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Abstract: The hybrid striped bass (HSB) farming industry at present relies almost totally on wild 
broodstock for annual production of larvae and fingerlings, and industry efforts to domesticate the 
parent species of the HSB (white bass: WB, Morone chrysops; striped bass: SB, M. saxatilis) have been 
fairly limited in scope. At the USDA-ARS HKD Stuttgart National Aquaculture Research Center 
(HKDSNARC), multiple areas of research are being pursued, with the end result being to provide 
HSB producers with a better performing line of broodfish. Among the areas of research that are 
currently being pursued at HKDSNARC are: 1) the development of genomic resources for WB and 
SB; 2) the molecular and physiological consequences of alternative production and broodstock diets 
on HSB and parental species; and 3) the molecular and physiological consequences of exposure to 
different production environments. An overview of these findings will be discussed. 
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Introduction and background

The white bass (Morone chrysops) and the striped 
bass (M. saxatilis) are temperate basses with high 
ecological, recreational, and commercial value in 
North America.  The hybrid striped bass (HSB) was 
found to exhibit improved performance in captivity 
with regard to growth, survival, hardiness and 
disease resistance, presumably through hybrid vigor 
(heterosis) resulting from the crossing of the two 
parent species, white bass and striped bass (Kerby 
and Harrell , 1990; Harrell , 1997). Commercial 
production of HSB began in the early 1980s with the 
original HSB cross, or palmetto bass (striped bass 
female × white bass male), which has been mostly 

replaced by the more easily spawned reciprocal 
cross, or sunshine bass (white bass female × striped 
bass male) (Garber and Sullivan, 2006). 

In general, the HSB commercial production cycle is 
composed of four distinct phases (Hodson, 1995; 
Harrell and Webster, 1997).  Following the hatchery 
phase (Phase 0), 3 - 5 day-old larvae (fry) are stocked 
into fertilized, outdoor ponds where they feed on 
natural zooplankton. Approximately 30 - 45 days after 
stocking, the fry are recovered as Phase I fingerlings, 
graded, trained to feed on prepared diets and 
restocked at approximately 50 mm length and1g 
body weight.  Phase I is the interval from stocking of 
larvae to harvest of the juvenile fingerlings, which 
typically extends from the spawning season in April-
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May until harvest of the Phase I fingerlings. 
Production Phase II begins when the Phase I 
fingerlings are restocked into ponds for growout until 
late winter or early spring, typically February or 
March, when the fish are harvested as Phase II 
fingerlings, usually 90 - 225 g in body weight.  Phase 
II fingerlings are harvested, graded and restocked 
into ponds for growout until they weigh 0.68 kg or 
more, when they are ready for harvest. At harvest 
size, the fish are considered to be Phase III HSB. 
Typically, the entire growout time from hatching to 
harvest is from 18 - 24 months for most HSB 
producers. In intensive tank culture systems, as 
opposed to pond systems, seasonal influences are 
largely irrelevant, and the HSB production phases 
are defined by mesh size as opposed to the length of 
time in or season of production.  In general, at the end 
of each production phase, the HSB must be 
enumerated, measured, graded and restocked or sold 
to alter total densities, make feed adjustments and 
reduce variability in fish size.

Whi le HSB is among the most important 
aquacultured species in the United States, most 
producers are still reliant on wild-origin broodstock, 
meaning they are not able to take advantage of 
genetic gains available from a selectively improved 
broodstock (Garber and Sullivan, 2006).  Given the 
importance of HSB to American aquaculture, it is 
critical to continue to develop research results and 
genetic resources that can be incorporated into a 
selectively improved broodstock available to 
American farmers. Following is a brief synopsis of 
several studies conducted by my lab.

Effect of amino acid supplementation on gene 
expression in hybrid striped bass lean muscle

Fishmeal represents one of the largest influences 
on the price of feed, leading to an increase in 
operating expenses for producers that affects the 
long-term sustainability of the industry.  This is 
because ocean supplies of fishmeal are finite and at 
the maximum sustainable yield, which limits market 
availability and results in intense competition among 
all animal feed industries for this commodity (Naylor 
et al., 2000; Tacon and Metian, 2008; Naylor et al., 
2009).  As research continues to explore minimizing 
or eliminating fishmeal in commercial aquaculture 

diets, many of these alternative “replacement” 
formulations have resulted in poorer fish performance 
due to an array of reasons, including limited amounts 
of essential amino acids (EAA) needed for optimum 
growth (Small and Soares, 1998; Francis et al., 2001; 
Cheng et al., 2003; Glencross et al., 2007).  Muscle is 
the largest tissue compartment in fish, comprising ~ 
60% of the total fish mass and is the desired consumer 
end product.  Hence, it is reasonable to postulate that 
the muscle amino acid profile provides an ideal model 
for practical diet formulation and for optimizing 
muscle growth.  In fishmeal replacement diets, three 
EAAs —lysine, methionine, and threonine — are 
typically identified as first limiting (Keembiyehetty 
and Gatlin, 1992; Webster, 2002; Encarnação et al., 
2004; Gatlin et al., 2007).

Two growth differentiation factors that are 
secreted as part of the regulatory process of 
myogenesis are myostatin and myogenin.  In cattle, 
myostatin has been shown to act primarily on the 
muscles by inhibiting myoblast proliferation and 
differentiation; however, when myostatin is mutated 
and non-functional, a double muscling effect results 
(Bass et al., 1999; Thomas et al., 2000; Langley et al., 
2002). On the other hand, myogenin is required for 
the differentiation of myoblasts and fusion of 
myogenic precursor cells to existing fibers, or to 
create new fibers during myogenesis (Johansen and 
Overturf, 2005).

Previously, we conducted a growth trial to test the 
hypothesis that ideal protein theory accurately 
predicts first-limiting amino acids and optimum lysine 
level for a fishmeal-free, commercial-grade diet 
formulated for hybrid striped bass (Rawles et al., 
2013).  In that work we concluded that even though 
lysine was not first-limiting in our replacement test 
diets, lysine concentration in the muscle of hybrid 
striped bass accurately predicted the appropriate 
dietary levels (between 2.7 and 4.1 g Lys / 100g) 
needed for improved fish performance with respect 
to a number of response variables, including protein 
accretion and muscle ratio (Rawles et al., 2013).  The 
mechan isms by which d ie tary amino ac id 
supplementation affect nutrient utilization and 
muscling in fish is unclear, but post-prandial 
elevations in plasma amino acids have been shown to 
stimulate protein synthesis in muscle fibers (Frank et 
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al., 2006).  Moreover, cell culture studies suggest that 
there are multiple possible levels of crosstalk in the 
salient signaling pathways mediated by mammalian 
target of rapamycin (mTOR) – (Proud, 2004; 
Sarbassov et al., 2005; Wullschleger et al., 2006).  While 
a significant body of research has focused on 
establishing the role of amino acids in regulating 
protein synthesis in livestock (Suryawan and Davis, 
2003, 2005; Suryawan et al., 2001, 2003, 2004, 2006), 
very little information exists for agriculturally 
important finfish.  Therefore, our goal in this follow-
up study was to elucidate how differential dietary 
lysine supplementation of a fishmeal-free diet 
influences the expression of two muscle genes, 
myostatin and myogenin, in HSB with critical roles in 
myogenesis.  

A practical diet for HSB was formulated without 
fishmeal and supplemented with Met and Thr and 
varying levels of Lys to form a series of dose–
response diets that were fed to triplicate tanks of 
juvenile HSB for 12 weeks as described in Rawles et 
al. (2013).  The lysine supplementation feeding trial 
was executed in tanks at the Harry K. Dupree 
Stuttgart National Aquaculture Research Center 
(HKDSNARC) using juvenile HSB over an 84 - day 
period according to Rawles et al. (2013).  Briefly, the 
test diets were fed to triplicate tanks of juvenile HSB 
for 12 weeks.  During acclimation, fish were fed a 
standard commercial diet for maintaining condition 
with minimal growth.  Fish were then pooled, 
individually weighed (118.4 ± 0.9 g; average initial 
weight ± SE) and randomly stocked (35 fish/tank) 
into 27 circular fiberglass tanks (0.63 m3) supplied 
with flow-through well-water (24 ºC; 4 L / min/ tank) 
and ample aeration from a regenerative blower.  HSB 
were fed to satiation once daily and feed intake was 
determined as previously described (Rawles et al. 
2013).  On the last day of the trial, feed was withheld 
and all fish were individually weighed and separated 
into three size categories within each treatment diet 
based on final weight – small, medium, and large.  
Randomly selected fish from each tank were used for 
determination of whole body composition, nutrient 
retention and body composition indices that included 
hepatosomatic index (HSI), intraperitoneal fat (IPF) 
ratio, and muscle ratio (MR).  Muscle tissues were 
isolated from matching locations on each fish and 

stored in RNAlater solution (Ambion, Inc, Foster 
City, CA, USA) at -80 ˚C until RNA extraction.  Real 
Time RT-PCR methods are described in Childress et 
al. (2015).

Our goal in the current study was to examine how 
dietary lysine supplementation of a fishmeal-free diet 
influenced the interplay of two muscle genes, 
myostatin and myogenin, with critical roles in 
myogenesis in HSB and to explore the possibility of 
being able to differentiate growth performance based 
on the genetic profile of HSB in the study.  Based on 
the criteria we used for genetic variation, i.e., small 
vs. large growers, we were able to statistically 
separate differences in myogenin, but not myostatin, 
expression based on size.  Our work showed that 
with minimal lysine supplementation, myogenin 
expression was significantly reduced in all fish (P = 
0.010) as well as in the small growers (P = 0.042) as 
compared to an unsupplemented diet until the “ideal 
protein theory level” of 3.51 g Lys / 100g diet 
considered by Rawles et al. (2013) was achieved, then 
myogenin expression increased.  Additionally, in all 
fish (P = 0.003) as well the larger growers (P = 0.010), 
when lysine was supplemented over what was 
considered by Rawles et al. (2013) as “ideal” at 3.51 g 
lysine / 100 g diet, myogenin expression was 
significantly reduced.  

The interplay of myostatin in relation to myogenin 
and the effect of balanced diets in HSB found in this 
study contributes towards the goal of achieving 
marker-assisted selection, which has not yet been 
widely applied in HSB strains, in order to improve 
fish performance.  To a large extent, this is due to the 
limited availability of molecular markers for genomic 
analysis in HSB strains.  Compared to other farm 
animals, including rainbow trout, HSB is still a 
relatively new commercially produced taxon and has 
not been thoroughly investigated with respect to 
breeds or strains with distinct genotypic or 
phenotypic traits.  Hence, the current work 
contributes towards development of fish that have 
improved growth performance when fed fishmeal-
free diets by showing that dietary limiting amino acid 
supplementation can influence myogenesis growth 
factors in HSB.  

Hybrid striped bass breeding research program overview
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Influence of diet on white bass egg fatty acid profile
Nutrition has significant effects on ovarian growth, 

fecundity, and progeny robustness (Mourente and 
Odriozola, 1990; Harel et al., 1994; Mazorra et al., 2003). 
Among the dietary constituents of prepared feeds, 
dietary lipids and their fatty acids are critical for the 
overall reproductive performance of the female as 
well as progeny development and survival during 
yolk sac resorption (Fernandez-Palacios et al., 1995, 
1997; Navas et al., 1997; Bruce et al., 1999; Mazorra et 
al., 2003).  Although some organisms can synthesize 
EPA and DHA de novo to satisfy their EFA 
requirements, many fish lack adequate enzymatic 
function to produce these fatty acids at a rate 
sufficient to meet nutrient requirements (Lane and 
Kohler, 2007).  In the case of broodstock, the 
requirement for dietary EFAs is most likely greatest 
from a previtellogenic period to ovulation. Therefore, 
EPA and DHA are often supplemented in diets of 
broodstock for normal growth and development of 
progeny (March, 1993; Sargent et al., 1995). 

Feeding live food sources has proven to be an 
effective strategy to satisfy the EFA requirements of 
broodfish.  However, an effective formulated feed for 
broodfish would reduce production costs, simplify 
feed management, and eliminate a potential pathogen 
source in culture facilities.  These feeds may 
potentially outperform live foods (nutritionally), 
ensuring the supply and continuity of viable progeny 
to the aquaculture industry.  Further knowledge of 
nutritional factors responsible for reproductive 
success is needed to develop a broodstock diet and 
improve fingerling production for aquaculture 
producers.  Therefore, the objective of this study was 
to evaluate the reproductive performance of white 
bass broodstock fed one of six commercial diets and 
evaluate the relative fatty acid compositions of their 
eggs.	

Female white bass were held in earthen ponds 
during the winter and were seined the first week of 
April when water temperatures reached 15 degrees 
Celsius.  Ninety white bass were evenly stocked into 
six 600 L fiberglass tanks.  The temperature in all six 
tanks was maintained at 16 degrees Celsius with a 
water chiller.  Lids were placed over the tanks and 
artificial lights and a timer were used to mimic 
natural photoperiod.  All six tanks of fish were given 

three weeks to acclimate and were fed Cargill 
AquaFeed 48-18 (protein-lipid) during this time.  Fish 
were weighed on April 22 to determine initial weight 
and each tank was then randomly assigned a diet.  
All tanks were fed to satiation once daily.  Each tank 
was fed its specific diet for 30 days and five fish were 
randomly selected for samples and weighed on day 
31.  The remaining fish were fed an additional 28 
days and five fish were randomly selected for 
samples and weighed on day 60.  The six diets used 
included: Zeigler Bass Brood 45-15, Bio-Oregon 
BioBrood 48-20, Cargill AquaFeed 45-12, Cargill 
AquaFeed 48-18, Skretting Extruded Steelhead 45-16, 
Skretting Classic Brood 46-12.

Step-wise discriminant analysis (SDA) was 
conducted on the fatty acid profiles of eggs from 
white bass fed six different commercial diets using 
the SAS 9.3 program STEPDISC (SAS Institute, 
Cary, North Carolina).  Overall, time had an influence 
in fatty acid content in white bass eggs, with profile 
of fatty acids changing from the 4 week sampling to 
the 8 week sampling.　　Overall, diets grouped by 
manufacturer regardless of protein or lipid level. A 
few of the heavy hitters (known to be important in 
larvae) were different among these diets, including 
DHA, and EPA. Our next step is to get larval 
performance data for comparison. We anticipate full 
results to be completed and published soon.

Genomic consequences of rearing hybrid striped 
bass under hypoxic conditions

Hypoxia is a state of oxygen deficiency that is 
sufficient to cause impairment of organismal function 
or in extreme cases, death.  Hypoxia is becoming an 
increasingly important environmental concern (Diaz 
2001; Wu et al., 2003) and has received extensive 
attention in the fisheries sciences, particularly 
aquaculture. Understanding the tissue-specific and 
temporal changes in gene expression in fishes 
exposed to hypoxia could reveal new mechanisms of 
hypoxia tolerance and shed light on this adaptive 
response in vertebrates.  In settings of aquaculture, 
the intensity and duration of hypoxia depends on a 
variety of factors including fish biomass, feeding rate, 
phytoplankton blooms, and installed aeration capacity 
(Green et al., 2015).  Previously, we characterized the 
effects of hypoxia on performance metrics of hybrid 
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striped bass and found that hypoxia led to reduced 
feed intake, which resulted in lower nutrient 
retention and growth (Green et al., 2015).  However, 
the precise molecular mechanisms contributing to 
these disparate phenotypes were unknown.  
However, recent advancement in genomic resources 
for striped bass (Li et al., 2014; Reading et al., 2012) 
and white bass (Li et al., 2014) offer researchers the 
ability to take a closer look directly at many Morone 
functional pathways that were previously studied via 
model species.  Given the importance of hypoxia on 
the management and captive rearing of Morone, we 
examine here the transcriptional responses of hybrid 
striped bass to acute and chronic hypoxia.  We 
highlight unique and shared signatures between 
hypox i c  t rea tments  and  the  b i oenerge t i c 
consequences of chronic oxygen deprivation on 
hepatocellular function.  Our findings offer a more 
comprehensive view of the cellular and molecular 
consequences of hypoxia and reveal new mechanisms 
of hypoxia tolerance in teleosts.  

The fish used in this study were cohorts of those 
subjected to hypoxia as previously described by 
Green et al. (2015).  Fish were held at DO25 and 
DO100 levels for 90 d after which nine fish from each 
treatment were sacrificed and liver samples were 
collected for RNA-seq.  Remaining fish from each 
tank were removed from their respective treatments 
using a dip net and immediately placed in the 
opposite DO saturation DO25 → DO100 (restoration 
of normoxia) and DO100→DO25 (acute hypoxia) for 6 
h, after which, nine fish per treatment were sacrificed 
and livers collected for RNA-seq. For RNA-seq 
methods, see Beck et al. (2016).

Differential expression analysis was performed 
between 100% DO saturation (DO100 or normoxia) 
and 25% DO saturation groups (DO25 or chronic 
hypoxia), between DO100 and DO100 → DO25 (acute 
hypoxia), and between DO25 and DO25 → DO100 
groups.  A total of 1403 unique genes (based on 
assigned identifies from the NR database) showed 
significant differential expression in liver (Fig. 1). In 
detail, there were 91 differentially expressed genes 
between DO100 and DO25 saturation groups, a 
meager 39 genes differently expressed between 
DO25 saturation and DO25 → DO100 saturation 
groups, and the greatest degree of differential 

expression was observed in DO100 and DO100 → 
DO25 saturation comparison, with 587 up-regulated 
genes and 752 down-regulated genes (total 1339 
genes). Extracellular flux analysis of liver cells 
obtained from DO100 and DO25 fish revealed 
significant differences in oxygen consumption rates 
(OCR), with DO25 liver possessing around 25% higher 
OCR (Fig. 2A). Mitotracker Red staining of liver cell 
suspensions from DO25 and DO100 fish showed that 
DO25 liver cells showed heightened fluorescence 
levels, indicative of a greater mitochondrial content 
(Fig. 2B). 

Next-generation sequencing platforms have 
propelled rates of discovery, particularly in non-
model species where few genomic and transcriptomic 
resources are available.  Work by our group showed 
previously the phenotypic impacts of chronic hypoxia 
on hybrid striped bass feeding behavior and growth 
traits (Green et al., 2015). Here, we delve further into 
this area to examine the molecular consequences of 
oxygen deprivation in an effort to reveal the 
molecular underpinnings responsible for the overall 
poorer performance under hypoxemia.

Previously (using the same experimental cohorts of 

Fig. 1. The number of genes that were statistically 
differentially expressed under each condition and the 
direction of their expression. Chronic hypoxia (25% 
oxygen saturat ion for 90 days)  resulted in 
transcriptional changes to 91 genes (59 upregulated, 
32 downregulated); acute hypoxia (25% oxygen 
saturation for 6 h) altered 1339 genes (587 upregulated, 
752 downregulated), and the movement of fish from 
the chronic hypoxia treatment to normoxia treatment 
(100% oxygen saturation) changed 39 genes (20 
upregulated, 19 downregulated).

Hybrid striped bass breeding research program overview
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the fish employed here), we observed significantly 
larger livers (as indicated by the hepatosomatic 
index) in HSB reared in normoxia versus hypoxia and 
reported significantly higher levels of whole body 
lipid (Green et al., 2015).  Qualitatively, the enlarged 
livers were noticeably pale and soft in texture, while 
fish exposed to hypoxia exhibited livers that were 
darkened in appearance, firm, and friable (Green et 
al., 2015).  These observations led us to focus on 
examining the liver transcriptome in the present 
study. Indeed, the liver plays a central role in 
metabolic homeostasis and is a major site for the 
synthesis, metabolism, storage and redistribution of 
processed carbohydrates, proteins and lipids 
(Bechmann et al., 2012). In tissues such as the heart 
and liver, lipids provide a rich source of energy via 
oxidat ive phosphorylat ion by mitochondria 
(Jungermann, 1988; Shohet and Garcia, 2007).  In 
mammals, where hypoxic stress is typically viewed 
as a pathological state (e.g., fatty liver disease, 
ischemia), lipid metabolism under low oxygen 
cond i t i on s  i s  r ep rogrammed  t o  suppre s s 

influenced by hypoxic insult. In taking together the 
gross differences in liver size, the alterations in lipid 
utilization, the suppression of apoptosis combined 
with the induction of autophagy, our findings suggest 
that the hepatic tissue of hybrid striped bass may 
have entered a state of senescence.  This may have 
allowed the animals to liberate, redirect, or shunt 
resources to other vital tissues to survive hypoxia.

The use of RNA-seq allows for the examination of 
global transcriptional changes in a tissue at a 
particular snapshot in time.  However, it is widely 
understood that the level of transcriptional message 
does not always correlate with protein. With little to 
no resources (i.e., antibodies) available for HSB, we 
utilized extracellular flux analysis to quantify aerobic 
respiration in liver tissue obtained from DO100 and 
DO25 fish. Unexpectedly, under conditions of reduced 
oxygen availability, liver cells from DO25 fish showed 
significant increases in basal oxygen consumption 
rates, a surrogate measure of mitochondrial function. 
Curiously, as compared to our previous work with 
established fish cell lines (Beck and Fuller, 2012), total 

Fig. 2. A) Liver tissue isolated from fish subjected to chronic 
hypoxia show greater oxygen consumption rates (OCR; mean ± 
SEM; five fish per treatment) and B) increased mitochondrial 
content (two representative fish from each treatment) as indicated 
by the fluorescence intensity derived from staining with the 
mitochondrion-selective dye Mitotracker Red.

mitochondrial oxidation of lipids as a 
protective measure against toxic 
metabolites and oxidative stress. 
Broadly, hypoxia promotes l ipid 
storage and inhibits lipid catabolism 
through ϐ oxidation (Whitmer et al., 
1978; Bostrom et al., 2006).  In contrast, 
in aquatic animals, environmental 
hypoxia is a common challenge that 
many aquatic organisms experience in 
their habitat and responding to hypoxia 
requires metabolic reprogramming so 
that energy-demanding processes are 
regulated to match available energy 
reserves (Gracey et al., 2011).  Here, we 
observed changes — with similarities 
and differences to work in mammals 
and other teleosts — in multiple genes 
involved in lipid catabolism and ϐ 
oxidation, particularly following acute 
hypoxia. Enrichment analysis pointed 
us towards a deeper examination of cell 
death processes.  Two pathways 
related to cel lular preservation, 
apoptosis and autophagy, were clearly 
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aerobic respiration was lower and glycolysis was 
virtually non-detectable.  By using a fluorophore that 
selectively stains mitochondria, we documented an 
increase in the mass (linked to number/size of 
mitochondria) of the mitochondrial compartment, 
which could have accounted for the increase in 
oxygen consumption by DO25 liver cells.  An increase 
in mitochondrial number, a process termed 
mitochondrial biogenesis, is a common cellular 
response to hypoxia and is thought to improve the 
efficiency of oxygen consumption and ATP synthesis, 
and in parallel counteract potential cellular damage 
brought about by hypoxia (Kopp et al., 2014).  
Consistent with these observations is a greater than 
400 fold increase in PGC-1ϐ message in liver tissue 
from the acute hypoxia treatment.  In contrast to 
mammals, where PGC-1α is regarded as the 
archetypal master regulator of mitochondrial 
biogenesis, recent evidence from teleosts suggests 
that  PGC-1ϐ may exert  more contro l  over 
mitochondrial gene expression (LeMoine et al., 2008).  
Intriguingly, and related to the above discussion on 
lipid metabolism, PGC-1ϐ is also known to play a key 
regulatory role in hepatic lipid metabolism with PGC-
1ϐ knockout mice being more susceptible to hepatic 
steatosis (Sonoda et al., 2007) and the transduction of 
rodent liver with PGC-1ϐ decreased hepatic lipid 
while plasma triglyceride and cholesterol levels were 
significantly elevated (Lin et al., 2005).  Clearly, 
further research is needed to better understand the 
interactions between mitochondrial abundance, 
regulation, and lipid metabolism in hypoxic teleosts.

Development of moronid genomic resources
Genetic information has been restricted to a single 

tissue (ovary) transcriptome and a microsatellite 
linkage map from striped bass (Reading et al., 2012; 
Liu et al. , 2012), limiting gene discovery and 
expression and functional studies in the two species 
and their hybrid.  Here we set out to produce well-
annotated transcriptomes for both species to advance 
future broad-based RNA-seq studies of gene 
expression as well as aid in more targeted studies of 
important genes and pathways.  

Major tissues and organs (brain, liver, spleen, trunk 
kidney, ovary, testes, gill, and intestine) from 10 
individuals from white bass and 10 individuals from 

striped bass were harvested, and equal amounts of 
tissue from each system were pooled prior to RNA 
extraction. The result was two master pools of RNA, 
one for each species. Each pool was used for library 
construction and sequencing in a lane of Illumina 
HiSeq2000 platform.  A total of 262 x 106 total high 
quality reads were obtained with 135 x 106 reads 
from striped bass and 127 x 106 reads from white 
bass.  Using the TRINITY de novo assembly software 
(Grabherr et al., 2011), reads were assembled into 
203,587 striped bass unique contigs and 185,531 white 
bass unique contigs. N50 and average contig sizes 
were 2915 and 1263 bp respectively for striped bass, 
and 3132 and 1371 bp respectively for white bass 
(Table 1).  These included 166,867 and 185,351 
transcripts that were identified for the first time in 
striped bass and white bass, respectively.  Annotation 
was carried out by BLAST against the UniProt and 
NR (NCBI non-redundant) databases for both species. 
At an E-value ≤ 1e-5, 21,186 and 29,624, unigene 
matches were obtained against the UniProt and NR 
databases respectively in striped bass, and 21,001 and 
28,906 matches were returned in white bass against 
the same databases.  Of these NR matches, 25,902 
(87.4%) in striped bass and 25,484 (88.2%) in white 
bass were predicted to have full-length transcript 
coverage based on TRINITY analysis.  Using more 
stringent criteria, similar results were obtained from 
both species, with 18,630 UniProt and 23,605 NR 
annotated unigenes in striped bass and 18,584 
UniProt and 22,354 NR annotated unigenes in white 
bass (score ≥ 100, E-value ≤ 1e-20; Table 2). 

In both species most valuably from a management 
standpoint, the transcriptomes yielded microsatellite 
and SNP markers valuable in future downstream 

Table 1. Summary of de novo assembly results of 
Illumina RNA-seq data from striped bass and white 
bass using Trinity assembler

Striped Bass White Bass
Contigs 203,587 185,531
Largest contig (bp) 21,100 28,262
Large contigs (≥1000bp) 68,395 66,891
Large contigs (≥500bp) 98,864 94,485
N50 (bp) 2,915 3,132
Average contig length (bp) 1,263 1,371

Hybrid striped bass breeding research program overview
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analyses. In striped bass, from a total of 32,111 
microsatel l i tes identif ied by MSATFINDER 
(Thurston and Field, 2005), 36.05% (n = 11,577) had 
sufficient flanking regions to allow design of primers.  
These 11,577 microsatellites were distributed across 
10,055 contigs.  Similarly, in white bass, from a total of 
30,408 microsatellites, 34.53% (n = 10,500) had 
sufficient flanking regions to allow design of primers.  
These 10,500 microsatellites were distributed across 
9054 contigs. A SNP analysis comparing between 
species yielded 2220 markers polymorphic in one 
species but not the other, including 1661 SNPs 
associated with genes.  Additionally, in the future, the 
reference transcriptomes will serve as an important 
sequence anchor for short-read genotyping studies 
using techniques such as RAD-seq or genotyping by 
sequencing (GBS) (Davey et al., 2011).

The TRINITY-based assembly of the white bass 
and striped bass transcriptomes generated high-
quality, gene-length transcripts, which will be of 
great utility in future expression and functional 
studies in moronid species.  Microsatellite and SNP 
markers identified at the same time are expected to 
aid in aquaculture, conservation, and sportfish 
genetic management and improvement.
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reproduction, physiology, and immunology in these 
species and provide markers for broodstock 
management and selection.

(2) Childress C. J., Fuller S. A., Rawles S. D., Beck B. 
H., Gaylord T. G., Barrows F. T., and McEntire M. E., 
2015: Lysine supplementation of commercial fishmeal-
free diet in hybrid striped bass Morone chrysops x M. 
saxatilis affects expression of growth-related genes.  
Aquac. Nutr. DOI: 10.1111/anu.12300

The authors present a follow-up study to a study 
(Rawles et al., 2013) where ideal protein theory 
accurately predicted first-limiting amino acids and 
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data from the authors’ previous study and may 
therefore be a useful marker for selecting fish for 
improved growth performance.

(3) Fuller S. A., Farmer B. D. and Beck B. H., 2014: 
White bass Morone chrysops is less susceptible than 
i t s  hybr id  to  exper imenta l  in fec t i on  wi th 
Flavobacterium columnare. Dis. Aquat. Org. 109, 15-

Hybrid striped bass breeding research program overview



100

22.
The authors present research regarding 

Flavobacterium columnare, the causative agent of 
columnaris disease, susceptibility differences between 
hybrid striped bass (HSB) and white bass (WB) in a 
series of 3 fundamental studies.  In the first 
experiment, the authors sought to determine whether 
columnaris disease could be developed using a low-
water flow experimental challenge in HSB using 3 
levels of F. columnare (60-, 30-, 10- ml). Each of these 
treatment groups exhibited significantly different 
survival rates: 0, 3.3, and 13.3%, with higher survival 
occurring in treatment groups exposed to less 
bacteria. In the second experiment (30 ml), both HSB 
and WB had a 0% survival rate, but the WB took 
significantly longer to reach 100% mortality. Finally 
in Expt 3 (10 ml), no HSB survived, whereas 33% of 
WB survived. Compared to controls, the authors 
observed extensive gill damage in HSB treated with 
10 ml after 24 h, which they hypothesized could have 
contributed to the higher mortality observed in HSB; 
an observation not seen on the WB gills. From these 
series of experiments, it is clear that HSB are more 
sensitive to F. columnare, having lower survival and 
more extensive histological damage compared to WB 
following the bacterial challenge.
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E., Darwish A. M., and Freeman D.W., 2012: Chronic 
exogenous kisspeptin administration accelerates 
gonadal development in basses of the genus Morone.  
Comp. Biochem. Physiol. A Physiol. 162, 265-273.

The authors present the effects of chronic 
administration of kisspeptins to immature and 
mature white bass (WB), striped bass (SB), and hybrid 
striped bass (HSB) to determine its effects on gonadal 
development in these species .  The authors 
determined that bi-weekly injections (over 7 weeks) 
differentially accelerate puberty, as evidenced by 
increases in the prevalence of spermatozoa in the 
testes of juvenile fish. Also, in sexually mature fish, 
kisspeptin treatment led to increased gonad weight, 
gonadosomatic index, and spermatocrit in some white 
and striped bass. Additionally, mature white bass 
treated with kisspeptins showed an advancement in 
oocyte development as determined by histological 
examination. Importantly, the gonadal changes 
occurred in the absence of any photothermal 
manipulation or hormone injections. This description 
was the first report of kisspeptin-mediated pubertal 
initiation in fish, and the first evidence that 
kisspeptins could modulate gonad maturation.
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