
 
 

ABSTRACT 

DUCHARME, ERIN. Understanding Striped Bass (Morone saxatilis) and Sunshine Hybrid 

Striped Bass (FEMALE M. chrysops x MALE M. saxatilis) Growth Using Metabolomic 

Analysis of Liver Tissues. (Under the direction of Dr. Benjamin J. Reading).  

 

In every cohort of cultured fish, individual growth variation often reveals a subset of 

animals that do not attain marketable size within an appropriate production period. These 

animals are considered “runts”. The aim of this study was to better understand the variation in 

sunshine hybrid striped bass (striped bass, Morone saxatilis, male x white bass, M. chrysops, 

female) and striped bass growth performance and to detect relevant physiological and metabolic 

patterns that may explain this variation. Half-sibling hybrid striped bass were produced by 

crossing three year-old striped bass males of differing size and genetic origin (domestic strain 

from North Carolina State University, DOM; and four wild strains from Florida, FL, South 

Carolina, SC, Texas, TX, and Virginia, VA) with domestic white bass females. Offspring were 

reared communally in earthen ponds. Fingerlings were sorted into “Top Grade” and “Runt” size 

groups based on projected growth to the current market size. Seventy-two fish were randomly 

selected out of 752 harvested at 15 months of age. Fin clips were collected and subjected to 

microsatellite genotyping to identify geographic sire strain contribution to each offspring. 

Significant differences between size groups and strains were identified both physiologically and 

metabolically. A subset from each hybrid striped bass size group (N=20 fish each) was selected 

based on significantly different final weights for further metabolic analyses: Top Grade (total 

length: 347 + 19 mm; weight: 656 + 121 g) and Runts (total length: 293 + 19 mm; weight: 391 + 

83 g) (t-Test, unequal variance, p<0.0001). White muscle tissues were histologically analyzed; 

however, no significant differences were found in muscle cell growth. Liver tissues were 

subjected to a global metabolomics panel where 653 metabolites were identified, quantified, and 



 
 

analyzed by machine learning and IMPaLA pathway analysis. Bile acids, biliary derivatives, and 

cortisol were prevalent and elevated in the Runt fish.  

Striped bass were produced by crossing two females with six different same age males 

each (three Big and three Small phenotypes). Male striped bass were assigned to either Big or 

Small size groups based on the weight distribution of the year class (high or low performing, 

respectively). The mean weights significantly differed (Big 2.76 ± 0.15 kg; Small 1.75 ± 0.15 kg; 

t-Test (unequal variance, p≤0.0001). Fingerlings were transferred from earthen ponds to 

recirculating systems at North Carolina State University at 4 months of age. Fish were reared in a 

growth study where they were sampled for weight and total length every 3 months until they 

reached 17 months of age. Seventy-two striped bass were randomly selected and had their 

weights, total lengths, and liver tissues collected. Fish were separated into Top Grade and Runt 

size groups (N=36 fish each) as their weight frequency distribution was bimodal. Liver tissues 

were subjected to histological analysis to quantify potential hepatic steatosis. No significant 

differences were found between size groups for hepatic steatosis scoring, but Runt fish had a 

trend of higher adipose incidence and significantly smaller hepatic somatic index (t-Test, 

unequal variance, p=0.0258). Global metabolomic analysis of liver tissues identified 639 

metabolites, the most prevalent group being sphingolipids that were present at higher 

concentrations in Runt fish. The importance of sphingolipids in differentiating between size 

groups for striped bass was reinforced through machine learning analysis. The findings 

suggested that hybrid striped bass and striped bass with poor growth in aquaculture exhibit some 

form of liver dysfunction, associated with biliary dyskinesia, impaired cholesterol or steroid 

metabolism, sphingolipid synthesis and degradation disruption, and muscle wasting, perhaps 



 
 

related to stress. The causes of this dysfunction, whether it be genetic, dietary, or husbandry 

factors, remain unclear, but are a recommended topic of future research.  
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Chapter I Literature Review 

Striped bass background 

Striped bass (Morone saxatilis) are an anadromous, euryhaline fish species with a native 

range from Quebec, Canada to Florida (Hill et al. 1989). Along the east coast they are found in 

coastal, estuarine, and river waters. The artificial culture of striped bass began at a hatchery built 

in the early 1880’s on the Roanoke River, in Weldon NC (Harrell and Webster 1997). Eggs were 

collected from the Roanoke River and fertilized with sperm from captured male striped bass 

(Harrell and Webster 1997). Fertilized eggs were incubated in standard McDonald hatching jars 

(Harrell et al. 1990). The resulting fry were then reared and stocked back into the Roanoke 

River. In 1937 striped bass fingerlings from Weldon were successfully reared in earthen ponds at 

the Edenton National Fish Hatchery in NC (Harrell and Webster 1997). It was not until the 

development of hormone-induced spawning by the mid-1960s when the method in which striped 

bass were bred changed (Harrell and Webster 1997). Gravid female striped bass could be 

selected from different geographic areas and induced into ovulating through artificial means 

(Harrell and Webster 1997), thus improving overall production. These techniques are the basis 

for the current developed protocols. 

The wild striped bass fishery experienced population declines throughout the mid-1970s 

(Couch et al. 2006) resulting in an increased market demand (Smith et al. 1985) which the wild 

fishery could not provide. Today, the wild fishery is not considered overfished, but is 

experiencing a period of decline due to a steady market demand (“Species Profile: Atlantic 

Striped Bass” 2016). The market demand may be partially supplied through increased production 

by the striped bass aquaculture industry. Unfortunately, this industry is still highly dependent on 

wild caught broodstock (Jacobs et al. 1999) for stock enhancement. This dependency adds 
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pressure on wild populations which may be affected disproportionately as differences have been 

identified between geographic strains regarding growth rates and final weight (Kenter et al. 

2018). Various studies have been conducted to improve domestic striped bass nutrition, 

broodstock management, and growth in the aquaculture industry (Kenter et al. 2018; Jacobs et al. 

1999; Woods 2001). The development of a reliable domestic broodstock is crucial to the future 

of striped bass as an aquaculture species. 

Aquaculture industry 

Aquaculture is the raising of marine and freshwater species for various purposes, with 

human food consumption being the greatest utilization (FAO 2016). It was first described before 

1000 B.C. (Nash 2011) and the practice evolved almost simultaneously in multiple ancient 

cultures including China, Egypt, Italy, Greece, and India (Nash 2011). In modern times humans 

are faced with a rapidly growing population and an increased demand for reliable food sources. 

Aquaculture has become one of the fastest growing sectors of agriculture (FAO 2016). Global 

aquaculture production, for human consumption, has on average grown annually by 3.2 percent 

from 1961 to 2013 with the largest contributor being China (FAO 2016). The United States 

aquaculture industry is worth approximately $1.37 billion, with food fish accounting for $732 

million (USDA 2014). Numerous groups of species are represented in the industry including 

algae, mollusks, crustaceans, and finfish. The variety of these species are grown using numerous 

techniques. Culture methods for finfish include net pens, raceways, earthen ponds, and 

recirculating aquaculture systems, each of which has both positive and negative aspects. 

Regardless of culture method, one of the most consistent struggles in the aquaculture industry 

today is maintaining ideal water quality conditions which include pH, dissolved oxygen, 

temperature, and more. Some fishes have been found to exhibit greater tolerance to water quality 
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conditions than others. Regarding striped bass, favorable traits were found through their 

hybridization with white bass, creating hybrid striped bass.  

Hybrid striped bass background 

Hybrid striped bass are a cross between a striped bass and white bass (M. chrysops). The 

original hybrid striped bass cross or “Palmetto Cross” is that of a female striped bass and male 

white bass. The reciprocal cross or “Sunshine Cross” is a cross between a male striped bass and 

female white bass. Hybridization was first accomplished by Robert Stevens in 1965 (Rudacille 

and Kohler 2000). The need for a new aquaculture fish was driven by the rapid decline of the 

wild striped bass fishery in the 1970’s (Hodson and Hayes 1990; Rudacille and Kohler 2000). As 

a result, the hybridization produced a fish with superior growth, disease resistance, feed 

conversion rates, survival rates, and temperature tolerance (Fuller et al. 2017; Kelly and Kohler 

1996; Rudacille and Kohler 2000; Smith et al. 1985). Studies have found that between the two 

crosses the sunshine cross exhibited heterosis in growth rate, survival, food conversion ratio and 

water quality parameters (Kelly and Kohler 1996; Rudacille and Kohler 2000; D’Abramo and 

Frinsko 2008). As such, the Sunshine Cross is the most common cross used in the hybrid striped 

bass industry. Other supporting reasons for this preference include low wild striped bass stocks 

and the earlier age at which white bass females mature (Rudacille and Kohler 2000). Today 

hybrid striped bass are the fourth largest finfish aquaculture fishery in the United States and have 

a total farm-gate value of over $50 million in 2018 (Reading et al. 2018).  

Production of hybrid striped bass can be broken down into four phases (Fuller et al. 

2017). Phase 0 is when the 3 to 5 day old hybrid striped bass fry are stocked in fertilized outdoor 

ponds (Fuller et al. 2017). The fry remain in these ponds, feeding on naturally produced 

zooplankton, for approximately 30 to 45 days, before they are harvested (Fuller et al. 2017). At 
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the time of harvest, hybrid striped bass fingerlings are considered Phase 1 and weigh at least 1 g. 

Fingerlings are then graded to prevent cannibalism and restocked into separate ponds based on 

size. Fish are fed developed aquaculture feed (Hodson and Hayes 1990). At the end of Phase 1, 

hybrid striped bass fingerlings (90 to 225 g) are graded, again, and restocked for the grow out 

stage, Phase 2 (Fuller et al. 2017). Hybrid striped bass remain in ponds until they reach the 

current market size between 680 to 1130 g (1.5 to 2.5 lbs.) and are harvested at the end of Phase 

3. On average the entire process, from hatching to market size harvest, takes between 18 and 24 

months (Fuller et al. 2017). Pond culture does have environmental impacts to contend with, the 

most important being temperature. Seasonal temperature fluctuations dictate when the hybrid 

striped bass can be stocked and have a significant impact on muscle growth rates.  

Muscle growth 

The arrangement of muscle tissue is unique to each fish species (Roberts 1989) and can 

be divided into two categories, red (slow) and white (fast) twitch muscle fibers. Red muscle 

(slow) utilizes aerobic metabolism for activities such as foraging and migration (Johnston 1999). 

White muscle (fast) use anaerobic metabolism for high speed swimming (Johnston 1999) and 

comprises over 60% of the body mass of fishes (Johnston et al. 2004). The production of new 

white muscle fibers results in the rapid increase of fish body weight (Rowlerson et al. 1995) and 

is crucial in aquaculture as it holds the greatest value to humans as the consumed fillet. The 

process of new muscle fiber development is known as myogenesis, which begins during 

embryonic development and is believed to be genetically controlled (Harel et al. 2009). During 

myogenesis, committed myoblasts and satellite cells proliferate and fuse together creating 

multinucleated fibers called myotubes (Johnston et al. 2011). The differentiation of myotubes, 

along with previously matured muscle fibers, creates new fibers (Johnston et al. 2011). The 
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result of myogenesis is muscle growth, which can be broken down into two distinct phases, 

hyperplasia and hypertrophy. Hyperplasia is the phase in which new fibers are formed adjacent 

to previously developed mature muscle fibers (Rowlerson et al. 1995). The presence of many 

small fibers, within a histological examination, is believed to be indicative of growth in the 

hyperplastic phase. A previous study conducted utilizing gilthead sea bream (Sparus aurata) 

found a low percentage of small muscle fibers were present in deep white muscle at hatching, 

thus implying the formation of new muscle fibers begins at the end of the embryonic life stage 

(Rowlerson et al. 1995). Hypertrophy is the increase in fiber diameter and can drastically 

increase the overall fish size (Johnston 1999). Both hyperplastic and hypertrophic growth occur 

during myogenesis and are controlled independently by myogenic regulatory factors and growth 

hormones (Rowlerson et al. 1995, Watabe 1999; Johnston et al. 2011). Understanding the 

controls behind both growth mechanisms may be advantageous to the aquaculture industry as 

they could be potentially be manipulated to improve growth results.  

Liver physiology 

Metabolism is an area of study that could benefit from further research as growth is a 

final product of metabolic homeostasis. It is the totality of all biochemical processes within an 

organism allowing it to survive and function. These processes take place throughout the body, 

but one key organ in metabolism is the liver, which metabolically connects different body tissues 

including skeletal muscle and adipose tissue (Rui 2011). The liver also controls energy 

metabolism (Rui 2011). Dysfunction of liver metabolism can cause different problems, including 

nonalcoholic fatty liver disease and hepatic steatosis, which is the excessive accumulation of fat 

in the liver (Rui 2011). One potential environmental cause for these problems is diet (Koteish 

and Diehl 2001). A study conducted on sunshine hybrid striped bass by Nematipour and Gatlin 
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(1993) found that the intraperitoneal fat ratio within the liver was greatest in fish fed diets 

deficient in omega (n-3) highly unsaturated fatty acids. Pale liver coloration was also observed in 

fish fed diets deficient in omega (n-3) highly unsaturated fatty acids and the fatty liver condition 

decreased with increasing dietary levels of omega (n-3) highly unsaturated fatty acids 

(Nematipour and Gatlin 1993). However, the cause for hepatic steatosis and its impacts on 

growth needs further investigation as diet is essential to maintaining all body functions. Food is 

digested in the gut with the help of bile produced and secreted by the liver (Roberts 1989). Small 

molecules, also known as metabolites, from the food, assimilated in the gut, and then enter the 

liver through the bloodstream. These metabolites are then manipulated to suit essential metabolic 

needs (Rui 2011). Metabolites may be synthesized, metabolized, stored, or redistributed 

depending upon their need (Bechmann et al. 2012). For example, amino acids can be used as 

energy, synthesized into proteins, or converted into glucose (Rui 2011). Fatty acid levels 

fluctuate within the liver to help maintain hepatocyte functions and overall energy homeostasis 

(Koteish and Diehl 2001). Energy gained through beta-oxidation of fatty acids is used in 

gluconeogenesis to convert glycerol, lactate, and amino acids (Koteish and Diehl 2001). The 

citric acid cycle in the liver also provides energy for cellular functions. Processes and 

metabolites are under tight control and regulation by genetics, hormones, nutrients, and the 

nervous system (Koteish and Diehl 2001; Rui 2011). Metabolites and their concentrations are 

unique to species and individuals. Therefore, their measure and study may reveal important 

information about metabolism and its resulting products or processes.  

Metabolomics and mass spectrometry 

Metabolomics is the study of metabolites involved with, or are the products of, an 

organism's metabolic processes. The four major groups of metabolites are carbohydrates, lipids, 
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nucleic acids, and proteins. Identification of metabolites, from a species, can be accomplished 

through the analysis of biological fluids, cells, or tissues. Prior to biological sample analysis, it is 

important to establish which methodology best suits the research question at hand. Global, or 

untargeted, metabolomics is a broad and unbiased measurement of metabolites within a sample 

(Johnson et al. 2016). However, this process can take a substantial amount of time due to the 

amount of data collected and the metabolites interconnectivity within metabolic pathways 

(Johnson et al. 2016). The second major methodology is highly selective and sensitive, targeted 

metabolomics. Predefined metabolites can be measured for their exact concentrations and 

provide complete metabolite validation to those found in global metabolomic panels (Johnson et 

al. 2016). However targeted metabolomics requires prior knowledge of specific metabolites and 

pathways of interest, a serious hurdle as metabolomics use is still in its infancy in certain fields, 

such as aquaculture (Johnson et al. 2016). Both methods utilize mass spectrometry for its high 

sensitivity, reproducibility, and versatility. Mass spectrometers ionize and measure metabolites 

and their fragments (Glassbrook et al. 2000). They are then separated based on their mass-to-

charge ratio creating individual chromatographic peaks per metabolite (Glassbrook et al. 2000; 

Johnson et al. 2016). Identification of metabolites occurs through the mass detector when 

retention time is not a clarifying factor (Glassbrook et al. 2000). During this process, novel 

metabolites may arise that are unidentified. Their information can be cross referenced between 

different available metabolomic libraries. If they remain undescribed, the metabolites 

information may be stored in the libraries for future identification. The study of these metabolites 

and their concentrations can create highly specific metabolic fingerprints for individuals within a 

species. A comparative look between these fingerprints may help identify species specific 



8 

 

biomarkers linked to overall metabolic functions, such as growth. Metabolomics is a novel 

process, but research into its use and potential discoveries has accelerated rapidly. 

Aims of the Project 

In the current study, growth performance differences in hybrid striped bass between size 

groups and sire strains were anticipated. To identify these differences muscle histology, liver 

tissue metabolomic analysis, machine learning analysis, and IMPaLA pathway analysis were 

conducted. Hybrid striped bass were reared common garden in earthen ponds and culture tanks. 

Growth performance would be observed in muscle physiology between cells defined as 

hyperplastic or hypertrophic growth. Further it was hypothesized that growth performance would 

be both heritable and predicted by specific growth metabolites identified in the liver tissues. 

Metabolites then separated based on their significance in differentiating between size groups and 

sire strains through machine learning analysis. Important metabolic pathways were hypothesized 

to be disrupted between size groups and sire strains affecting growth performance of hybrid 

striped bass. These differences were identified through IMPaLA pathway analysis.  

Differences in striped bass growth performance was anticipated between Top Grade and 

Runt size groups and analysis results would support those from the hybrid striped bass study. 

These differences were identified through liver histology, liver metabolomic analysis, and 

machine learning analysis. It was hypothesized that Runt striped bass would have a higher 

incidence of adipose infiltration in their livers, which negatively impacted their growth 

performance, observed and calculated through liver histology. Like the hybrid striped bass, it 

was anticipated that specific growth metabolites, identified and quantified through metabolomic 

analysis, would be different between the size group liver tissues. Metabolites were identified as 

to their importance in differentiating between size groups through machine learning analysis. 
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The identification and analysis of liver tissues and metabolites would support conclusions found 

by the hybrid striped bass study.  
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Chapter II Growth Metabolomics of Hybrid striped bass 

Methods 

Hybrid striped bass rearing 

Fingerling striped bass were bred in captivity during the natural (spring) spawning season 

at state and federal hatcheries in Virginia (VA), South Carolina (SC), Florida (FL), and Texas 

(TX). These fish originated from the following river sources: Mattaponi and Roanoke (VA), 

Santee Cooper (SC), Ochlockonee (FL), and Lake Livingston Tailrace (TX) (Kenter et al. 2018). 

Fingerlings were transported to the University of New Hampshire Ritzman Aquaculture 

Laboratory (Durham, NH, USA) as reported in Kenter et al. (2018). These four geographic 

strains are referred to as the wild strains in the current study. Fish were fit with passive integrated 

transponder (PIT) tags and grown communally until two years of age then transported to 

outdoor, flow-through culture tanks (38,433 L) at the North Carolina State University Pamlico 

Aquaculture Field Laboratory (Aurora, NC, USA). Wild strain striped bass were maintained for 

an additional year under natural photothermal conditions from the summer through early winter. 

Male striped bass were then moved from outdoor tanks to separate indoor recirculating 

aquaculture systems (3,555 L) in late winter (February). Environmental parameters were 

maintained including thermal temperatures from 10 to 12°C and salinity from 10 to 12 ppt under 

ambient photoperiod. In the spring, at three years of age, wild strain males were in spawning 

condition to be used as sires along with two year old domestic (DOM) male striped bass to 

produce sunshine hybrid striped bass. This DOM strain was fifth generation (F5) domesticated 

(Reading et al. 2018) and were already present at the Pamlico Aquaculture Field Laboratory for 

annual broodstock production as part of the National Program for Genetic Improvement and 

Selective Breeding for the Hybrid Striped Bass Industry (coordinated by Dr. Benjamin Reading 
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and the U.S. Department of Agriculture, Agricultural Research Service). DOM ninth generation 

(F9) female white bass, at three years of age, were provided from Artesian Aquafarms LLC 

(South Mills, NC, USA) care of National Program for Genetic Improvement and Selective 

Breeding for the Hybrid Striped Bass Industry. The females were used to produce sunshine 

hybrid striped bass (reciprocal cross) through in vitro fertilization. White bass females were 

similarly conditioned for spawning as the striped bass males, described above with the exception 

at being held in 5 ppt salinity or less.  

In April, fish were gradually conditioned (1°C increase and 1 ppt salinity decrease per 

day) to reach optimal spawning temperature (18 to 20°C) and salinity (0.5 to 0.0 ppt) under 

ambient photoperiod (Hodson and Sullivan 1993; Sullivan et al. 2003). Approximately 40 hours 

prior to spawning, striped bass sires (3.73 kg ± 0.18, mean ± SEM) were anaesthetized (150 

mg/L, buffered MS-222, Tricaine-S, Syndel USA, Ferndale, WA), injected in the dorsal 

lymphatic sinus with 165 IU hCG/kg body weight (Chorulon®, Merck Animal Health, Madison, 

NJ, USA) to ensure spermiation, and sorted into four indoor staging tanks (3555 L) (Harrell 

1997). Previous genotyping efforts (Kenter et al. 2018) allowed for the identification and 

exclusion of any full-sibling males from within sire strains. Staging tanks each received one sire 

per strain (N=4 per strain), excluding two FL, individuals which qualified as non-sibling after 

family assignment. Fourteen adult female white bass (0.82 kg ± 0.03) were maintained in one 

flow-through raceway (630 L) and injected with 300 IU/kg of hCG (Chorulon ®️), Merck Animal 

Health, Madison, NJ, USA) approximately 24 hours prior to strip spawning in order to induce 

ovulation.  

At the time of spawning, sires were netted from their staging tanks, anesthetized, and 

identified by PIT tag for the collection of milt by applying gentle abdominal pressure. The milt 
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was stored inactive at 4°C in separate, sterile 15 ml conical tubes. A subsample from each tube 

was water activated and motility was verified under a compound microscope (200x 

magnification) prior to further spawning procedures. Female white bass were checked every two 

hours throughout the day for ovulation. Those that ovulated were removed from the tank, fin 

clipped for future parentage assignment, and dry strip spawned into a Teflon-coated pan 

(McGinty and Hodson, 2008). Eggs were divided into five equal batches and each received 1 ml 

of collected milt from each striped bass sire strain. Pans containing the gametes were swirled to 

initiate fertilization. The fertilized eggs from each resulting cross were placed into separate 

aerated McDonald hatching jars and treated with tannic acid (150 mg/L) to reduce adhesiveness 

(McGinty and Hodson, 2008). Jars were maintained separately until fertilization for each spawn 

was confirmed microscopically based on proper embryo development. They were then pooled 

equivalently to represent all five half-sibling crosses by female (Harrell et al. 1990).  

Forty-eight hours after incubation, hybrid striped bass larvae hatched into individual 

aquaria (90 L each) and the total fry production from each spawn was enumerated. Triplicate 

calculations were performed within subsamples (approximately 50 ml each) from each aquarium. 

The number of viable, swim-up fry in each were counted then the average was multiplied by the 

total volume for the aquaria. Based on the number of viable fry and survival (representation) of 

all five half-sibling crosses for each of the 6 females, 30 families of hybrid striped bass fry were 

stocked into ponds for fingerling production. Hybrid striped bass fry (25,000) were stocked into 

three replicate 0.1-hectacre earthen ponds at the Pamlico Aquaculture Field Laboratory. Fry 

produced from each spawn were used to ensure adequate and equivalent pooling for 

representation of all 30 families during fingerling production. Ponds were filled and initially 

fertilized with 34 kg cottonseed meal approximately 7 days prior to fry stocking and then 
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fertilized with 1.4 kg inorganic phosphate fertilizer, 3.2 kg pelleted alfalfa meal, and 9.5 kg 

cottonseed meal every 7 days thereafter.  

To observe the effect of size grading on long-term growth performance, approximately 

47,000 Phase 1 hybrid striped bass fingerlings (1.48 g ± 0.76, mean ± standard deviation) were 

seined from all 3 ponds at 2 months of age, then combined equally in number from each pond 

replicate into several 2,400 L and 5,800 L tanks. A floating bar grader with space increments of 

1/64-inch (14/64 and 16/64 inch, Aquatic Solutions, Des Moines, IA, USA) was used to 

repeatedly sort fish based on their size over an approximately 4 week period to divide fish into 

Top Grade and Runt size groups. These size groups were defined as those likely to reach or 

exceed market size (Top Grade) or those unlikely to reach market size (Runt). The smallest 

grading spacer used was 14/64-inches the day after ponds were harvested. The Top Grade fish 

were the first to reach approximately 8.0 g/fish (retained by 22/64-inch grader basket) and Runt 

fish (2.2 g, mean) passed through an 18/64-inch grader basket; these fish were maintained 

throughout the grow-out period in separate replicate ponds or tanks. Hybrid striped bass were 

trained to accept non-extruded pelleted feeds during this time using Zeigler Finfish Starter #2 

crumble (Zeigler, Europa; Gardners, PA, USA; 55% minimum crude protein and 15% minimum 

crude fat) until they reached 5 g/fish. They were then switched to 1.5-mm pellet (55% minimum 

crude protein and 15% minimum crude fat) thereafter. 

Top Grade and Runt Phase 1 hybrid striped bass fingerlings were re-stocked into one 0.1-

hectacre earthen pond and each pond contained approximately 2,630 fingerlings. Fish were fed 

Zeigler 1.5-mm Finfish Starter for one month and then Zeigler 2.0-mm thereafter. Hybrid striped 

bass were harvested from ponds after 4 months (approximately 7 months of age), individually 

weighed, and stocked separately into 2,400 L indoor flow-through culture tanks at 75 fish/tank 
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for continued growout over 4 months. There were 5 replicate tanks per group. At this time, Top 

Grade and Runt fish averaged 101 and 43 g/fish, respectively. Hybrid striped bass were fed once 

a day by hand using Zeigler Gold 42/16 feed (42% minimum crude protein and 16% minimum 

crude fat). Fish were harvested at 12 months of age and stocked into 5,800 L outdoor flow-

through culture tanks at 125 fish/tank for final growout over 3 months; there were 3 replicate 

tanks per group. Seven hundred and fifty-two hybrid striped bass were sampled at 15 months of 

age. Individual weights, total lengths, and a fin clip preserved for future paternity identification 

was collected from each fish at this time. 

Hybrid striped bass sampling 

During the final sampling of hybrid striped bass, seventy-two (530.90 ± 140.19 g weight 

and 323.57 ± 28.0 mm total length; mean ± standard deviation) were randomly selected to be 

sacrificed from the study population for histological and metabolomic analyses. Selection was in 

equal numbers from each graded group (twelve from each of the six replicate tanks mentioned 

above). Each fish was anesthetized with eugenol prior to handling. After culling, liver tissue 

samples, muscle tissue samples, and fin clips were collected and stored in sealed tubes. Each 

tube was labeled by category (Frozen Muscle, Frozen Liver, and Fin Clip) and individual 

number. Fin clips were preserved in 1 ml of 100% ethanol for microsatellite genotyping at the 

University of New Hampshire. Frozen muscle and liver samples were frozen on dry ice at the 

Pamlico Aquaculture Field Laboratory and transferred to a -80°C freezer at David Clark Labs, 

North Carolina State University (Raleigh, NC, USA). Muscle samples were selected and 

submitted to the North Carolina State University College of Veterinary Medicine (Raleigh, NC, 

USA) for histological preparation. Liver samples were selected and submitted for metabolomic 

analysis at Metabolon Inc. (Morrisville, NC, USA). 
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Microsatellite genotyping 

Genetic microsatellites are tracts of repeating DNA in which nucleotide or amino acid 

sequences repeat throughout the genome (Richard et al. 2008). These repetitive DNA sequences 

are used to identify different populations or offspring of a species if enough polymorphism exists 

(Rexroad et al. 2006). All sampled hybrid striped bass fin clips (N=72) were sent to the 

University of New Hampshire for genotyping, conducted by Linas Kenter under the advisement 

of Dr. David Berlinsky. A Qiagen DNeasy 96 Blood and Tissue Kit (Qiagen Inc. Hilden, 

Germany) was utilized to extract genomic DNA from the fin clips, following the manufacturer’s 

protocol. Eleven microsatellite markers (MSM 1144, 1095, 1096, 1067, 1094, 1168, 1208, and 

1243 from Couch et al. (2006) and MSM 1526, 1592, and 1357 from Rexroad et al. (2006)) were 

utilized during genotyping. Amplification of the DNA was conducted using polymerase chain 

reactions with fluorescent-dye-labeled primers (FAM, HEX, and NED). Reaction volumes 

contained 12.5 μl (microliters) and consisted of 1.5-2.0μl DNA template, 5X Go Taq Flexi 

colorless buffer (Promega), 2 mg/ml bovine serum albumin (BSA; multiplex one only), 0.06 mM 

deoxynucleotide triphosphates (dNTPs), 2 mM MgCl2, 0.5 U Taq Polymerase (Promega), and 

variable primer amounts. An Eppendorf thermal cycler (Eppendorf, Inc. Westbury, NY) was 

utilized for polymerase chain reactions. Steps in cycling conditions for multiplex one was 

denaturation at 95°C for 15 minutes, 35 cycles at 94°C for 30 seconds, 60°C for 45 seconds, and 

72°C for 30 seconds. Final elongation was for 10 minutes at 72°C. Multiplex two steps were 

denaturation at 95°C for 15 minutes, 30 cycles at 94°C for 30 seconds, 58.5°C for 45 seconds, 

and 72°C for 30 seconds. Final elongation was for 10 minutes at 72°C. The final polymerase 

chain reaction product was diluted with Hi-Di formamide at a ratio of 2:8. Fragment analysis was 

conducted at the Yale University, DNA Analysis Facility (New Haven, CT, USA) utilizing an 
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automated DNA sequencer (3730xl 96-capillary genetic analyzer; Applied Biosystems, Foster 

City, CA, USA). Peak scanner version 2.0 (Applied Biosystems) was used to manually score 

peaks and raw scores were sorted into allelic bins. These microsatellite genotyping methods 

followed the procedure described in Kenter et al. (2018).  

Muscle histology 

Muscle tissue samples for histology analysis were collected from every fourth fish during 

sampling of the seventy-two randomly selected hybrid striped bass. The eighteen (9 Top Grade 

and 9 Runt) white muscle tissues were fixed in Bouin's Solution (Sigma-Aldrich, St. Louis, MO, 

USA) at 4°C. The Bouin’s fixative solution consisted of picric acid, formalin, and acetic acid, 

preserving the biological samples morphological structure and details (Bonin et al. 2005). 

Muscle tissue samples were then sent to North Carolina State University College of Veterinary 

Medicine for histological preparation. The tissues were dehydrated in a graded series of ethanol 

baths and embedded into paraffin. Five µm (micrometer) cross sections were sliced 

perpendicular to the muscle fiber length. They were stained using haematoxylin and eosin, then 

mounted onto standard microscope slides. After all the prepared samples were retrieved, the 

muscle tissue slides were randomly numbered from one through eighteen to avoid bias during 

scoring (scorers were unaware of the Runt and Top Grade group assignment). A celestron digital 

microscope camera (4x + 10x) attached to an Olympus CH microscope was utilized to capture 

three different images per slide. The program Image J (Fiji, NIH, Bethesda, MD, USA) was used 

to score the total number of fibers and to measure each fiber diameter (µm), within the field of 

view. The process was repeated on each of the three images per slide, for all eighteen slides. 

Images from each slide were analyzed by two independent scorers. Fiber diameters within each 

slide were arranged using fiber diameter bins to identify potential muscle growth differences 



21 

 

between the Top Grade and Runt size groups. Fibers with diameters less than 10 μm were 

excluded from all analyses. This lower limit was set as studies conducted on Sparus aurata 

(Rowlerson et al. 1995), Salmo gairdneri (Stickland 1983), and Dicentrarchus labrax (Veggetti 

et al. 1990) found that no fibers with a diameter below 10μm were present in adult fish. Fiber 

diameter bins included 10-20 μm, 10-25 μm, 10-50 μm, 10-75 μm, 10-100 μm, >75 μm, >100 

μm, and >150 μm. Following completion of the muscle tissue histological analysis, the correct 

slide identities were revealed. Final muscle tissue results were then matched to each fish total 

length (mm) and weight (kg) metrics at harvest.  

Statistical analyses were conducted using JMP Pro. 14 (SAS, Cary, NC, USA). Fish 

within the Top Grade and Runt size groups were organized in three ways for comparison. First, 

the hybrid striped bass were assigned to a size group based on their potential growth 

performance during grading at Phase 1 (fingerlings graded as Top Grade and Runts). Second, 

fish were organized based on their final weight at harvest (15 months of age). The nine fish with 

the greatest final weight were assigned to the Top Grade group and the nine with the lowest final 

weights were assigned to the Runts group. Third, fish were assigned based on their total length 

(mm) at harvest. The nine longest were assigned to the Top Grade group while the nine shortest 

were placed in the Runts group. Statistical analyses included comparing total length, weight, 

number of fibers within each of the previously stated diameter bins, average fiber diameter, and 

average number of fibers scored. Outliers were then identified using Tukey outlier box plots and 

were values 2.0 or more standard deviations from the mean values in the Top Grade and Runt 

size groups. Once outliers were identified within certain bins they were removed from each of 

the three data organizations. Statistical analyses were conducted again only in the comparisons 

where outliers were removed.  
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Metabolomic analysis 

A previous study on hybrid striped bass found liver tissue to be a better indicator of 

growth than muscle tissue when using metabolomic analysis (Rajab et al. 2019). Therefore, liver 

tissues were analyzed in the current study. Forty frozen hybrid striped bass liver tissues were 

selected for metabolomic analysis: the eighteen corresponding with the muscle histology 

analysis, largest and smallest ten samples by weight, and two other samples (VA_03_68 and 

SC_04_12) to balance the sample size for Top Grade and Runts statistical comparisons 

conducted by Metabolon. All chosen samples were submitted to Metabolon where they were 

immediately inventoried and stored at -80°C. A unique identifier was assigned to the project, by 

the Metabolon LIMS system, and was used to track the project through handling, tasks, results, 

and analysis. Initial preparation was conducted using an automated MicroLab STAR® system. 

For quality assurance purposes, multiple recovery standards were added prior to extraction. 

Samples proteins were precipitated through the addition of methanol, shaken for two minutes 

(Glen Mills GenoGrinder 2000), and then centrifuged. This process separated and recovered 

metabolites within the protein matrix. The extract was then separated into five fractions; two by 

separated reverse phase mass spectrometer methods (RP)/UPLC-MS/MS with positive ion mode 

electrospray ionization, one by RP/UPLC-MS/MS with negative ion mode electrospray 

ionization, one by HILIC/UPLC-MS/MS with negative ion mode electrospray ionization, and the 

final sample remained unanalyzed for reserve. Organic solvents were removed utilizing a 

TurboVap® (Zymark). Prior to analysis, extracted liver tissues were stored overnight under 

nitrogen as it is an inert gas and no chemical reactions could occur and alter metabolite results. 

Extracted raw data was run through the Metabolon quality control process, hardware, and 

software. Metabolites were identified through comparison of raw data to purified standards and 
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recurring unknown compounds in Metabolon’s metabolite library. All molecules within the 

library contain recorded information, such as retention time/index, mass to charge ratio, and 

chromatographic data (including mass spectrometer data). Identification of metabolites must 

meet the retention time/index, mass to charge ratio, and chromatographic standards. Unidentified 

metabolite information was stored in the Metabolon database for possible future identification 

through technological advancement. After identification and analyses were completed 

metabolites were curated to ensure accuracy and consistency. Normalized values of raw area 

counts were recorded for each of the metabolites identified. Any missing values within the data 

set were metabolites that fell below the mass spectrometers level of detection. These counts were 

then scaled, using the natural logarithm, so the median was equal to one which reigned the 

effects of any potential outliers. Missing values were imputed with the minimum value for that 

metabolite across all liver tissue samples.  

Four comparisons were statistically analyzed to help identify differences in metabolite 

concentrations between size groups (Top Grade and Runt) and the four geographical sire strains 

(SC, VA, TX, and DOM). Offspring from the FL sire strain were not included as an inadequate 

number of FL Runts were represented in the final sampling and therefore statistical analyses 

could not be performed (N=0 fish). A single Runt sample from a VA sire (VA_04_41) was 

identified as an outlier through a principal component analysis and was therefore excluded from 

statistical analyses. A liver tissue sample was defined as an outlier when the means of at least 35 

to 40% of its metabolites differed significantly from the strain mean. Two Welch’s two-sample t-

Tests compared Top Grade versus Runts, one on the entire population (N=39 livers) and the 

second on the subset of samples used for muscle histology as described above (N=18 livers). The 

Welch’s two-sample t-Test was utilized to test the difference of two unknown means from two 
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independent populations. The third statistical analysis was a two-way analysis of variance 

(ANOVA) comparing Top Grade versus Runt within each sire strain. An ANOVA assumes the 

data is normalized and all variances of the populations are the same. A two-way ANOVA 

analyzed the main effect of the group (Top Grade and Runts), cohort (sire strain), and 

group:cohort interaction. The final statistical analysis was a two-way ANOVA conducted on 

three cohort subsets. These subsets included comparing each wild sire strain (SC, VA, and TX) 

independently against the DOM sire strain in Top Grade, Runt, and total liver tissue sample 

population. Another type of analysis known as machine learning was conducted by Metabolon  

using a random forest analysis to identify the most important metabolites in relation to Top 

Grade and Runt growth performance. Comparisons were conducted to identify Runt and Strain 

effects on growth performance. All standard statistical analyses were conducted by Metabolon in 

ArrayStudio (Omicsoft Corporation, Cary, NC, USA) on natural logarithm transformed data.  

Machine learning analysis 

Hybrid striped bass scaled liver metabolomic data was analyzed to identify which 

metabolites were important in differentiating between size groups (Top Grade and Runt) and sire 

strains (DOM, FL, SC, TX, and VA). As sample VA_04_41 was determined to be an outlier 

(described above) it was not included in the machine learning analysis. The software program 

Weka 3.8 (University of Waikato, Hillcrest, New Zealand) was utilized to perform ‘attribute’ 

(metabolite) ranking and machine learning analysis (Schilling et al. 2015). Attributes were 

ranked in order of importance to their relation of Top Grade and Runt size groups through the 

evaluator ‘InfoGainAttributeEval’ and method of ‘Ranker’ on the full training data set. These 

ranked results were then analyzed with ‘sequential minimal optimization’ (support vector 

machine) and ‘multilayer perceptron’ (artificial neural network) machine learning classifiers 
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(Schilling et al. 2015). A decision tree classifier was not conducted between size groups as a 

different type of decision tree, ‘random forest analysis’, had already been conducted by 

Metabolon. The utilized classifiers classified scaled metabolomic data as Top Grade or Runt size 

groups. This was done using only the metabolites ranked as important through the methods 

described above. Two cross-validation techniques were used for each comparison to estimate 

classifier performance (Schilling et al. 2015). They were a 66% split, where of the data was 

selected at random for training and the remaining data (34%) was used for cross-validation, and a 

stratified hold-out of 10 folds, where 9 folds were randomly reordered and used for training and 

1 fold was used for cross-validation (Schilling et al. 2015). ‘Correctly classified instances’ for 

cross-validations, ‘kappa statistic’, and ‘area under the receiver operating characteristic curve’ 

(AUROC) were reported for each classifier to determine their performance. Correctly classified 

instances identified the correctly assigned size groups for fish by their metabolites and its 

percentage is reported as a model R-squared value. The kappa statistic and AUROC are related 

to the ratio of true and false positives. An optimal value for both statistics is 1.0. Hybrid stiped 

bass Top Grade and Runt size groups were randomly reordered ten times and run through the 

support vector machines, as described above, as a negative control (Schilling et al. 2015). 

Correctly classified instances were plotted against the number of ranked attributes such that the 

top 50, 45, 40, 35, 30, 25, 20, 15, 10, and 5 attributes were included in each classifier run. Each 

plot was fit with a polynomial trendline and R-squared value to identify the optimal classifier 

performance based on the number of input attributes. Within each plot reduction of data 

dimensionality was conducted to identify and reduce model overfitting and underfitting. Model 

overfitting was defined as too many input attributes and model underfitting was defined as too 

few. Analyzing the fit of a model allowed for the identification of the optimal number of 
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metabolites and the most important ones in relation to the question asked, size group for all 

hybrid striped bass liver tissue samples (Top Grade and Runt, N=39 fish). 

The same methods described above were utilized for hybrid striped bass sire strain 

analysis. Scaled metabolomic data was ranked and run through sequential minimal optimization 

and multilayer perceptron classifiers, with the addition of a J48 decision tree. Both cross-

validations remained the same. Correctly classified instances were plotted against the number of 

ranked attributes such that the top 12, 11, 10, 9, 8, 7, 6, 5, 4, 3, 2, and 1 attribute were included in 

each classifier run. Methods for plots and reduction of data dimensionality remained the same.  

IMPaLA pathway analysis 

 Metabolites identified as important to classifying hybrid striped bass size group and sire 

strain by the machine learning analysis were run through the online IMPaLA tool (Kamburov et 

al. 2011). This was done to identify important metabolic pathways the metabolites are involved 

with. Metabolites were matched using their HMDB identifier (Human Metabolome Database), 

PUBCHEM identifier, or metabolite name. Within IMPaLA the metabolites may be matched to 

more than one similar metabolite, such as isomers. The pathway results were reported with 

pathway name, pathway source, overlapping metabolites, all metabolites, Pmetabolites, and 

Qmetabolites. This analysis provided a pathway name given by the original source and pathway 

source where the pathway could be found. For each pathway it also provided the number of 

overlapping metabolites from the background list entered into IMPaLA, the total number of 

metabolites, a P-value, and a false discovery rate.  
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Results 

Hybrid striped bass rearing  

The hybrid striped bass at harvest were at an average rearing density of 13.7 g/L (0.114 

lbs./gal) for the Top Grade tanks and 8.99 g/L (0.075/gal) for the Runt tanks. A total of seven 

hundred and fifty-two hybrid striped bass were harvested at 15 months of age and sampled for 

total length, weight, and fin clip for genotyping (525.84 ± 145.36 g weight and 324.21 ± 28.93 

mm total length; mean ± standard deviation). 

Hybrid striped bass sampling 

Of the seventy-two randomly sampled fish only seventy-one could be unambiguously 

assigned a strain through microsatellite genotyping. Therefore, seventy-one were included in 

statistical analyses. Mean total lengths (mm) and weights (g) were calculated for the hybrid 

striped bass offspring within each strain (Table 1.1). Significant differences were identified 

between hybrid striped bass of different strains for both total length (p=0.0092) and weight 

(p=0.0004) using an ANOVA. To determine which strains were significantly different from one 

another a Tukey-Kramer honestly significant difference (HSD) test was conducted for both total 

length and weight. Only one significant difference was found for total length with the DOM 

offspring being significantly longer than the SC offspring (Tukey-Kramer HSD, p= 0.024) 

(Figure 1.1). For weight, DOM sires produced offspring which were significantly larger than 

those from TX (Tukey-Kramer HSD, p=0.0063), SC (Tukey-Kramer HSD, p=0.007), and VA 

(Tukey-Kramer HSD, p=0.0266) (Table 1.1, Figure 1.2). No significant differences were 

identified between the FL strain and any other strain for both total length and weight. Though FL 

had the highest mean offspring total length and weight, it is believed that the low sample size 

reduced the statistical power of the test and resulted in these findings.  
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Hybrid striped bass offspring were also statistically analyzed based on their size group, 

Top Grade or Runt. The mean total length (mm) for all seventy-one fish was 323.8 ± 28.2, Top 

Grade 345.3 ± 16.2, and Runts 301.6 ± 19.0 (Table 1.2). The mean weight (g) for all samples 

was 532.2 ± 140.8, Top Grade 633.2 ± 106.1, and Runts 428.2 ± 85.3 (Table 1.2). T-Tests 

(unequal variance) compared the total lengths and weights of Top Grade versus Runts of the 

seventy-one genotyped hybrid striped bass. Top Grade offspring were found to be both 

significantly longer and heavier than Runt offspring (t-Test, unequal variance, p<0.0001). 

Microsatellite genotyping 

Microsatellite genotyping identified the number of sires per strain that contributed to the 

hybrid striped bass offspring (N=72 fish). Four sires contributed from VA, TX, and DOM, three 

from SC, and one from FL. Mean weight (kg) of the sires was 2.76 ± 0.16 DOM, 3.94 ± 0.38 SC, 

4.46 ± 0.57 VA, and 3.95 ±0.77 TX. The weight of the single FL sire was 3.26 kg. Using a 

Student’s t-Test (each pair), DOM sires were found to have weighed significantly less than VA 

(Student’s t-Test, p=0.0009), TX (Student’s t-Test, p=0.0092), and SC (Student’s t-Test, 

p=0.0144) sires (Figure 1.3).  

Mean total length and weight were calculated for hybrid striped bass offspring in both 

Top Grade and Runt size groups for each sire strain (Table 1.3). ANOVA, Tukey-Kramer HSD 

tests were conducted comparing all strains within the Top Grade and Runt size groups 

independently. No significant differences were found within either size group between strains. 

Top Grade and Runts were then analyzed within each strain using ANOVA, Tukey-Kramer 

HSD. Significant differences were found in total length between Top Grade and Runts for strains 

DOM (Tukey-Kramer HSD, p<0.0001), TX (Tukey-Kramer HSD, p=0.0078), VA (Tukey-

Kramer HSD, p=0.0002), and SC (Tukey-Kramer HSD, p=0.0443). Significant differences were 
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also found in weight between Top Grade and Runts for strains DOM (Tukey-Kramer HSD, 

p<0.0001), VA (Tukey-Kramer HSD, p=0.0003), and SC (Tukey-Kramer HSD, p=0.0261); TX 

was not found to be significantly different in weight.  

Muscle histology 

Hybrid striped bass muscle histology samples were statistically analyzed between the 

Top Grade and Runt size groups with pooled data from the two independent scorers. Statistical 

comparisons were conducted comparing the size groups when the fish were organized by the size 

group they were assigned during Phase 1 (Table 1.4), by final weight at harvest (15 months of 

age) (Table 1.5), and by final total lengths at harvest (15 months of age) (Table 1.6). When 

comparing the size groups at Phase 1, only two statistical analyses were significantly different. 

Top Grade fish (0.59 ± 0.08 kg) weighed significantly more than the Runts (0.44 ± 0.07 kg) (t-

Test, unequal variance, p=0.0013) (Table 1.4). Runts (56.78 ± 29.11) had a significantly greater 

number of fibers within the 10-25 μm diameter bin than the Top Grade fish (30.11 ± 16.39) (t-

Test, unequal variance, p=0.0329) (Table 1.4). Hybrid striped bass organized by weight at 

harvest had a single significant difference between size groups. Top Grade (0.61 ± 0.07 kg) 

weighed significantly more than the Runts (0.43 ± 0.05 kg) (t-Test, unequal variance, p<0.0001) 

(Table 1.5). When organized by total length at harvest three significant differences were 

identified between size groups. Top Grade were significantly longer (347.89 ± 20.56 mm) than 

the Runts (305.56 ± 12.49 mm) (t-Test, unequal variance, p=0.0001) (Table 1.6) and also 

weighed significantly more (t-Test, unequal variance, 0.59 ± 0.10 kg) than the Runts (0.44 ± 0.05 

kg) (t-Test, unequal variance, p=0012) (Table 1.6). Runts (57.94 ± 27.39) had significantly more 

fibers within the 10 to 25μm diameter bin than Top Grade samples (28.94 ± 17.11) (t-Test, 

unequal variance, p=0.0180) (Table 1.6).  
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Outliers were designated as values 2.0 or more standard deviations from the mean values 

of all hybrid striped bass in both the Top Grade and Runt size groups. Two fiber diameter bins 

had outliers removed, number of fibers 10-75 μm diameter and number of fibers >150 μm 

diameter. T-Tests (unequal variance) between Top Grade and Runts were run again for these 

bins. No significant differences were found between size groups when fish were organized by 

size groups at Phase 1 (Table 1.7), by weight at harvest (Table 1.8), or by total length at harvest 

(Table 1.9) for either of the diameter bins analyzed.  

Metabolomic analysis 

A total of 653 metabolites were identified in the hybrid striped bass liver tissue samples 

submitted to Metabolon (N=40 liver) through mass spectrometry. Within the Metabolon results 

metabolites (“biochemicals”) were identified, organized, and had their raw area counts provided 

within each sample (Table 1.10; Supplemental file available at North Carolina State University 

library online repository). Data for each metabolite included their pathway sortorder, 

biochemical name, super pathway, sub pathway, company identification number, the platform in 

which they were identified under, chemical ID, retention index, mass, Pubchem database 

number, CAS (chemical abstract service number), Kegg identifier (Kyoto encyclopedia of genes 

and genomes databases), and HMDB identifier (human metabolome database). The raw data was 

rescaled using the natural logarithm to reign in any potential outlier effects and utilized in 

statistical analyses (Table 1.11; Supplemental file available at North Carolina State University 

library online repository). Strain (DOM, SC, TX, and VA) means were calculated for each 

metabolite and the means from individual samples were then compared to their strain mean to 

identify outliers. A principal component analysis of all liver samples identified one VA Runt 

sample to be an outlier (Figure 1.4). The identification of this sample (VA_04_41) as an outlier 
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allowed for its exclusion from all statistical analyses. A pathway heat map created by Metabolon 

showed the statistical significance of each metabolite within each statistical analysis (Table 1.12; 

Supplemental file available at North Carolina State University library online repository).  

Welch’s two-sample t-Tests conducted on all the liver tissue samples compared Top 

Grade versus Runts identified eighty-one metabolites with significantly higher concentrations in 

the Top Grade and sixty-six with significantly higher concentrations in the Runts group (Welch’s 

two-sample t-Tests, p≤ 0.05) (Table 1.13). Within the histology group subset, forty-six were 

found to be elevated in the Top Grade and thirty-eight in the Runts (Table 1.13). An ANOVA 

contrast on the same comparison identified ninety-three metabolites of significantly higher 

concentrations in the Top Grade and fifty-seven in the Runts (ANOVA contrast, p≤ 0.05) (Table 

1.14). ANOVA, contrasts could not be conducted for the sire strains or interaction between size 

group and sire strain as this analysis was assessing the effect of independent variables (Top 

Grade and Runts) averaged across metabolite levels. Further statistical comparisons of Top 

Grade and Runt size groups within and between strains can be found in Tables 1.15 and 1.16. 

ANOVA contrasts identified metabolites of significance for Top Grade and Runts within sire 

strains (p≤ 0.05). The DOM strain had twenty-six metabolites were elevated in the Top Grade 

and one hundred and eighty-five in the Runts (Table 1.15); SC has one hundred and seventy-nine 

elevated in the Top Grade and thirty-seven in the Runts (Table 1.15); VA had thirty-two elevated 

in the Top Grade and forty-two elevated in the Runts (Table 1.15); TX had fifty-two elevated in 

the Top Grade and twenty-one elevated in the Runts (Table 1.15). ANOVA contrasts were also 

conducted between the wild sire strains (SC, TX, and VA) and the DOM (Table 1.16). First, all 

individuals from each wild strain were compared to the DOM strain. Twenty-four metabolites 

were elevated in SC while forty-nine were elevated in the DOM strain (Table 1.16); Eighteen 
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were elevated in VA and one hundred and nineteen were elevated in the DOM (Table 1.16); 

Thirty-seven were elevated in TX while forty were elevated in the DOM (Table 1.16). Next, Top 

Grade individuals from the wild strains were compared to the DOM. One hundred and fourteen 

metabolites were elevated in SC and twelve were elevated in the DOM (Table 1.16); Sixteen 

were elevated in VA and thirty-five were elevated in the DOM (Table 1.16); One hundred and 

five were elevated in TX and sixteen were elevated in the DOM (Table 1.16). Finally, Runts 

individuals from the wild strains were compared to the DOM. Twenty-five metabolites were 

elevated in SC and one hundred and seventy-eight in the DOM (Table 1.16); Fourteen were 

elevated in VA and one hundred and forty-two in the DOM (Table 1.16); Twenty-six were 

elevated in TX and one hundred and forty were elevated in the DOM (Table 1.16). The FL sire 

strain could not be included in any of these comparisons as an inadequate number of FL Runts 

were identified as described above.  

A random forest analysis, with a predictive accuracy of 94.9% (Table 1.17), identified the 

top thirty most important metabolites in relation to growth (Figure 1.5). Metabolites within the 

random forest analysis were labeled by the super pathway to which they belong. Lipids made up 

the greatest portion of metabolites identified in the random forest analysis, approximately 43%. 

Most of the lipids were from sub pathways involved with primary and secondary bile acid 

metabolism. Many of these metabolites were found to have been of significantly greater 

concentration in the Runts group when comparing size groups (Top Grade and Runt) of all liver 

tissue samples and within each sire strain (DOM, SC, TX, and VA). Another metabolite 

identified in the random forest analysis and elevated in the Runt group within these comparisons 

was cortisol, a known stress hormone which affects growth (Figure 1.6) (Barton and Iwama 

1991). Further statistical analyses identified metabolite concentration differences between the 



33 

 

wild sire strains and the DOM strain. The top two metabolites, taurocholate and 

taurochenodeoxycholate, were found to be of significantly higher concentration in the SC and 

VA offspring samples than the DOM (Figures 1.7 and 1.8). Other super pathways represented in 

the random forest analysis included amino acids (20%), cofactors and vitamins (13%), energy 

(7%), and xenobiotics (7%), nucleotide (7%), and carbohydrate (3%).  

Machine learning analysis 

The Ranker method cutoff for hybrid striped bass liver metabolites, regarding size groups 

(Top Grade and Runt), was a weight of 0.195. Metabolites above this cutoff were given higher 

weights by Ranker and were therefore important to classifying hybrid striped bass by size groups 

(Runts or Top Grade). Metabolites below the cutoff had weights of zero, meaning that the 

metabolites were unimportant during the classification according to Shannon entropy. Using the 

sequential minimal optimization with a cross-validation of 66%, Ranker had a percentage of 

correctly classified instances of 76.92%, kappa statistic of 0.4935, and AUROC of 0.764. Fifty 

metabolites were ranked as important in determining which size group a liver tissue sample 

belongs (Top Grade and Runt) (Table 1.18). When these ranked metabolites data were input into 

classifier models a range of correctly classified instances were found. For the sequential minimal 

optimization with a cross-validation of 66% split the correctly classified instances ranged from 

76.92% to 92.31% (Figure 1.9), kappa statistic ranged from 0.4935 to 0.6829, and AUROC from 

0.764 to 0.889. The number of metabolites plotted against the percentage of correctly classified 

instances had a polynomial trendline of the second order with an R-squared value of 0.5435 

(Figure 1.9). Twenty metabolites were the optimal number of metabolites for the sequential 

minimal optimization classifier with a 66% split cross-validation. Multilayer perceptron with a 

cross-validation of 66% split had correctly classified instances ranging from 76.92% to 92.31% 
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(Figure 1.10), kappa statistic ranged from 0.4935 to 0.8312, and AUROC from 0.861 to 1. The 

number of metabolites plotted against percentage of correctly classified instances had a 

polynomial trendline of the second order with an R-squared value of 0.3624 (Figure 1.10). Five 

to twenty metabolites were the optimal number of metabolites for the multilayer perceptron 

classifier with a 66% split cross-validation. Sequential minimal optimization with a cross-

validation of 10 fold had correctly classified instances ranging from 82.05% to 94.87% (Figure 

1.11), kappa statistic ranged from 0.6255 to 0.8943, and AUROC from 0.817 to 0.958. The 

number of metabolites plotted against percentage of correctly classified instances had a 

polynomial trendline of the second order with an R-squared value of 0.5602 (Figure 1.11). 

Twenty metabolites were the optimal number of metabolites for the sequential minimal 

optimization classifier with a 10 fold cross-validation. This was the strongest R-squared value 

when compared to all other hybrid striped bass size group classifiers and cross-validations. 

Multilayer perceptron with a cross-validation of 10 fold had correctly classified instances 

ranging from 87.18% to 97.44% (Figure 1.12), kappa statistic ranged from 0.7325 to 0.9451, and 

AUROC from 0.958 to 0.994. The number of metabolites plotted against the percentage of 

correctly classified instances had a polynomial trendline of the second order with an R-squared 

value of 0.5264 (Figure 1.12). Five metabolites were the optimal number of metabolites for the 

multilayer perceptron classifier with a 10 fold cross-validation. When comparing the optimal 

number of metabolites across all classifiers and cross-validations, the top 5 to 20 metabolites 

were found to be the most important in their relationship to hybrid striped bass size groups (Top 

Grade and Runt). 

Ten randomizations of the dataset were created to test against each classifier and serve as 

a negative control (Schilling et al. 2015). Based on the Laws of Probability, since there were two 



35 

 

size groups (Top Grade and Runt), the percentage of correctly classified instances should have 

been approximately 50% if there was no relationship between patterns of metabolites and size 

groups. Sequential minimal optimization with a 66% split cross-validation averaged percent 

correctly classified instances of 59.23 ± 17.79, kappa statistic 0.05 ± 0.41, and AUROC 0.55 ± 

0.18. Multilayer perceptron with a 66% split cross-validation averaged percent correctly 

classified instances of 56.16 ± 18.86, kappa statistic 0.08 ± 0.36, and AUROC 0.54 ± 0.23. 

Sequential minimal optimization with a 10 fold cross-validation averaged percent correctly 

classified instances of 57.69 ± 11.03, kappa statistic 0.07 ± 0.25, and AUROC 0.54 ± 0.12. 

Multilayer perceptron with a 10 fold cross-validation averaged percent correctly classified 

instances of 56.92 ± 9.81, kappa statistic 0.09 ± 0.20, and AUROC 0.57 ± 0.16. All values 

reported as mean ± standard deviation. Each of the randomizations percent of correctly classified 

instances were close to the predicted 50%. Kappa statistics less than 0.2 are considered poor 

performance (Schilling et al. 2015). AUROC values of 0.5 are considered comparable to random 

assignment and less than 0.5 indicates classifier performance was worse than random assignment 

prediction (Schilling et al. 2015). These results indicate that the machine learning was true. 

The Ranker method cutoff for hybrid striped bass liver metabolites, regarding sire strain 

(DOM, FL, SC, TX, and VA), was a weight of 0.403. Metabolites above this cutoff were given 

higher weights by Ranker and were therefore important to hybrid striped bass sire strains. 

Metabolites below the cutoff had weights of zero, meaning the metabolites were unimportant 

during the classification. Using the sequential minimal optimization with a cross-validation of 

66%, Ranker had a percentage of correctly classified instances of 46.15%, kappa statistic of 

0.2946, and AUROC of 0.646. Twelve metabolites were ranked as important in determining 

which sire strain a liver tissue sample belongs (DOM, FL, SC, TX, and VA) (Table 1.19). 



36 

 

Classifier models had a range of correctly classified instances when ranked metabolite data was 

entered. Sequential minimal optimization with a cross-validation of 66% split the correctly 

classified instances ranged from 23.08% to 53.85% (Figure 1.13), kappa statistic ranged from -

0.0833 to 0.4348, and AUROC from 0.472 to 0.767. The number of metabolites plotted against 

percentage of correctly classified instances had a polynomial trendline of the second order with 

an R-squared value of 0.6658 (Figure 1.13). Nine metabolites were the optimal number of 

metabolites for the sequential minimal optimization classifier with a 66% split cross-validation. 

Multilayer perceptron with a cross-validation of 66% split had correctly classified instances 

ranging from 23.08% to 46.15% (Figure 1.14), kappa statistic ranged from 0.0152 to 0.3546, and 

AUROC from 0.615 to 0.756. The number of metabolites plotted against percentage of correctly 

classified instances had a polynomial trendline of the second order with an R-squared value of 

0.6536 (Figure 1.14). Six to ten metabolites were the optimal number of metabolites for the 

multilayer perceptron classifier with a 66% split cross-validation. J48 with a cross-validation of 

66% split had correctly classified instances ranging from 30.77% to 38.46% (Figure 1.15), kappa 

statistic ranged from 0.1333 to 0.218, and AUROC from 0.565 to 0.597. The number of 

metabolites plotted against percentage of correctly classified instances had a polynomial 

trendline of the second order with an R-squared value of 0.3033 (Figure 1.15). One metabolite 

was the optimal number of metabolites for the J48 classifier with a 66% split cross-validation. 

Sequential minimal optimization with a cross-validation of 10 fold had correctly classified 

instances ranging from 28.21% to 51.28% (Figure 1.16), kappa statistic ranged from -0.0292 to 

0.3612, and AUROC from 0.493 to 0.754. The number of metabolites plotted against percentage 

of correctly classified instances had a polynomial trendline of the second order with an R-

squared value of 0.8436 (Figure 1.16). Nine to twelve metabolites were the optimal number of 
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metabolites for the sequential minimal optimization classifier with a 10 fold cross-validation. 

This plot had the strongest R-squared value when compared to all other hybrid striped bass sire 

strain classifiers. Sequential minimal optimization with a cross-validation of 10 fold was the 

strongest plot for both hybrid striped bass size groups and sire strain. Multilayer perceptron with 

a cross-validation of 10 fold had correctly classified instances ranging from 41.03% to 64.1% 

(Figure 1.17), kappa statistic ranged from 0.2261 to 0.5345, and AUROC from 0.678 to 0.856. 

The number of metabolites plotted against percentage of correctly classified instances had a 

polynomial trendline of the second order with an R-squared value of 0.6648 (Figure 1.17). 

Twelve metabolites were the optimal number of metabolites for the multilayer perceptron 

classifier with a 10 fold cross-validation. J48 with a cross-validation of 10 fold had correctly 

classified instances ranging from 41.03% to 61.54% (Figure 1.18), kappa statistic ranged from 

0.2353 to 0.5157, and AUROC from 0.562 to 0.743. The number of metabolites plotted against 

percentage of correctly classified instances had a polynomial trendline of the second order with 

an R-squared value of 0.5582 (Figure 1.18). Four metabolites were the optimal number of 

metabolites for the J48 classifier with a 10 fold cross-validation. When comparing the optimal 

number of metabolites across all classifiers and cross-validations, the top 9 to 12 metabolites 

were found to be the most important in their relationship to hybrid striped bass sire strain (DOM, 

FL, SC, TX, and VA). 

Ten randomizations of the dataset were created to test against each classifier and serve as 

a negative control (Schilling et al. 2015). Based on the Laws of Probability, since there were five 

sire strains (DOM, FL, SC, TX, and VA), the percentage of correctly classified instances should 

have been approximately 20%. Sequential minimal optimization with a 66% split cross-

validation averaged percent correctly classified instances of 26.15 ± 8.27, kappa statistic -0.01 ± 
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0.16, and AUROC 0.47 ± 0.07. Multilayer perceptron with a 66% split cross-validation averaged 

percent correctly classified instances of 17.69 ± 8.15, kappa statistic -0.03 ± 0.17, and AUROC 

0.46 ± 0.11. J48 with a 66% split cross-validation averaged percent correctly classified instances 

of 18.46 ± 9.73, kappa statistic -0.04 ± 0.11, and AUROC 0.46 ± 0.09. Sequential minimal 

optimization with a 10 fold cross-validation averaged percent correctly classified instances of 

30.26 ± 7.13, kappa statistic 0.02 ± 0.11, and AUROC 0.47 ± 0.08. Multilayer perceptron with a 

10 fold cross-validation averaged percent correctly classified instances of 26.41 ± 11.28, kappa 

statistic 0.03 ± 0.15, and AUROC 0.5 ± 0.12. J48 with a 10 fold cross-validation averaged 

percent correctly classified instances of 21.28 ± 8.55, kappa statistic -0.02 ± 0.12, and AUROC 

0.5 ± 0.06. All values reported as mean ± standard deviation. Each of the randomizations percent 

of correctly classified instances were close to the predicted 20%. Kappa statistics less than 0.2 

are considered poor performance (Schilling et al. 2015). AUROC values of 0.5 are considered 

comparable to random assignment (Schilling et al. 2015). An AUROC less than 0.5 or negative 

kappa statistic indicates classifier performance was worse than random assignment prediction 

(Schilling et al. 2015). These results indicate that the machine learning was true. 

IMPaLA pathway analysis 

 Machine learning analysis identified fifty important metabolites in differentiating 

between Top Grade and Runt size groups, which were input into the IMPaLA online tool (Table 

1.18). Six metabolites were not found within pathways using any of their identifiers. They 

included 1-oleoyl-2-linoleoyl-GPC (18:1/18:2), oleoylcholine, eugenol sulfate, 

palmitoleoylcarnitine (C16:1), gamma-tocopherol/beta-tocopherol, and benzoylcarnitine. Forty-

three metabolites were matched by their HMDB identifier. Twelve metabolites were found in 

IMPaLA but could not be identified within metabolic pathways. These metabolites included cis-
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urocanate, 3-amino-2-piperidone, 1,2-dioleoyl-GPI (18:1/18:1), succinylcarnitine (C4), 

palmitoyl-docosahexaenoyl-glycerol (16:0/22:6) [2], 5-methylcytidine, ophthalmate, 2-

piperidinone, stearoylcarnitine (C18), N-palmitoyl-sphinganine (d18:0/16:0), 1-stearoyl-2-

linoleoyl-GPI (18:0/18:2), and tauro-beta-muricholate. Though these metabolites were not 

identified in metabolic pathways, carnitine metabolites are known to be related to branched chain 

amino acid metabolism (Platell et al. 2000). Thirty-one metabolites were identified within 

pathways (Table 1.20). A total of seven hundred and sixty-two pathways were found with at least 

one metabolite matched, sixteen of which were found to be significant (Table 1.21). This was 

determined by the Pmetabolites value provided by IMPaLA. The cutoff was set at 9.58e-05 as the 

next value was 0.000135. One pathway, dimethylglycine dehydrogenase deficiency, was listed 

twice in the pathway analysis results (Table 1.21). Reasoning for this duplication was unclear as 

all categories listed for a pathway were the same and no information about such an occurrence 

could be found. Within the sixteen important pathways the overlapping metabolites were cross 

referenced to determine which metabolites appeared most frequently. These metabolites were 

homocysteine (15/16), cystathionine (14/16), pyridoxal phosphate (13/16), dimethylglycine 

(11/16), sarcosine (10/16), and glycerate (9/16) (Figures 1.19 through 1.24). The numerator of 

the fraction after each metabolite designates the number of pathways they overlapped in out of 

the sixteen important pathways.  

 One metabolite did not have an HMDB identifier and was identified in IMPaLA by its 

PUBCHEM identifier, arabitol/xylitol (Figure 1.25). Of the eleven pathways it was found in, 

only one was significant, Pentose and glucuronate interconversions - Homo sapiens (human). 

The pathway source was KEGG and had two overlapping metabolites, xylitol and adonitol. The 

Pmetabolites value for this pathway was 0.000143 and the Qmetabolites value was 0.609. The next best 
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pathway had a Pmetabolites value of 0.00545 and Qmetabolites value of 1, therefore it was removed 

from inclusion. 

 Eleven of the twelve metabolites identified as important in differentiating between hybrid 

striped bass sire strain were identified within IMPaLA using their HMDB identifier (Table 1.19). 

Only five of those eleven were found within pathways; they were ergothioneine, phenylalanine, 

2,3-dihydroxyisovalerate, methylmalonate (MMA), and valine. A total of one hundred and 

sixteen pathways were found to have at least one metabolite match and eighteen of these 

metabolic pathways were found to be significant (Table 1.22). The Pmetabolites value cutoff was set 

at less than 0.002. Within the eighteen important pathways the overlapping metabolites were 

cross referenced to determine which metabolites appeared most frequently; valine (18/18) and 

phenylalanine (16/18) (Figures 1.26 and 1.27). The numerator of the fraction after each 

metabolite designates the number of pathways they overlapped in out of the eighteen important 

pathways. Other overlapping metabolites included ergothioneine, 2,3-dihydroxyisovalerate, and 

methylmalonate, but each were only present in 1 of 18 pathways. One metabolite, palmitoyl 

dihydrosphingomyelin (d18:0/16:0), did not have an HMBD identifier provided and was checked 

in IMPaLA using its PUBCHEM identifier. This metabolite was not matched to any metabolic 

pathways.  

Discussion  

Hybrid striped bass sampling 

 When comparing hybrid striped bass samples between the two size groups, Top Grade 

were both significantly longer and weighed more than the Runts. These results indicated a Runt 

Effect in which there was something fundamentally different between the two populations as 

they were grown separately from one another after grading at Phase 1.  
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Microsatellite genotyping  

Results also indicated there was a Strain Effect where hybrid striped bass sired from 

different strains had varying growth performance outcomes. The total lengths and weights of 

offspring between Top Grade and Runts within DOM, SC, and VA strains were all significantly 

different. TX offspring were only significantly different between total lengths where the Top 

Grade were significantly longer.  

The FL strain could not be included in statistical analyses as a low sample size was 

observed within the hybrid striped bass sampled population, indicating a lack of survival 

robustness. This result was unfortunate as the FL strain had the highest average weight for hybrid 

striped bass offspring. The DOM strain, which had the second highest average weight, weighed 

significantly more than other wild strains. DOM also had the greatest representation in the 

sampled population with twenty-two offspring. As the hybrid striped bass were randomly 

sampled this showed that the DOM strain had a greater survivorship than wild strains when 

raised in pond conditions. DOM strain hybrid striped bass growth and survivorship performance 

in this study may have beneficial implications for future broodstock decisions. Further evidence 

for the use of strain selection is provided in Kenter et al. (2018). The male striped bass used in 

the current study to create the sunshine hybrid striped bass were originally used in Kenter et al. 

(2018). The mean age adjusted final weight of the striped bass followed a similar pattern to that 

of the growth performances per strain for the current study. FL and DOM striped bass had the 

two greatest mean age adjusted final weights, VA was third, and the SC strain had the lowest 

(Kenter et al. 2018). These results indicate that growth performance may be heritable.  
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It is important to note that these results do not mean that hybrid striped bass growth 

performance within or between strains are differentiated because of the same issue. The Runt and 

Strain Effects may have different underlying causes.  

Muscle histology 

The current muscle histology analysis was a comparative study to one conducted by 

Sarah Rajab. Hybrid striped bass reared by Rajab et al. (2019) were sampled at 22 months of age 

and the top ten percent of fish by weight averaged 2.1 lbs. (0.95 kg). The fish from the current 

study were harvested at 15 months of age and were considerably smaller averaging 1.35 lbs. 

(0.61kg). Rajab et al. 2019 hybrid striped bass were 7 months older and weighed approximately 

64% more.  

Significant differences were found between fiber sizes in the Rajab et al. (2019) study 

where the top ten percent of fish by weight at harvest had significantly more fibers with smaller 

diameters than the bottom ten percent of fish by weight. No such pattern was found between 

fiber sizes in hybrid striped bass from the current study. Interestingly when outliers were 

identified and removed two were from the >150 μm fiber diameter bin and represented the Runt 

group based on their size group assigned at Phase 1 and weight at harvest (15 months of age). 

These two individuals had greater proportions of large muscle fibers compared to other Runt and 

Top Grade fish. Two of the eighteen fish scored represented 11% of the study population. 

Therefore, a histological switch between hyperplastic and hypertrophic growth may not be 

evident until later in age, possibly between 15 and 22 months of age. Statistically the switch in 

growth strategy may not be apparent until the typical age of commercial harvest at 16 to 18 

months of age.  
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Differences were also identified between metabolomic analysis of hybrid striped bass 

liver tissues from Rajab et al. (2019) and the current study. This showed the fish were in 

different metabolic states related to growth performance and it may be possible that metabolites 

and their concentrations change alongside the shift from hyperplastic to hypertrophic growth. 

Results indicated that metabolomic analysis may be used as an earlier indicator of potential 

growth performance than muscle fiber histology. 

Metabolomic analysis 

 Many of the metabolites identified as important to the differentiation between size groups 

through metabolomic analysis were related to bile acids. This included five out of the top six 

metabolites shown in the random forest analysis (Figure 1.5). Bile acids were found to be of 

significantly higher concentrations in the Runt group. They are steroid acids found in the bile of 

vertebrates and have two classifications, primary and secondary (Boyer 2013). Primary bile 

acids, such as cholate, are produced in the liver from cholesterol (Boyer 2013). These primary 

bile acids may be secreted into the gut and conjugated with taurine and/or glycine molecules by 

bacteria, creating secondary bile acids (Boyer 2013). The main purpose of bile acids is to aid in 

the emulsification and absorption of lipids, which are critically important to growth. Bile acids 

are recycled within the body through a process called enterohepatic circulation and the synthesis 

of new bile acids are self-regulating (Fiorucci et al. 2009). Precursors to bile acid synthesis, such 

as cholesterol and 7-hydroxycholesterol, were not significantly greater in either size group, 

meaning there may be a difference in bile acid recycling between the two groups. Further 

evidence of dysfunction in relation to bile was the identification of biliverdin and bilirubin, two 

other metabolites by the random forest analysis (Figure 1.5). Bilirubin is converted to biliverdin 
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at the end of heme metabolism and are bile pigments excreted from the body through bile 

(Hofmann 1999). Both pigments were found to be elevated within the Runt group. 

The top two metabolites identified by the random forest analysis were the bile acids 

taurocholate and taurochenodeoxycholate. Both were found at significantly higher concentrations 

in the Runt size group. The highest scaled intensity was in the SC strain hybrid striped bass and 

the lowest was in the DOM strain. When looking at the mean weight of these strains within the 

Runt group, SC hybrid striped bass had the worst growth performance while DOM had the best 

(Figure 1.28). These results suggest that bile acid concentration may be a symptom of some 

unknown underlying cause affecting growth performance.  

Another metabolite derived from cholesterol that was identified as important was cortisol. 

It is a steroid hormone released from chromaffin tissue in response to stress and has been 

associated with lowering growth performance and feed conversion of some fish species. Cortisol 

was found to be significantly elevated in the hybrid striped bass Runt size group (Figure 1.6). 

Like the bile acid results, elevated cortisol levels may be a symptom of an underlying metabolic 

problem.  

Machine learning analysis  

 Random sampling of the hybrid striped bass resulted in an unequal number of Top Grade 

and Runts samples within each sire strain, including no Runts within the FL strain. This resulted 

in an overall unequal number of samples between the size groups. Machine learning was used as 

it can handle unequal sample sizes.  

 Metabolites were ranked based on their importance through random forest analysis 

between size groups and machine learning analysis between size groups and sire strain. A total of 

twenty-seven metabolites matched between at least two of the comparisons and two metabolites 



45 

 

matched within all three. Metabolites belonged to the following super pathways; amino acid 

(22%), carbohydrate (4%), cofactors and vitamins (4%), energy (7%), lipid (48%), nucleotide 

(7%), and xenobiotics (7%). The lists of important metabolites ranked by the random forest 

analysis and machine learning analysis between size groups had the greatest match percentage. 

Ninety percent of the random forest analysis metabolites were also identified in the machine 

learning analysis between size groups. This result was unsurprising as both analyses compared 

between size groups. When the twenty-seven metabolites were compared to those identified in 

the machine learning analysis between sire strains two matched, 2,3-dihydroxyisovalerate and 

methylmalonate (MMA). Both may be used as important metabolic biomarkers in the future 

when differentiating between growth potential and strains of hybrid striped bass.  

The metabolite 2,3-dihydroisovalerate is an intermediate in the valine, leucine, and 

isoleucine biosynthesis pathway (Wishart et al. 2017). Methylmalonate is an important 

intermediate involved with the metabolism of lipids and proteins and known to play a role in 

valine, leucine, and isoleucine degradation (Wishart et al. 2017). Various carnitine metabolites 

that could not be linked to metabolic pathways by IMPaLA pathway analysis have been found to 

play a role in branched chain amino acid metabolism (Platell et al. 2000). Valine, leucine, and 

isoleucine are crucial components in the formation of muscle tissue and regulate many signaling 

pathways which connect physiological and metabolic functions (Zhang et al. 2017). These three 

branched chain amino acids can only be obtained through diet, but studies have shown that 

deficient or excessive levels could cause metabolic disruptions in areas including lipid 

metabolism, glucose transportation, and protein synthesis (Zhang et al. 2017). Homeostasis of all 

metabolic processes is required for growth to occur. These results suggest further research should 
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be conducted on understanding how valine, leucine, and isoleucine pathways may play a role in 

hybrid striped bass growth.  

IMPaLA pathway analysis 

 Sixteen pathways were identified as important in differentiating between size groups. 

One carbon metabolism was the pathway with the smallest Pmetabolites value. Its related pathways 

were linked to cysteine and methionine metabolism in Mus musculus (house mouse) in KEGG 

(Kyoto Encyclopedia of Genes and Genomes) (Kanehisa et al. 2018). Metabolites cysteine and 

methionine are amino acids containing sulfur (Kanehisa et al. 2018). The sulfur source is 

homocysteine derived from methionine where its condensation product serine, and its 

intermediate cystathionine, are converted into cysteine (Kanehisa et al. 2018). Methionine is 

considered a rate limiting amino acid in various protein sources (Nguyen et al. 2019), including 

plant based fish diets and its conversion into cysteine is thought to exist in fish but has only been 

confirmed in the livers of mammals (Li et al. 2009). Methionine concentrations affect multiple 

metabolic processes in the body including fatty acid oxidation, phospholipid status, creatine 

synthesis, bile acid production, and polyamine availability (Nguyen et al. 2019). Cobia 

(Rachycentron canadum) fed diets deficient in methionine had much lower growth performance 

than those fed diets with methionine levels that were sufficient or in surplus (Nguyen et al. 

2019). However, growth performance was optimal in cobia fed the sufficient methionine level 

diet (Nguyen et al. 2019). Deficiency in methionine has been linked to the lowering of feeding 

intake in various species including European sea bass (Dicentrarchus labrax), grouper 

(Epinephelus coioides), large yellow croaker (Pseudosciaena crocea), and golden pompano 

(Trachinotus ovatus) (Nguyen et al. 2019). This deficiency resulted in a loss of appetite, reduced 

growth, and lowered feed efficiency (Nguyen et al. 2019). Surplus levels of amino acids, 
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including methionine, in the diet may affect absorption and use of other amino acids, in turn 

negatively impacting growth (Nguyen et al. 2019). In total, excessive or deficient levels of 

methionine can negatively impact growth performance or feed utilization (Nguyen et al. 2019). 

Therefore, disruption within the cysteine and methionine metabolism pathway could have 

deleterious effects on hybrid striped bass. Most of the overlapping metabolites identified within 

the pathway were elevated significantly in the Runt size group. Cysteine and methionine were 

also found in the hybrid striped bass liver tissues, but neither size group had more significant 

concentrations. These results imply some form of cysteine and methionine metabolism 

dysfunction within the Runt size group.  

The MTHFR deficiency, also known as methylenetetrahydrofolate reductase deficiency 

in humans, was also found to be important to size groups and was linked in Wikipathways 

(Slenter et al. 2017). MTHFR is a regulatory enzyme in the metabolism of folate and 

homocysteine (Leclerc et al. 2005). Mutations, including genetic, in MTHFR have been linked to 

multiple disorders in humans with varying levels of rarity and are associated with disturbances in 

homocysteine metabolism (Leclerc et al. 2005). Homocysteine, dimethylglycine, 1-stearoyl-2-

arachidonoyl-GPE (18:0/20:4), and 1-stearoyl-2-docosahexaenoyl-GPC (18:0/22:6) were the 

four overlapping metabolites in the MTHFR deficiency pathway. 1-stearoyl-2-docosahexaenoyl-

GPC (18:0/22:6) was linked with two other ranked metabolites in IMPaLA, 1,2-dilinoleoyl-GPC 

(18:2/18:2) and 1-palmitoleoyl-2-linoleoyl-GPC (16:1/18:2). Again, most of these metabolites 

were found at significantly higher concentrations in the Runt size group, indicating a disruption 

in homocysteine metabolism. Further support for cysteine metabolism dysfunction in hybrid 

striped bass includes the following pathways from Table 1.21: cysteine formation from 
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homocysteine, homocysteine degradation, gamma-cystathionase deficiency (CTH), and 

homocystinuria cystathionine beta-synthase deficiency.  

A total of eighteen pathways were of importance to differentiating between sire strain. 

Many of the pathways were related to tRNA aminoacylation (Table 1.22), which is the bonding 

of tRNA with an amino acid through chemical means (Fabregat et al. 2017). These reactions are 

catalyzed through tRNA synthetase enzymes, which are all encoded by the nuclear genome 

(Fabregat et al. 2017). There are two enzyme isoforms, cytosolic and mitochondrial, both of 

which were part of the eighteen pathways identified (Fabregat et al. 2017). The mitochondrial 

and cytosolic tRNA synthetases are encoded by different genes (Fabregat et al. 2017). 

Synthetases for tRNA may be specific to other amino acid metabolites such as methionine, 

leucine, and isoleucine (Fabregat et al. 2017). Catalyzed activities of aminoacyl tRNA determine 

genetic code and are crucial in the building of proteins and cell viability (Park et al. 2008). 

Within each of the pathways relating to tRNA aminoacylation, each had only two overlapping 

metabolites, valine and phenylalanine. Neither of these metabolites had significantly different 

concentrations between the size groups, but the reoccurrence of tRNA aminoacylation in the 

pathway analysis indicates a potential difference between Runt and Top Grade fish.  

Two other related pathways were valine, leucine, and isoleucine biosynthesis and 

degradation in humans. These three are known as essential branched chain amino acids and have 

various physiological and metabolic functions (Monirujjaman and Ferdouse 2014), some of 

which were discussed above. Valine, leucine, and isoleucine play a regulatory role in the 

synthesis and degradation of skeletal muscle and other organs (Monirujjaman and Ferdouse 

2014). They act as oxidation carbon sources for energy production and precursors in muscle 

protein synthesis (Monirujjaman and Ferdouse 2014). In the liver and skeletal muscle, the 



49 

 

branched chain amino acids regulate protein and glycogen metabolism, glucose homeostasis, and 

growth (Monirujjaman and Ferdouse 2014).  

Valine, leucine, and isoleucine may also act as biomarkers of different diseases. The three 

branched chain amino acids have been found to be correlated with hepatic steatosis in humans 

(Lake et al. 2015). Increasing levels of branched chain amino acids corresponded with the 

progression of hepatic steatosis to nonalcoholic steatohepatitis, a condition that can be fatal 

(Lake et al. 2015). Valine, leucine, and isoleucine were not significantly different between Runt 

and Top Grade size groups. This may imply a difference within the biosynthesis and degradation 

pathways themselves. Three metabolites (3-methyl-2-oxovalerate, 3-methyl-2-oxobutyrate, and 

4-mehtly-2-oxopentanoate) were identified within the hybrid striped bass liver tissue samples. 

They are abnormal metabolites that only present in the body when degradation of branched chain 

amino acids is incomplete (Wishart et al. 2017). These abnormal metabolites are considered both 

neurotoxins and metabotoxins (Wishart et al. 2017). As neurotoxins they can damage nerve 

tissue and cells and as metabotoxins they may cause adverse health effects (Wishart et al. 2017). 

Their presence indicates a disruption in valine, leucine, and isoleucine degradation, one of the 

pathways identified during IMPaLA pathway analysis of important hybrid striped bass sire strain 

metabolites. Branched chain amino acids have also thought to impact insulin target organs 

including skeletal muscle, adipose tissue, and the liver (Tajiri and Shimizu 2013). Their 

supplementation has been linked to improved insulin resistance in humans with chronic liver 

diseases (Tajiri and Shimizu 2013). In healthy humans, valine, leucine, and isoleucine have been 

found to increase insulin levels and glucose clearance (Yang et al. 2010). In particular, leucine 

directly stimulates the release of insulin from pancreatic beta cells, therefore impacting glucose 

homeostasis (Yang et al. 2010).  
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Many of the pathways identified as important by IMPaLA had very little or no 

information linked to them, thus increasing the difficulty of understanding their relation to fish 

growth. Further research will be required to understand their impacts on growth.  
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Table 1.1. Hybrid striped bass offspring total lengths and weights produced by striped bass male 

sires from different geographic strains. “DOM” represents the domestic striped bass strain raised 

at the North Carolina State University Pamlico Aquaculture Field Laboratory (Aurora, NC). The 

strains of wild origin were Florida (FL), Texas (TX), South Carolina (SC), and Virginia (VA). 

Sample sizes are provided for offspring of each sire strain, along with total length and weight; all 

values provided mean ± standard deviation. Significant differences were calculated through 

ANOVA, Tukey-Kramer HSD analysis, and designated by letter.  

               

Sire Strain Sample Size  Total Length (mm)  Weight (g)    

DOM  22   338.1 ± 27.3 A   618.0 ± 146.0 A 

FL  4   340.8 ± 11.6 AB  656.3 ± 71.0 AB 

SC   11   308.3 ± 28.3 B   456.6 ± 128.5 B 

TX  15   313.5 ± 26.8 AB  470.2 ±115.2 B 

VA  19   320.6 ± 25.0 AB  499.3 ± 107.7 B   
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Table 1.2. Sample size, total length (mm), and weight (g) for hybrid striped bass body size 

groups (Top Grade and Runt). Total sample size was seventy-one because one Runt hybrid 

striped bass failed in the microsatellite genotyping multiplex assignment. All values given as 

mean ± standard deviation. Significant difference between Top Grade and Runt were calculated 

through a t-Test (unequal variance).  

              

Size Group Sample Size  Total Length (mm)  Weight (g)    

Top Grade 36   345.3 ± 16.2   633.2 ± 106.1 

Runt  35   301.6 ± 19.0   428.2 ± 85.3 

Total   71   323.8 ± 28.2   532.2 ± 140.8    
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Table 1.3. Total lengths (mm), and weights (g) of hybrid striped bass within size groups (Top 

Grade and Runt) and for each sire strain (Domestic (DOM), Florida (FL), South Carolina (SC), 

Texas (TX), and Virginia (VA)). Total sample size of liver tissues was seventy-one because one 

Runt hybrid striped bass failed in the microsatellite genotyping multiplex assignment. There 

were an inadequate number of FL Runt therefore calculations could not be conducted (indicated 

by “-”). All values given as mean ± standard deviation. Significant difference between Top Grade 

and Runt fish within sire strains were calculated using ANOVA Tukey-Kramer HSD tests 

              

    Top Grade     Runt 

Sire Strain Total Length (mm) Weight(g)  Total Length (mm) Weight (g)  

DOM  352.2 ± 15.8  684.2 ± 108.6  300.7 ± 7.9  441.7 ± 52.7 

FL  340.8 ± 11.6  656.3 ± 71.0  -   - 

SC  335.3 ± 26.5  589.3 ± 136.7  298.1 ± 22.6  406.9 ± 88.7 

TX  341.8 ± 14.4   557.5 ± 87.9  303.3 ± 22.6  438.5 ± 110.1 

VA  340.1 ± 14.1  580.7 ± 74.3  303.0 ± 18.7  426.0 ± 75.5  
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Table 1.4. Muscle histology analysis between hybrid striped bass Top Grade and Runt size 

groups assigned at Phase 1 based on their growth potential. All values are listed as mean ± 

standard deviation and represent the average scores between two independent scorers. Total 

length (mm) and weight (kg) were those collected during harvest at 15 months of age. T-Tests 

(unequal variance) were used to identify significant differences between the size groups and are 

designated by P-values with an asterisk and an alpha value of 0.05.  

              

      Size Group at Phase 1     

     Top Grade  Runt   P-value  

Total Length (mm)   338.33 ± 12.04 315.11 ± 33.74 0.0804 

Weight (kg)    0.59 ± 0.08  0.44 ± 0.07  0.0013* 

Number of Fibers: 

  10-20µm diameter   19.72 ± 12.27  39.11 ± 23.90  0.0513    

  10-25µm diameter    30.11 ± 16.39  56.78 ± 29.11  0.0329* 

  10-50µm diameter    148.56 ± 67.63 139.94 ± 58.71 0.7768 

  10-75µm diameter   233.06 ± 76.31 232.33 ± 74.48 0.9840 

  10-100µm diameter    291.94 ± 93.63 305.39 ± 94.34 0.7655 

  >75µm diameter    110.28 ± 12.71 113.33 ± 16.90 0.6709 

  >100µm diameter    51.39 ± 16.10  40.28 ± 19.08  0.2011 

  >150µm diameter   0.33 ± 0.71  1.50 ± 2.41  0.1958 

Average Fiber Diameter (µm)  63.73 ± 6.84  63.58 ± 9.36  0.9684   

Average Number of Fibers Scored 114.44 ± 26.67 115.22 ± 25.95 0.9508   
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Table 1.5. Muscle histology analysis between hybrid striped bass Top Grade and Runt size 

groups assigned by weight at harvest (15 months of age). All values are listed as mean ± standard 

deviation and represent the average scores between two independent scorers. T-Tests (unequal 

variance) were used to identify significant differences between the size groups and are 

designated by P-values with an asterisk and an alpha value of 0.05.  

              

      Weight at Harvest (14 months)    

     Top Grade  Runt   P-value  

Total Length (mm)   338.78 ± 11.94 314.67 ± 33.43 0.0689 

Weight (kg)    0.61 ± 0.07  0.43 ± 0.05  <0.0001* 

Number of Fibers: 

  10-20µm diameter   24.67 ± 13.74  34.17 ± 26.34  0.3562 

  10-25µm diameter    33.11 ± 17.44  53.78 ± 31.17  0.1070 

  10-50µm diameter    133.72 ± 54.37 154.78 ± 69.69 0.4857 

  10-75µm diameter   226.89 ± 49.11 238.50 ± 94.25 0.7487 

  10-100µm diameter    285.50 ± 63.56 311.83 ± 115.49 0.5597 

  >75µm diameter    108.17 ± 11.81 115.44 ± 16.83 0.3058 

  >100µm diameter    49.56 ± 12.62  42.11 ± 22.42  0.4015 

  >150µm diameter   0.33 ± 0.71  1.50 ± 2.41  0.1958 

Average Fiber Diameter (µm)  64.17 ± 5.12  63.14 ± 10.37  0.7943   

Average Number of Fibers Scored 111.69 ± 18.83 117.98 ± 31.76 0.6175   
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Table 1.6. Muscle histology analysis between hybrid striped bass Top Grade and Runt size 

groups assigned by total length at harvest (15 months of age). All values are listed as mean ± 

standard deviation and represent the average scores between two independent scorers. T-Tests 

(unequal variance) were used to identify significant differences between the size groups and are 

designated by P-values with an asterisk and an alpha value of 0.05.  

              

      Total Length at Harvest (14 months)   

     Top Grade  Runt   P-value  

Total Length (mm)   347.89 ± 20.56 305.56 ± 12.49 0.0001* 

Weight (kg)    0.59 ± 0.10  0.44 ± 0.05  0.0012* 

Number of Fibers:  

  10-20µm diameter   21.39 ± 13.68  37.44 ± 24.51  0.1108  

  10-25µm diameter    28.94 ± 17.11  57.94 ± 27.39  0.0180* 

  10-50µm diameter    128.22 ± 57.60 160.28 ± 64.55 0.2829 

  10-75µm diameter   215.83 ± 59.34 249.56 ± 84.91 0.3450 

  10-100µm diameter    274.00 ± 71.60 323.33 ± 106.17 0.2671 

  >75µm diameter    109.61 ± 12.81 14.00 ± 16.66  0.5404 

  >100µm diameter    51.44 ± 13.43  40.22 ± 21.01  0.1991 

  >150µm diameter   1.06 ± 2.16  0.78 ± 1.54  0.7579 

Average Fiber Diameter (µm)  65.70 ± 6.88  61.61 ± 8.82  0.2902   

Average Number of Fibers Scored 108.48 ± 21.05 121.19 ± 29.17 0.3067   
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Table 1.7. Muscle histology analysis between hybrid striped bass Top Grade and Runt size 

groups assigned at Phase 1 based on their growth potential. Analyses excluded outliers. All 

values are listed as mean ± standard deviation and represent the average scores between two 

independent scorers. T-Tests (unequal variance) were used to identify significant differences 

between the size groups.  

              

      Size Group at Phase 1      

     Top Grade  Runt   P-value  

Number of Fibers 10-75µm diameter 110.28 ± 12.71 108.44 ± 8.95  0.7328 

Number of Fibers >150µm diameter 0.33 ± 0.71  0.36 ± 0.75  0.9494   
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Table 1.8. Muscle histology analysis between hybrid striped bass Top Grade and Runt size 

groups assigned by weight at harvest (15 months of age). Analyses excluded outliers. All values 

are listed as mean ± standard deviation and represent the average scores between two 

independent scorers. T-Tests (unequal variance) identified no significant differences between the 

size groups.  

              

      Weight at Harvest (14 months)     

     Top Grade  Runt   P-value  

Number of Fibers 10-75µm diameter 108.17 ± 11.81 110.81 ± 10.15 0.6266 

Number of Fibers >150µm diameter 0.33 ± 0.71  0.36 ± 0.75  0.9494   
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Table 1.9. Muscle histology analysis between hybrid striped bass Top Grade and Runt size 

groups assigned by total length at harvest (15 months of age). Analyses excluded outliers. All 

values are listed as mean ± standard deviation and represent the average scores between two 

independent scorers. T-Tests (unequal variance) were used to identify significant differences 

between the size groups. 

              

      Total Length at Harvest (14 months)   

     Top Grade  Runt   P-value  

Number of Fibers 10-75µm diameter 109.61 ± 12.81 109.19 ± 8.88  0.9374 

Number of Fibers >150µm diameter 0.38 ± 0.74  0.31 ± 0.70  0.8655   
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Table 1.13. Statistical comparisons identifying the number of significant metabolites through 

analysis of Top Grade and Runt size groups. All hybrid striped bass liver tissues (N=39) 

submitted to Metabolon for metabolite analysis and the subset of hybrid striped bass liver tissues 

from muscle histology analysis (N=18) were compared separately. Total number of metabolites 

which are statistically significant by Welch’s two-sample t-Tests (p≤ 0.05) between Top Grade 

and Runt groups are indicated.  

              

       Metabolon Samples Histology Samples  

Statistically Significant Metabolites (p≤0.05) 147   84   

Metabolites Upregulated in Top Grade  81   46 

Metabolites Upregulated in Runt   66   38    
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Table 1.14. Statistical comparisons identifying the number of statistically significant metabolites 

in hybrid striped bass liver tissues (N=39) through ANOVA, contrast analysis of the group main 

effect (Top Grade versus Runt). Total number of metabolites were listed which were statistically 

significant (p≤ 0.05). 

              

       Group Main Effect     

Statistically Significant Metabolites (p≤0.05)  150   

Metabolites Upregulated in Top Grade   93       

Metabolites Upregulated in Runt   57       
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Table 1.15. Statistical comparisons identifying the number of significant metabolites in hybrid 

striped bass liver tissue samples through ANOVA, contrast analyses of Top Grade and Runt 

(N=39 fish) and each sire strain (domestic (DOM), South Carolina (SC), Virginia (VA), and 

Texas (TX)). Total number of metabolites were listed which were statistically significant (p≤ 

0.05).  

              

       Liver Samples DOM SC VA TX  

Statistically Significant Metabolites (p≤0.05) 150   211 216 74 73 

Metabolites Upregulated in Top Grade  93   26 179 32 52 

Metabolites Upregulated in Runt    57   185 37 42 21  
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Table 1.16. Statistical comparisons identifying the number of significant metabolites in hybrid 

striped bass liver tissues through ANOVA, contrast analyses for cohort effect comparing all liver 

tissue samples, Top Grade, and Runt from the wild sire strains (South Carolina (SC), Virginia 

(VA), and Texas (TX)) independently against the domestic (DOM) sire strain. Total number of 

metabolites were listed which are statistically significant (p≤ 0.05). The number of metabolites in 

the numerator are significant in the wild sire strains and the number in the denominator are 

significant in the DOM sire strain.  

              

    Liver Samples  Top Grade  Runt 

    SC VA TX SC VA TX SC VA TX  

Statistically Significant  73 137 77 126 51 121 203 156 166 

Metabolites (p≤0.05)            

Metabolites Upregulated in  24 18 37 114 16 105 25 14 26 

Wild Strain 

Metabolites Upregulated in 49 119 40 12 35 16 178 142 140 

DOM strain             
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Table 1.17. Confusion matrix showing the predictive accuracy of the random forest analysis 

(Figure 1.5), conducted on hybrid striped bass liver tissue (N=39) submitted to Metabolon. 

Predictive accuracy was 94.9% and calculated in the shown table comparing the predicted groups 

versus actual groups. 

              

   Predicted groups 

Actual groups Runt  Top Grade Class Error      

Runt   17  1  5.5% 

Top Grade  1  20  4.8% 

       Predictive accuracy= 94.9%    
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Table 1.18. Fifty metabolites ranked as important by the software program Weka 3.8 (University 

of Waikato, Hillcrest, New Zealand) in determining a hybrid striped bass size group. Metabolites 

were ranked in order of importance. An asterisk designates metabolites with identifications that 

could not be confirmed based on a standard, but Metabolon was confident in its identification.  

              

Rank Metabolite            

1 Cis-urocanate     

2 Cortisol      

3 Taurochenodeoxycholate    

4 Taurocholate     

5 Oxaloacetate     

6 Taurolithocholate     

7 Deoxycholate     

8 Cholate      

9 Dimethylglycine     

10 3-amino-2-piperidone    

11 Pyridoxate     

12 1-oleoyl-2-linoleoyl-GPC (18:1/18:2)*   

13 Cytidine       

14 N6-succinyladenosine     

15 1-palmitoleoyl-2-linoleoyl-GPC (16:1/18:2)* 

16 Oleoylcholine 

17 1,2-dioleoyl-GPI (18:1/18:1) 

18 Succinylcarnitine (C4-DC) 

19 2,3-dihydroxyisovalerate 

20 Palmitoyl-docosahexaenoyl-glycerol (16:0/22:6) [2]* 

21 Methylmalonate (MMA) 

22 Succinate 

23 Homocysteine 

24 2-dimethylaminoethanol 

25 5-methylcytidine           
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Table 1.18 (continued). 

              

Rank Metabolite            

26  Ophthalmate      

27 1,2-dilinoleoyl-GPC (18:2/18:2)    

28 Sarcosine       

29 Eugenol sulfate      

30  Glucose 6-phosphate     

31 2-piperidinone      

32 Cytidine 5'-monophospho-N-acetylneuraminic acid  

33 Stearoylcarnitine (C18)     

34 Thiamin (Vitamin B1)    

35 Cystathionine      

36 N-palmitoyl-sphinganine (d18:0/16:0)    

37 1-stearoyl-2-docosahexaenoyl-GPC (18:0/22:6)   

38 Pyridoxal phosphate 

39 3-ketosphinganine 

40 Cytidine 5'-diphosphocholine 

41 1-stearoyl-2-linoleoyl-GPI (18:0/18:2) 

42 Ribose        

43 Palmitoylcarnitine (C16)   

44 1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) 

45 Palmitoleoylcarnitine (C16:1)* 

46 Gamma-tocopherol/beta-tocopherol 

47 Arabitol/xylitol 

48 Glycerate 

49 Benzoylcarnitine* 

50 Tauro-beta-muricholate          
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Table 1.19. Twelve metabolites ranked as important by the software program Weka 3.8 

(University of Waikato, Hillcrest, New Zealand) in determining the sire strain of a hybrid striped 

bass. Metabolites were ranked in order of importance. Those with an asterisk designate 

metabolites with identifications that could not be confirmed based on a standard, but Metabolon 

was confident in its identification. 

              

Rank Metabolite            

1 Carnitine 

2 1-(1-enyl-palmitoyl)-2-oleoyl-GPE (P-16:0/18:1)* 

3 Ergothioneine 

4 Methylsuccinate 

5 1-oleoyl-GPS (18:1) 

6 Butyrylcarnitine (C4) 

7 N6-methyllysine 

8 Phenylalanine 

9 2,3-dihydroxyisovalerate 

10 Methylmalonate (MMA) 

11 Valine 

12 Palmitoyl dihydrosphingomyelin (d18:0/16:0)*       
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Table 1.20. Thirty-one metabolites from hybrid striped bass liver tissues matched to metabolic 

pathways by their HMDB (Human Metabolome Database) identifiers using the IMPaLA online 

tool. Names of important metabolites were those ranked as important by Weka through machine 

learning analysis of hybrid striped bass in relation to differentiating between Top Grade and Runt 

size groups (Table 1.18). HMDB identifiers were provided by Metabolon. An asterisk designates 

metabolites with identifications that could not be confirmed based on a standard, but Metabolon 

was confident in its identification. 

              

Number Metabolite           

1  Cortisol      

2  Taurochenodeoxycholate    

3  Taurocholate     

4  Oxaloacetate     

5  Taurolithocholate     

6  Deoxycholate     

7  Cholate      

8  Dimethylglycine     

9  Pyridoxate     

10  Cytidine      

11  N6-succinyladenosine    

12  1-palmitoleoyl-2-linoleoyl-GPC (16:1/18:2)*  

13  2,3-dihydroxyisovalerate    

14  Methylmalonate (MMA)    

15  Succinate      

16  Homocysteine         

17  2-dimethylaminoethanol 

18  1,2-dilinoleoyl-GPC (18:2/18:2)   

19  Sarcosine 

20  Glucose 6-phosphate 

21  Cytidine 5’-monophospho-N-acetylneuraminic acid 

22  Thiamin (vitamin B1) 

23  Cystathionine 

24  1-stearoyl-2-docosahexaenyol-GPC (18:0/22:6) 

25  Pyridoxal phosphate 

26  3-ketosphinganine 

27  Cytidine 5’-diphosphocholine 

28  Ribose 

29  Palmitoylcarnitine (C16) 

30  1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) 

31  Glycerate           
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Table 1.21. The top sixteen pathways of metabolites identified as important to differentiating 

between hybrid striped bass size groups using Weka ranked metabolites (Table 1.18). Pathways 

were identified by IMPaLA software and ranked using Pmetabolites. These results included pathway 

name, pathway source, overlapping metabolites, all metabolites Pmetabolites and Qmetabolites. Pathway 

name was given by the pathways original source. Pathway source was the database in which the 

pathway can be found. Overlapping metabolites was the number of metabolites from the 

background list entered into IMPaLA that were found within each pathway. All metabolites were 

the total number of metabolites from the background list within a pathway. The total number of 

metabolites within a pathway was provided in brackets. Pmetabolites was the P-value of each 

pathway based solely on the metabolites entered. Qmetabolites was the false discovery rate. 

Metabolites from the background list may match to multiple metabolites by IMPaLA based on 

their similarities. 

               

Pathway   Pathway Overlapping All  Pmetabolites   Qmetabolites 

Name    Source  Metabolites Metabolites     

One carbon metabolism Wikipathways 9  38 [42]  2.58e-10     1.1e-06 

and related pathways 

 

Metabolism   Reactome 25  829 [1384] 2.75e-08     5.87e-05 

 

MTHFR deficiency  Wikipathways 4  17 [20]  4.28e-05     0.0168 

 

3-Phosphoglycerate  SMPDB 6  55 [55]  4.32e-05     0.0168 

dehydrogenase deficiency 

 

Non ketotic hyperglycemia SMPDB 6  55 [55]  4.32e-05     0.0168 

  

Recycling of bile acids Reactome 4  20 [24]  8.49e-05     0.0239 

and salts 

 

Cysteine formation from Reactome 3  8 [9]  9.58e-05     0.0239 

homocysteine 

 

Homocysteine degradation SMPDB 3  8 [8]  9.58e-05     0.0239 

 

Gamma-cystathionase  SMPDB 3  8 [8]  9.58e-05     0.0239 

deficiency (CTH) 

 

Homocystinuria,   SMPDB 3  8 [8]  9.58e-05     0.0239 

cystathionine beta-synthase  

deficiency             
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Table 1.21 (continued).  

               

Pathway   Pathway Overlapping All  Pmetabolites   Qmetabolites 

Name    Source  Metabolites Metabolites     

Glycine and serine  SMPDB  6 55 [55]  4.32e-05     0.0168 

metabolism   

 

Dimethylglycine  SMPDB  6 55 [55]  4.32e-05     0.0168 

dehydrogenase deficiency  

 

Hyperglycinemia non-ketotic SMPDB  6 55 [55]  4.32e-05     0.0168 

 

Dimethylglycine  SMPDB  6 55 [55]  4.32e-05     0.0168 

dehydrogenase deficiency 

 

Sarcosinemia   SMPDB  6 55 [55]  4.32e-05     0.0168 

 

Dihydropyrimidine  SMPDB  6 55 [55]  4.32e-05     0.0168 

dehydrogenase deficiency 

(DHPD)            
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Table 1.22. Eighteen pathways of metabolites identified as important to differentiating between 

hybrid striped bass sire strain using Weka ranked metabolites (Table 1.19). Pathways were 

identified by IMPaLA software and ranked using Pmetabolites. These results included pathway 

name, pathway source, overlapping metabolites, all metabolites Pmetabolites and Qmetabolites. Pathway 

name was given by the pathways original source. Pathway source was the database in which the 

pathway can be found. Overlapping metabolites was the number of metabolites from the 

background list entered into IMPaLA that were found within each pathway. All metabolites were 

the total number of metabolites from the background list within a pathway. The total number of 

metabolites within a pathway was provided in brackets. Pmetabolites was the P-value of each 

pathway based solely on the metabolites entered. Qmetabolites was the false discovery rate. 

Metabolites from the background list may match to multiple metabolites by IMPaLA based on 

their similarities.  

               

Pathway   Pathway Overlapping All  Pmetabolites   Qmetabolites 

Name    Source  Metabolites Metabolites     

Transport of bile salts and  Reactome 3  66 [78]  0.000215    0.437    

organic acids, metal ions 

and amine compounds 

 

Valine, leucine, and   KEGG  2  18 [23]  0.000567    0.437 

Isoleucine biosynthesis- 

Homo sapiens (human) 

 

Glucose homeostasis  Wikipathways 2  21 [21]  0.000776    0.437 

 

tRNA aminoacylation  Reactome 2  23 [66]  0.000933    0.437 

 

Aminoacyl-tRNA   KEGG  2  23 [52]  0.000933    0.437 

biosynthesis- Homo   

sapiens (human) 

 

tRNA charging  HumanCyc 2  23 [24]  0.000933    0.437 

 

Cytosolic tRNA  Reactome 2  23 [66]  0.000933    0.437 

aminoacylation 

 

Mitochondrial tRNA  Reactome 2  23 [66]  0.000933    0.437 

aminoacylation 

 

Mineral absorption- Homo KEGG  2  27 [29]  0.00129      0.437 

sapiens (human)            
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Table 1.22 (continued).  

               

Pathway   Pathway Overlapping All  Pmetabolites   Qmetabolites 

Name    Source  Metabolites Metabolites     

Amino acid transport across Reactome 2  28 [32]  0.00139      0.437 

the plasma membrane   

 

Na+/Cl- dependent   Reactome 2  28 [31]  0.00139      0.437  

neurotransmitter  

transporters 

 

Y-glutamyl cycle  HumanCyc 2  28 [29]  0.00139      0.437 

 

Leukotriene biosynthesis HumanCyc 2  29 [30]  0.00149      0.437 

 

Translation   Reactome 2  30 [78]  0.00159      0.437 

 

Amine compound SLC Reactome 2  31 [35]  0.0017        0.437 

transporters 

 

Tryptophan catabolism Reactome 2  31 [34]  0.0017        0.437 

 

S-methyl-5-thio-α-D-ribose HumanCyc 2  32 [35]  0.00182      0.437 

1-phosphate degradation 

 

Valine, leucine, and   KEGG  2  33 [42]  0.00193      0.437 

isoleucine degradation- 

Homo sapiens (human)           
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Figure 1.1. Average hybrid striped bass offspring total length produced by striped bass male 

sires from different geographic strains. “DOM” represents the domestic striped bass strain raised 

at the North Carolina State University Pamlico Aquaculture Field Laboratory (Aurora, NC). The 

strains of wild origin were Florida (FL), Texas (TX), South Carolina (SC), and Virginia (VA). 

Significant differences between offspring total lengths from different strains are designated by 

letter over their respective columns. Significant differences (p≤ 0.05) were calculated through 

ANOVA, Tukey-Kramer HSD analysis. 
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Figure 1.2. Average hybrid striped bass offspring weight produced by striped bass male sires 

from different geographic strains. “DOM” represents the domestic striped bass strain raised at 

the North Carolina State University Pamlico Aquaculture Field Laboratory (Aurora, NC). The 

strains of wild origin were Florida (FL), Texas (TX), South Carolina (SC), and Virginia (VA). 

Significant differences between offspring weights from different strains are designated by letter 

over their respective columns. Significant differences (p≤ 0.05) were calculated through 

ANOVA, Tukey-Kramer HSD analysis. 
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Figure 1.3. Averages and standard deviations of striped bass sire weight per strain for the hybrid 

striped bass. “DOM” represents the domestic striped bass strain raised at the North Carolina 

State University Pamlico Aquaculture Field Laboratory (Aurora, NC). The strains of wild origin 

were Florida (FL), Texas (TX), South Carolina (SC), and Virginia (VA). No standard deviation 

existed for FL strain as only one sire was represented. Significant differences between offspring 

weights from different strains are designated by letter over their respective columns. Note that 

the DOM sires were two years of age and the wild strains of striped bass were three years of age 

at the time of measurement. Significant differences (p≤ 0.05) between sire strains weights were 

calculated through Student t-Tests.  
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Figure 1.4. Principal component analysis comparing all individual Metabolon liver tissues 

categorized by size (Runt and Top Grade (TG)) and sire strain (domestic (NC), South Carolina 

(SC), Texas (TX), Virginia (VA), and Florida (FL)). Boxes (Runt) and circles (TG) designate 

size categories. Color designates sire strain. No FL Runt liver tissues were included as an 

inadequate number were collected. A VA Runt outlier (VA_04_41) was identified by Metabolon 

as the means of at least 35-40% of the individuals identified metabolites differs significantly 

from the group (VA) mean for the total number of metabolites. Comp represents “principal 

components” accounting for the greatest possible variance within the dataset and allows for the 

visualization of how individuals in a group cluster based on these components.  
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Figure 1.5. Random forest analysis identifying the top thirty most important metabolites when 

comparing hybrid striped bass Top Grade and Runt liver tissues (excluding outlier VA_04_14). 

Metabolites were ranked by increasing importance and mean decrease accuracy during random 

forest decision tree analysis. The legend describes the metabolic super pathway to which each 

listed metabolite belongs. An asterisk designates metabolites with identifications that could not 

be confirmed based on a standard, but Metabolon was confident in its identification.  
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Figure 1.6. Cortisol box and whisker plot of scaled intensities for all fish liver tissues (N=39) 

and within each sire strain Domestic (DOM), South Carolina (SC), Virginia (VA), Texas (TX), 

and Florida (FL)) compared between the Top Grade and Runt size categories. Top Grade FL 

were included as liver tissues were available for metabolomic analysis; Runt FL liver tissues 

were unavailable for statistical analysis due to limited sample size. The boxes range from the 

limit of the upper quartile to the limit of the lower quartile. The upper whisker shows the 

maximum of the distribution and the lower whisker shows the minimum of the distribution. 

Median value is designated by a line within each box and mean value is designated by the “+” 

symbol.  
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Figure 1.7. Taurocholate box and whisker plot of scaled intensities for all fish liver tissues 

(N=39) and within each sire strain Domestic (DOM), South Carolina (SC), Virginia (VA), Texas 

(TX), and Florida (FL)) compared between the Top Grade and Runt size categories. Top Grade 

FL were included as liver tissues were available for metabolomic analysis; Runt FL liver tissues 

were unavailable for analysis due to limited sample size. Within the boxplots, the symbol "O" 

indicates an extreme data point within a group, which was defined as a liver tissue that was 1.5 

times the inter-quartile range. The boxes range from the limit of the upper quartile to the limit of 

the lower quartile. The upper whisker shows the maximum of the distribution and the lower 

whisker shows the minimum of the distribution. Median value is designated by a line within each 

box and mean value is designated by the “+” symbol. The compound is at or below the threshold 

detection of the instrument for the Top Grade group fish.  
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Figure 1.8. Taurochenodeoxycholate box and whisker plot of scaled intensities for all fish liver 

tissues (N=39) and within each sire strain Domestic (DOM), South Carolina (SC), Virginia 

(VA), Texas (TX), and Florida (FL)) compared between the Top Grade and Runt size categories. 

Top Grade FL were included as liver tissues were available for metabolomic analysis; FL Runt 

liver tissues were unavailable for analysis due to limited sample size. Within the boxplots, the 

symbol "O" indicates an extreme data point within a group, which was defined as a tissue that 

was 1.5 times the inter-quartile range. The boxes range from the limit of the upper quartile to the 

limit of the lower quartile. The upper whisker shows the maximum of the distribution and the 

lower whisker shows the minimum of the distribution. Median value is designated by a line 

within each box and mean value is designated by the “+” symbol. The compound was at or 

below the threshold detection of the mass spectrometer for the Top Grade group fish. 
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Figure 1.9. Percentage of correctly classified instances using the sequential minimal 

optimization classifier on the fifty metabolites ranked as important when differentiating between 

Top Grade or Runt hybrid striped bass. The cross-validation was a percentage split of 66%. 

Number of metabolites plotted range from zero to fifty and increase in increments of five. Data 

points were fit with a polynomial of the second order. The R-squared value of the trendline was 

0.5435. Random probability (negative control) of the two size groups (Top Grade and Runt) was 

50%. The optimal number of metabolites for this curve is approximately 20 for predicting the 

relationship between hybrid striped bass liver tissue metabolites and size groups. 
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Figure 1.10. Percentage of correctly classified instances using the multilayer perceptron 

classifier on the fifty metabolites ranked as important when differentiating between Top Grade or 

Runt hybrid striped bass. The cross-validation was a percentage split of 66%. Number of 

metabolites plotted range from zero to fifty and increase in increments of five. Data points were 

fit with a polynomial of the second order. The R-squared value of the trendline was 0.3624. 

Random probability (negative control) of the two size groups (Top Grade and Runt) was 50%. 

The optimal number of metabolites for this curve is approximately 20 for predicting the 

relationship between metabolites and size groups. The optimal number of metabolites for this 

curve is approximately 5 to 20 for predicting the relationship between hybrid striped bass liver 

tissue metabolites and size groups. 
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Figure 1.11. Percentage of correctly classified instances using the sequential minimal 

optimization classifier on the fifty metabolites ranked as important when differentiating between 

Top Grade or Runt hybrid striped bass. The test option was a cross-validation of 10 fold. Number 

of metabolites plotted range from zero to fifty and increase in increments of five. Data points 

were fit with a polynomial of the second order. The R-squared value of the trendline was 0.5602. 

Random probability (negative control) of the two size groups (Top Grade and Runt) was 50%. 

The optimal number of metabolites for this curve is approximately 20 for predicting the 

relationship between hybrid striped bass liver tissue metabolites and size groups. 
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Figure 1.12. Percentage of correctly classified instances using the multilayer perceptron 

classifier on the fifty metabolites ranked as important when differentiating between Top Grade or 

Runt hybrid striped bass. The test option was a cross-validation of 10 fold. Number of 

metabolites plotted range from zero to fifty and increase in increments of five. Data points were 

fit with a polynomial of the second order. The R-squared value of the trendline was 0.5264. 

Random probability (negative control) of the two size groups (Top Grade and Runt) was 50%. 

The optimal number of metabolites for this curve is approximately 5 for predicting the 

relationship between hybrid striped bass liver tissue metabolites and size groups. 
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Figure 1.13. Percentage of correctly classified instances using the sequential minimal 

optimization classifier on the twelve metabolites ranked as important when differentiating 

between hybrid striped bass sire strains. The cross-validation was a percentage split of 66%. 

Number of metabolites plotted range from zero to twelve and increase in increments of one. Data 

points were fit with a polynomial of the second order. The R-squared value of the trendline was 

0.6658. Random probability (negative control) of the five sire strains (DOM, FL, SC, TX, and 

VA) was 20%. The optimal number of metabolites for this curve is approximately 9 for 

predicting the relationship between hybrid striped bass liver tissue metabolites and sire strain. 
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Figure 1.14. Percentage of correctly classified instances using the multilayer perceptron 

classifier on the twelve metabolites ranked as important when differentiating between hybrid 

striped bass sire strains. The cross-validation was a percentage split of 66%. Number of 

metabolites plotted range from zero to twelve and increase in increments of one. Data points 

were fit with a polynomial of the second order. The R-squared value of the trendline was 0.6536. 

Random probability (negative control) of the five sire strains (DOM, FL, SC, TX, and VA) was 

20%. The optimal number of metabolites for this curve is approximately 6 to 10 for predicting 

the relationship between hybrid striped bass liver tissue metabolites and sire strain. 
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Figure 1.15. Percentage of correctly classified instances using the decision tree J48 classifier on 

the twelve metabolites ranked as important when differentiating between hybrid striped bass sire 

strains. The cross-validation was a percentage split of 66%. Number of metabolites plotted range 

from zero to twelve and increase in increments of one. Data points were fit with a polynomial of 

the second order. The R-squared value of the trendline was 0.3033. Random probability 

(negative control) of the five sire strains (DOM, FL, SC, TX, and VA) was 20%. The optimal 

number of metabolites for this curve is approximately 1 for predicting the relationship between 

hybrid striped bass liver tissue metabolites and sire strain. 
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Figure 1.16. Percentage of correctly classified instances using the sequential minimal 

optimization classifier on the twelve metabolites ranked as important when differentiating 

between hybrid striped bass sire strains. The test option was a cross-validation of 10 fold. 

Number of metabolites plotted range from zero to twelve and increase in increments of one. Data 

points were fit with a polynomial of the second order. The R-squared value of the trendline was 

0.8436. Random probability (negative control) of the five sire strains (DOM, FL, SC, TX, and 

VA) was 20%. The optimal number of metabolites for this curve is approximately 9 to 12 for 

predicting the relationship between hybrid striped bass liver tissue metabolites and sire strain. 
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Figure 1.17. Percentage of correctly classified instances using the multilayer perceptron 

classifier on the twelve metabolites ranked as important when differentiating between hybrid 

striped bass sire strains. The test option was a cross-validation of 10 fold. Number of metabolites 

plotted range from zero to twelve and increase in increments of one. Data points were fit with a 

polynomial of the second order. The R-squared value of the trendline was 0.6648. Random 

probability (negative control) of the five sire strains (DOM, FL, SC, TX, and VA) was 20%. The 

optimal number of metabolites for this curve is approximately 12 for predicting the relationship 

between hybrid striped bass liver tissue metabolites and sire strain. 
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Figure 1.18. Percentage of correctly classified instances using the decision tree J48 classifier on 

the twelve metabolites ranked as important when differentiating between hybrid striped bass sire 

strains. The cross-validation was 10 fold. Number of metabolites plotted range from zero to 

twelve and increase in increments of one. Data points were fit with a polynomial of the second 

order. The R-squared value of the trendline was 0.5582. Random probability (negative control) 

of the five sire strains (DOM, FL, SC, TX, and VA) was 20%. The optimal number of 

metabolites for this curve is approximately 4 for predicting the relationship between hybrid 

striped bass liver tissue metabolites and sire strain. 
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Figure 1.19. Homocysteine box and whisker plot of scaled intensity range for Runt and Top 

Grade hybrid striped bass liver tissue. Median value is shown as the line through each box. Mean 

value is represented as the “+” symbol. Upper and lower quartile range are the top and bottom of 

each box. Maximum and minimum distribution for each group is designated by the top and 

bottom whiskers.  
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Figure 1.20. Cystathionine box and whisker plot of scaled intensity range for Runt and Top 

Grade hybrid striped bass liver tissue. Median value is shown as the line through each box. Mean 

value is represented as the “+” symbol. Upper and lower quartile range are the top and bottom of 

each box. Maximum and minimum distribution for each group is designated by the top and 

bottom whiskers.  
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Figure 1.21. Pyridoxal phosphate box and whisker plot of scaled intensity range for Runt and 

Top Grade hybrid striped bass liver tissue. Median value is shown as the line through each box. 

Mean value is represented as the “+” symbol. Upper and lower quartile range are the top and 

bottom of each box. Maximum and minimum distribution for each group is designated by the top 

and bottom whiskers.  
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Figure 1.22. Dimethylglycine box and whisker plot of scaled intensity range for Runt and Top 

Grade hybrid striped bass liver tissue. Median value is shown as the line through each box. Mean 

value is represented as the “+” symbol. Upper and lower quartile range are the top and bottom of 

each box. Maximum and minimum distribution for each group is designated by the top and 

bottom whiskers.  
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Figure 1.23. Sarcosine box and whisker plot of scaled intensity range for Runt and Top Grade 

hybrid striped bass liver tissue. Median value is shown as the line through each box. Mean value 

is represented as the “+” symbol. Upper and lower quartile range are the top and bottom of each 

box. Maximum and minimum distribution for each group is designated by the top and bottom 

whiskers.  
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Figure 1.24. Glycerate box and whisker plot of scaled intensity range for Runt and Top Grade 

hybrid striped bass liver tissue. Median value is shown as the line through each box. Mean value 

is represented as the “+” symbol. Upper and lower quartile range are the top and bottom of each 

box. Maximum and minimum distribution for each group is designated by the top and bottom 

whiskers.  
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Figure 1.25. Arabitol/Xylitol box and whisker plot of scaled intensity range for Runt and Top 

Grade hybrid striped bass liver tissue. Median value is shown as the line through each box. Mean 

value is represented as the “+” symbol. Upper and lower quartile range are the top and bottom of 

each box. Maximum and minimum distribution for each group is designated by the top and 

bottom whiskers.  
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Figure 1.26. Valine box and whisker plot of scaled intensity range for Runt and Top Grade 

hybrid striped bass liver tissue. Median value is shown as the line through each box. Mean value 

is represented as the “+” symbol. Upper and lower quartile range are the top and bottom of each 

box. Maximum and minimum distribution for each group is designated by the top and bottom 

whiskers. 
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Figure 1.27. Phenylalanine box and whisker plot of scaled intensity range for Runt and Top 

Grade hybrid striped bass liver tissue. Median value is shown as the line through each box. Mean 

value is represented as the “+” symbol. Upper and lower quartile range are the top and bottom of 

each box. Maximum and minimum distribution for each group is designated by the top and 

bottom whiskers. 
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Figure 1.28 Weights (g) of hybrid striped bass within Runt size groups (Top Grade and Runt) 

and for each sire strain (Domestic (DOM), Florida (FL), South Carolina (SC), Texas (TX), and 

Virginia (VA)). There were an inadequate number of FL Runt therefore calculations could not be 

conducted (indicated by “-”) (Table 1.3). All values given as mean ± standard deviation. 

Compared to Taurocholate box and whisker plot of scaled intensities for all fish liver tissues 

(N=39) and within each sire strain (Figure 1.7). DOM and SC strain weight comparisons were 

outlined in discussion. 
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Chapter III Growth Metabolomics of Striped bass 

Methods 

Striped bass growth study and sampling 

Two striped bass females of similar weight (5.68 and 6.15 kg) and total length (722 and 

703mm) were spawned with six different male striped bass each. Spawning took place in 

individual tanks (2,400 L each) with external egg collectors at the Pamlico Aquaculture Field 

Laboratory, thus creating 12 half-sibling families. Male striped bass were assigned to a size 

group, “Big” or “Small”, based on their weight. The mean weight of Big (2.76 ± 0.15 kg) and 

Small (1.75 ± 0.15 kg) male sires differed significantly (Student’s t-Test, p≤0.0001). Males were 

treated with 165 IU hCG/kg and females with 330 IU hCG/kg to assist in spawning. Fertilization 

and incubation techniques used were the same as those discussed for hybrid striped bass 

offspring in Chapter II. Two earthen ponds (0.1 hectare each) were stocked with the resulting fry.  

At four months of age, striped bass fingerlings (N=194 fish) were transported from the 

Pamlico Aquaculture Field Laboratory to the North Carolina State University Grinnells Animal 

Health Laboratories (Raleigh, NC, USA). Fingerlings were randomly split among three indoor 

replicate recirculating aquaculture system tanks (908 L). A maintenance diet was provided to the 

fingerlings for two months to ensure adjustment to the new system. Feedings were conducted 

once per day, Monday through Friday, ad libitum using Zeigler Silver feed 3mm (Zeigler Bros, 

Inc. Gardners PA). This feed contained a minimum of 40% crude protein, minimum of 10% 

crude fat, maximum of 4% crude fiber, and a minimum of 1% phosphorus. The first sampling 

was conducted in October 2017. Eugenol was added to a separate unused tank to sedate the 

fingerlings. Water levels in the tanks was reduced to ease the netting process. Fingerlings from a 

single tank were added to the sedate tank. Each fish was then weighed (g) and had their total 
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length (mm) measured. A fin clip was taken from the caudal fin of each fingerling and placed in 

a 1.5 mL microcentrifuge tube containing 1 mL of ethanol. Fin clip tubes were refrigerated at 

3.8°C in David Clark Labs. Fingerlings were then placed back in their original tanks. This 

process was repeated until all three tanks had been sampled. Samplings of total lengths, weights, 

and fin clips were conducted every three months for twelve months, to track growth 

performance. Feed amounts were also tracked throughout the study with the average feed per 

fish calculated from the given ad libitum total per tank. During the second sampling, in January 

2018 (N=190 fish), striped bass were moved to three 2,000 L recirculating aquaculture system 

tanks, at the Grinnells Animal Health Laboratories. After this move, when fish populations were 

sampled, they were rotated between tanks to ensure that location of a tank did not influence 

striped bass growth performance. Size appropriate fish feed was also changed during the second 

sampling, Zeigler Silver feed 5mm. The change in tank size and feed was done in accordance 

with the increase in fish size. The third sampling was held in April 2018 (N=178 fish) and the 

fourth in July 2018 (N=177 fish).  

The final striped bass sampling was conducted in October 2018 (N=173 fish) (17 months 

of age). Total lengths, weights, and fin clips were collected from each striped bass. A 

subpopulation of seventy-two striped bass were randomly selected, twenty-four from each of the 

three populations, for further liver tissue collection. This sample size was chosen because twelve 

half-sibling striped bass families were produced and at least three samples were needed per 

family for statistical analyses, bringing the total samples needed to N=36 fish. This sample size 

was then doubled to increase the chances that at least three striped bass from each family were 

represented when the striped bass were chosen at random. The randomly selected seventy-two 

striped bass were sacrificed using a captive bolt. Liver, shoulder muscle, and fin clips were 
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sampled from each striped bass and placed in the corresponding tube categories labeled Frozen 

Muscle, Frozen Liver, and Fin Clip. Physical differences were observed between whole livers 

during final sampling (Figure 2.1). Liver weights (g) were recorded for each sampled striped 

bass and used for hepatic somatic index (g) calculations, except one where the liver weight was 

accidentally not recorded. The hepatic somatic index was calculated by dividing the liver weight 

by the body weight and multiplying by one hundred. It is a calculation considered to reflect the 

general health of a fish and its nutrition and metabolic energy demands (Everaarts et al. 1993). 

Total length and weight data were utilized for a corresponding striped bass growth study and to 

calculate the Fulton’s Condition Factor (K) for each of the seventy-two striped bass. This 

calculation was conducted by dividing the body weight by the cubed total length and multiplying 

by one hundred. Fulton’s Condition Factor (K) is meant to describe the overall condition of a 

fish (Nash et al. 2006) but does have a limitation in that it is a correlation between total length 

and weight. Conditions of the fish such as overwintering and starvation are not considered. This 

limitation may not necessarily be an issue since striped bass from this study were fed to satiation 

and were kept in indoor recirculating aquaculture systems. Size groups, Top Grade and Runt, for 

the seventy-two striped bass were based on weights at final sampling.  

Liver histology 

Seventy-two liver samples were collected from striped bass and stored at -80℃ in David 

Clark Labs. Prior to submission for histological analysis, each sample was thawed and placed in 

10 mL of 10% neutral buffered formalin (NBF). Liver sample tubes were labeled 10% NBF 

10/15/2018 1L striped bass Liver Histo. The date (10/15/2018) indicated the date when liver 

samples were collected. 1L represented the individual identifier (1) and tissue sample type (L, 

liver). Striped bass represented the species the tissues were collected from and liver histo 



110 

 

indicated the use of the liver tissue sample. Individual identifiers were the only part of the label 

that changed between liver sample tubes and included all numbers from 1 through 72. Each of 

the seventy-two liver tissues sampled striped bass were sent to North Carolina State University 

College of Veterinary Medicine. Liver tissues were fixed in formalin and processed into paraffin 

blocks. Samples were then sectioned at 5μm, stained with hematoxylin and eosin, and mounted 

on standard microscope slides. Histology liver tissues were retrieved and a randomized subset 

(N=20 fish) of striped bass liver tissue slides were selected for histological analysis, including 

ten Top Grade and ten Runt fish. This was done as preparation prior to the analysis of all 

seventy-two striped bass liver tissues to first determine methodology. Five random images were 

photographed per slide using a celestron digital microscope camera (10x + 10x) attached to an 

Olympus CH microscope (Figure 2.2). Images were then analyzed using ImageJ (Rueden et al. 

2017) to measure the area of adipose tissue versus healthy liver tissue. Each image was then 

scored on a scale from zero to five based on the percentage of adipose tissue within the field of 

view (Table 2.1; Figure 2.3). Steatosis scoring table was adapted from Martinez-Rubio et al. 

2013. The five steatosis scores per slide were averaged to create a single mean per liver tissue 

sample, a grand mean. All liver tissues within the Top Grade and Runt were averaged to create 

size group grand means. Mean scores per liver tissue were statistically analyzed against the 

growth parameters of each sample. These parameters included total length, weight, Fulton’s 

Condition Factor (K), liver weight, and hepatic somatic index. It is important to note that one 

Top Grade sample (55L) in both the liver histology subset (N=20 fish) and metabolomic study 

population (N=72 fish) could not be included in the liver weight and hepatic somatic index 

analyses as the liver weight was mistakenly not collected at the time of sampling. Liver histology 

methods described above were duplicated with the full metabolomic study population (N=72 
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fish). Striped bass liver histology tissues from the metabolomic study population were assigned a 

random double-blind label to prevent bias during analysis.  

Metabolomic analysis 

Seventy-two liver samples were submitted to Metabolon for a global metabolomic 

analysis. Methods for processing the striped bass liver tissues were the same as those used when 

analyzing the hybrid striped bass liver tissue samples described in Chapter II, however statistical 

analyses changed. Welch’s two-sample t-Tests were used to find significant metabolite 

differences between the two size groups, Top Grade and Runts. A striped bass growth study 

subset of Top Grade (N=12 fish) and Bottom Runt (N=12 fish) was also analyzed using Welch’s 

two-sample t-Tests. The Top Top Grade were the twelve heaviest striped bass at final sampling 

and had reached or exceeded the minimum market size (1.36 kg). For comparison the smallest 

twelve striped bass (based on weight) were selected for the Bottom Runt group. A Pearson 

correlation analysis was conducted to study the direct relationship between individual metabolite 

levels and striped bass weights (g) in a linear manner.  

Machine learning analysis 

Scaled liver metabolomics data for striped bass was analyzed using machine learning 

analysis in a similar way to the hybrid striped bass data discussed in Chapter II. Weka 3.8 was 

utilized to perform ‘attribute’ (metabolite) ranking and machine learning analysis (Schilling et al. 

2015). Attributes were ranked in order of importance to their relation of striped bass size groups 

for all liver tissue samples (N=72) (Top Grade and Runt). This was accomplished through the 

evaluator ‘InfoGainAttributeEval’ and method of ‘Ranker’ on the full training data set. Ranked 

results were then analyzed with ‘sequential minimal optimization’ (support vector machine) and 

‘multilayer perceptron’ (artificial neural network) machine learning classifiers algorithms 
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(Schilling et al. 2015). A decision tree classifier was not conducted between all liver tissue size 

groups, Top Grade and Runt, as a different type of decision tree, random forest analysis had 

already been done by Metabolon. The utilized classifiers classified scaled metabolomic data as 

Top Grade or Runt size groups. This was done using only the metabolites ranked as important 

through the methods described above. Two cross-validation techniques were used for each 

comparison to estimate classifier performance (Schilling et al. 2015). They were a 66% split 

where of the data was selected at random for training and the remaining data (34%) was used for 

cross-validation and a stratified hold-out of 10 fold, where 9 folds were randomly reordered and 

used for training and 1 fold was used for cross-validation (Schilling et al. 2015). ‘Correctly 

classified instances’ for cross-validations, ‘kappa statistic’, and ‘area under the receiver 

operating characteristic curve’ (AUROC) were reported for each classifier to determine their 

performance. Correctly classified instances identified the correctly assigned size groups for fish 

by their metabolites and its percentage is reported as a model R-squared value. The kappa 

statistic and AUROC are related to the ratio of true and false positives. An optimal value for both 

statistics is 1.0. Top Grade and Runt size groups were randomly reordered ten times and run 

through the support vector machines, as described above, as a negative control (Schilling et al. 

2015). Correctly classified instances were plotted against the number of ranked attributes such 

that the top 50, 45, 40, 35, 30, 25, 20, 15, 10, and 5 attributes were included in each classifier 

run. Each plot was fit with a polynomial trendline and R-squared value to identify the optimal 

classifier performance based on the number of input attributes. Within each plot reduction of 

data dimensionality was conducted to identify and reduce model overfitting and underfitting. 

Model overfitting is defined as too many input attributes and model underfitting is defined as too 

few. Analyzing the fit of a model allowed for the identification of the optimal number of 
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metabolites and the most important ones in relation to the question asked, either size group or 

sire strain.  

The same methods described above were utilized for the striped bass growth study subset 

size group (Top Top Grade and Bottom Runt) analysis. Scaled metabolomic data was ranked and 

run through sequential minimal optimization and multilayer perceptron, with the addition of a 

J48 (decision tree). Both cross-validations remained the same. Correctly classified instances 

were plotted against the number of ranked attributes such that the top 122, 121, 120, 115, 110, 

105, 100, 95, 90, 85, 80, 75, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, 20, 15, 10, 5, 4, 3, 2, and 1 

attribute were included in each classifier run. Methods for plots and reduction of data 

dimensionality remained the same.  

Results 

Striped bass growth study and sampling 

Striped bass average total lengths and weights were calculated after each growth study 

sampling date (Table 2.2). ANOVA, Tukey-Kramer HSD tests were utilized for statistical 

analyses. Overall, striped bass total lengths and weights increased significantly between each 

sampling (Tukey-Kramer HSD, p≤0.0001). As striped bass populations within the three tanks 

were kept separate, total lengths and weights were calculated for each population after each 

sampling as well (Table 2.3). Each individual population grew significantly in both total length 

and weight between sampling periods (Tukey-Kramer HSD, p≤0.0001). No significant 

differences were found between populations after the first sampling. Significant differences were 

not found between populations weights after the second sampling, but in terms of total length 

population 3 was found to be significantly longer than populations 1 (Tukey-Kramer HSD, 

p=0.0455) and 2 (Tukey-Kramer HSD, p=0.0098). The third sampling found population 3 to be 
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significantly heavier and longer than populations 1 (Tukey-Kramer HSD, total length p=0.0015, 

weight p=0.0114) and 2 (Tukey-Kramer HSD, total length p=0.0004, weight p=0.0007). The 

only significant difference identified after the fourth sampling was population 3 weighing 

significantly more than population 2 (Tukey-Kramer HSD, p=0.0024). No significant differences 

were found between populations for either total lengths or weights after the final sampling. Thus, 

indicating that rotating the striped bass populations between tanks, after sampling, achieved no 

significant differences in growth by the final sampling.  

 Weights of the seventy-two randomly selected striped bass were plotted in a histogram 

(Figure 2.4). Due to the bimodal weight frequency distribution, striped bass were split into two 

equal size groups based on weight. The top thirty-six striped bass were designated as Top Grade 

and the bottom thirty-six were designated as Runts. The Top Grade and Runt size groups were 

statistically analyzed through JMP Pro 14. T-Tests (unequal variance) were conducted between 

the two size groups and found significant differences between total lengths (mm) (p<0.0001), 

weights (g) (p<0.0001), Fulton’s Condition Factor (K) (p=0.0059), liver weights (g) (p<0.0001), 

and hepatic somatic index’s (p=0.0258) (Tables 2.4 and 2.5).  

 The striped bass growth study subset size groups, Top Top Grade (N=12 fish) and 

Bottom Runts (N=12 fish), based on weight, were statistically compared against one another. T-

Tests (unequal variance) between the Top Top Grade and Bottom Runt subset regarding growth 

parameters were conducted. Total length (mm) (t-Test, unequal variance, p<0.0001), weight (g)( 

t-Test, unequal variance, p<0.0001), Fulton’s Condition Factor (K) (t-Test, unequal variance), 

p<0.0001), liver weight (g) (t-Test, unequal variance), p<0.0001), and hepatic somatic index (t-

Test, unequal variance), p=0.0029) were all significantly different between the two size groups. 
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Top Top Grade fish had significantly higher values than the Bottom Runts in each of the growth 

parameters (Tables 2.6 and 2.7).  

Liver histology 

 A liver histology subset of twenty striped bass was measured as preparation prior to 

analyzing all seventy-two striped bass liver histology tissues. Total length (mm) and weight (g) 

were significantly different between the Top Grade and Runt size groups with t-Tests (unequal 

variance) P-values of <0.0001 (Table 2.8). Fulton’s Condition Factor (K), liver weight (g), and 

hepatic somatic index were not significantly different between size groups (Table 2.9). Average 

steatosis scores per liver histology sample and grand means per size group (Top Grade and Runt) 

were calculated. The steatosis score grand mean for Top Grade was slightly smaller at 3.4 ± 1.4 

while Runts was 3.6 ± 0.9 (Figure 2.5), however no significant difference was found (t-Test, 

unequal variance), p=0.7386). Values provided as mean ± standard deviation. When correlating 

the average steatosis score of all liver tissue histology samples versus their weight (g) (Figure 

2.6), total length (mm) (Figure 2.7), Fulton’s Condition Factor (K) (Figure 2.8), and liver weight 

(g) (Figure 2.9) the relationships were all slightly positive and weak, based on the linear 

trendlines R-squared values. A comparison against the hepatic somatic index found a negative 

relationship, however this relationship was the strongest of the comparisons with a R-squared 

value of 0.1095 (Figure 2.10). It is important to note that liver weight (g) (Figures 2.9) and 

hepatic somatic index (Figure 2.10) had only N=19 liver tissue samples as one striped bass liver 

weight was accidentally not collected during the final sampling. The hepatic somatic index and 

average steatosis scores per liver tissue sample were then correlated between the two size groups 

(Figure 2.11). Both linear relationships were negative, but the Runts had a stronger relationship 

with an R-squared value of 0.179, compared to Top Grade with an R-squared value of 0.0622.  
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 The striped bass metabolomic study population (N=72 fish) was histologically analyzed 

in the same method as the liver histology subset described above. No significant differences were 

found between the steatosis score grand means of the Top Grade (3.1 ± 1.3) and Runt (3.4 ± 1.2) 

size groups (Figure 2.12), values provided as mean ± standard deviation. There was a high 

incidence of adipose tissue infiltration in both the Top Grade and Runt size groups. Total length 

(mm) (t-Test, unequal variance, p<0.0001), weight (g) (t-Test, unequal variance, p<0.0001), 

Fulton’s Condition Factor (K) (t-Test, unequal variance, p<0.0001), liver weight (g) (t-Test, 

unequal variance, p<0.0001), and hepatic somatic index (t-Test, unequal variance, p=0.0258) 

were all significantly different between the size groups (Tables 2.4 and 2.5). Each of the growth 

parameters were compared against the average steatosis score per liver tissue sample. Weight (g) 

(Figure 2.13) and total length (mm) (Figure 2.14) had correlations that were slightly positive, but 

weak. Fulton’s Condition Factor (K) (Figure 2.15) and liver weight (g) (Figure 2.16) had 

correlations that were negative but weak. Hepatic somatic index had a linear relationship that 

was negative and had the strongest R-squared value than all other comparisons at 0.0703 (Figure 

2.17). Therefore, hepatic somatic index versus the average steatosis score per liver tissue sample 

was analyzed between the two size groups. Both relationships were negative (Figure 2.18). The 

Runts had a stronger R-squared value (0.1597) than the Top Grade (0.0027). Based on these 

values, Runt striped bass had a stronger relationship between hepatic somatic index and the 

average steatosis score per liver tissue sample.  

Metabolomic analysis 

Six hundred and thirty-nine metabolites were identified in the seventy-two striped bass 

liver tissue samples submitted to Metabolon. The same protocol for liver tissue global 

metabolomic analysis data was followed as described in Chapter II. Raw area counts for each 
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identified metabolite were organized and provided for each liver tissue sample (Table 2.10; 

supplemental file available at North Carolina State University library online repository). The 

natural logarithm was used to rescale the raw area counts, which were then used for statistical 

analyses (Table 2.11; supplemental file available at North Carolina State University library 

online repository). Results from these analyses were compiled in a pathway heat map (Table 

2.12; supplemental file available at North Carolina State University library online repository). 

The pathway heat map showed statistical significance of every metabolite within each statistical 

analysis.  

Statistical analyses of striped bass liver tissue metabolites were conducted comparing 

samples by weight, Top Grade (N=36 fish) versus Runts (N=36 fish), and a restricted 

comparison of the growth study subset Top Top Grade (N=12 fish) versus Bottom Runts (N=12 

fish). When comparing all Top Grade versus Runts, a Welch’s two-sample t-Test found seventy-

one metabolites to be of significantly greater concentration in the Top Grade and one hundred 

ninety significantly greater in the Runts (Table 2.13). A Welch’s two-sample t-Test of the growth 

study subset restricted comparison (Top Top Grade versus Bottom Runts) found forty 

metabolites to have significantly higher concentrations in the Top Top Grade and one hundred 

eighty-five were significantly higher in the Bottom Runts (Table 2.13). A principal component 

analysis was conducted to identify if samples from the Top Grade and Runt size groups could be 

separated based solely on the metabolic signatures. Principal component analyses of all liver 

tissues (N=72 fish) (Figure 2.19) and the growth study subset restricted comparison (N=24 fish) 

(Figure 2.20) both found there to be some separation between the two size groups, suggesting a 

moderate amount of difference. A random forest analysis was conducted to identify which 

metabolites may be potential biomarkers between the two striped bass size groups and had a 
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predictive accuracy of 73.3% (Table 2.14). The analysis identified the top thirty most important 

metabolites in relation to size group differentiation (Figure 2.21). The metabolic super pathway 

to which each metabolite belonged was described within Figure 2.21. Lipids made up the 

greatest percentage of those identified (53.3%). Other represented super pathways were amino 

acids (23.3%), cofactors and vitamins (13.3%), xenobiotics (7%), and nucleotides (3%). A 

Pearson correlation analysis identified the top fifty metabolites with the strongest linear 

relationships based on their observed R-squared values (Table 2.15). Of these metabolites, lipids 

were the most prevalent super pathway at 54%. Nucleotides (20%), amino acids (16%), 

xenobiotics (6%), cofactors and vitamins (2%), and peptides (2%) were super pathways that 

were also represented. Sphingolipids, a class of lipid metabolites, showed the strongest 

correlation with weight in the Pearson correlation analysis. The separation in concentrations 

between size groups could be seen in the top ranked sphingolipid, sphingomyelin (d18:1/22:2, 

d18:2/22:1, d16:1/24:2) (Figure 2.22). Most of the sphingolipids identified presented at a higher 

concentration in the Runt size group. Various other types of metabolites also saw a lower 

concentration in the Top Grade including phospholipids, free fatty acids, and nucleotides.  

One of the most important metabolites identified in the hybrid striped bass metabolomic 

results was cortisol, a known stress hormone. In the striped bass results cortisol were not 

significantly different between the Top Grade and Runt size groups. It was also only identified in 

31% of the Top Grade samples and 42% of the Runts. However, it followed a similar trend to 

that of the hybrid striped bass study in which concentration levels were elevated in the Runts 

(Figure 2.23).  
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Machine learning analysis 

The Ranker method cutoff for striped bass liver metabolites, regarding size groups (Top 

Grade and Runt) (N=72 fish), was a weight of 0.129. Metabolites above this cutoff were given 

higher weights by Ranker and were therefore important to hybrid striped bass size groups. 

Metabolites below the cutoff had weights of zero, meaning the metabolites were unimportant 

during the classification. Using the sequential minimal optimization with a cross-validation of 

66%, Ranker had a percentage of correctly classified instances of 54.17%, kappa statistic of 

0.1646, and AUROC of 0.593. Fifty metabolites were ranked as important when comparing 

striped bass size groups (Top Grade and Runt) (N=72 fish) (Table 2.16). Ranked metabolite data 

was input into classifier models to identify a range of correctly classified instances. For the 

sequential minimal optimization with a cross-validation of 66% split, the percentage of correctly 

classified instances ranged from 75.0% to 83.33% (Figure 2.24), kappa statistic ranged from 

0.5135 to 0.6757, and AUROC from 0.771 to 0.843. The number of metabolites plotted against 

percentage of correctly classified instances had a polynomial trendline of the second order with 

an R-squared value of 0.6363 (Figure 2.24). Twenty-five to forty metabolites were the optimal 

number of metabolites for the sequential minimal optimization classifier with a 66% split cross-

validation. This plot had the strongest R-squared value when compared to all other striped bass 

size group (Top Grade and Runt) classifiers for N=72 liver tissue samples. Multilayer perceptron 

with a cross-validation of 66% split had correctly classified instances ranging from 62.5% to 

79.17% (Figure 2.25), kappa statistic ranged from 0.2603 to 0.60, and AUROC from 0.729 to 

0.871. The number of metabolites plotted against percentage of correctly classified instances had 

a polynomial trendline of the second order with an R-squared value of 0.4622 (Figure 2.25). 

Thirty to forty metabolites were the optimal number of metabolites for the multilayer perceptron 
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classifier with a 66% split cross-validation. Sequential minimal optimization with a cross-

validation of 10 fold had correctly classified instances ranging from 69.44% to 80.56% (Figure 

2.26), kappa statistic ranged from 0.3889 to 0.6111, and AUROC from 0.694 to 0.806. The 

number of metabolites plotted against percentage of correctly classified instances had a 

polynomial trendline of the second order with an R-squared value of 0.5764 (Figure 2.26). 

Twenty-five metabolites were the optimal number of metabolites for the sequential minimal 

optimization classifier with a 10 fold cross-validation. Multilayer perceptron with a cross-

validation of 10 fold had correctly classified instances ranging from 56.94% to 79.17% (Figure 

2.27), kappa statistic ranged from 0.1389 to 0.5833, and AUROC from 0.586 to 0.842. The 

number of metabolites plotted against percentage of correctly classified instances had a 

polynomial trendline of the second order with an R-squared value of 0.5419 (Figure 2.27). Thirty 

to forty metabolites were the optimal number of metabolites for the multilayer perceptron 

classifier with a 10 fold cross-validation. When comparing the optimal number of metabolites 

across all classifiers and cross-validations, the top 25 to 40 metabolites were found to be the 

most important in their relationship to striped bass size groups (Top Grade and Runt) (N=72 

fish). 

Ten randomizations of the dataset were created to test against each classifier and serve as 

a negative control (Schilling et al. 2015). Based on the laws of probability, since there were two 

size groups (Top Grade and Runt), the percentage of correctly classified instances should have 

been approximately 50%. Sequential minimal optimization with a 66% split cross-validation 

averaged percent correctly classified instances of 48.75 ± 12.74, kappa statistic 0.03 ± 0.20, and 

AUROC 0.51 ± 0.10. Multilayer perceptron with a 66% split cross-validation averaged percent 

correctly classified instances of 48.33 ± 12.76, kappa statistic -0.02 ± 0.23, and AUROC 0.48 ± 
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0.12. Sequential minimal optimization with a 10 fold cross-validation averaged percent correctly 

classified instances of 46.39 ± 7.15, kappa statistic -0.07 ± 0.14, and AUROC 0.46 ± 0.07. 

Multilayer perceptron with a 10 fold cross-validation averaged percent correctly classified 

instances of 45.42 ± 7.26, kappa statistic -0.09 ± 0.15, and AUROC 0.46 ± 0.09. All values 

reported as mean ± standard deviation. Each of the randomizations percent of correctly classified 

instances were close to the predicted 50%. Kappa statistics less than 0.2 are considered poor 

performance (Schilling et al. 2015). AUROC values of 0.5 are considered comparable to random 

assignment (Schilling et al. 2015). An AUROC less than 0.5 or negative kappa statistic indicates 

classifier performance was worse than random assignment prediction (Schilling et al. 2015). 

The Ranker method cutoff for striped bass liver metabolites, regarding size groups (Top 

Top Grade and Bottom Runt) (N=24 fish), was a weight of 0.311. Metabolites above this cutoff 

were given higher weights by Ranker and were therefore important to hybrid striped bass size 

groups. Metabolites below the cutoff had weights of zero, meaning the metabolites were 

unimportant during the classification. Using the sequential minimal optimization with a cross-

validation of 66%, Ranker had a percentage of correctly classified instances of 62.5%, kappa 

statistic of 0.25, and AUROC of 0.633. One hundred and twenty-two metabolites were ranked as 

important to understand the striped bass size group relationship (Top Top Grade and Bottom 

Runt) (N=24 fish) (Table 2.17). Classifier models had a range of correctly classified instances 

when ranked metabolite data was entered. Sequential minimal optimization with a cross-

validation of 66% split the correctly classified instances ranged from 75.0% to 100% (Figure 

2.28), kappa statistic ranged from 0.467 to 1, and AUROC from 0.733 to 1. The number of 

metabolites plotted against percentage of correctly classified instances had a polynomial 

trendline of the second order with an R-squared value of 0.0812 (Figure 2.28). Multilayer 
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perceptron with a cross-validation of 66% split had correctly classified instances ranging from 

75.0% to 87.5% (Figure 2.29), kappa statistic ranged from 0.467 to 0.75, and AUROC from 

0.867 to 1. The number of metabolites plotted against percentage of correctly classified instances 

had a polynomial trendline of the second order with an R-squared value of 0.1952 (Figure 2.29). 

The multilayer perceptron plot with 66% split cross-validation had the strongest R-squared value 

when compared to all other striped bass size group (Top Top Grade and Bottom Runt) classifiers 

for growth study subset liver tissue samples. J48 with a cross-validation of 66% split always had 

correctly classified instances of 75% (Figure 2.30), kappa statistic was always 0.385, and 

AUROC 0.667. The number of metabolites plotted against percentage of correctly classified 

instances had a polynomial trendline of the second order with an R-squared value of 0.1192 

(Figure 2.30). Sequential minimal optimization with a cross-validation of 10 fold had correctly 

classified instances ranging from 62.5% to 95.83% (Figure 2.31), kappa statistic ranged from 

0.25 to 0.9167, and AUROC from 0.625 to 0.958. The number of metabolites plotted against 

percentage of correctly classified instances had a polynomial trendline of the second order with 

an R-squared value of 0.1763 (Figure 2.31). Multilayer perceptron with a cross-validation of 10 

fold had correctly classified instances ranging from 83.33% to 91.67% (Figure 2.32), kappa 

statistic ranged from 0.6667 to 0.8333, and AUROC from 0.854 to 0.979. The number of 

metabolites plotted against percentage of correctly classified instances had a polynomial 

trendline of the second order with an R-squared value of 0.1203 (Figure 2.32). J48 with a cross-

validation of 10 fold had correctly classified instances ranging from 79.17% to 87.5% (Figure 

2.33), kappa statistic ranged from 0.5833 to 0.75, and AUROC from 0.781 to 0.865. The number 

of metabolites plotted against percentage of correctly classified instances had a polynomial 

trendline of the second order with an R-squared value of 0.0578 (Figure 2.33). All three models 
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using both cross-validation procedures come to a range of approximately 78% to 88% correct 

classification and there was no clear underfitting or overfitting trend. When plotting the 

percentage of correct classification to reduce data dimensionality, increase in model performance 

does not occur. Therefore all 122 metabolites are important to the comparison of Top Top Grade 

and Bottom Runt striped bass (N=24 fish).  

Ten randomizations of the dataset were created to test against each classifier and serve as 

a negative control (Schilling et al. 2015). Based on the laws of probability, since there were two 

size groups (Top Top Grade and Bottom Runt), the percentage of correctly classified instances 

should have been approximately 50%. Sequential minimal optimization with a 66% split cross-

validation averaged percent correctly classified instances of 32.50 ± 15.49, kappa statistic -0.24 

± 0.31, and AUROC 0.36 ± 0.18. Multilayer perceptron with a 66% split cross-validation 

averaged percent correctly classified instances of 34.29 ± 19.38, kappa statistic -0.21 ± 0.38, and 

AUROC 0.33 ± 0.20. J48 with a 66% split cross-validation averaged percent correctly classified 

instances of 49.64 ± 23.87, kappa statistic 0.17 ± 0.31, and AUROC 0.58 ± 0.17. Sequential 

minimal optimization with a 10 fold cross-validation averaged percent correctly classified 

instances of 43.33 ± 12.61, kappa statistic -0.13 ± 0.25, and AUROC 0.43 ± 0.12. Multilayer 

perceptron with a 10 fold cross-validation averaged percent correctly classified instances of 

40.83 ± 11.08, kappa statistic -0.13 ± 0.31, and AUROC 0.38 ± 0.10. J48 with a 10 fold cross-

validation averaged percent correctly classified instances of 53.75 ± 11.53, kappa statistic 0.08 ± 

0.23, and AUROC 0.52 ± 0.12. All values reported as mean ± standard deviation. Each of the 

randomizations percent of correctly classified instances were close to the predicted 50%. Kappa 

statistics less than 0.2 are considered poor performance (Schilling et al. 2015). AUROC values of 

0.5 are considered comparable to random assignment (Schilling et al. 2015). An AUROC less 
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than 0.5 or negative kappa statistic indicates classifier performance was worse than random 

assignment prediction (Schilling et al. 2015).  

Discussion 

Striped bass growth study and sampling 

  Within the binned frequency histogram of striped bass weights at final sampling there 

was a bimodal distribution, thus resulting in the separation of fish into size groups (Top Grade 

and Runt) (Figure 2.4). The Top Grade and Runt fish were significantly different in each growth 

parameter examined (Tables 2.4 and 2.5). These differences indicated a potential hidden effect 

within the distribution which we speculate could be the difference in performance of families. 

The effect may be similar to the Runt Effect as described in Chapter II for the hybrid striped bass 

but is unclear.  

Liver histology  

 There were no significant differences between the Top Grade and Runt liver histology 

grand means for either the liver histology subset (N=20 fish) or the metabolomic study 

population (N=72 fish). However, Runt fish had significantly smaller livers based on the hepatic 

somatic index (Table 2.5). These results indicate that the Runt hybrid striped bass have a higher 

incidence of adipose infiltration and that their liver were in an overall worse condition than the 

Top Grade. An unpublished doctoral dissertation by Matthew Picha (2007) from North Carolina 

State University investigated how the hepatic somatic index was affected when hybrid striped 

bass were faced with two major environmental stressors: starvation and water temperature 

cooling (cold-banking). These two stressors were chosen as they represented a natural 

overwintering period. The control group, in which fish fed throughout the experiment, did not 

see significant reductions in hepatic somatic index, even during cold-banking. The treatment 



125 

 

group, of starved hybrid striped bass, had a hepatic somatic index that significantly decreased 

during cold-banking, but increased significantly when returned to a normal water temperature of 

24°C. Hybrid striped bass liver samples were analyzed using transmission electron microscopy 

to identify intracellular lipid presence. Both the control and treatment group appear to have had 

normal lipid quantities present in their livers prior to cold-banking. Treatment hybrid striped bass 

had increases in lipid quantities while cold-banked. When the treatment groups were fed and 

brought back to a normal temperature, at the end of the experiment, lipid levels in the treatment 

group returned to normal and there appeared to be a reverse in the lipid accumulation condition. 

Statistical analyses were not conducted to identify if there were any significant differences 

between the fed and starved hybrid striped bass lipid levels. Results from this experiment lead to 

the conclusion that smaller livers with low hepatic somatic indexes have greater lipid 

concentrations and larger livers with greater hepatic somatic indexes have lower lipid infiltration. 

As striped bass from the current study were neither cold-banked nor starved, thoughts may turn 

to the potential that other factors may be causing the extent of hepatic steatosis within the striped 

bass livers. The cause is thought to most likely be related to diet, genotype by environment, 

feeding frequency, inability to metabolize particular lipids properly, or a combination of said 

factors.  

 Hepatic steatosis has been linked to diet in species such as gilthead seabream (Sparus 

auratus) and European sea bass (Dicentrarchus labrax), another member of the Moronidae 

family (Spisni et al. 1998). Juvenile fish fed artificial diets were found to have more extensive 

hepatic steatosis than their natural feed counterparts (Spisni et al. 1998). High mortality rates and 

poor growth performance have also been linked to hepatic steatosis (Roberts 1989). One study 

found that increased levels of oleic acid with decreased levels of docosahexaenoic acid may play 
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a role in steatosis for artificially fed fish, thus relaying the importance of fatty acid ratios in diets 

for marine species (Spisni et al. 1998). Triglycerides are the lipid molecules that may also cause 

fat accumulation in the liver and are created through the esterification of free fatty acids and 

glycerol by hepatocytes (Asoaka et al. 2013). One of the sources of free fatty acids is diet where 

they are obtained and can then be used to generate ATP or produce triglycerides (Asoaka et al. 

2013). The metabolic processes behind hepatic steatosis and its effects on homeostasis remain 

unclear, however diet linked hepatic steatosis research from the larval stage to market size 

harvesting may have beneficial results for striped bass and other species.  

Metabolomic analysis 

 When comparing the metabolites identified as important from the random forest analysis 

to those of the Pearson correlation, 16 of 30 metabolites matched (53.33%). They included N-

alpha-acetylornithine, myristoyl dihydrosphingomyelin (d15:0/14:0), sphingomyelin (d17:116:0, 

d18:1/15:0, d16:1/17:0), glycine, cytosine, fructosyllysine, sphingomyelin (d18:1/17:0, 

d17:1/18:0, d19:1/16:0), sphingomyelin (d18:1/22:2, d18:2/22:1, d16:1/24:2), palmitoyl-dihomo-

linolenoyl-glycerol (16:0/203n3 or 6) [2], mannonate, stearoyl sphingomyelin (d18:1/18:0), N-

tetracosadienoyl-sphingosine (d18:1/24:2), methionine sulfoxide, ergothioneine, stearoyl-

docosahexaenoyl-glycerol (18:0/22:6), and 1-linoleoyl-2-linolenoyl-GPC (18:2/18:3). These 

sixteen metabolites may be biomarkers important to the differentiation between potential growth 

performance in striped bass.  

Of the matched metabolites many were sphingomyelins, also known as sphingolipids. In 

general, almost all measured sphingolipids were present at significantly lower concentrations in 

the striped bass Top Grade than Runts. A similar reduction of sphingolipid concentrations was 

also observed in a previous study conducted on hybrid striped bass by Rajab et al. 2019. The 
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pattern of sphingolipid concentrations may suggest a difference in synthesis and degradation 

rates between striped bass size groups. This thought is supported by decreased concentrations of 

phosphatidylcholine and phosphoethanolamine metabolites in Top Grade striped bass, which are 

associated with the synthesis and degradation of sphingolipids. Abundance of these metabolite 

classes and sphingolipids may also be influenced by dietary composition, but further research 

will be required. Sphingolipids are known to play a role in cell membrane structure, growth, and 

differentiation of skeletal muscle (Spiegel and Merrill 1996). Growth can be inhibited by long-

chain bases, such as sphingolipids, but other studies have found that parts of sphingolipids may 

stimulate growth factors (Zhang et al. 1990), meaning that sphingolipids may be both positive 

and negative modulators of growth (Spiegel and Merrill 1996). One potential way sphingolipids 

may negatively impact growth is through their role in insulin resistance (Straczkowski and 

Kowalska 2008). Insulin is a hormone which regulates carbohydrate, fat, and protein metabolism 

and can also prevent potential damage to adipose tissue, liver tissue, and skeletal muscle (Sears 

and Perry 2015). Insulin resistance is impaired cell response to circulating insulin and can be 

caused through multiple factors, including dietary nutrient imbalance (Sears and Perry 2015). 

Sphingolipids, and one of their structural components, ceramides, may inhibit or impair insulin 

responses or stimulation in both humans and rats (Straczkowski and Kowalska 2008). Insulin 

resistance caused by ceramides has not been linked directly to the liver (Sears and Perry 2015), 

but is linked to apoptosis of skeletal muscle myotubes, directly affecting growth (Straczkowski 

and Kowalska 2008). Most sphingolipids (ceramides and sphingomyelins) identified in striped 

bass liver tissues were found to be of significantly higher concentrations in both the Runt group 

(N=36 fish) and Bottom Runt group (N=12 fish). Another metabolite, cortisol, is a 

glucocorticoid in humans and has been linked to insulin resistance as either a cause or symptom 
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by changing sensitivity levels to insulin (Andrews and Walker 1999). Although cortisol 

concentrations in striped bass liver tissues were not found to be significantly different between 

size groups, they followed a similar pattern to the hybrid striped bass results meaning the Runt 

(N=36 fish) size group had the trend of a higher concentration compared to Top Grade (N=36 

fish). As the liver is crucial to metabolism, it is unsurprising that it can experience some of the 

first metabolic consequences of insulin resistance, such as the buildup of fat, also known as 

hepatic steatosis (Sears and Perry 2015). Striped bass from the current study were also found to 

suffer from hepatic steatosis. Both Top Grade and Runt fish had hepatic steatosis, but the Runts 

had a higher incidence due to their overall smaller liver size. The combination of metabolomic 

analysis and liver histology results suggest striped bass with poor growth performance may 

suffer from insulin resistance, potentially caused by diet.  

Almost all nucleotide metabolites quantified in striped bass liver tissues were at reduced 

levels in Top Grade fish. Nucleotides are critically important as they are the building blocks for 

the two types of nucleic acids, RNA and DNA. Both have been found to be of great importance 

during young fish development (Peragón et al. 2001) and growth rates were found to have a 

positive correlation with white muscle RNA concentrations in rainbow trout (Oncorhynchus 

mykiss) (Bastrop et al. 1992). Fish with positive growth rates and greater final weights were 

found to have greater DNA concentrations (Bastrop et al. 1992). Concentrations were measured 

in the liver as it plays a central role in energy and metabolism homeostasis, and therefore growth 

(Bastrop et al. 1992). Decreased concentrations of DNA per gram of fresh liver weights was 

believed to be due to hypertrophy of hepatocytes, where total cell numbers were fewer resulting 

in less DNA (Bastrop et al. 1992). These results may suggest that low levels of nucleic acids in 

Top Grade striped bass, from the current study, mean the size group has an increased demand on 
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nucleotides for growth. This suggest the fish are actively using free nucleotides for the synthesis 

of nucleic acids (ie, cell proliferation or hyperplasia).   

Machine learning analysis  

 Four lists of important metabolites have been produced from the striped bass liver 

metabolomics data including the random forest analysis, Pearson correlation, machine learning 

analysis on the metabolomic study population (N=72 fish), and machine learning analysis sample 

growth study subset (N=24 fish). When comparing these lists a total of 57 metabolites matched 

between at least two of the analyses and the super pathways represented by them included amino 

acids (21%), cofactors and vitamins (7%), lipids (46%), nucleotides (19%), xenobiotics (5%), 

and peptides (2%). Of these metabolites, fourteen matched between all four lists including N-

alpha-acetylornithine, myristoyl dihydrosphingomyelin (d18:0/14:0), sphingomyelin (d17:1/16:0, 

d18:1/15:0, d16:1/17:0), glycine, cytosine, fructosyllysine, sphingomyelin (d18:1/17:0, 

d17:1/18:0, d19:1/16:0), sphingomyelin (d18:1/22:2, d18:2/22:1, d16:1/24:2), palmitoyl-dihomo-

linolenoyl-glycerol (16:0/20:3n3 or 6) [2], mannonate, stearoyl sphingomyelin (d18:1/18:0), N-

tetracosadienoyl-sphingosine (d18:1/24:2), ergothioneine, and 1-linoleoyl-2-linolenoyl-GPC 

(18:2/18:3). Most of these metabolites are in some way related to sphingolipids, which were 

discussed above in the Metabolomic analysis section above. Further analysis will be required to 

fully understand the important metabolic pathways the striped bass metabolites play a role in. 

One way may involve valine, leucine, and isoleucine degradation as the metabolites 3-methyl-2-

oxovalerate, 3-methyl-2-oxobutyrate, and 4-mehtly-2-oxopentanoate were ranked within Top 

Top Grade and Bottom Runt machine learning analysis. As mentioned before in Chapter II, these 

are abnormal metabolites, which present in the body during incomplete degradation of branched 

chain amino acids including valine, leucine, and isoleucine (Wishart et al. 2017). The results 
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indicate a similar metabolic syndrome may be occurring in both hybrid striped bass and striped 

bass.  
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Table 2.1. Steatosis scoring table based on the percentage of adipose tissue infiltration within the 

field of view for each image. The higher the score the greater the amount of steatosis. Adapted 

from Martinez-Rubio et al. (2013). 

              

Steatosis Score  Description         

0   Area of adipose infiltration involving less than 10% of the field of view.  

1   Area of adipose infiltration involving less than 25% of the field of view.  

2   Area of adipose infiltration involving less than 50% of the field of view.  

3   Area of adipose infiltration involving less than 75% of the field of view.  

4   Area of adipose infiltration involving less than 90% of the field of view.  

5   Area of adipose infiltration involving more than 90% of the field of view.   
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Table 2.2. Sampling dates, total lengths, and weights of all striped bass raised at North Carolina 

State University Grinnells Animal Health Laboratory (Raleigh, NC). Striped bass were sampled 

every three months from the age of five months to seventeen months. All values given as mean ± 

standard deviation. 

              

Sampling Date Age (months)  Total Length (mm)     Weight (kg)   

10/16/2017  5    172.1 ± 72.5   0.054 ± 0.011 

1/22/2018  8   241.8 ± 16.1   0.181 ± 0.043             

4/9/2018  11   294.2 ± 19.0   0.384 ± 0.089            

7/13/2018  14   380.8 ± 23.2   0.760 ± 0.157            

10/15/2018  17   428.3 ± 25.4   1.108 ± 0.233             
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Table 2.3. Total lengths (mm) and weights (kg) for all striped bass within each replicate 

population per sampling date. Populations were labeled 1, 2, or 3 to represent each striped bass 

group, which remained separated throughout the growth study. All values given as mean ± 

standard deviation. 

              

Sampling Date Population  Total Length (mm)  Weight (kg)             

10/16/2017  1   167.7 ± 12.1   0.06 ± 0.01             

   2   165.7 ± 9.8   0.05 ± 0.01            

   3   167.5 ± 9.9   0.05 ± 0.01             

1/22/2018  1   240.1 ± 17.1   0.18 ± 0.05             

   2   238.6 ± 13.0   0.18 ± 0.04             

   3   246.9 ± 17.2   0.19 ± 0.04             

4/9/2018  1   290.8 ± 19.9   0.37 ± 0.09             

   2   289.8 ± 15.8   0.36 ± 0.08             

   3   302.9 ± 19.0   0.42 ± 0.09             

7/13/2018  1   383.1 ± 24.8   0.77 ± 0.17             

   2   375.2 ± 20.6   0.71 ± 0.13             

   3   385.0 ± 23.4   0.81 ± 0.16             

10/15/2018  1   426.3 ± 26.9   1.08 ± 0.25             

   2   426.7 ± 22.7   1.10 ± 0.20             

   3   432.1 ± 26.7   1.15 ± 0.24             
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Table 2.4. Total lengths (mm) and weight (g) of metabolomic study striped bass within size 

groups, Runt and Top Grade, (N=72 fish). All values given as mean ± standard deviation. 

              

Size Group  Total Length (mm)  Weight (g)      

Runt   399.6 ± 16.0   845.3 ± 115.0      

Top Grade  449.0 ± 16.5   1316.1 ± 181.4     
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Table 2.5. Fulton’s Condition Factor (K) (N=72 fish), liver weight (g) (N=71 fish), and hepatic 

somatic index (N=71 fish) of metabolomic study striped bass within size groups, Runt and Top 

Grade. There were only 71 tissue samples analyzed for liver weight and hepatic somatic index as 

1 sample was accidentally missed during final sampling. All values given as mean ± standard 

deviation. 

              

Size Group Fulton’s Condition Factor (K) Liver Weight (g)    Hepatic Somatic Index  

Runt  0.0013 ± 0.0001   17.1 ± 5.8          2.0 ± 0.6  

Top Grade 0.0014 ± 0.0001   30.7 ± 7.8          2.3 ± 0.4    
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Table 2.6. Total length (mm) and weight (g) of striped bass within size groups, Bottom Runt and 

Top Top Grade, for growth study subset (N=24 fish). All values given as mean ± standard 

deviation. 

              

Size Group  Total Length (mm)  Weight (g)      

Bottom Runt  382.6 ± 8.5   718.3 ± 59.5      

Top Top Grade 465.7 ± 13.3   1524.2 ± 130.7     
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Table 2.7. Fulton’s Condition Factor (K), liver weight (g), and hepatic somatic index of striped 

bass within size groups, Bottom Runt and Top Top Grade, for growth study subset (N=24 fish). 

All values given as mean ± standard deviation. 

              

Size Group       Fulton’s Condition Factor (K) Liver Weight (g)    Hepatic Somatic Index  

Bottom Runt       0.0013 ± 0.0001   12.9 ± 5.6          1.8 ± 0.6  

Top Top Grade     0.0015 ± 0.0001   38.3 ± 5.9          2.5 ± 0.4    
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Table 2.8. Total length (mm) and weight (g) of striped bass within size groups, Runt and Top 

Grade, for liver histology subset (N=20 fish). All values given as mean ± standard deviation. 

              

Size Group  Total Length (mm)  Weight (g)      

Runt   397.5 ± 8.8   847.0 ± 71.2     

Top Grade  448.7 ± 15.3   1326.0 ± 170.8      
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Table 2.9. Fulton’s Condition Factor (K) (N=20 fish), liver weight (g) (N=19 fish), and hepatic 

somatic index (N=19 fish) of striped bass within size groups, Runt and Top Grade, for liver 

histology subset. There were only 19 tissue samples analyzed for liver weight and hepatic 

somatic index as 1 sample was accidentally missed during final sampling. All values given as 

mean ± standard deviation. 

              

Size Group Fulton’s Condition Factor (K) Liver Weight (g)    Hepatic Somatic Index  

Runt  0.0013 ± 0.0001   18.1 ± 5.5          2.1 ± 0.6  

Top Grade 0.0015 ± 0.0001   31.6 ± 6.4          2.4 ± 0.5    
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Table 2.13. Welch’s two-sample t-test analysis identified the number of significant metabolites 

in striped bass liver tissue and their significance in relation to Top Grade and Runt size groups 

for all Metabolon samples and the subset (N=24 fish). The striped bass subset includes the Top 

Top Grade (N=12 fish) and Bottom Runt (N=12 fish) by weight at the time of final sampling. 

Total number of metabolites which were statistically significant (p≤ 0.05).  

              

       Metabolon Samples Subset Samples  

Statistically Significant Metabolites (p≤0.05)  261   225  

Metabolites Upregulated in Top Grade   71   40  

Metabolites Upregulated in Runt   190   185    
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Table 2.14. Confusion matrix showing the predictive accuracy of the random forest analysis 

(Figure 2.20), conducted on striped bass liver tissues (N=72). Predictive accuracy was 73.3% and 

calculated in the shown table comparing the predicted group versus actual group. 

              

   Predicted group 

Actual group  Runt  Top Grade Class Error      

Runt   28  8  22.2% 

Top Grade  12  24  33.3% 

       Predictive accuracy= 73.3%    
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Table 2.15. Fifty most important metabolites identified by the Pearson correlation analysis. 

Metabolites were ranked in order of their linear regression R-squared values, in relation to 

individual metabolite levels and striped bass weights. An asterisk designates metabolites with 

identifications that could not be confirmed based on a standard, but Metabolon was confident in 

its identification. 

              

Rank Metabolite                 

1 Cis-urocanate         

2 Cortisol           

3 Taurochenodeoxycholate         

4 Taurocholate          

5 Oxaloacetate          

6 Taurolithocholate          

7 Deoxycholate          

8 Cholate           

9 Dimethylglycine          

10 3-amino-2-piperidone         

11 Pyridoxate          

12 1-oleoyl-2-linoleoyl-GPC (18:1/18:2)*        

13 Cytidine             

14 N6-succinyladenosine   

15 1-palmitoleoyl-2-linoleoyl-GPC (16:1/18:2)* 

16 Oleoylcholine 

17 1,2-dioleoyl-GPI (18:1/18:1) 

18 Succinylcarnitine (C4-DC) 

19 2,3-dihydroxyisovalerate 

20 Palmitoyl-docosahexaenoyl-glycerol (16:0/22:6)* 

21 Methylmalonate (MMA) 

22 Succinate 

23 Homocysteine 

24 2-dimethylaminoethanol 

25 5-methylcytidine           
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Table 2.15 (continued). 

              

Rank Metabolite                 

26 3-ketosphinganine                

27 3’-dephosphocoenzyme A         

28  Cytosine           

29 2-hydroxybutyrate/2-hydroxyisobutyrate       

30 2-aminoadipate          

31 C-glycosyltryptophan         

32 2’-deoxyguanosine              

33 2’-deoxyinosine          

34 Phosphoethanolamine         

35 1-methyladenine               

36 Sphingomyelin (d18:0/18:0, d19:0/17:0)*         

37 Stearoyl-docosahexaenoyl-glycerol (18:0/22:6)*         

38 Sphingomyelin (d17:1/14:0, d16:1/15:0)*           

39 Choline 

40 Thymine 

41 Palmitoyl dihydrosphingomyelin (d18:0/16:0)* 

42 Methionine sulfoxide 

43 Palmitoyl-dihomo-linolenoyl-glycerol (16:0/20:3n3 or 6)* 

44 Gamma-glutamylvaline 

45 N6-carbamoylthreonyladenosine 

46 1-linoleoyl-2-linolenoyl-GPC (18:2/18:3)* 

47 5-methyluridine (ribothymidine) 

48 1-myristoyl-2-palmitoyl-GPC (14:0/16:0) 

49 5,6-dihydrouridine 

50 Adenosine 3’-monophosphate (3’-AMP)        
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Table 2.16. Fifty metabolites ranked as important by the software program Weka 3.8 (University 

of Waikato, Hillcrest, New Zealand) in determining the size group of striped bass for the entire 

sample size (N=72 fish). Metabolites were ranked in order of importance. An asterisk designates 

metabolites with identifications that could not be confirmed based on a standard, but Metabolon 

was confident in its identification.  

              

Rank Metabolite            

1 Myristoyl dihydrosphingomyelin (d18:0/14:0)*    

2 N-acetylarginine      

3 Sphingomyelin (d17:1/16:0, d18:1/15:0, d16:1/17:0)*  

4 N-alpha-acetylornithine     

5 1,2-dilinoleoyl-GPC (18:2/18:2)    

6 Glycine       

7 Sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0)  

8 Arachidonoylcarnitine (C20:4)    

9 Cytosine       

10 Nicotinamide adenine dinucleotide (NAD+)   

11 Palmitoylcarnitine (C16)     

12 N-tetracosadienoyl-sphingosine (d18:1/24:2)*   

13 Palmitoyl-dihomo-linolenoyl-glycerol (16:0/20:3n3 or 6)*    

14 5-aminovalerate 

15 Mannonate* 

16 Dihomo-linoleoylcarnitine (C20:2)* 

17 Trigonelline (N’-methylnicotinate) 

18 Sphingomyelin (d18:1/22:2, d18:2/22:1, d16:1/24:2)* 

19 5,6-dihydrouridine 

20 1-linoleoyl-2-linolenoyl-GPC (18:2/18:3)* 

21 Fructosyllysine 

22 Allantoin 

23 Linoleoylcarnitine (C18:2)* 

24 Stearoyl sphingomyelin (d18:1/18:0) 

25 2-piperidinone            
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Table 2.16 (continued). 

              

Rank Metabolite          

26 1-palmitoyl-2-docosahexaenoyl-GPC (16:0/22:6)   

27 Choline       

28 1-myristoyl-2-palmitoyl-GPC (14:0/16:0)   

29 Guanine       

30 C-glycosyltryptophan     

31 Eicosenoylcarnitine (C20:1)*     

32 Methionine sulfoxide     

33 Pyridoxate      

34 Ergothioneine      

35 1-methyl-4-imidazoleacetate     

36 Hexadecenedioate (C16:1-DC)*    

37 16-hydroxypalmitate     

38 2’-deoxycytidine        

39 Pyroglutamine* 

40 Phosphoenolpyruvate (PEP) 

41 Anserine  

42 Pyridoxal 

43 Hypotaurine 

44 Sphingomyelin (d18:2/23:1)* 

45 Sphingomyelin (d18:2/24:1, d18:1/24:2)* 

46 Glycosyl-N-(2-hydroxynervonoyl)-sphingosine (d18:1/24:1 (2OH))* 

47 Stearoyl-arachidonoyl-glycerol (18:0/20:4)* 

48 Undecanedioate (C11-DC) 

49 2-hydroxyglutarate 

50 Pantetheine            
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Table 2.17. One hundred and twenty-two metabolites ranked as important by the software 

program Weka 3.8 (University of Waikato, Hillcrest, New Zealand) in determining a striped bass 

samples size group for the growth study subset (N=24 fish). Metabolites were ranked in order of 

importance. An asterisk designates metabolites with identifications that could not be confirmed 

based on a standard, but Metabolon was confident in its identification.  

              

Rank Metabolite            

1 Sphingomyelin (d17:1/16:0, d18:1/15:0, d16:1/17:0)*  

2 N-alpha-acetylornithine     

3 1-linoleoyl-2-linolenoyl-GPC (18:2/18:3)*   

4 Myristoyl dihydrosphingomyelin (d18:0/14:0)*   

5 N-tetracosadienoyl-sphingosine (d18:1/24:2)*   

6 Cytosine       

7 N-acetylarginine       

8 Itaconate       

9 Allantoin       

10 Isobutyrylcarnitine (C4)     

11 Arachidonoylcarnitine (C20:4)    

12 Carnosine      

13 1-palmitoleoyl-2-linolenoyl-GPC (16:1/18:3)*   

14 Sphingomyelin (d18:1/22:2, d18:2/22:1, d16:1/24:2)*  

15 N-acetylisoleucine          

16 1,2-dilinoleoyl-GPC (18:2/18:2) 

17 Sphingomyelin (d18:2/24:1, d18:1/24:2)* 

18 1,2-dipalmitoyl-GPC (16:0/16:0) 

19 Fructosyllysine 

20 5,6-dihydrouridine 

21 1,2-dilinoleoyl-GPE (18:2/18:2)* 

22 Thymine 

23 1-palmitoyl-2-linoleoyl-GPC (16:0/18:2) 

24 Glycosyl ceramide (d18:2/24:1, d18:1/24:2)* 

25 Nicotinamide riboside 

26 Isovalerylcarnitine (C5) 

27 Gamma-glutamylglutamine 

28 N-palmitoyl-sphinganine (d18:0/16:0) 

29 Behenoyl dihydrosphingomyelin (d18:0/22:0)* 

30 Sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0)  

31 Choline 

32 3-ketosphinganine 

33 Nicotinamide adenine dinucleotide (NAD+) 

34 Sphingomyelin (d18:1/24:1, d18:2/24:0)*        
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Table 2.17 (continued). 

              

Rank Metabolite            

35 Ergothioneine  

36 Sphingomyelin (d18:2/23:1)*  

37 Trigonelline (N’-methylnicotinate)         

38 2-hydroxybutyrate/2-hydroxyisobutyrate   

39 3-aminoisobutyrate      

40 Linoleoyl-linoleoyl-glycerol (18:2/18:2)*   

41 Pyroglutamine*      

42 3-hydroxyisobutyrate     

43 Palmitoylcarnitine (C16)     

44 Ceramide (d16:1/24:1, d18:1/22:1)*    

45 Ceramide (d18:1/17:0, d17:1/18:0)*    

46 N-stearoyl-sphingosine (d18:1/10:0)* 

47 Methylsuccinate 

48 Adenine 

49 Beta-citrylglutamate 

50 Gamma-glutamylvaline 

51 3-methyl-2-oxobutyrate 

52 Hypotaurine 

53 Glycine 

54 Retinol (Vitamin A) 

55 Betonicine 

56 Orotidine 

57 N-myristoyl-sphingosine (d18:1/14:0)* 

58 Linoleoylcarnitine (C18:2)* 

59 3’-AMP 

60 16-hydroxypalmitate 

61 2-aminoadipate 

62 Stearoyl sphingomyelin (d18:1/18:0) 

63 Palmitoyl-dihomo-linolenoyl-glycerol (16:0/20:3n3 or 6)* 

64 1-linolenoyl-GPG (18:3)* 

65 Palmitoyl-arachidonoyl-glycerol (16:0/20:4)* 

66 1-myristoyl-2-arachidonoyl-GPC (14:0/20:4)* 

67 1-palmitoyl-2-linoleoyl-GPE (16:0/18:2) 

68 Hexadecadienoate 

69 1-(1-enyl-stearoyl)-GPE (P-18:0)* 

70 4-hydroxyphenylpyruvate 

71 Thymidine 

72 2’-deoxyguanosine          
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Table 2.17 (continued).  

              

Rank Metabolite            

73 Cholesterol 

74 Sphingomyelin (d18:1/20:1, d18:2/20:0)* 

75 C-glycosyltryptophan  

76 2’-deoxyuridine  

77 Sphingomyelin (d18:0/20:0, d16:0/22:0)* 

78 Glycosyl ceramide (d16:1/24:1, d18:1/22:1)* 

79 (3’-5’)-uridylyladenosine 

80 Eicosenoylcarnitine (C20:1)* 

81 Dihomo-linoleoylcarnitine (C20:2)* 

82 1-palmitoleoyl-2-linoleoyl-GPC (16:1/18:2)*  

83 (3’-5’)-cytidylyluridine* 

84 N6-carbamoylthreonyladenosine 

85 UDP-N-acetylglucosamine/galactosamine 

86 1-myristoyl-2-palmitoyl-GPC (14:0/16:0) 

87 FAD 

88 Phosphoethanolamine (PE) 

89 5-methyluridine (ribothymidine) 

90 1-stearoyl-2-oleoyl-GPG (18:0/18:1) 

91 2’-deoxyinosine 

92 Oleoyl-arachidonoyl-glycerol (18:1/20:4)* 

93 1-linoleoyl-GPE (18:2)* 

94 1-methyladenine 

95 Palmitoyl-linoleoyl-glycerol (16:0/18:2)*  

96 1-pentadecanoylglycerol (15:0) 

97 Phenylalanine 

98 Hexadecatrienoate (16:3n3) 

99 N-palmitoyl-sphingosine (d18:1/16:0) 

100 1-palmitoyl-2-docosahexaenoyl-GPE (16:0/22:6)* 

101 N-palmitoyl-sphingadienine (d18:2/16:0)*  

102 3-methyl-2-oxovalerate 

103 Homostachydrine* 

104 4-methyl-2-oxopentanoate  

105 Anserine 

106 Palmitoyl sphingomyelin (d18:1/16:0) 

107 N-delta-acetylornithine 

108 N-carboxymethylalanine 

109 Mannonate* 

110 N-acetylthreonine           
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Table 2.17 (continued). 

              

Rank Metabolite            

111 2-dihomo-linoleoylglycerol (20:2)* 

112 Benzoylcarnitine* 

113 1-oleoyl-GPG (18:1)* 

114 Sphingomyelin (d18:1/19:0, d19:1/18:0)* 

115 1-oleoyl-2-docosahexaenoyl-GPE (18:1/22:6)* 

116 1-omega-arachidonoyl-GPC (20:4n3)* 

117 Cytidine 

118 1-linoleoyl-GPG (18:2)* 

119 Delta-tocopherol 

120 Glutarate (C5-DC) 

121 (3’-5’)-adenylyladenosine* 

122 Stearoyl-docosahexaenoyl-glycerol (18:0/22:6)*       
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Figure 2.1. Striped bass whole livers at the time of final sampling. Panel 1 shows a healthy fish 

liver with a consistent pink color throughout. Panel 2 shows an unhealthy fish liver with the pale 

(yellow) pigmentation throughout, indicating excess fat deposits.  
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Figure 2.2. Liver histology samples at 20x magnification using an Olympus CH microscope. 

Panel 1 shows dark purple pigmentation indicated healthy liver tissue. Panel 2 shows white 

pigmentation indicated adipose tissue.  
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Figure 2.3. A visual representation of liver histology scoring method (Table 2.1) on microscope 

slides. Panels numbers represent the percentage of adipose infiltration within the field of view 

(Panel 1= <10%; Panel 2= <25%; Panel 3= <50%; Panel 4= <75%; Panel 5= <90%; Panel 6= 

>90%). Scoring method adapted from Martinez-Rubio et al. (2013). 
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Figure 2.4. Histogram of weight (kg) frequency distribution of striped bass sampled October 

2018. Weight was separated into bins increasing in increments of 0.09 kg.  
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Figure 2.5. Liver histology steatosis grand mean of scores for both striped bass Runt and Top 

Grade size groups within the striped bass subset (N=20 fish). Runt liver tissues had a grand mean 

of 3.4 and Top Grade had a grand mean of 3.6. No significant differences between the two grand 

means (t-Test, unequal variance, p=0.7386).  
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Figure 2.6. Liver histology subset (N=20 fish) striped bass weight (g) versus average steatosis 

scores. A linear trendline was fit to the data points with a resulting equation of 

y=0.0005x+2.9273 and R-squared value of 0.0142. 
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Figure 2.7. Liver histology subset (N=20 fish) striped bass total length (mm) versus average 

steatosis scores. A linear trendline was fit to the data points with a resulting equation of 

y=0.0027x+2.3088 and R-squared value of 0.0047. 
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Figure 2.8. Liver histology subset (N=20 fish) striped bass Fulton’s Condition Factor (K) versus 

average steatosis scores. A linear trendline was fit to the data points with a resulting equation of 

y=2056.4x+0.5818 and R-squared value of 0.0294. 
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Figure 2.9. Liver histology subset (N=19 fish) striped bass liver weight (g) versus average 

steatosis scores. A linear trendline was fit to the data points with a resulting equation of  

y=-0.0191x+3.8887 and R-squared value of 0.0217. One liver weight was accidentally not 

collected during the final sampling which is why the liver tissue sample size was N=19.  
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Figure 2.10. Liver histology subset (N=19 fish) striped bass hepatic somatic index versus 

average steatosis scores. A linear trendline was fit to the data points with a resulting equation of  

y= -0.6517x+4.893 and R-squared value of 0.1095. One liver weight was accidentally not 

collected during the final sampling which is why the liver tissue sample size was N=19. 
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Figure 2.11. Runt and Top Grade liver histology striped bass subset (N=19 fish) hepatic somatic 

index versus average steatosis scores. One liver weight was accidentally not collected during the 

final sampling which is why the liver tissue sample size was N=19. A linear trendline was fit to 

the data of each size group. Runt had an equation of y= -0.5933x+4.8255 and R-squared value of 

0.179. Top Grade had an equation of y= -0.6824x+4.9033 and R-squared value of 0.0622. 
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Figure 2.12. Liver histology grand mean of scores for both striped bass Runt and Top Grade size 

groups within the full data set (N=72 fish). Runt liver tissues had a grand mean of 3.4 and Top 

Grade had a grand mean of 3.1. No significant differences between the two grand means (t-Test, 

unequal variance, p=0.4279).  
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Figure 2.13. Liver histology striped bass full data set (N=72 fish) weight (g) versus average 

steatosis scores. A linear trendline was fit to the data points with a resulting equation of 

 y= 9E-05x+3.1636 and R-squared value of 0.0004. 
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Figure 2.14. Liver histology striped bass full data set (N=72 fish) total length (mm) versus 

average steatosis scores. A linear trendline was fit to the data points with a resulting equation of  

y= 0.0023x+2.2626 and R-squared value of 0.003. 
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Figure 2.15. Liver histology striped bass full data set (N=72 fish) Fulton’s Condition Factor (K) 

versus average steatosis scores. A linear trendline was fit to the data points with a resulting 

equation of y= -620.04x+4.1149 and R-squared value of 0.0021. 
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Figure 2.16. Liver histology striped bass full data set (N=71 fish) liver weight (g) versus average 

steatosis scores. One liver weight was accidentally not collected during the final sampling which 

is why the liver tissue sample size was N=71. A linear trendline was fit to the data points with a 

resulting equation of y= -0.0187x+3.681 and R-squared value of 0.0202. 
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Figure 2.17. Liver histology striped bass full data set (N=71 fish) hepatic somatic index versus 

average steatosis scores. One liver weight was accidentally not collected during the final 

sampling which is why the liver tissue sample size was N=71. A linear trendline was fit to the 

data points with a resulting equation of y= -0.6108x+4.5579 and R-squared value of 0.0703. 
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Figure 2.18. Runt and Top Grade liver histology striped bass full data set (N=71 fish) hepatic 

somatic index versus average steatosis scores. One liver weight was accidentally not collected 

during the final sampling which is why the liver tissue sample size was N=71. A linear trendline 

was fit to the data of each size group. Runt had an equation of y= -0.7968x+4.9842 and R-

squared value of 0.1597. Top Grade had an equation of y= -0.1551x+3.4505 and R-squared 

value of 0.0027. 
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Figure 2.19. Principal component analysis of all striped bass (N=72 fish). Top Grade (TG) liver 

tissues are represented as the blue dots and Runt as the purple dots. This analysis aided in 

visualizing if Top Grade and Runt samples could be segregated based on their overall metabolic 

profiles. Comp represents “principal components” calculated by Metabolon accounting for the 

greatest possible variance within a dataset. 
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Figure 2.20. Principal component analysis of the restricted subset comparison, Top Top Grade 

(N=12 fish) versus Bottom Runt (N=12 fish) based on weight. Top Top Grade (TTG) liver 

tissues are represented as the blue dots and Bottom Runt as the purple dots. This analysis aided 

in visualizing if Top Top Grade and Bottom Runt samples could be segregated based on their 

overall metabolic profiles. Comp represents “principal components” calculated by Metabolon 

accounting for the greatest possible variance within a dataset. 
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Figure 2.21. Random forest analysis identifying the top thirty most important metabolites when 

comparing all striped bass Top Grade and Runt liver tissues. Metabolites were ranked by 

increasing importance and mean decrease accuracy during random forest decision tree analysis. 

The legend describes the metabolic super pathway to which each listed metabolite belongs. An 

asterisk designates metabolites with identifications that could not be confirmed based on a 

standard, but Metabolon was confident in its identification.  
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Figure 2.22. Pearson correlation analysis of sphingomyelin (d18:1/22:2, d18:2/22:1, 

d16:1/24:2)*, the most important metabolite in relation to weight identified. Top Grade (TG) 

liver tissues are represented as the blue dots and Runt as the purple dots. Runt liver tissues had a 

higher concentration. An asterisk designates metabolites with identifications that could not be 

confirmed based on a standard, but Metabolon was confident in its identification.  
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Figure 2.23. Cortisol box and whisker plot of scaled intensity range for striped bass Runt (N=36) 

and Top Grade (N=36) liver tissues. The symbol "O" indicates an extreme data point within a 

group, which was defined as a liver tissue that was 1.5 times the inter-quartile range. Median 

value, mean value, upper and lower quartile limit, maximum ("Max"), and minimum ("Min") of 

the distribution are depicted for each plotted group.  
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Figure 2.24. Percentage of correctly classified instances using the sequential minimal 

optimization classifier on the fifty metabolites ranked as important when differentiating between 

Top Grade or Runt size groups for the entire striped bass liver tissues (N=72). The cross-

validation was a percentage split of 66%. Number of metabolites plotted range from zero to fifty 

and increase in increments of five. Data points were fit with a polynomial of the second order 

trendline. The R-squared value of the trendline was 0.6363. Random probability (negative 

control) of the two size groups (Top Grade and Runt) was 50%. The optimal number of 

metabolites for this curve is approximately 25 to 40 for predicting the relationship between 

striped bass liver tissue metabolites and size group (N=72). 
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Figure 2.25. Percentage of correctly classified instances using the multilayer perceptron 

classifier on the fifty metabolites ranked as important when differentiating between Top Grade or 

Runt size groups for the entire striped bass liver tissues (N=72). The cross-validation was a 

percentage split of 66%. Number of metabolites plotted range from zero to fifty and increase in 

increments of five. Data points were fit with a polynomial of the second order trendline. The R-

squared value of the trendline was 0.4622. Random probability (negative control) of the two size 

groups (Top Grade and Runt) was 50%. The optimal number of metabolites for this curve is 

approximately 30 to 40 for predicting the relationship between striped bass liver tissue 

metabolites and size group (N=72). 
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Figure 2.26. Percentage of correctly classified instances using the sequential minimal 

optimization classifier on the fifty metabolites ranked as important when differentiating between 

Top Grade or Runt size groups for the entire striped bass liver tissues (N=72). The cross-

validation was 10 fold. Number of metabolites plotted range from zero to fifty and increase in 

increments of five. Data points were fit with a polynomial of the second order trendline. The R-

squared value of the trendline was 0.5764. Random probability (negative control) of the two size 

groups (Top Grade and Runt) was 50%. The optimal number of metabolites for this curve is 

approximately 25 for predicting the relationship between striped bass liver tissue metabolites and 

size group (N=72). 

 

  



179 

 

 
Figure 2.27. Percentage of correctly classified instances using the multilayer perceptron 

classifier on the fifty metabolites ranked as important when differentiating between Top Grade or 

Runt size groups for the entire striped bass liver tissues (N=72). The cross-validation was 10 

fold. Number of metabolites plotted range from zero to fifty and increase in increments of five. 

Data points were fit with a polynomial of the second order trendline. The R-squared value of the 

trendline was 0.5419. Random probability (negative control) of the two size groups (Top Grade 

and Runt) was 50%. The optimal number of metabolites for this curve is approximately 30 to 40 

for predicting the relationship between striped bass liver tissue metabolites and size group 

(N=72). 
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Figure 2.28. Percentage of correctly classified instances using the sequential minimal 

optimization classifier on the one hundred and twenty-two metabolites ranked as important when 

differentiating between Top Top Grade or Bottom Runt size groups for the striped bass growth 

study subset (N=24). The cross-validation was a percentage split of 66%. Data points were fit 

with a polynomial of the second order trendline. The R-squared value of the trendline was 

0.0812. Random probability (negative control) of the two size groups (Top Top Grade and 

Bottom Runt) was 50%. The optimal number of metabolites for this curve is approximately 122 

for predicting the relationship between striped bass liver tissue metabolites and size group 

(N=24). 
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Figure 2.29. Percentage of correctly classified instances using the multilayer perceptron 

classifier on the one hundred and twenty-two metabolites ranked as important when 

differentiating between Top Top Grade or Bottom Runt size groups for the striped bass growth 

study subset (N=24). The cross-validation was a percentage split of 66%. Data points were fit 

with a polynomial of the second order trendline. The R-squared value of the trendline was 

0.1952. Random probability (negative control) of the two size groups (Top Top Grade and 

Bottom Runt) was 50%. The optimal number of metabolites for this curve is approximately 122 

for predicting the relationship between striped bass liver tissue metabolites and size group 

(N=24). 
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Figure 2.30. Percentage of correctly classified instances using the decision tree J48 classifier on 

the one hundred and twenty-two metabolites ranked as important when differentiating between 

Top Top Grade or Bottom Runt size groups for the striped bass growth study subset (N=24). The 

cross-validation was a percentage split of 66%. Data points were fit with a polynomial of the 

second order trendline. The R-squared value of the trendline was 0.1192. Random probability 

(negative control) of the two size groups (Top Top Grade and Bottom Runt) was 50%. The 

optimal number of metabolites for this curve is approximately 122 for predicting the relationship 

between striped bass liver tissue metabolites and size group (N=24). 
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Figure 2.31. Percentage of correctly classified instances using the sequential minimal 

optimization classifier on the one hundred and twenty-two metabolites ranked as important when 

differentiating between Top Top Grade or Bottom Runt size groups for the striped bass growth 

study subset (N=24). The cross-validation was 10 fold. Data points were fit with a polynomial of 

the second order trendline. The R-squared value of the trendline was 0.1763. Random probability 

(negative control) of the two size groups (Top Top Grade and Bottom Runt) was 50%. The 

optimal number of metabolites for this curve is approximately 122 for predicting the relationship 

between striped bass liver tissue metabolites and size group (N=24). 
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Figure 2.32. Percentage of correctly classified instances using the multilayer perceptron 

classifier on the one hundred and twenty-two metabolites ranked as important when 

differentiating between Top Top Grade or Bottom Runt size groups for the striped bass growth 

study subset (N=24). The cross-validation was 10 fold. Data points were fit with a polynomial of 

the second order trendline. The R-squared value of the trendline was 0.1203. Random probability 

(negative control) of the two size groups (Top Top Grade and Bottom Runt) was 50%. The 

optimal number of metabolites for this curve is approximately 122 for predicting the relationship 

between striped bass liver tissue metabolites and size group (N=24). 
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Figure 2.33. Percentage of correctly classified instances using the decision tree J48 classifier on 

the one hundred and twenty-two metabolites ranked as important when differentiating between 

Top Top Grade or Bottom Runt size groups for the striped bass growth study subset (N=24). The 

cross-validation was 10 fold. Data points were fit with a polynomial of the second order 

trendline. The R-squared value of the trendline was 0.0578. Random probability (negative 

control) of the two size groups (Top Top Grade and Bottom Runt) was 50%. The optimal 

number of metabolites for this curve is approximately 122 for predicting the relationship 

between striped bass liver tissue metabolites and size group (N=24). 
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Chapter IV Conclusion 

Global Overview 

Hybrid striped bass reared common garden had different growth performances when 

compared between size groups and sire strains. Top Grade fish grew significantly larger than the 

Runts, indicating a Runt Effect. Offspring from the FL sire strain, overall, had the lowest 

representation within study population of (N=72 fish), but the greatest mean total length and 

weight. Therefore, results indicated low FL strain survivorship. The DOM strain had the greatest 

representation within the study population and the second greatest total length and weight. These 

results indicate a Strain Effect within the hybrid striped bass. When analyzing the muscle 

histology of the hybrid striped bass, no significant trends were found between fiber number or 

diameter when fish were organized by size groups assigned at Phase 1, by weight at harvest (15 

months of age), or by total length at harvest (15 months of age). However, the largest hybrid 

striped bass in a previous study (Rajab et al. 2019) were found to have significantly more small 

fibers than smaller fish at harvest, indicating a difference in hyperplasic growth performance. 

These fish were collected at 22 months of age and weighed considerably more. Results between 

the two studies suggest hybrid striped bass may switch from hyperplastic to hypertrophic growth 

between 15 and 22 months of age. Liver tissue metabolomic analysis of hybrid striped bass 

identified 653 metabolites. Of the metabolites quantified, bile acids were found to be 

significantly elevated in the Runt size group. Liver dysfunction with regard to bile acids may 

have some implications in relation to growth performance in both size groups and sire strain. The 

most important bile acid metabolites identified by the random forest analysis were found to be at 

the highest concentrations in SC Runts, which had the lowest mean Runt weight, and the lowest 

concentration in DOM Runts, which highest mean weight. Cortisol was also found to be elevated 
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in the Runt group generally and is a stress hormone known to negatively affect growth 

performance. Machine learning analysis identified metabolites important to differentiating 

between size groups and sire strain, most of which were lipids. These metabolites were then 

identified in important metabolic pathways. Results suggested a liver metabolic syndrome with 

bile acid concentrations and cortisol being symptoms of the syndrome.  

 All striped bass from the growth study population were reared in the same conditions 

throughout their grow out period. However, some striped bass still had better growth 

performances than others with their weight exhibiting a bimodal frequency distribution at the 

final sampling. The Top Grade striped bass were significantly heavier and longer than the Runt 

fish. These results suggested some underlying difference between the fish themselves. Twelve of 

the striped bass had reached the current market size of 1.36 kg and so a growth study subset was 

created with the twelve Top Top Grade and twelve Bottom Runts based on weight at harvest. 

The hope was to identify specific physical and metabolic differences between the two size 

groups through liver histology, liver metabolomic analysis, and machine learning analysis. No 

significant difference was found between grand mean steatosis scores for Top Grade and Runt 

size groups, both of which had a high incidence of adipose infiltration. However, Runts had 

significantly smaller sized livers and therefore had a greater area of adipose infiltration. Global 

metabolomic analysis of striped bass liver tissues found a total of 639 metabolites. Most 

metabolites identified as important in differentiating between size groups were lipids and related 

to a class called sphingolipids. Most of the sphingolipids were found to be at significantly higher 

concentrations within the Runt and Bottom Runt size groups. Cortisol levels were elevated in the 

Runts as well, but the concentration was not significantly different than the Top Grade striped 
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bass. Machine learning analysis ranked metabolites important to differentiating between size 

groups as well, many of which again were related to sphingolipids.  

Future Directions 

Hybrid striped bass sire strain results suggest a more expansive study on strain 

performance may have various potential benefits, including understanding growth performance 

and survivorship. The rearing and sampling of these fish suggested a Strain Effect on hybrid 

striped bass offspring where certain strains had better growth performance than others, but 

comparatively low observed survivorship (i.e. FL). Whereas, other strains may have both good 

growth and survivorship (i.e. DOM). These results may have beneficial economic implications as 

well seeing as hybrid striped bass are the fourth largest finfish aquaculture industry in the United 

States. Farmers may benefit from choosing the striped bass strain which should be used when 

siring or purchasing sunshine hybrid striped bass. Difference in strain performance has already 

been described in detail for striped bass by Jacobs et al. (1999), Woods III (2001), and Kenter et 

al. (2018).  

Muscle histology and metabolomic analysis of hybrid striped bass between the ages 15 

and 22 months should also be considered for beneficial future research. A shift in growth from 

hyperplasia to hypertrophy could not be seen in the current hybrid striped bass study (15 months 

of age) but results from Rajab et al. (2019) suggested there was a shift by 22 months of age. 

Determining the age at which the shift happens may allow for understanding how growth change 

occurs and potentially how it may be manipulated. Metabolomic analyses between the two 

studies found hybrid striped bass metabolites present at different concentrations, implying 

different metabolic needs potentially for muscle growth. Therefore, potential biomarkers 

regarding growth may still be unknown. The results of a muscle histology and metabolomic 
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study may have implications far beyond striped bass and hybrid striped bass. A study such as this 

may unlock understanding about different metabolic needs throughout growth or uncover 

information about metabolic dysfunction, findings which may be utilized on other agriculturally 

important animal species.  

 Bile acids not only assist in nutrient absorption and cholesterol homeostasis but also work 

as signaling molecules activating proteins and cell receptors (Fiorucci et al. 2009). One of these 

is the Farnesoid X receptor, a nuclear receptor that has been conserved across species (Fiorucci 

et al. 2009). It works to suppress bile acid synthesis through a negative feedback system and 

reduces triglycerides, cholesterol, and glucose in the plasma (Fiorucci et al. 2009). The Farnesoid 

X receptor has been linked to the transcription of multiple genes related to fatty acid synthesis, 

triglyceride synthesis, and lipoprotein metabolism (Fiorucci et al. 2009). Deficiency in the 

Farnesoid X receptor has been found to result in increased plasma levels of all three (Fiorucci et 

al. 2009). It has been used in medical studies as a target for treating lipid and glucose metabolism 

disorders (Fiorucci et al. 2009). This nuclear receptor may be an area for future research through 

transcriptomic analysis to try and understand elevated levels of bile acids in the current hybrid 

striped bass study system and potentially hepatic steatosis observed in the striped bass as it is 

both activated by and activates genes through transcription (Fiorucci et al. 2009). Transcriptome 

profiles have already been established using ChIP-seq and RNA-seq techniques for the Farnesoid 

X receptor in humans (Zhan et al. 2014). Further profiling may reveal the nuclear receptor 

function in lipid metabolism dysfunction across various species.  

 Diet, including nutrient imbalance, has a direct effect on metabolite concentrations, 

hepatic steatosis, and insulin resistance which can all impact growth. Some metabolites that are 

essential to skeletal muscle growth can only be obtained through diet, such as the previously 
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mentioned branched chain amino acids valine, leucine, and isoleucine (Zhang et al. 2017). The 

synthesis and degradation were found to be of importance in hybrid striped bass sire strain 

IMPaLA pathway analysis and an area of interest for striped bass, as described in Chapter III. 

Methionine is a metabolite that impacts growth through protein accumulation (Nguyen et al. 

2019). Balance of nutrients within a feed source were described in another study conducted on 

cobia as their growth performance was found affected by different levels of methionine (Nguyen 

et al. 2019). Metabolomic analyses found metabolites at different concentrations when compared 

between hybrid striped bass from the current study (15 months of age at harvest) and on that 

conducted by Rajab et al. (2019) (22 months of age). These results combined with muscle 

histology differences suggest dietary requirements may change for a species over time. 

Requirements may be different across species as well, when looking at the impact diet can have 

on the liver in the case of hepatic steatosis. A direct link between diet and hepatic steatosis was 

described in Chapter III for studies conducted on gilthead seabream and European sea bass 

(Spisni et al. 1998). Artificial diets were found to cause a greater incidence of hepatic steatosis in 

fish, which in turn lowered survival rates and growth performance (Spisni et al. 1998).  It was 

believed that the dietary balance of certain fatty acids, such as oleic acid and docosahexaenoic 

acid, contributed greatly to this symptom (Spisni et al. 1998). Another concern regarding diet 

and growth is insulin resistance, which has also been linked to hepatic steatosis in humans (Sears 

and Perry 2015). Normal responses to circulating insulin can be interrupted by ceramides (a 

structural component of sphingolipids), cortisol, and dietary nutrient imbalance (Sears and Perry 

2015). As one role of insulin is to prevent damage to muscle tissue (Sears and Perry 2015), 

disruptions with its function could have deleterious impacts, such as apoptosis of skeletal muscle 

myotubes (Straczkowski and Kowalska 2008). One way diet could be changed for improving 
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fish growth performance is through the technique of extrusion. It is known as an alternative for 

producing improved aquaculture feed properties by applying high temperature to short 

processing times (Delgado and Reyes-Jaquez 2017). Feed characteristics such as digestibility, 

water stability, water absorption, and hardness are all impacted through extrusion (Delgado and 

Reyes-Jaquez 2017). The temperature at which extrusion occurs has been found to have 

significant impacts on the growth performance of phase 2 hybrid striped bass (Bowzer et al. 

2016). A “high” and “low” temperature were tested on extrusion feeds which were found to 

significantly impact weight gain percentage and specific growth rate of the hybrid striped bass 

(Bowzer et al. 2016). Overall feed intake and growth performance were superior when using the 

“high” temperature (Bowzer et al. 2016).  However, a maximum temperature for extrusion 

should be evaluated as nutritional elements, such as proteins and lipids, can begin to degrade at 

exceedingly high temperatures (Bowzer et al. 2016). It is also key to note that dietary 

requirements and growth rates are known to be different across species and grow out phases, 

including striped bass and hybrid striped bass (Pérez et al. 1997). Extrusion diets specific to 

species and growth phase may be key to the improvement of growth performance in fish and 

prevent metabolic disruptions.   
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