine plays several essential roles in the body including osmoregulation, 

bile salt conjugation, immunomodulation, and protection from oxidative stress 10,11,132. 

Species lacking sufficient endogenous synthesis require dietary sources of taurine. 

Carnivores, in particular, tend to have low levels of CSAD or none at all. The need for 

supplemental taurine in the strict carnivore cobia has been described by our laboratory 73. 

Several taurine synthesizers also benefit in terms of growth from supplementation in the 

feed, with 1.5% being the standard amount in commercial formulations 7,8,14,132. 

In a study in mice, knocking out the csad gene led to an 83% reduction in plasma 

taurine levels, with resulting mortality within 24 h of birth by the third generation of 

inbred homozygotes 13. The cysteamine pathway shown in Figure 1.1 might be a 
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mechanism for residual taurine synthesis. CSAD mRNA is detectable in the earliest 

stages of zebrafish embryonic development, and knockdown of CSAD mRNA or TauT 

(taurine transporter) mRNA during early embryonic development results in 

cardiomyopathy and mortality in zebrafish 15–17.  

The sa9430 mutant zebrafish strain (Sanger, Zebrafish Mutation Project 154, was 

acquired as a potential knockout for csad suitable for our dietary studies. This strain has a 

C→T point mutation in the single copy of the csad gene on chromosome 23. The 

mutation alters a codon that would normally be translated to glutamine to a UAG stop 

codon 20 amino acids 5' of the normal UGA stop codon. No phenotype has been 

described for this mutant, but commercial feeds typically contain adequate dietary taurine 

and the lack of de novo synthesis might be masked. Zebrafish deficient in taurine 

synthesis that do not receive dietary supplementation are expected to exhibit pathologies 

similar to those seen in the knockdown studies, including mortality. Since our fish were 

reared and maintained on a commercial taurine-supplemented diet, as well as taurine-

containing live Artemia, gross changes in phenotype were not necessarily expected. 

However, we did not anticipate the results presented here from immunoblotting, enzyme 

activity assays, and mass spectrometry which show that the sa9430 mutant is producing 

wild-type CSAD protein. 

The CSAD of some animals can utilize cysteic acid as a substrate for taurine 

synthesis, including cats and rats 155,156. In this pathway, there is the direct conversion of 

cysteic acid to taurine without a hypotaurine intermediate. Data presented here reveal the 

ability of zebrafish CSAD to utilize cysteic acid as an alternative to cysteine sulfinic acid 

as a substrate for taurine synthesis. 
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5.3 Results 

 

Standard feeds for zebrafish contain taurine 

 

At 5–10 dpf (days post fertilization) larvae are fed paramecia until their mouths are 

sufficiently large to consume Artemia or the smallest commercial pelleted feeds. Our 

analysis by HPLC detects no taurine in paramecia, so during this feeding period, the 

larvae are dependent upon maternal contribution of taurine and csad mRNA as well as 

their own de novo synthesis 16. At approximately 10 dpf, zebrafish begin consuming live 

Artemia, which are grown without taurine enrichment in our facility. According to LC-

MS analysis, Artemia naturally contain 0.033% ± 0.003% taurine. At this stage of 

development, zebrafish larvae can also begin consuming the smallest pelleted feeds. 

These formulations, commonly fed to zebrafish in our facility, were found to contain 

approximately 1.5% taurine.  

 

Zebrafish synthesize sufficient taurine for homeostasis  

 

Juvenile zebrafish were fed diets containing either zero or 4% taurine for 8 weeks. 

Survival and growth for zebrafish on both diets were equivalent. Whole body taurine 

values at the conclusion of the feeding trial were 1.37% ± 0.03% for fish on the zero 

taurine diet and 2.04% ± 0.28% for fish on the 4% taurine diet. These differences are 

statistically significant (p<0.05). Expression of taurine biosynthetic genes CSAD, CDO 
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(cysteine dioxygenase), and ADO (2-aminoethanthiol dioxygenase), as well as TauT, 

were confirmed by RT-PCR 157. 

 

Wild-type and sa9430 fish have similar fitness despite lower taurine levels in sa9430 

embryos 

 

There were no apparent differences in survivorship or fecundity between the wild-

type and sa9430 strains. Wild-type embryos at ~1 hpf contain 10 pmol, taurine, and 

sa9430 embryos contain 4 pmol taurine. Both 5-week-old wild-type and sa9430 juveniles 

consuming taurine-supplemented feed for 3.5 weeks had approximately 2.7 µmol taurine 

per fish.  

 

Wild-type and sa9430 CSAD proteins have identical modeled conformations 

 

Computer modeling of the wild-type and sa9430 CSAD proteins suggest that a 

mutant protein, if properly folded and not degraded, may have a functional active site 

even if truncated (Figure 5.1). Specific amino acids in the ligand binding site are also 

predicted to be the same in the wild-type and mutant CSAD (data not shown). 
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Figure 5.1: Modeling of the sa9430 mutant protein suggests the possibility of a fully 

functional active site even in a truncated protein.  

Modeling of the sa9430 mutant protein suggests the possibility of a fully functional 
active site even in a truncated protein. Modeling was performed using the Phyre2 
program as described in Materials and Methods 158. 
 
 

Nucleotides that border UAG may increase readthrough frequency 

 

The sa9430 zebrafish strain has an adenine in the −1 position and a pyrimidine in the 

+4 position relative to the nonsense UAG stop codon (Figure 5.2). Sequence information 

supplied with the strain was confirmed by PCR amplification and sequencing of a 364-bp 

region of DNA containing the C→T point mutation. If the same trends hold true for 

zebrafish as for other studied organisms, these particular nucleotides flanking the UAG 

could increase frequency of readthrough 159,160. UAG can be translated as glutamine 

during readthrough, which would result in a wild-type protein 161–164. 
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Figure 5.2: The sa9430 zebrafish strain has a premature UAG stop codon with 

adjacent nucleotides that may increase probability of a readthrough.  

The sa9430 zebrafish strain has a premature UAG stop codon with adjacent nucleotides 
that may increase probability of a readthrough. The sa9430 zebrafish strain has a C→T 
point mutation that changes the codon CAG (codes for glutamine) to UAG (translational 
stop signal). The presence of an adenine residue −1 of the UAG and a cytosine +4 of the 
UAG may contribute to a readthrough of the stop codon. If readthrough occurs, 
translation should terminate at the wild-type UGA stop signal 20 codons downstream. 
 

 

sa9430 CSAD is the same size as the wild-type CSAD 

 

Liver proteins from wild-type and sa9430 zebrafish were extracted, genotypes 

confirmed, and immunoblotting performed. For genotyping, a 364-base region was 

sequenced which includes the site of the C→T point mutation in the sa9430 mutant. As 

shown in Figure 5.3, protein sizes are the same for detectable CSAD from both wild-type 
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and sa9430. Immunoblotting of heterozygotes resulted in a single band of the same size 

(data not shown). The binding site for the anti-CSAD antibody is predicted to be present 

in a truncated CSAD in addition to the wild-type as shown in the protein models in 

Figure 5.1.  

 

 

Figure 5.3: Wild-type CSAD and sa9430 CSAD are an estimated 58.1 kDa and 60.0 

kDa, respectively. 
Wild-type CSAD and sa9430 CSAD are an estimated 58.1 kDa and 60.0 kDa, 
respectively. These are likely equivalent values within the error range of the program. 
Liver proteins were extracted and immunoblotting performed as described in Materials 
and Methods. Lanes 1–4 contain 3.7 μg, 0.37 μg, 2.6 μg, and 0.26 μg protein, 
respectively. Increasing the run time in the gel did not reveal a second band indicating 
production of a truncated CSAD by sa9430 in addition to the wild-type. 
 
 

 

Though the gradient gel type used is sufficient to visualize a size difference of 20 

amino acids (2.5 kDa), we confirmed the absence of a smaller band by running the gel 

30% longer (data not shown). In addition, to be sure a concentrated level of protein was 

not masking a smaller band, the 1:10 dilutions for each strain were analyzed (lanes 2 and 
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4 of Figure 5.3). The absence of a visible truncated protein suggests that if any is being 

produced it is below detectable levels or being degraded. 

 

Wild-type and sa9430 CSAD enzymes catalyze the conversion of cysteic acid to taurine at 

comparable rates 

 

For analysis of enzyme activity, liver proteins were extracted from wild-type and F2 

generation sa9430 homozygotes. Based on computer modeling suggesting that the active 

site would be preserved even in a truncated protein and immunoblotting data indicating a 

full-length protein in the sa9430 mutant, we anticipated some level of functional 

enzymatic activity. As shown in Table 5.1, the wild-type and sa9430 CSAD convert 

cysteic acid to taurine at statistically indistinguishable rates. 

 

Table 5.1: The specific activities of wild-type and sa9430 CSAD enzymes are 

statistically indistinguishable.  

Rates were calculated based on conversion of cysteic acid to taurine. CSAD activity 
assays were performed as described in Materials and Methods. 
 

 

 

 

 

 

 

Strain  pmol Taurine/hr*μg protein 

Wild-type 5.83 ± 1.94 

sa9430 3.09 ± 0.45 
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Mass spectrometry of tryptic peptides indicates sa9430 is producing a wild-type CSAD 

protein 

 

Total protein from liver extracts was immunopurified using an anti-CSAD antibody 

and prepared for mass spectrometry (MS). Peptides detected by tandem MS were aligned 

to the published CSAD sequence 482 amino acids in length (NP_001007349) as well as 

the predicted X1 isoform 544 amino acids in length (XP_009295318.1). The sa9430 

zebrafish strain is producing full-length CSAD protein, with sequence coverage of 542 

amino acids for both wild-type and sa9430 (Figure 5.4). The nonsense UAG in sa9430 is 

being translated to glutamine, the same amino acid as in the corresponding position in the 

wild-type. N-terminal sequence coverage matches the predicted X1 isoform. 
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Figure 5.4: The sa9430 zebrafish strain is producing a full-length CSAD protein 

with glutamine at the site of readthrough, the same amino acid as in the wild-type.  

Sequence coverage is 542 amino acids (62 kDa), which corresponds to the CSAD X1 
isoform (XP_009295318.1). Proteomics analysis was performed as described in Materials 
and Methods.  
 
 
 

5.4 Conclusions 

 

In mammals, the UAG codon has been described as notoriously “leaky”, and the 

nucleotides preceding and following the stop codon influence the frequency of 

readthrough. Readthrough frequency is increased in mammals when an adenine is in the 

−1 position, the nucleotide preceding the UAG stop codon. A pyrimidine in the +4 

position, which corresponds to the nucleotide directly following the UAG, is associated 

with a greater chance of readthrough as compared to a purine 159. The sa9430 zebrafish 
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strain has both an adenine in the −1 position and a pyrimidine (cytosine) in the +4 

position.  

Stop codon efficiency and frequency are correlated. In many organisms, UAG is not 

only the least efficient in terminating translation, it is also the least frequently occurring 

codon 165. In lower eukaryotes such as Candida and Drosophila, UAGA is the most 

efficient and frequent sequence, while UAGC is the least efficient and frequent sequence 

160. UAGC is the sequence found in the sa9430 zebrafish strain (Figure 5.2). A study on 

stop codon frequency in blunt snout bream (Megalobrama amblycephala) reported that 

UAG has a relative synonymous codon usage (RSCU) value of 0.59 as compared to 1.11 

for UAA and 1.29 for UGA [28] 166. RCSU value is a measure of codon bias, and the 

score of <1 for UAG signifies its less frequent use as compared to the other codons 167. It 

may also be less efficient at terminating translation. 

Translational readthrough is mediated by two predominant mechanisms. One is 

through the action of suppressor tRNAs, which incorporate an amino acid at the site of 

the stop codon. The other is through the pairing of a near-cognate tRNA with the stop 

codon. In S. cerevisiae, suppressor tRNA(Gln) have been identified that insert glutamine 

at UAG stop codons. Tyrosine or lysine can also be inserted 163. A study of virally 

induced termination suppression also demonstrated UAG translation to glutamine 164. 

These same three amino acids have been shown to be inserted at a UAG stop codon as a 

result of near-cognate tRNA pairing. This is accomplished by mispairing at position 1 as 

well as at the classic wobble position 3 of the nonsense codon 161,162. In this case, it is 

probable that mispairing of a tRNA complementary to CAG is occurring at position 1, 

resulting in the incorporation of a glutamine at UAG.  
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Taurine has been shown to be incorporated into modified uridines in mitochondrial 

tRNAs of sea squirts, cows, and humans. Lack of this taurine incorporation at a wobble 

position uridine results in weak codon-anticodon pairing and is associated with defective 

translation and subsequent disease 168,169. It is challenging to speculate as to precisely 

which mechanisms are orchestrating the readthrough. The lower levels of taurine in the 

sa9430 embryos as compared to the wild-type may have to do with the pool of tRNAs 

present early in development.  

It is notable that activity assays using the standard substrate, cysteine sulfinic acid, 

did not yield conclusive results (data not shown). Substrate levels reduced over the course 

of the assay without a resulting increase in taurine levels. Another enzyme present in the 

liver may compete for this substrate. 

It was important to analyze F2 homozygotes in immunoblotting and activity assays. 

Maternal influence on offspring phenotype can be particularly confounding in the first 

generation. This was apparent in the studies of CSAD knockout in mice, with deleterious 

effects increasing over generations 13. Analyzing second generation homozygotes 

strengthens the proposal that mutants are making wild-type protein and there is no change 

in phenotype. 

This work establishes why no aberrant phenotype has been previously described for 

the sa9430 strain. Despite the altered csad genotype, there is expression of a wild-type 

CSAD protein. Since this strain is unsuitable for studying the effects of dietary taurine 

supplementation in a taurine-deficient fish, our laboratory is in the process of using 

CRISPR/Cas9 technology to generate a csad knockout. Assessing the capacity for taurine 

to alleviate inflammation has implications beyond zebrafish. Findings will be useful in 
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the development of plant-based feeds for commercially relevant fish, with taurine 

potentially mitigating the inflammatory potential of plant ingredients which are otherwise 

desirable in terms of supply and cost. This research may also lead to improvement in 

treatments for IBD (inflammatory bowel disease). Administration of taurine mollified 

chemically-induced degeneration of the intestinal mucosa and other symptoms of 

inflammatory bowel disease in a zebrafish model of IBD 10,94. 

 

5.5 Materials and Methods 

 

Computer modeling of CSAD 

 

Wild-type (ENSDARG00000026348) and sa9430 (ZBD-ALT-130411-5055) CSAD 

proteins were modeled using the Phyre2 web portal 158. Sequences were aligned to 

models of the human CSAD protein. 3D LigandSite was used to predict the ligand 

binding site amino acids for both wild-type and sa9430 170. 

 

Zebrafish strains and maintenance  

 

Wild-type and sa9430 zebrafish were maintained at the zebrafish facility of the 

Aquaculture Research Center at the Institute of Marine and Environmental Technology 

(Institutional Animal Care and Use Committee at University of Maryland, Baltimore 

#0315011, approved April 2015). Fish were maintained on a 14 h light, 10 h dark cycle at 

28.5 degrees C. Larvae were fed a combination of paramecia, Artemia, and GEMMA 
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Micro 75 (Skretting). At the appropriate size, fish transitioned to GEMMA Micro 150, 

then 300, with occasional additions of Artemia, particularly in the week preceding 

mating. Heterozygous embryos of csad sa9430 Tb (Sanger, Zebrafish Mutation Project 

154 were raised and naturally bred to obtain homozygotes with wild-type csad and 

homozygotes with sa9430 mutant csad. 

 

Genotyping 

 

For confirmation of genotype, caudal fin clips were obtained and immersed in 

genomic DNA extraction buffer (50 mM KCl, 10 mM Tris-HCl (pH = 8.0), 150 mM 

MgCl2, 0.3% Tween-20, and 0.3% NP40 in sterile MilliQ water), boiled at 95–100 

degrees C for 15 min, cooled on ice, and digested with proteinase K at 55  degrees C for 

1–3 h. After digestion, lysates were boiled at 95–100 degrees C for 15 min to inactivate 

proteinase K and centrifuged for 3 min at 12,000 x g 171. The resulting genomic DNA was 

amplified by PCR using zebrafish csad-specific primers:  

Forward: 5’ ACGTGGCGCCAGTCATTAAA 3’ 

Reverse: 5’ GATGCCAATCGTTTGACCAGT 3’ 

Sequencing of the 364-base-pair PCR product was performed in a 10 µL reaction 

volume consisting of 40–150 ng PCR product, 3 pmol of primer, 0.5 µL Big Dye v3.1 

sequencing mix and 1.5 µL 5X sequencing buffer (Applied Biosystems, ThermoFisher 

Scientific, Waltham, MA, USA). Cycling parameters were 95 degrees C for 5 min, 

followed by 50 cycles at 95 degrees C for 15 s, 50 degrees C for 15 s, 60 degrees C for 4 

min. The sequencing product was purified by adding 60 µL 100% isopropanol and 30 µL 
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H2O, mixing thoroughly, incubating at room temperature for 30 min, and centrifuging at 

2000 x g for 30 min. The supernatant was decanted and 100 µL 70% isopropanol was 

added to wash the DNA, followed by another centrifugation at 2000 x g for 14 min and 

decanting of the supernatant. Labeled products were air dried for 20–30 min before 

addition of 10 µL HI-DI formamide from Applied Biosystems. The mixture was heated at 

95 degrees C for 2 min and then immediately put on ice. The denatured product was 

sequenced using an Applied Biosystems 3130XL Genetic Analyzer (ThermoFisher 

Scientific, Waltham, MA, USA) and compared with the published sequences for the 

wild-type (ENSDARG00000026348) and sa9430 (ZBD-ALT-130411-5055) strains using 

the Sequencher program (Version 5.0.1, Gene Codes, Ann Arbor, MI, USA). 

 

Zebrafish feeding trials with and without supplemental taurine 

 

This work was performed by Aaron Watson, PhD. Descriptions of the feeding trial, 

sample preparation, and RT-PCR can be found in his thesis 157, and LC-MS methods to 

obtain taurine values were performed as described in a publication on taurine leaching 172.  

 

Liver protein isolation 

 

Zebrafish were euthanized by rapid cooling followed by decapitation. Livers were 

isolated from wild-type and sa9430 zebrafish and frozen at −80 degrees C. Liver tissue 

was homogenized in buffer containing 60 mM Potassium phosphate (pH 7.4), 5 mM 

DTT, 50 mM sucrose, and 0.5 µM pyridoxal-5’–phosphate (PLP) at a volume of 
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approximately 1:15 weight (mg): lysis buffer volume (μL) 173. Homogenization was 

achieved by vortexing and pipetting up and down with a P200 micropipettor. Samples 

were centrifuged for 5 min at 1500 x g and supernatant containing the protein fraction 

collected. For the activity assay, the supernatant was dialyzed in a Slide-a-Lyzer Mini 

Dialysis Unit (ThermoFisher Scientific, Waltham, MA, USA) for 2 h at 4 degrees C in 

the homogenization buffer according to manufacturer’s instructions. Total protein 

concentration was determined using the Qubit Assay (ThermoFisher Scientific, Waltham, 

MA, USA). 

 

Immunoblotting 

 

Protein extracts were combined with standard SDS-PAGE sample buffer, heated for 

3 minutes at 95 degrees C, and centrifuged for one minute at 10,000 x g. For the 

immunoblot shown in Figure 4, lanes 1–4 of a 4%–12% Bis-Tris protein gel (NuPAGE 

Novex, (ThermoFisher Scientific, Waltham, MA, USA) were loaded with 3.7 μg, 0.37 

μg, 2.6 μg, and 0.26 μg protein, respectively, and run according to the manufacturer’s 

protocol for 32 min using MOPS running buffer. Proteins were transferred to a PVDF 

membrane in the Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA). 

Immunoblotting was performed in the iBind Western System (ThermoFisher Scientific, 

Waltham, MA, USA) using rabbit anti-zebrafish CSAD antibody at a dilution of 1:1000 

(#6862, provided by Plant Sensory Systems, LLC, Halethorpe, MD, USA), as the primary 

antibody, and goat anti-rabbit IgG H&L HRP conjugate at a dilution of 1:2000 (Bio-Rad,  

Hercules, CA, USA) as the secondary antibody. A chemiluminescent signal was 
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generated with addition of Clarity Western ECL substrate and imaged in a ChemiDoc 

Touch Imaging System (Bio-Rad, Hercules, CA, USA). 

 

CSAD activity assay 

 

For the activity assay, reaction mixtures were prepared containing 85 μL 

homogenization buffer and 5 μL total protein from liver (4.4 μg wild-type or 7.1 μg 

sa9430). The CSAD enzyme and its PLP cofactor in the buffer were allowed to incubate 

at 23 °C for 15 min before proceeding with the assay at the same temperature. The time 

points for the assay were 0, 30, and 90 min. Beginning with the 90-min time point, 10 μL 

50 mM cysteic acid (substrate for CSAD) was added to the reaction mixtures. 

Immediately following the addition of the substrate at the 0-time point, all reactions were 

stopped with addition of 100 μL (volume equal to total reaction volume) ice cold ethanol 

with 5% acetic acid. Reaction mixtures were centrifuged at 350 x g for 10 min 100 μL 

supernatant was transferred to a clean microcentrifuge tube and dried by evaporation at 

70 °C.  

 

Amino acid analysis by HPLC 

 

Dry samples were suspended in 0.1N HCl and filtered through 0.45 micron filters 

(EMD Millipore, Billerica, MA, USA). 5 μL of the filtered extracts was derivatized 

according to the AccQTag Ultra Derivitization Kit protocol (Waters Corporation, 

Milford, MA, USA). Amino acids were analyzed using an Agilent 1260 Infinity High 
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Performance Liquid Chromatography System equipped with ChemStation (Agilent 

Technologies, Santa Clara, CA, USA) by injecting 5 μL of the derivatization mix onto an 

AccQTag Amino Acid Analysis C18 (Waters, Milford, MA, USA) 4.0 μm 3.9 × 150 mm 

column heated at 37 °C. Amino acids were eluted at 1.0 mL·min−1 flow with a mix of 10-

fold diluted AccQTag Ultra Eluent (C; Waters Corporation, Milford, MA, USA), ultra-

pure water (A) and acetonitrile (B) according to the following gradient: initial, 98.0% 

C/2.0% B; 2.0 min, 97.5% C/2.5% B; 25.0 min, 95.0% C/5.0% B; 30.5 min, 94.9% 

C/5.1% B; 33.0 min, 91.0% C/9.0% B; 38 min, 40.0% A/60.0% B; 43 min, 98.0% 

C/2.0% B. Derivatized amino acids were detected at 260 nm using a photo diode array 

detector. Amount of amino acids was expressed in g per g of dry weight of sample (% 

DW) making reference to AABA signal, external calibration curve of standard 

hydrolysate amino acids, and dry weight of samples.  

 

Preparation of embryos for amino acid analysis by HPLC 

 

Fifty 1-hpf F2 embryos were collected from each of two matings of wild-type fish as 

well as fifty from two matings of homozygous sa9430 fish. Lyophilized embryos were 

extracted in 70% ethanol containing 0.154 mM D-norleucine for evaluation of extraction 

efficiency. Samples were sonicated for 60 min at 25 degrees C in a bath sonicator 

(Branson 1200, Emerson, Danbury, CT, USA) followed by centrifugation at 350 x g for 

10 min (IEC, ThermoFisher Scientific, Waltham, MA, USA). The ethanol fraction was 

retained and dried. These samples were then analyzed by HPLC.  
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Preparation of juveniles for amino acid analysis by HPLC 

 

Six 5-week-old F1 juveniles (2 wild-type, 2 heterozygotes, and 2 sa9430 mutants) 

were homogenized by bead beating for 30 s at 4 m/s in 300 μL cold PBS with Pierce 

protease inhibitors (Thermofisher Scientific, Waltham, MA, USA). Samples were 

centrifuged for 5 min at 1500 x g at 4 degrees C. Supernatant was filtered through an 

Amicon Ultra 3K Device (EMD Millipore, Billerica, MA, USA), dried, and then 

analyzed by HPLC. 

 

Preparation of paramecia and Artemia for taurine analysis 

 

Samples of paramecia and Artemia used to feed zebrafish in our facility were 

centrifuged at 350 x g for 10 minutes (IEC, ThermoFisher Scientific, Waltham, MA, 

USA), and the pellet was retained and lyophilized. Samples were resuspended in 70% 

methanol and sonicated for 60 min at 25 degrees C in a bath sonicator (Branson 1200). 

Following centrifugation at 350 x g for 10 min (IEC), the methanol fraction was retained 

and dried. These samples were then prepared for taurine analysis by HPLC or LC-MS  

172, respectively. Taurine levels in Artemia were analyzed by Aaron Watson, Ph.D. 

 

Preparation of GEMMA (Skretting) feeds for HPLC analysis 

 

GEMMA Micro 75 and 150, and GEMMA Wean 0.2, 0.3, and 0.5 mm pellets were 

homogenized in a bead beater with 70% methanol. The homogenate was centrifuged, and 
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retained supernatant was dried in a SpeedVac. This was performed by Michelle Price, 

Ph.D., at Plant Sensory Systems, LLC (Halethorpe, MD, USA).  

 

Mass spectrometry 

 

Liver extracts were prepared as described in Section 3.5. 100 μL total liver protein 

extracts contained 74.7 μg and 52.2 μg from wild-type and sa9430 fish, respectively. 

These extracts were each incubated with 5 μg rabbit anti-zebrafish CSAD (provided by 

Plant Sensory Systems, LLC, Halethorpe, MD, USA) with shaking at 1400 rpm for 1 h at 

4 degrees C. 5 μg goat anti-rabbit—biotin (ThermoFisher Scientific, Waltham, MA, 

USA) was added to each tube, followed by shaking at 1400 rpm for 1 h at 4 degrees C. 30 

μL streptavidin beads from the SMART Digest Immunoaffinity Kit (ThermoFisher 

Scientific, Waltham, MA, USA) were added followed by shaking at 1400 rpm at 4 

degrees C for one hour followed by an additional hour at 23 degrees C. The wash 

protocol outlined in the kit was followed. Digestion occurred at 70 degrees C for one 

hour. The supernatant was retained and lyophilized.  

Peptides were analyzed by LC-MS/MS using a Dionex UltiMate 3000 Rapid 

Separation nanoLC and a linear ion trap—Orbitrap hybrid mass spectrometer 

(ThermoFisher Scientific, Waltham, MA,USA). Approximately 1 μg of peptide samples 

was loaded onto the trap column, which was 150 μm × 3 cm in-house packed with 3 um 

C18 beads. The analytical column was a 75 um × 10.5 cm PicoChip column packed with 

1.9 um C18 beads (New Objectives, Woburn, MA, USA). The flow rate was kept at 

300nL/min. Solvent A was 0.1% FA in water and Solvent B was 0.1% FA in ACN. The 
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peptide was separated on a 90-min analytical gradient from 5% ACN/0.1% FA to 40% 

ACN/0.1% FA. The mass spectrometer was operated in data-dependent mode. The source 

voltage was 2.10 kV and the capillary temperature was 275 °C. MS1 scans were acquired 

from 400–2000 m/z at 60,000 resolving power and automatic gain control (AGC) set to 1 

× 106. The top ten most abundant precursor ions in each MS1 scan were selected for 

fragmentation. Precursors were selected with an isolation width of 1 Da and fragmented 

by collision-induced dissociation (CID) at 35% normalized collision energy in the ion 

trap. Previously selected ions were dynamically excluded from re-selection for 60 s. The 

MS2 AGC was set to 3 × 105. Apex triggering was enabled for the peptide analysis on the 

Q Exactive HF (ThermoFisher Scientific, Waltham, MA, USA). All setup was same as 

above except that the top 15 most abundant precursor ions in each MS1 scan were 

selected for fragmentation. Precursors were selected with an isolation width of 2 Da and 

fragmented by higher-energy collisional dissociation (HCD) at 30% normalized collision 

energy in the HCD cell. 

Individual raw data files were converted to the vendor neutral mzML format with 

msconvert 174 and processed with the Trans-Proteomic Pipeline Version 4.8 175. Sequence 

determination was performed using Comet software 176 to search the Swissprot D. rerio 

database, with an abbreviated FASTA containing CSAD sequence 482 amino acids in 

length (NP_001007349) or the predicted X1 isoform 544 amino acids in length 

(XP_009295318.1). Methionine oxidation and carbamidomethylation of cysteine were 

allowed as variable and fixed modifications, respectively. The enzyme specificity 

parameter was set to trypsin allowing for 1 missed cleavage site per peptide. MS1 

precursor ion mass tolerance and MS2 product ion mass tolerance parameters were set to 
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10 ppm and 0.4 Da, respectively. Peptide spectra matched to theoretical spectra 

calculated from the database were validated using Peptide Prophet and peptides were 

assembled into protein groups with Protein Prophet. Sequences were analyzed using 

MacVector 15.1.1(MacVector, Inc., Apex, NC, USA). 
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CHAPTER 6:  ZEBRAFISH (DANIO RERIO) WITH CRISPR/CAS9-INDUCED 

MUTATIONS IN A TAURINE BIOSYNTHETIC ENZYME (CSAD) 

PRODUCE FULL-LENGTH CSAD PROTEIN1 

 

6.1 Abstract 

 

 Taurine plays several critical physiological roles in the body, including as an 

immunomodulator. Our laboratory sought to generate a mutant zebrafish (Danio rerio) 

that was deficient in endogenous taurine synthesis in order to evaluate the potential for 

taurine supplementation to mitigate inflammation. Cysteine sulfinic acid decarboxlyase 

(CSAD) catalyzes the terminal enzymatic step in the taurine biosynthetic pathway. To 

generate a CSAD knockout, we used CRISPR/Cas9 gene editing to target the 5th exon of 

the csad gene. Five distinct mutations were generated in the F2 generation as confirmed 

by DNA sequencing. However, the various mutant genotypes continue to produce a wild-

type sized CSAD protein. Earlier work by our laboratory demonstrated the potential for 

stop codon-readthrough during translation of CSAD. In this case, we additionally propose 

the possibilities that wild-type-length proteins are being produced by mutants either 

because the reading frame is unaltered or translation is resetting at an in-frame AUG just 

downstream of where the coding mRNA would have been affected by the DNA mutation. 

                                                 
1 Larkin, MEM. Place, AR. 2018. Zebrafish (Danio rerio) with CRISPR/Cas9-Induced 
Mutations in a Taurine Biosynthetic Enzyme (csad) Produce Full-Length CSAD Protein. 
In preparation.  
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Two additional CSAD band sizes (~53 kDa and ~55 kDa) were detected that have not 

been previously documented. Our results indicate that these are produced in early 

development and are not part of a mutant phenotype.  

 

6.2 Introduction 

 

 As discussed in our work presented in Chapter 5, our laboratory seeks to generate 

a strain of dietary taurine-dependent zebrafish. This will enable us to assess a possible 

role for taurine in ameliorating symptoms of inflammation. In particular, our laboratory is 

interested in evaluating responses to potentially inflammatory feed ingredients. The 

sa9430 mutant with an early termination codon in the csad (cysteine sulfinic acid 

decarboxylase) gene described in Chapter 5 turned out to be translating through the 

premature stop codon and producing full-length (CSAD) protein. The CSAD enzyme 

catalyzes the rate-limiting and terminal step in the taurine biosynthetic pathway (Figure 

1.1). We used CRISPR/Cas9 gene editing to try to generate a true csad knockout.   

 Taurine (2-aminoethanesulfonic acid) is a critical amino acid for animals and 

must be synthesized de novo or obtained through the diet. Carnivores, in particular, tend 

to have insufficient endogenous synthesis, including cats and the marine carnivore, cobia 

73,56. Supplemental  taurine can also benefit adequate taurine synthesizers in terms of 

growth, and 1.5% taurine is commonly added to commercial formulations 7,8,14,132. 

Taurine is critical for several physiological roles in the body (Figure 1.2) and also serves 

as an immunomodulator 10,11,132. It is its role as an antioxidant that we wished to evaluate 

in terms of its ability to mitigate sensitivities to feed ingredients. 
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 We chose the zebrafish strain Tg(mpx:GFP) for our csad-targeted CRISPR/Cas9 

mutagenesis. In this strain, GFP expression is regulated by a neutrophil-specific 

myeloperoxidase promoter. Two research groups utilized this strain to evaluate the 

immunogenicity of soy components in the embryonic gastrointestinal tract of zebrafish. 

The transparency of zebrafish in the embryonic stage permits in vivo visualization of dyes 

and fluorescent molecules. Soy saponins, soap-like compounds found in soybeans, 

triggered neutrophil migration to the intestine as well as changes to expression of innate 

immune system components. No histopathological changes were observed, suggesting 

that a longer period of exposure and/or adaptive immune components are involved in 

these changes 35,36. Adaptive immunity in zebrafish is not fully developed until 4-6 weeks 

after fertilization 177.  

Knockdown of CSAD mRNA or TauT (taurine transporter) mRNA in zebrafish 

during early embryonic development results in cardiomyopathy and mortality. CSAD 

mRNA is detectable in the earliest stages of zebrafish embryonic development 15–17. In a 

mouse study, knocking out the csad gene led to an 83% reduction in plasma taurine 

levels, with resulting mortality within 24 h of birth by the third generation of inbred 

homozygotes 13. The cysteamine pathway shown in Figure 1.1 might be a mechanism for 

residual taurine synthesis.  

 Zebrafish deficient in taurine synthesis that do not receive dietary 

supplementation would be expected to exhibit pathologies similar to those seen in the 

knockdown studies, including mortality. We expected that homozygous csad mutant 

genotypes generated from CRISPR/Cas9 gene editing might not survive even the earliest 

stages of development. However, the 5 distinct mutations characterized in the F2 
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generation all resulted in production of a wild-type CSAD protein.  In addition to the 

previously described 60 kDa protein, two additional CSAD protein sizes (~53 kDa and 

~55 kDa) were detected that have not been previously documented. These appear to be 

proteins expressed early in development and do not seem to be part of a mutant 

phenotype.  

 

6.3 Results 

 

 The Massachusetts Institute of Technology’s online CRISPR design program was 

used to screen for a suitable target for CRISPR/Cas9 gene editing of the zebrafish csad 

gene 178. The program generated targets with high specificity and minimal off-target 

sequence matches elsewhere in the zebrafish genome. The chosen 20-nucledotide sgRNA 

sequence was homologous to a region in the 5th exon and had a unique BamH1 

restriction site following the Cas9 cleavage site to facilitate screening for mutants. A 

suitable site for mutagenesis as close to the 5' terminus as possible increased the 

likelihood that frameshift mutations from random insertions and deletions introduced 

during non-homologous end joining would lead to a non-functional protein. 
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Figure 6.1: CRISPR/Cas9 gene editing targeted the 5th exon of csad.  

The zebrafish csad gene has 14 exons 179. Adjacent to the Cas9 cut site is a unique 
BamH1 site, the disruption of which can be used to screen for mutants. 
 

 

F2 mutants 

 

 Microinjected fish were crossed with each other at approximately 4 months of 

age, yielding an F1 generation. At 3-4 months of age, these F1 fish were screened for 

csad mutations. This entailed caudal fin sampling, DNA extraction, PCR amplification of 

a section of the csad gene that includes the CRISPR/Cas9 target site, and a BamH1 

restriction digest followed by agarose gel electrophoresis to identify altered banding 

patterns indicative of disruption of the BamH1 site due to CRISPR/Cas9 mutagenesis. 

Putative mutants were confirmed by sequencing. The F2 generation resulted from crosses 

CRISPR target site in Exon 5/Cas9 cut site

Exon 5
5’ATACACCTATGAAGTGGCTCCAGTGTTTGTCCTGATGGAGGAGGA
AGTGATCAGTAAGCTTCGCTCTCTGGTTGGCTGGTCAGAAGGAGAT
GGGATCTTTTGTCCTGGAGGATCCATGTCTAACATGTATGCCATTAA
CGTCGCTCGGTACTGGGCTTTTCCTCAAGTGAAGACAAAAGGCTT
GTGGGCCGCACCACGGATGGCTATATTTACATCACAACAG3’

BamH1 restriction site
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of confirmed F1 mutants. 5 distinct mutations were obtained as outlined in Figure 6.2. 

Sequence data suggested that 3 of the 5 mutations might cause deficiencies in CSAD 

synthesis as the mutations yielded an early stop codon. Described as the 5 bp deletion, 16 

bp deletion, and 3 codon change mutants, early UAA, UGA, and UGA stop codons were 

introduced, respectively. Figure 6.3 shows the proportion of genotypes in the F2 

generation out of 96 larvae analyzed.  

 

 

 

Figure 6.2: CRISPR/Cas9 mutagenesis of the csad gene yielded 5 distinct mutations. 

Genotype Sequence Expected Phenotype

Wild-type TTT TGT CCT GGA GGA TCC ATG TCT AAC ATG

3 bp deletion TTT TGT CCT GGA GGA TCC ATG TCT AAC ATG Translation frame 

unaffected

5 bp deletion TTT TGT CCT GGA GGA TCC ATG TCT AAC ATG Should lead to early 

UAA stop codon

6 bp deletion TTT TGT CCT GGA GGA TCC ATG TCT AAC ATG Translation frame 

unaffected

16 bp del TTT TG-------------------------------- TCT AAC ATG

(34 bp) CTC AAG TGA AGA

Only found as 

heterozygote with 5 bp

deletion. Early UAA (5 

bp) or UGA (16 bp) 

stop codon 

3 codon 

change

TTT TGT CTA ACA TGA TCC ATG TCT AAC ATG Should lead to early 

UGA stop codon
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Figure 6.3: Proportions of genotypes analyzed in the F2 generation. 

 

CSAD immunoblotting 

 

 SDS-PAGE and immunoblotting were performed on extracts from 9 dpf larvae 

homogenized in SDS-PAGE sample buffer. Since the sequencing data suggested the 

presence of early stop codons for some of the mutants, it was an unexpected finding that 

all genotypes were producing detectable CSAD (Figure 6.4). Many of the fish were 

heterozygotes, and the 3 codon deletion would not alter the reading frame (same for the 6 

bp deletion, data not shown), so it was not surprising to detect CSAD expression. 

However, the 5 bp del/16 bp del genotype introduces early stop codons UAA/UGA, 

respectively, and the 3 codon change homozygotes have an early UGA. The introduction 

of these early stop codons should disrupt subsequent translation. Also unanticipated were 

the two smaller than expected CSAD proteins of approximately 52 and 49 kDa. In our 

previous research, we found evidence for the ~58 kDa CSAD from immunoblotting and 
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proteomics. Work by Chang et al. suggested the presence of  ~55 and ~60 CSAD kDa 

proteins, but none had predicted the smaller ~49 kDa CSAD 16. We postulated that the 

expression of the smaller proteins may be confined to early development as we had not 

seen evidence for those in our previous protein analysis of zebrafish limited to juveniles 

greater than 1 month of age.  Subtle changes between samples might be due to slightly 

different translation stemming from one or both of the DNA strands.  

 

Figure 6.4: Immunoblotting reveals that all of the various F2 generation genotypes 

are producing CSAD.  

Total protein was extracted from 9 dpf F2 generation zebrafish larvae. Following SDS-
PAGE, immunoblotting with an anti-CSAD antibody was performed. Three sizes of 
CSAD proteins are detectable: ~58, ~52, and ~49 kDa.  
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Developmental CSAD immunoblotting 

 

 To assess if expression of the smaller CSAD proteins was unique to early 

development, SDS-PAGE and immunoblotting were performed on extracts from 1-, 2-, 

and 3.5-week-old zebrafish larvae homogenized in SDS-PAGE sample buffer. The data 

show 3 sizes of CSAD proteins in the first week, with the loss of the smallest protein in 

the second week (53 kDa), and by 3.5 weeks, only the largest ~59 kDa CSAD protein 

was being synthesized (Figure 6.5).  

 

 

 

Figure 6.5: The smaller CSAD proteins (~53 kDa and ~55 kDa) are expressed early 

in development. 

SDS-PAGE and immunoblotting  with an anti-CSAD antibody were performed on 
extracts from 1-, 2-, and 3.5-week-old zebrafish larvae homogenized in SDS-PAGE 
sample buffer. 
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Predicted protein translation 

 

 Figure 6.6 shows the genomic csad (partial) and CSAD protein sequences with 

likely start sites for translation. This would need to be confirmed with proteomics, but 

clearly the shorter protein sizes are not due to early termination, or they would not be 

recognized by the the anti-CSAD antibody which recognizes the C-terminus of the 

protein. No CSAD splice variants have been reported. The ATGs highlighted in orange 

following the Cas9 cut site are in the same translation frame as all three of the proposed 

start sites for  CSAD translation. 

 

 

 

Figure 6.6: Genomic csad and CSAD protein sequences with likely start sites for 

translation. 

 

 

MTNRACASTYMKAGPCIKAPRVPRHPLLIVEFHVLSTETTLNITMSSSGEYMNGHVHLEESDMDESDGKL 

FLTEAFNIIMEEILNKGRDLKEKVCEWKDPDQLRSLLDLELRDHGECHEKLLQRVRDVAKYSVKTCHPRF 

FNQLFAGVDYHALTGRLITETLNTSQYTYEVAPVFVLMEEEVISKLRSLVGWSEGDGIFCPGGSMSNMYA 

INVARYWAFPQVKTKGLWAAPRMAIFTSQQSHYSVKKGAAFLGIGTENVFIVQVDESGSMIPEDLEAKIV 
QAKSQDAVPFFVNATAGTTVQGAFDPLKRIADICERNGMWMHVDAAWGGSVLFSKKHRHLVAGIERANSV 

TWNPHKMLLTGLQCSVILFRDTTNLLMHCHSAKATYLFQQDKFYDTSLDTGDKSIQCGRKVDCLKLWLMW 

KAIGASGLSQRVDKAFALTRYLVEEMEKRENFQLVCKGPFVNVCFWFIPPSLKGKENSPDYQERLSKVAP 

VIKERMMKRGTMMVGYQPMDEHVNFFRMVVVSPQLTTKDMDFFLDEMEKLGKDL

Met for the ~60, ~55, and ~50 kDa CSAD proteins CRISPR target site

600_bp_intron_ending_in_GTCACTTGA_ATGACGAATCGGGCGTGTGCATCCACGTATATGAAGGCTGGACCCTGCATTA

AAGCCCCGAGGGTCCCGAGGCATCCTTTACTTATAGTTGAGTTCCATGTGCTGAGTACAGAAACGACATTAAACATCACCA

TGAGTTCATCTGGAG_1561_bp_intron_AGTATATGAATGGCCACGTCCACCTGGAAGAATCAGACATGGACGAGTCTGAT

GGGAAGCTGTTCCTTACTGAGGCTTTCAACATAATCATGGAAGAAATTCTTAACAAAGGAAGGGACTTGAAGGAGAAG_10

7_bp_intron_GTTTGTGAGTGGAAAGATCCAGATCAGCTGAGATCTCTCCTGGACCTCGAACTTCGGGATCATGGAGAATGT

CATGAGAAGCTGCTGCAGAGGGTTCGAGATGTGGCCAAATACAGCGTAAAAACTT_1311_bp_intron_GTCATCCTCGGTT

CTTCAATCAGCTGTTTGCTGGCGTGGACTATCATGCACTGACAGGACGGCTCATCACTGAAACCCTCAATACCAGCCA_11

70_bp_intron_ATACACCTATGAAGTGGCTCCAGTGTTTGTCCTGATGGAGGAGGAAGTGATCAGTAAGCTTCGCTCTCTGG
TTGGCTGGTCAGAAGGAGATGGGATCTTTTGTCCTGGAGGATCCATGTCTAACATG...

Anti-CSAD antibody binding site

Start for the ~60, ~55, and ~50 kDa CSAD proteins CRISPR target site in Exon 5/Cas9 cut site Starts following the target site
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Conclusions 

 

 CSAD protein expression appears to be similar between the various genotypes 

represented in the F2 generation of our CRISPR/Cas9 gene-edited zebrafish. The fish are 

sufficiently mature enough to rule out the contribution of maternal mRNA or protein. In 

zebrafish, the maternal to zygotic transition in which maternally deposited mRNA is 

degraded concomitant with increased embryonic gene expression is complete in a matter 

of hours at about the 10-cell stage 180-181. Since our larvae were analyzed at 9 dpf, it is 

highly unlikely that we are detecting maternal protein or protein translated from maternal 

mRNA. However, at the 9 dpf stage, we did see expression of the smaller ~53 and ~55 

kDa CSAD proteins that are not detectable closer to 1 month of age. This suggest that at 

the larval stage, their protein expression mechanisms are still maturing.   

 Since there are no reported mRNA splice variants of CSAD, it is probable that 

some type of translational phenomenon is leading to expression resembling that of the 

wild-type for the mutant genotypes. This could be occurring via a read-through of the 

stop codon as was described in Chapter 5. However, the codons UAA and UGA are less 

susceptible to readthrough than UAA 166. The RCSU values, which are measures of 

codon bias, are 0.59 for UAG, 1.11 for UAA,  and 1.29 for UGA in yeast 166. An increase 

in score corresponds to its frequency of use, which also correlates to its termination 

fidelity 167. In many organisms, UAG is not only the least efficient in terminating 

translation, it is also the least frequently occurring codon 165. 

 It is known that the nucleotides surrounding the stop codon influence the 

likelihood of readthrough. This was discussed in Chapter 5 for the UAG stop codon. One 
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study reported that a purine (A or G) following the UAA and UGA stop codons was 

favorable for termination 160. The 5 bp deletion and 3 codon change mutants have the 

early termination sequences TAA-C and TGA-T, respectively, which are both 

pyrimidines. The natural stop codon sequence is also TGA-T which suggests that 

sequence is efficient at terminating translation. The 16 bp deletion mutant has the 

termination sequence TGA-A, which is supposedly more favorable for termination. We 

suspect that any translation of this mutant has likely resulted in protein degradation. Due 

to the large deletion, this protein would be visible as a much smaller protein on the gel, 

for which we see no evidence. The protein visible in the lanes for that genotype might be 

a product of translation from the 5 bp deletion mutant. Adenine residues upstream of the 

stop codon at the -1 and -2 positions apparently favor readthrough. The 5 bp deletion, 3 

codon change, and 16 bp mutants have TC, CA, and AG, respectively, upstream of the 

premature stop codons 182.  

 Though readthrough of the early stop codons is possible, it is worthwhile to 

examine the possibility that translation is reinitiating at one of the nearby downstream 

AUG codons (Figure 6.6). Eukaryotic ribosomes are known to be able to reinitiate 

translation at upstream and downstream codons. Post-termination ribosomes are not 

stably anchored to the mRNA template and can migrate to proximal upstream and 

downstream codons that are cognate to the P-site deacylated tRNA. This is even more 

likely  if the mRNA regions flanking the stop codon are free of complex structure 183,184. 

It was surprising that from over 100 F2 mutants characterized, no mutants were 

obtained that could not synthesize a full-length CSAD. A successful CSAD knockout 

might be extremely lethal, and therefore, there is selective pressure for fish that can 
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produce some amount of protein. Further work should investigate CSAD functionality. 

Proteomics could be performed to obtain sequence data on the three sizes of CSAD 

proteins to see if our predicted start sites for translation are correct. This work has 

implications for aquaculture as well as fish and human medicine in terms of further 

defining a role for taurine in alleviating inflammation.  It may advise dietary formulations 

and future treatments for intestinal diseases in both fish and humans.  

  

6.4 Materials and Methods 

 

Zebrafish maintenance, breeding, and strains 

 

 Zebrafish were maintained in the zebrafish facility of the Aquaculture Research 

Center at the Institute of Marine and Environmental Technology (Institutional Animal 

Care and Use Committee at University of Maryland, Baltimore #0315011, approved 

April 2015). Fish were maintained on a 14 h light, 10 h dark cycle at 28.5 degrees C. For 

breeding, groups of one male and 1-2 female zebrafish were put into a 1-liter tank for 

natural spawning within 5-10 min after lights were turned on in the facility. Embryos 

were collected within 30 minutes of fertilization. Larvae were fed a combination of 

paramecia, Artemia, and GEMMA Micro 75 (Skretting). At the appropriate size, fish 

transitioned to GEMMA Micro 150, then 300, with occasional additions of Artemia, 

particularly in the week preceding mating. The strain used for CRISPR/Cas9 gene editing 

was Tg(mpx:GFP), which has green fluorescent protein under the control of a neutrophil-

specific promoter. This transgenic strain was kindly provided by Jeffrey Yoder, PhD, at 
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North Carolina State University. The strain used to evaluate changes to CSAD protein 

expression in the first month of zebrafish development was a strain wild-type for csad 

kindly provided by the laboratory of Shaojun Du, PhD (UMB/IMET, Baltimore, MD). 

 

CRISPR/Cas9 design 

 

 The Massachusetts Institute of Technology’s online CRISPR design program was 

used to screen for a suitable target for CRISPR/Cas9 gene editing of the zebrafish csad 

gene 178. Sequence 5' GATGGGATCTTTTGTCCTGG 3' was chosen to target the 5th 

exon of the csad gene. This oligonucleotide was purchased from Bioresco (Baltimore, 

MD) and used to synthesize sgRNA using the EnGen sgRNA Synthesis Kit, S. 

pyogenes (New England BioLabs, Ipswich, MA). Resulting sgRNAs were purified using 

the RNA Clean and Concentrator kit (Zymo Research, Irvine, CA). Concentrations were 

determined using the NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA) and the Agilent 2100 Bioanalyzer with the Agilent Small RNA Kit 

(Agilent Technologies, Santa Clara, CA).  

 

CRISPR/Cas9 microinjection procedure 

 

 Microinjections of 1- to 2-cell zebrafish embryos were performed with Shaojun 

Du, PhD. The microinjection mixtures contained 100 ng/µL sgRNA, 0.05% phenol red, 

and either 600 ng/µl, 1000 ng/µl, or 1500 ng/µl GeneArt Platinum Cas9 Nuclease 

(Invitrogen, Carlsbad, CA). Mixtures were centrifuged at 12,000 x g for 3 minutes before 
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injection. Injection was visualized using a Leica MZ-6 microscope (Wetzlar, Germany) 

and performed using a Medical Systems PLI-100 Pico-Injector (Harvard Apparatus, 

Holliston, MA).  

 

DNA and protein extraction 

 

 Tissue for DNA sequencing was obtained from either fin clips or whole larvae. In 

the case of whole larvae, fish were euthanized by rapid cooling. For fish older than 9 dpf, 

this was followed by decapitation. For fish younger than 9 dpf, additional cutting led to 

sample loss due to their small size and viscosity.  

 

One of two methods was used for DNA extraction: 

 

1) Standard method 

 

 Whole larvae or fin clips were immersed in genomic DNA extraction buffer (50 

mM KCl, 10 mM Tris-HCl (pH = 8.0), 150 mM MgCl2, 0.3% Tween-20, and 0.3% NP40 

in sterile MilliQ water), boiled at 95–100 degrees C for 15 min, cooled on ice, and 

digested with proteinase K at 55 degrees C for 1 h. After digestion, lysates were boiled at 

95 degrees C for 15 min to inactivate proteinase K and centrifuged for 3 min at 12,000 x 

g 171. Extracted DNA was stored at -20 degrees C. 
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2) Alkaline method  

 

 For the 9 dpf F2 larvae, this technique was exclusively used. The small size and 

viscous nature of the young fish made it difficult to cut separate sections of the fish for 

DNA and protein analysis. 50 µL of cold PBS with protease inhibitors (1:100, 

ThermoFisher Scientific, Waltham, MA, USA) was added to each larva in a tube or 96-

well V-bottomed plate. Samples were frozen at -20 degrees C to promote tissue fracturing 

and for storage. Samples were homogenized by vortexing (tube) or pipetting (plate). For 

DNA extraction, 10 µL of 100 mM NaOH  was added to 10 µL of each homogenate. 

Samples were heated to 95 degrees C for 10 minutes with gentle tapping of the 

microcentrifuge tubes every 2-3 min. Samples were chilled on ice for 3 minutes before 

adding 2 µL 1 M Tris-HCl (pH 8.0). Tubes were gently tapped to mix then centrifuged at 

12,000 x g for 3 min (30016436). 

 

Protein extraction  

 

 To the 40 µL F2 larvae homogenate remaining after 10 µL was removed for 

alkaline DNA extraction, 40 µL of 2x SDS-PAGE sample buffer was added. For the 

developmental trial, fish were euthanized at 1, 2, and 3.5 weeks (4 fish for each time 

point). Single larvae were placed in microcentrifuge tubes containing 20 µL, 40 µL, and 

60 µL of 1x SDS-PAGE sample buffer, respectively. Samples were frozen at -20 degrees 

C, thawed, and homogenized by vortexing. All sample were stored at -20 degrees C until 

subsequent protein analysis by SDS-PAGE and immunoblotting. 
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DNA amplification for screening and sequencing 

 

 The genomic DNA isolated by either the standard or alkaline method was 

amplified by PCR using primers designed to amplify a 312 base-pair region of the csad 

gene: 

 

Forward: 5' ATCAATGCGCACCGTACTCA 3' 

Reverse: 5' AGAACACCTCCTTAAATTGAAGATCA 3' 

 

 PCR reaction conditions were as follows: 95 degrees C for 2 min, 95 degrees for 

15 sec, 55 degrees C for 15 sec, 72 degrees C for 30 sec, cycle to step 2 for 34 more 

times, incubate at 72 degrees C for 5 minutes, hold at 4 degrees C. Electrophoresis was 

performed on each PCR product using a 1% agarose gel containing 0.5 μg/mL ethidium 

bromide at 150V for 40 minutes. The gel was imaged in a ChemiDoc™ Touch Imaging 

System (Bio-Rad, Hercules, CA, USA). 

 

 

Screening for csad mutants 

 

 A unique BamHI restriction site follows the Cas9 cut site at the 3’ end of the 

sgRNA homologous region (Figure 6.7). This facilitates screening for mutants which are 

likely to lose the BamHI cut site following non-homologous end joining repair of the 
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double-stranded DNA break induced by Cas9 nuclease. Restriction digests were 

performed on PCR products as recommended by the BamHI manufacturer’s protocol 

(New England BioLabs, Ipswich, MA). It was expected that the restriction digest of wild-

type, heterozygous, and homozygous mutant DNA would yield patterns of 2 bands, 3 

bands, and 1 band, respectively. Banding patterns turned out to not be so clearly defined 

but were still indicative of different phenotypes. 

 

 

Figure 6.7: Screening for csad mutants through a BamH1 digest of a 312 bp PCR 

product. 

 

 

DNA sequencing 

 

 Sequencing of the 312-base-pair PCR product was performed in a 10 µL reaction 

volume consisting of 40–150 ng PCR product, 3 pmol of primer, 0.5 µL BigDye® v3.1 

sequencing mix and 1.5 µL 5X sequencing buffer (Applied Biosystems, ThermoFisher 

Scientific, Waltham, MA, USA). Cycling parameters were 95 degrees C for 5 min, 

followed by 50 cycles at 95 degrees C for 15 sec, 50 degrees C for 15 sec, 60 degrees C 

for 4 min. The sequencing product was purified by adding 60 µL 100% isopropanol and 

30 µL H2O, mixing thoroughly, incubating at room temperature for 30 min, and 
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centrifuging at 2000 x g for 30 min. The supernatant was decanted and 100 µL 70% 

isopropanol was added to wash the DNA, followed by another centrifugation at 2000 x g 

for 14 min and decanting of the supernatant. Labeled products were air dried for 20–30 

min before addition of 10 µL HI-DI formamide from Applied Biosystems. The mixture 

was heated at 95 degrees C for 2 min and then immediately put on ice. The denatured 

product was sequenced using an Applied Biosystems 3130XL Genetic Analyzer 

(ThermoFisher Scientific, Waltham, MA, USA) and compared with the published 

sequences for the wild-type (ENSDARG00000026348) and sa9430 (ZBD-ALT-130411-

5055) strains using the Sequencher program (Version 5.0.1, Gene Codes, Ann Arbor, MI, 

USA). 

 

SDS-PAGE and Immunoblotting 

 

 All samples were heated for 3 minutes at 95 degrees C and centrifuged for one 

minute at 10,000 × g for samples in microcentrifuge tubes in an Eppendorf centrifuge 

5415 D (Sigma-Aldrich, St. Louis, MO, USA) or 3,220 x g in an Eppendorf 5810 

centrifuge (Sigma-Aldrich, St. Louis, MO, USA) for samples in a microtiter plate. 13 µL 

of each sample was electrophoresed on a  4%–12% Bis-Tris protein gel (NuPAGE 

Novex, (ThermoFisher Scientific, Waltham, MA, USA) for 35 minutes at 200 V using 

MOPS buffer in a PowerPac™ HC Power Supply (Bio-Rad, Hercules, CA, USA). 

Proteins were transferred to a PVDF membrane for 14 minutes on the high molecular 

weight setting (25V) in the Trans-Blot® Turbo™ Transfer System (Bio-Rad, Hercules, 

CA, USA). Immunoblotting was performed in the iBind Western System (ThermoFisher 
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Scientific, Waltham, MA, USA) using rabbit anti-zebrafish CSAD antibody at a dilution 

of 1:1000 (#6862, provided by Plant Sensory Systems, LLC, Halethorpe, MD, USA), as 

the primary antibody, and goat anti-rabbit IgG H&L HRP conjugate at a dilution of 

1:2000 (Bio-Rad,  Hercules, CA, USA) as the secondary antibody. A chemiluminescent 

signal was generated with addition of Clarity™ Western ECL substrate and imaged in a 

ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, CA, USA). Image Lab 

software (Version 5.2.1, Bio-Rad, Hercules, CA, USA) was used to visualize 

immunoblots and analyze protein molecular weights.  
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CHAPTER 7:  SUMMARY AND IMPLICATIONS OF THE RESEARCH 

 

7.1 Main Findings and Future Work 

 

  Chapter 2 described the investigation into the effects of wheat gluten in cobia  

which suggested that  <4% wheat gluten could have detrimental effects on juvenile cobia, 

and that taurine supplementation might be able to alleviate some of that impact. The 

detection of a plasma factor(s)  capable of binding gliadin might be indicative of the 

mobilization of an immune response. Our laboratory plans to conduct more related 

experiments with cobia and wheat gluten, as well as investigate an anti-inflammatory role 

for taurine, but we have been unable to obtain another stock of cobia. Future work could 

probe for specific immune factors such as TNF-α and IL-1β as part of an innate cascade. 

Detection of changes to plasma levels of IgM and IgT as we performed in the European 

sea bass study, along with probing for those antibodies in the intestinal tract tissues, 

would answer questions about the induction of adaptive immunity. Differences in IgT 

levels in response to an immune challenge might be more prominent in the mucosal 

surfaces of intestinal tissues rather than plasma. The challenge with immunodetection of 

these antibodies is that these tools have not yet been developed for cobia. Additionally, 

unlike European sea bass, there is no published genome for cobia. However, it would be 

worth assessing if there is some cross-reactivity of some of the commercially available 

testing products and antibodies designed for European sea bass or other teleost species 

with those factors in cobia. It would also be interesting to characterize the intestinal 
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microbiome of cobia and evaluate changes to the microbial landscape in response to 

dietary wheat gluten.  

 In contrast to the study of wheat gluten in juvenile cobia, wheat gluten does not 

seem to impair health or growth of European sea bass (Chapter 3). There were no 

detectable increased levels of IgM, IgT, or TNF-α. There was also no evidence of a 

plasma factor capable of binding gliadin like we had seen in the cobia study. The most 

significant impacts of the inclusion of dietary wheat gluten in European sea bass were the 

substantial increase in plasma taurine levels and greater diversity of predominant 

taxonomic orders of intestinal microbiota in fish fed wheat gluten. It is known that 

changes in diet tend to alter the microbiome, and combined with the other findings of the 

study, there is no evidence to suggest that the changes are affiliated with any kind of 

disease state. We are unable to explain the substantial increase in plasma taurine levels in 

the fish fed the diet containing wheat gluten. It could be an attempt to compensate for 

some induction of inflammation. Perhaps research into taurine deficiencies stemming 

from grain-free diets for pets may shed light on factors that contribute to taurine 

fluctuations in plasma in response to feed ingredients. However, the changes observed in 

no way suggest a poorer fitness outcome. Growth was equivalent for the groups, and 

there is no reason to contraindicate the addition of 4% wheat gluten into a completely 

plant-based diet for European sea bass. Future work would likely be on additional  

marine carnivores to assess the prevalence of tolerance vs. adverse responses to wheat 

gluten.  

 The taurine study in European sea bass (Chapter 4) was the first to evaluate a 

completely taurine-free diet in the species. Though the genes to encode the protein 
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enzymes for the taurine biosynthetic pathway are present, it cannot be assumed that the 

endogenous taurine production is sufficient for general physiological health. There were 

notable differences between the 0 and 5% taurine groups, but they neither indicate a 

benefit nor detriment from the addition of 5% taurine to a plant-based diet. Variations 

between the groups included plasma parameters, tissue weights, microbiome diversity, 

and spectral sensitivity. Growth was increased for the 5% taurine group, but the results 

were not statistically different. The finding that plasma triglycerides and mesenteric fat 

were increased in the taurine-supplemented fish seems to conflict with previously 

published data. Though taurine is an immunomodulator and plasma levels were doubled 

in response to 5% dietary supplementation, this did appear to impact the detectable levels 

of IgM, IgT, or TNF-α in plasma. Future work stemming from this study will likely be 

performed in the area of different species' responses to supplementary taurine in terms of 

spectral shifts.   

 The work presented in Chapter 5 constituted evidence for readthrough of a 

premature stop codon in the csad gene in the commercially available sa9430 zebrafish 

strain. In addition to the fact that the premature UAG stop codon likely has the lowest 

termination fidelity of the 3 universal stop codons, the sa9430 zebrafish strain has an 

adenine in the −1 position and a pyrimidine (cytosine) in the +4 position, both reported to 

increase frequency of UAG readthrough 159. As a result of the readthrough, the sa9430 

zebrafish produced full-length CSAD, for which through proteomic analysis we 

determined to be ~60 kDa. Enzymatic assays showed similar rates of catalysis from 

CSAD proteins produced by the wild-type or sa9430 zebrafish.  This study provided the 

first evidence of  the ability of zebrafish CSAD to utilize cysteic acid as an alternative to 
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cysteine sulfinic acid as a substrate for taurine synthesis. This study will likely spur 

future research into the investigation of factors that increase or decrease likelihood of 

stop codon readthrough.  

 The CRISPR/Cas9 gene editing of the csad gene in the Tg(mpx:GFP) zebrafish 

strain described in Chapter 6 yielded 5 distinct mutations that were in various 

homozygous and heterozygous combinations in individuals. The myriad of genotypes 

analyzed from the F2 generation produced a full-length CSAD protein, three sizes of 

which were observed: ~59, ~55, and ~53 kDa. The two smaller sized proteins were 

shown to be expressed early in development and were not detectable after 3.5 weeks 

post-fertilization. Unlike the sa9430 mutant with the stop codon readthrough described in 

Chapter 5, there is not a set of nucleotides flanking the stop codon that would greatly 

promote its readthrough. Additionally, the UAA and UGA codons have less likelihood of 

readthrough than the notorious "leaky" UAG 165. We propose that in the case of the 

CRIPSR/Cas9 csad mutants, there may be some re-association of the translating 

ribosome at the downstream AUG proximal to the early stop codon. Future work with 

this strain can evaluate the functionality of the various full-length proteins. Proteomic 

analysis can determine the sequences of the two smaller sizes of CSAD that were 

detected and help identify which ATG marks the start of their translation.  

 

7.2 Closing Remarks 

 

 The research described in this dissertation summarizes findings on a potentially 

inflammatory dietary ingredient, wheat gluten, as well as requirements for taurine and its 
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benefit as a supplement in a plant-based feed. It also describes the attempt to create and 

characterize a zebrafish deficient in endogenous taurine synthesis in order to assess the 

effects of taurine supplementation. We are not certain at this point if it is possible to 

create a taurine-free mutant capable of surviving. The fact that we have, at this time, only 

been able to isolate living mutants still capable of producing CSAD protein suggests that 

we potentially could be selecting for those who survive through some mechanism of 

errant translation. This exploration into food sensitivities in fish and the physiological 

importance of taurine will surely continue. It advises the aquaculture industry and the 

formulation of feeds. In addition, much of the research is applicable beyond the fish 

realm and may lead to improved treatments for individuals with bowel disorders and 

diseases.  
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