
ABSTRACT 

GARBER, AMBER FRANCES.  Assessing Genetic Contributions to Performance of 

Communally Reared Families of Wild and Domesticated Reciprocal Hybrid Striped Bass.  

(Under the direction of Craig Vincent Sullivan). 

 

 Expansion of the hybrid striped bass (HSB) aquaculture industry has been limited by 

high production costs dictating high prices.  Much of the industry is dependant upon wild or 

captive broodstock.  Selective breeding for an improved HSB may be one way to increase 

production efficiency driving down market prices and allowing industry expansion.  

Researchers at North Carolina State University have domesticated the HSB parental species 

over several generations (white bass, Morone chrysops and striped bass, M. saxatilis).  This 

study compares performance (e.g., survival, growth) of HSB progeny from domesticated and 

wild broodstock that were communally reared in research and commercial ponds and 

provides an initial assessment of the degree to which important production traits have a 

genetic basis amenable to improvement.   

HSB progeny were produced using commercial in vitro spawning techniques and a 

nested mating design with multiple white bass dams crossed with individual striped bass 

sires.  At the time of spawning, cross combinations were recorded and blood (DNA) samples 

were collected from the broodstock.  These samples were used to test the variability of 68 

microsatellite DNA markers.  The seven most variable markers were multiplexed and used 

for progeny identification (whole larvae and fin clips).  Initial progeny samples were 

collected and genotyped at 2 days post hatch (dph) from aquaria of mixed parentage (N = 

580) revealing a large variation in initial survival (0-68.9%).  Larval samples (N = 438) were 



also collected and genotyped at 3-4 dph (Phase 0) after domesticated and wild progeny were 

mixed (volumetric ratio of 48:52).  Fin clip samples were collected from progeny at the end 

of Phases I (≥ 35 dph; N = 761), II (~1 year of age; N = 909) and III (~1.5 years of age, 

market; N = 2789).  Domesticated progeny experienced an increased rate of mortality within 

the first ~35 dph.  This may have been a result of several beginning factors (e.g., variations in 

female broodstock fitness and initial stocking times) as significant variations were mainly 

evident between Phase 0 and Phase I-III progeny samples (pairwise comparisons of allelic 

frequency distributions P ≤ 0.00909, chi-square analyses P < 0.0001), whereas comparisons 

between later Phases (I-III) were less likely to differ significantly.   

Large variations in family sizes prevented comparisons between progeny from all full 

sibling families (n = 33), but comparisons of progeny from paternal half sibling families (n = 

5) was possible.  Trends in ranked means of paternal half sibling progeny by length and 

weight indicated that progeny from domesticated crosses performed as well as or better than 

progeny from wild crosses.  The progeny from domesticated crosses were a rounder shape by 

comparison of mean condition factors and landmark based geometric morphometric analysis 

(N = 1203 digital images in Phase III).  The occurrence of external abnormalities differed 

between ponds as did the shape of HSB progeny (P = 0.0001) with a significant interaction 

effect for shape between ponds and paternal half sibling families (P = 0.0080) indicating 

large environmental effects.  In Phase III progeny, females grew faster than males (P ≤ 

0.0002) and also varied in shape (P < 0.0001), but an interaction between family and shape 

did not appear to exist.  The full sibling families with the largest numbers of progeny were 

compared to determine differences in growth (length, weight) and shape.  These comparisons 

indicated that an additive effect from both dams and sires exists in HSB progeny, however 
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the study design did not allow for quantification of this effect.  All of these results suggest 

that domesticated broodstock have maintained their value for commercial production of HSB 

and significant family variation is present that may be amenable to selective improvement. 
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Introduction and Review 

 

 

 

 

 

                                                 
1A shortened and revised version of this chapter was published as: Garber, A.F. & Sullivan C.V. (2006) Selective 
breeding for the hybrid striped bass industry: Status and perspectives. Aquaculture Research 37, 19-338. 
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Abstract 

The hybrid striped bass (HSB) farming industry has considerable potential for growth 

into domestic retail markets, but expansion of this industry is limited by high production 

costs that dictate high prices for HSB.  It is widely recognized within the industry that 

selective breeding of an improved HSB will be required to increase production efficiency and 

reduce market prices.  A National Program of Genetic Improvement and Selective Breeding 

for the HSB Industry has been initiated and some progress has been made toward 

domestication of the parent species of the hybrid.  However, uncertainty remains as to which 

breeding procedures will most rapidly yield sustainable genetic gains in key production traits.  

This paper consolidates and reviews general information on the biology of temperate basses 

(genus Morone) relevant to selective breeding of improved HSB.  The topics covered include 

control of reproduction, geographic distribution of stocks, and population genetic variation.  

This is followed by a brief review of the current application of selective breeding techniques, 

including those based on molecular markers.  Finally, we discuss potential avenues for 

genetic improvement of HSB in a selective breeding program.  
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 Hybrid Striped Bass Farming: Outlook and Need for Selective Breeding 

Hybrid striped bass were initially produced by government agencies for stocking 

reservoirs and other fresh water impoundments.  The hybrid 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, the white bass M. chrysops (Rafinesque) and the striped bass M. saxatilis (Walbaum) 

(Kerby & Harrell 1990; Harrell 1997).  Commercial production of HSB began in the early 

1980s with the original HSB cross or palmetto bass (striped bass female X white bass male) 

which has been replaced by the more easily spawned reciprocal cross or sunshine bass (white 

bass female X striped bass male) to avoid problems associated with obtaining and 

reproducing female striped bass (Hodson et al. 2000; Kohler et al. 1994).  In recent years, 

female striped bass husbandry has improved (see Sullivan et al. 1997; Hodson et al. 2000), 

permitting limited domestication of this species and opening the door to continued 

commercial production of original cross HSB.  

The decline of the commercial striped bass fishery on the east coast of the United 

States during the late 1980s greatly expanded market opportunities for commercial HSB 

farming.  From 1987 to 2000, growth of the HSB industry was rapid, from 184 metric tons to 

5097 metric tons of production (Carlberg & Van Olst 2005).  However, the next two years 

saw a decline in HSB production, followed by only a slight increase to 5216 metric tons in 

2004 (Carlberg & Van Olst 2005).  The relative stasis in recent growth of HSB farming is 

due to several factors, most notably to high production costs, which result in high prices and 

prevent HSB from penetrating traditional retail seafood markets.  Currently, HSB are sold 

whole on ice (approximately 80% of total) or live, to restaurant or Asian ethnic markets, 
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respectively, where a premium product can command high prices (Carlberg & Van Olst 

2005).  The capacity of these niche markets to absorb HSB is limited, leading to a strong 

negative correlation between sales price and product volume and these factors result in 

relatively static HSB prices and production levels. 

Combined with static prices, increases in input costs of production, including those 

for labor, feed, energy, insurance, permits, materials, distribution, and inspection, have 

impaired profitability and hampered growth of the HSB industry (Carlberg & Van Olst 

2005).  It is thought that if production costs could be reduced by 25% (~$1.40 US per kg) to 

below $4.00 US per kg, then farmed HSB could penetrate traditional domestic retail markets 

for sale as fresh fillets (J.M. Carlberg, personal communication).  Expansion into major 

markets would support substantial growth of commercial HSB farming, allowing this 

industry to reap the benefits of economies of scale, including increased competitiveness 

within foreign markets.   

While some room for expansion of the HSB industry still exists in current markets, 

static pricing, coupled with high capital risks, which result in relatively low or marginal 

returns on investment (Carlberg & Van Olst 2005), necessitate immediate innovation.  

Industry leaders believe that new technologies, including selective breeding, may enable 

growers to lower the cost of production en route to a more competitive price point.  Knibb 

(2000) found that a marginal aquaculture company (approximately 5% profit on costs, POC) 

that achieves modest genetic gains of approximately 10% on important production traits 

could double its profits.  As most HSB producers now operate with less than 20% POC, with 

many making under 5% POC (J.M. Carlberg, personal communication), a selective breeding 
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program aimed at reducing production costs should be an effective means to promote 

industry expansion. 

Through selective breeding, a 10-15% increase in values of certain production traits 

per generation (~4 years) has been achieved for salmonids, and these carnivorous fish are 

now two to three times more efficient than pigs or broiler chickens in the conversion of 

energy and protein into edible food for humans (Gjedrem 2000).  Four generations (~10 

years) of selective breeding of coho salmon Oncorhynchus kisutch (Walbaum) has resulted in 

an increase in body weight greater than 60% of fish reared for 8 months in marine net pens 

(Hershberger et al. 1990).  A study of tilapia Oreochromis niloticus L., which lasted 10 years 

and included 12 generations of fish subjected to fairly high selection intensities, resulted in 

genetic gains for 16-week body weight of over 10% per year (Bolivar & Newkirk 2002).  For 

channel catfish Ictalurus punctatus (Rafinesque), domestication alone has resulted in growth 

rates increasing 2-6% per generation (~3 years) on average, with mass selection increasing 

body weight up to 55% after only four generations (Dunham & Liu 2003; mass selection 

identifies a percentage of the top performing fish and uses them as broodstock for production 

of the next generation).  These observations illustrate the importance of domestication and 

selective breeding for the aquaculture industry to meet market demands that can no longer be 

satisfied by the wild fishery (Bentsen & Olesen 2002).  However, at present, the HSB 

farming industry is nearly totally reliant on annual production of fingerlings from wild 

broodstock and efforts to domesticate the parent species of the hybrid have been fairly 

limited in scope. 

The need for a program of selective breeding of HSB is well established (Hallerman 

1994) and the beginnings of a national breeding effort were recently organized at four 
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industry-driven workshops (Workshop on Genetic Improvement and Selective Breeding for 

the Hybrid Striped Bass Industry, Harry K. Dupree Stuttgart National Aquaculture Research 

Center, Arkansas, October 2002 and 2003; The Annual National Conference and Exposition 

of the U.S. Chapter of the World Aquaculture Society, New Orleans, Louisiana, January 

2005 and Las Vegas, Nevada, February 2006).  To establish a successful breeding program 

for HSB, fundamental information about striped bass and white bass will be needed, 

including an adequate knowledge of their biology and life history traits (e.g., nutritional 

needs, culture requirements, control of reproduction), a thorough understanding of genetic 

variability across the geographic ranges of the species, and detailed information on the 

performance characteristics of specific stocks or strains of white bass and striped bass.  It is 

essential that clear breeding goals be defined a priori and that breeding protocols that are 

practical for use within the existing industry infrastructure be developed.  Such protocols 

will, by necessity, be based on traditional application of quantitative genetics using selection 

based on phenotype, although it is likely that they will eventually include use of molecular 

DNA markers and genetic maps to accelerate breeding gains (discussed below).  Alternative 

technologies that capitalize on differences in fish performance based on gender or maturity 

status (e.g., manipulation of ploidy, gynogenesis, and gender control) also may be applied in 

HSB breeding programs.  The HSB industry is well positioned to quickly benefit from 

selective breeding because much of the required information on the biology and genetics of 

the parent species of the hybrid has been obtained and preliminary evaluations of the genetic 

underpinnings of HSB performance already are underway.   
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Reproductive Biology  

For gilthead sea bream Sparus aurata L. and Atlantic salmon Salmo salar L., the 

interval between conceptualization and industry assimilation of selective breeding was nearly 

a decade (Knibb 2000).  This lag period, due in large part to the generation time of the fish 

being bred, cannot be completely avoided.  The maturity schedules of both wild and domestic 

white bass and striped bass are not grossly different from those of sea bream and salmon, 

respectively.  White bass are generally mature by two years of age (0.25-0.58 kg body 

weight), although some domestic males may mature as underyearlings (Kohler et al. 1994).  

Striped bass generally do not mature until they are four or more years of age (2-7 kg body 

weight).  The time to maturity varies, with wild males generally maturing within three years 

and domestic males maturing in two to three years (Sullivan et al. 1997).  Nearly all wild 

striped bass females have been shown to be fully mature by their seventh year while 

domestic females generally require four to five years before they can be spawned 

successfully (Sullivan et al. 1997).  The earlier maturation of domestic striped bass is likely 

due to both environmental factors (e.g., improved nutrition) and genetic effects of 

domestication leading to improved growth.  Rapid growth has been correlated with early 

maturation in other fish species (Kause et al. 2003), and therefore it may be possible to 

further shorten the generation time of these Morone species so as to accelerate gains from 

selective breeding.    

As compared to the case for many farmed fishes, reproductive biology and its 

chemical mediation are fairly well understood in both striped bass and white bass.  Methods 

for controlled propagation of these species (e.g., photothermal conditioning of broodstock, 

hormonal induction of ovulation and spermiation) have been developed (Kohler 1997; 
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Sullivan et al. 1997).  Perhaps the most notable reproductive biotechnology developed for 

striped bass over the last decade is controlled release delivery systems for synthetic analogs 

of gonadotropin-releasing hormone (GnRHa), which can be used to bring even relatively 

immature females into breeding condition and can sustain spermiation of captive males for 

prolonged periods (Sullivan et al. 1997; Mylonas & Zohar 2001).  Coupled to improved 

methods for photothermal conditioning of broodstock for spawning (see Sullivan et al. 1997; 

Sullivan et al. 2003; Clark et al. 2005), the new GnRHa delivery systems have made it 

possible to reproduce captive striped bass and white bass broodstocks at commercial scale 

(Mylonas et al. 1997; Hodson et al. 2000).  Both Morone species are group synchronous 

spawners, although striped bass females spawn a single clutch of eggs each year while white 

bass females are multiple clutch spawners (see Sullivan et al. 1997).  Using human chorionic 

gonadotropin (hCG) injections, the routine method for inducing maturation of female white 

bass (Kohler 1997), only a single useful spawn of eggs is usually obtained from this species.  

However, the new GnRHa delivery systems appear to be capable of inducing multiple 

spawns by female white bass (Mylonas et al. 1997) so that a wider range of crosses is 

possible for a given dam.   

Although considerable progress has been made in controlled spawning of Morone 

species, to the extent that initiation of a selective breeding program is feasible, much more 

research is needed in this area.  It will be especially important to develop the means to predict 

and ensure the complete maturation of individual females chosen for spawning on the basis 

of their genetic value as broodstock.  For a given group of striped bass, only about half of the 

females may successfully reproduce using the best procedures available; the remainder fail to 
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complete oocyte growth or undergo ovarian atresia before they are identified as candidate 

spawners (C.V. Sullivan, unpublished data).         

A wide range of crossbreeding schemes are also possible with these fish as karyotype 

analyses have shown that striped bass, white bass, and HSB all have a diploid number of 48 

chromosomes (Curtis et al. 1987; Gomelsky et al. 1998; Harrell 1997; Rachlin et al. 1978).  

The precise sex determining mechanism for these species has not been verified but an XY 

sex chromosome system is indicated for the closely related (family Moronidae) sea bass, 

Dicentrarchus labrax (see Devlin & Nagahama 2002).  However, Wolters & DeMay (1996) 

postulated a three gonosome sex determining system for Morone, following their discovery 

that, while cohorts of original cross HSB have approximately equal numbers of males and 

females, all paradise bass (female striped bass X male yellow bass M. mississippiensis 

(Jordan & Eigenmann)) are female. In this system striped bass females are AAXX, white 

bass males are AAXY, and yellow bass females are AAWW (Wolters & DeMay 1996).  The 

gender of the sea bass Dicentrarchus labrax L. is labile, with lower rearing temperatures 

resulting in gender ratios being skewed consistently in favor of females (Pavlidis et al. 2000; 

Koumoundouros et al. 2002), but similar studies have not been conducted with the North 

American Moronidae.  Pursuit of this topic may be profitable as it is currently thought that 

HSB females may grow faster than males.  Further research into the genetic and 

environmental determinants of gender and into practical methods for gender control 

(discussed below) is needed for these species.   

Cryopreservation research also has been conducted on Morone species, mainly as it 

regards preservation of striped bass sperm (Harrell 1997; see below).  Cryopreservation is not 

only important when the spawning times of parent species are different, as is the case for 
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white bass and striped bass, but also could be critically important to a selective breeding 

program.  Such methods could provide the means to protect, distribute, and better utilize 

valuable germplasm from both species.  Cryopreservation of semen from male striped bass 

also could reduce the need to maintain adults of both sexes in space-limited hatcheries, 

allowing hatchery managers to conserve space for large female striped bass or for multiple 

progeny groups undergoing performance evaluations.  Additionally, wild males captured as 

donors of semen for cryopreservation can later be returned to their native waters, precluding 

depletion of naturally mature males.  Realization of these possibilities is at hand with the 

development of practical protocols for short-term storage (Jenkins-Keeran et al. 2001; 

Jenkins-Keeran & Woods 2002a; He & Woods 2003a; He et al. 2004) and long-term 

cryopreservation (He & Woods 2003b, 2004a,b; Jenkins-Keeran & Woods 2002b) of striped 

bass semen. 

  

Geographic Distribution, Genetic Variation, and Hybridization  

Prior knowledge of the endemic range and genetic structure of Morone populations is 

needed so that breeders can assemble genetically diverse founder broodstocks, ensuring that 

sufficient additive genetic variation (VA, breeding value, or measure of the amount that an 

individual’s genetic makeup contributes additively to progeny phenotypes) is present for 

those traits targeted for improvement (e.g., Gjedrem 2000; Fjalestad et al. 2003).  Collection 

of multiple potential breeders from as many genetically discrete populations as possible will 

be important to evaluate variation in the performance of individuals from the same and 

different geographic locations so that selective breeding protocols can be rationally designed.  

For example, most of the genetic variation for a given selected trait in Atlantic salmon Salmo 
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salar L. was found within river strains (between and within families), while only 5-10% of 

total variation was explained by the river of origin (Gjøen & Bentsen 1997).  At present, 

striped bass are returning from an overfished condition, and restoration and stocking 

programs have been conducted for both parent species of HSB.  Possible introgression has 

been promoted by stocking reproductively viable HSB in areas where both parental species 

exist, and both parent species have been introduced outside of their native ranges.  These 

modifications to wild populations all may act to eliminate rare alleles, promoting genetic 

homogeneity.  While genetic diversity studies have shown limited allelic variation in Morone 

species, solid evidence of variation has been revealed in performance comparisons of striped 

bass from different geographic locales as well as reciprocal cross HSB produced from female 

white bass of varied geographic origin (discussed below).  These observations underscore the 

need to assess genetic variation underlying fish performance in direct experimental trials 

rather than predicting it a priori based on indirect measures of genetic variation (e.g., 

polymorphism of allozymes, mitochondrial DNA, and microsatellite DNA; Knibb 2000). 

Striped Bass (Morone saxatilis Walbaum) 

Striped bass are found in marine and estuarine coastal habitats along the Atlantic 

coast from which they undertake extensive upstream riverine migrations prior to spawning 

(Fig. 1.1; Burgess 1980a).  The endemic or historical range of this anadromous species 

extends from the Canadian Maritime/Quebec in the north to the St. Johns River, Florida in 

the south and disjunctly from Suwannee River, Florida west to Lake Ponchartrain, Louisiana 

(Wooding 1959; Burgess 1980a).  There is evidence that discrete striped bass spawning 

grounds are found in the Miramichi River and the Shubenacadie River system in Canada 

(Robinson & Courtenay 1999); several rivers entering the Chesapeake Bay, the Hudson 
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River, and the Roanoke River, which collectively support the mid-Atlantic coastal fishery 

(Berggren & Liebermann 1978); the Congaree and Wateree Rivers in South Carolina, which 

support the Santee-Cooper reservoir recreational fishery (Bulak et al. 1993); the 

Apalachicola-Chattahoochee-Flint river system, which supports a natural Gulf of Mexico 

coast population of striped bass (Wirgin et al. 1997a); and the St. Lawrence River and its 

tributaries in Canada, where the species is now believed to be extinct (Wirgin et al. 1993b).  

Striped bass found at the extreme northern and southern portions of their natural range are 

thought to be nonmigratory (riverine), while the remaining populations move within the area 

between northern North Carolina and the Bay of Fundy (Wirgin et al. 1993b).  These striped 

bass spawn in their natal rivers and migrate seasonally along the Atlantic coast, creating a 

mixed stock fishery.  

In the United States, Atlantic coast populations of striped bass have fluctuated greatly 

in abundance with a gradual yet severe decline since colonial times (Koo 1970).  The lowest 

total landings for the entire Atlantic coast were recorded in 1934 at 498 metric tons followed 

by a fluctuating increase (Koo 1970).  In contemporary times, landings reached a low of 800 

metric tons in 1983 (Boreman & Austin 1985), followed by an upturn in abundance after the 

instatement of highly restrictive harvest regulations in the mid- to late-1980s (Coutant & 

Benson 1990).  In the Gulf of Mexico, it is thought that natural populations of striped bass 

were depleted by the 1950s and 1960s, with the exception of those in the Apalachicola-

Chattahoochee-Flint river system in northwestern Florida, Georgia, and Alabama (Wirgin et 

al. 1991).  As a result, striped bass were periodically reintroduced into the Gulf of Mexico 

area, initially as hatchery-reared individuals of Atlantic descent (Wirgin et al. 1991).  This 

species also was introduced into the lower Sacramento-San Joaquin Delta (near San 
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Francisco), California from the Hudson River, New York in 1879 and 1882, where it rapidly 

established a breeding population supporting commercial and sport fisheries. This California 

population eventually spread northward to Vancouver Island, British Columbia and 

southward to northern Baja California, Mexico (Burgess 1980b; McGinnis 1984).  Initial 

increases in abundance of striped bass on the west coast of North America fueled the 

development of a striped bass fishery prior to 1900, but a severe decline in landings in 1977 

has been followed by sustained low harvests (Stevens et al. 1985). 

The widespread stocking of striped bass since the early 1900s has been repeatedly 

noted as a possible confounding factor in genetic studies of this species, obscuring historical 

distinction between natural populations.  Population bottlenecks resulting from overfishing or 

other human influences (e.g., habitat degradation) and exacerbated by the natural 

reproductive characteristics of striped bass have likely reduced genetic diversity of this 

species in some locales.  For example, in striped bass from the Coos River in Oregon, which 

underwent a population crash in 1945, genetic variation was reduced to a single 

mitochondrial DNA (mtDNA) haplotype as compared to five haplotypes in the San Francisco 

founder population and eight haplotypes in the original Hudson River population (Waldman 

et al. 1998).  Aside from human influences, natural reduction in the effective size of striped 

bass populations has probably resulted from highly cyclical levels of fish abundance due to 

fluctuations in year class strength, males greatly outnumbering females on the spawning 

grounds, and the high fecundity of individual females causing disproportionate contributions 

to year classes within spawning rivers.  All of these factors may have contributed to the 

exceptionally low levels of genetic polymorphism reported in this species (Wirgin et al. 

1997a).  Nevertheless, significant genetic variation exists within and among geographically 
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diverse locations and within individual river systems (Table 1.1).  This variation is likely 

adequate for identification of distinct, naturally reproducing populations (e.g., Apalachicola-

Chattahoochee-Flint river system) for utilization at the initiation of a selective breeding 

program.   

Some previous studies have identified significant phenotypic variation in growth 

between striped bass from different geographic origins.  Brown et al. (1998) observed 

significant variation in larval growth rate among striped bass from four different latitudes and 

Jacobs et al. (1999) reported variable growth rates among progeny produced from broodstock 

obtained from five different geographic locations. Woods et al. (1999) also established the 

existence of variation in growth rates among three distinct stocks of striped bass originating 

in the Chesapeake Bay.  Woods (2001) reported increased growth in length and weight in 

three F2 generation domestic Maryland families when compared to F1 generation striped bass 

from five other geographic locations.  Further research using highly polymorphic molecular 

markers and samples collected throughout the range of this species would shed more light 

onto the current structure of striped bass populations.  However, based on the variation 

evident from results of prior genetic surveys (Table 1.1) and from the performance 

evaluations cited above, it is reasonable to expect that this species contains adequate genetic 

variation for the purposes of selective breeding.   

At present, several hundred captive striped bass broodstock from diverse lineages, 

some the product of four generations of domestication, are being held at the North Carolina 

State University Pamlico Aquaculture Field Laboratory (NCSU-PAFL) in Aurora, NC.  

These include some genetic contribution from all of the major geographic areas discussed 

above with the exception of the Hudson River and West Coast.  Limited numbers of captive 
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adult striped bass also are being held at various other commercial farms and research 

laboratories in the United States and Canada. 

White Bass (Morone chrysops Rafinesque) 

White bass are found in abundance in lakes and reservoirs that have low turbidity and 

in deep river pools (Fig. 1.1; Burgess 1980b).  Distribution of this species is widespread 

throughout river systems of the Ohio and Mississippi River valleys and three of the Great 

Lakes (Lakes Michigan, Erie, and Ontario) with one record of white bass in Lake Superior 

(Burgess 1980b).  In Canada, white bass are present in Lake Nipissing (northeast of Lake 

Huron; Wooding 1959), around Lakes Huron, Erie, and Ontario, and between Lakes Huron 

and Superior (Mandrak & Crossman 1992).  The geographical bounds of the white bass 

distribution include the St. Lawrence River to the east, Lake Winnipeg to the north, and the 

Rio Grande River to the west (Burgess 1980b).  White bass have been introduced into 

multiple states, either inadvertently (e.g., Koster 1957; Holton & Johnson 1996) or by 

planned stocking (e.g., McGinnis 1984).  

Relatively little research has been completed on white bass population genetics 

(Table 1.1).  White (2000) conducted an allozyme study and reported significant 

interpopulation genetic heterogeneity, but observed an absence of population structuring 

consistent with geographic proximity or drainage.  This may be a result of widespread 

stocking of white bass since 1900 with rapid subsequent range expansion.  White (2000) also 

found that allelic variation in white bass was low as compared to that seen in other species of 

fish, but it was similar to that reported for striped bass.    

Performance of white bass stocks from different geographic regions has not been 

directly evaluated.  However, female white bass from different locales have been evaluated 
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with regard to their performance as broodstock for production of HSB.  Adult females from 

the Arkansas River, Arkansas; Lake Poinsett, South Dakota; and Lake Erie, Ohio were used 

to produce reciprocal HSB using semen pooled from nine striped bass males (Kohler et al. 

2001).  After 40 days of rearing in fertilized earthen ponds, the Lake Erie HSB had a 

significantly higher body weight than that of the other two groups of hybrids.  When 

harvested for market, the Lake Erie HSB and South Dakota HSB had significantly higher 

fillet (without ribs) weight than the Arkansas HSB. These findings suggest that important 

performance characteristics of HSB at various stages of production may be influenced by 

genetic variability present in their female parents. 

Presently, hundreds of captive white bass broodstock domesticated over seven 

generations in captivity are being held at the NCSU-PAFL.  These fish are the product of an 

original founder stock established by crossing white bass from Lake Erie with fish collected 

from tributaries to the Mississippi River in an attempt to enhance genetic variability.  Limited 

numbers of captive white bass broodstock also are being held at various commercial farms 

and research institutions.  

Hybrid Striped Bass 

The original HSB (palmetto bass) were produced in 1965 by Robert Stevens at the 

Monck’s Corner striped bass hatchery in South Carolina (Bishop 1968).  The striped bass by 

white bass hybrid was initially desirable because it possessed the angling qualities, size, food 

habits, and longevity of a striped bass, but the environmental adaptability of the white bass 

(Bayless 1972; Bonn et al. 1976).  These hybrids were artificially propagated and stocked in 

freshwater impoundments for control of shad (Dorosoma spp.) populations and as a food and 

sport fish (Kerby & Harrell 1990).  As early as 1981, 17 state and federal hatcheries 

  16



produced 40 million striped bass and HSB fingerlings for stocking in inland waters including 

over 264 reservoirs (Kerby & Harrell 1990).  These fish currently exist in lakes, reservoirs, 

creeks, and/or rivers in at least 32 of the United States and one fishing site in Canada (Lake 

St. Louis, Quebec).  

During the 1970s and 1980s, severe declines in Chesapeake Bay striped bass 

populations prompted a harvest moratorium (1985-90) and an intensive stock enhancement 

effort was initiated, which included some stocking of HSB (Harrell et al. 1993).  Nuclear 

DNA probes elucidated that 3% of the field-identified hybrids were progeny of HSB that had 

backcrossed with striped bass (Harrell et al. 1993).  While it is not thought that striped bass 

and white bass will volitionally hybridize either in nature or in captivity (Salek et al. 2001), 

there is evidence from several sources that HSB will engage in introgressive hybridization 

with both striped bass (e.g., Harrell et al. 1993) and white bass (e.g., Forshage et al. 1986).  

Therefore, the HSB has at least the potential to influence the population structure and genetic 

variability of its parent species in the wild.  HSB also will freely breed together in captivity 

or in nature, but resultant F2 hybrids are highly variable (e.g., growth, body conformation) 

and are considered to be unsuitable for commercial aquaculture (Harrell & Webster 1997).  

As a result, white bass and striped bass broodstock obtained from the wild should be 

screened to ensure their species purity prior to entrance into a selective breeding program.  

 

Hybrid Striped Bass Production Cycle  

In general, the HSB commercial production cycle is composed of four distinct phases 

(Hodson 1995; Harrell & Webster 1997).  Following the hatchery phase (Phase 0), 3-5 d-old 

larvae (fry) are stocked into fertilized, outdoor ponds where they feed on natural 
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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 and 1 g body weight.  The interval from stocking of larvae to harvest of the juvenile 

fingerlings is referred to as production Phase I, which typically extends from the spawning 

season in April-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.  In intensive tank culture systems, 

as opposed to pond systems, seasonal influences are largely irrelevant, and the HSB 

production phases are defined by fish 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. 

 

 

Performance Characteristics of Hybrid Striped Bass 

Direct comparisons of the two cultured HSB crosses (original versus reciprocal) have 

not been conducted with adequate replication, in the same environments, or over the range of 

conditions to which these fish are exposed in commercial production.  As there may be real 

differences in performance between the two types of HSB, determination of how the 

underlying performance traits are inherited and how they might be adopted into a breeding 
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program is important.  These two forms of HSB do appear to be superior to several other 

hybrid Morone crosses which have been judged to be unacceptable for commercial culture.  

These crosses include the Virginia bass (female striped bass X male white perch M. 

americana (Gmelin)), which exhibited highly variable growth rates that were generally lower 

than those of Palmetto bass, the Maryland bass (white perch female X striped bass male), 

whose characteristics have not been well defined but are probably similar to those of the 

Virginia bass (Kerby & Harrell 1990), and the Paradise bass (female striped bass X male 

yellow bass) which exhibits relatively slow growth, large variation in shape, and are all 

female (Wolters & DeMay 1996; Bosworth et al. 1998).   

There is good evidence from controlled rearing trials that original and reciprocal HSB 

outperform white bass, but their general superiority to striped bass, especially partly 

domesticated strains, or to backcross HSB (reciprocal HSB female X striped bass male) has 

not been demonstrated unequivocally.  In a comparison of reciprocal HSB and white bass, 

the mean survival of hybrids harvested at the end of Phase I was significantly higher than that 

of white bass (Kohler et al. 2001).  In rearing trials conducted in indoor, recirculating 

aquaculture systems, reciprocal HSB and white bass outperformed original cross HSB with 

respect to some growth characteristics during Phase II rearing.  However, by the end of Phase 

III (harvest), both reciprocal and original HSB had significantly greater mean final weights 

and lower feed conversion ratios than the white bass (Rudacille & Kohler 2000).  In a similar 

study in which fish were sampled at 104 and 273 days of culture, F3 generation domestic 

striped bass outperformed both backcross hybrids and original cross HSB with regard to 

growth rate (percentage weight gain per day) (Jenkins et al. 1998).  However, in agreement 

with the results of subsequent research (Tomasso et al. 1999), the growth rate of the 
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backcross HSB was similar to that of the original cross HSB throughout the study and was 

close to that of the domestic striped bass from day 104 onward (Jenkins et al. 1998).  In this 

study, the survival of the F3 generation domestic striped bass was significantly higher than 

that of backcross HSB but not original cross HSB.  However, striped bass exposed to a 

standardized confinement stress exhibited much higher plasma cortisol levels and markedly 

decreased survival and resistance to infection when compared to original cross HSB and 

striped bass X white perch hybrids (ages variable within and between species; Noga et al. 

1994).   

It is the general consensus among growers that reciprocal HSB are easier to produce 

in the hatchery than original cross HSB or backcross HSB and that they are better than 

striped bass at handling stress experienced in commercial culture operations.  However, with 

the development of domesticated striped bass broodstocks and improved methods for 

Morone broodstock conditioning and spawning, we may be at a point where it is necessary to 

re-evaluate these assumptions.       

 

Selective Breeding Research and Development 

Traditional Methodologies Based on Phenotype 

Traditionally, selective breeding of organisms has been based on phenotypic or 

observable characteristics which develop as a result of the genotype (genetic makeup), the 

environment, and interactions between the two.  The majority of traits likely to be exploited 

in a selective breeding program are quantitative traits, metric characters thought to result 

from the cumulative expression of multiple genes, each having a small effect on the 

phenotype.  The collective expression of all combinations of alleles for the many genes 
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influencing a quantitative trait produces a continuous spectrum of possible phenotypes 

approximating a normal frequency distribution (Falconer & Mackay 1996).  Therefore, any 

of the many traits having a measurable and continuous probability distribution could be a 

potential target for improvement through selective breeding (Table 1.2).  However, in 

evaluating such traits, fairly large numbers of individuals must be measured in order to draw 

precise genetic conclusions.  This requirement limits the types and numbers of traits that can 

be selected to those that can be practically and economically assessed in the laboratory or in 

the field.  

The traditional quantitative genetic approach utilizes statistical parameters for traits of 

interest (e.g., heritabilities, genetic variances, genetic correlations) based on recorded 

pedigree data often in the absence of knowledge about the number, location, and effect of 

genes whose expression contributes to a trait, or frequencies of favorable alleles at each 

relevant gene locus (Dekkers & Hospital 2002; Pagnacco & Carta 2003).  Therefore, the 

expected increases in mean population performance per generation are proportional to the 

accuracy of estimates of breeding values (value of an individual estimated by the mean value 

of its offspring), intensity of selection (proportion of population selected for breeding), and 

population genetic variation (Dekkers & Hospital 2002).  These ideas stem from the 

infinitesimal genetic model in which many loci or genes each have a very small additive 

effect on the final phenotype (Fisher 1918).  Major achievements of cattle and pig breeding 

over the last 50 years were based on this model (Pagnacco & Carta 2003).  For these species 

of livestock, most selected traits exhibit an additive variation of sufficient magnitude to allow 

breeders to manipulate the sum of these additive effects to improve the breed generation after 

generation (Pagnacco & Carta 2003). 
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The Atlantic salmon aquaculture industry in Norway employs an advanced 

phenotype-based breeding program founded on quantitative genetics procedures and clear 

breeding goals.  The objective of the Norwegian salmon breeding program is to improve 

seven quantitative traits: body weight at slaughter, age of sexual maturation, survival in 

challenge tests with furunculosis and infectious salmon anemia, flesh color, total fat content, 

and amount of fat tissue (Gjøen & Bentsen 1997).  After initiation of the program in 1971, 

the first two generations of selection targeted only improvement of growth rate (body weight 

at slaughter; Gjedrem 2000).  Subsequently, growth rate has been subject to higher selection 

intensity than the other traits, as it is the only trait that can be directly measured on the 

breeding candidate itself.  For the remaining traits, selection is necessarily based on 

information from relatives because phenotype is measured late in life or post mortem (Gjøen 

& Bentsen 1997).  Here, family units are selected or rejected based on the mean phenotypic 

value of the family, which can become costly as large numbers of families must be created 

and measured when attempting to avoid inbreeding and achieve a relatively high intensity of 

selection (Falconer & Mackay 1996).  Nevertheless, the selection response obtained per 

generation for each of the traits described above is approximately 10% in Atlantic salmon 

(Gjøen & Bentsen 1997).  

Approaches Based on Genotype 

As noted for the Atlantic salmon breeding program, it is difficult to effectively select 

individuals for breeding on the basis of values for traits that are very time consuming to 

measure (e.g., disease resistance), sex limited (e.g., egg quality), age limited (e.g., time to 

maturity), or recorded post mortem (e.g., flesh quality or fat content of fillets).  These traits 

often have a low heritability and measurements must be made on siblings or other close 
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relatives of candidate breeders.  Using phenotypic measures alone, the accuracy of selection 

may be low for such traits or the cost of measurement may be too high to be economically 

feasible.  Because samples of a candidate breeder’s DNA can be obtained non-lethally even 

from juveniles (e.g., blood samples, fin clips), genetic markers can be utilized in some of 

these cases to allow the direct selection of breeding candidates with regard to such traits, as 

well as to improve selection for traits that usually have high heritability and are easy to 

measure (e.g., growth).   

By definition, a DNA marker is a genetic marker that is a readily identifiable allele or 

genetic element that is polymorphic (exists in two or more forms) and may be inherited in 

association with a particular gene or trait of interest.  Any inherited physical or molecular 

characteristic that differs among individuals and is easily detectable is a potential genetic 

marker.  Traditional genetic markers for breeding, those that give rise to a visible phenotype, 

are rare since the effect of individual alleles at the many loci combine to control quantitative 

traits.  However, the advent of modern molecular biology has led to the development of 

many categories of genetic markers that can be mined to discover those linked to particular 

traits.  Such markers are linked to quantitative trait loci (QTL). 

Some genetic markers may include the sequence of genes or proteins directly 

involved in expression of a quantitative trait (Type I markers), while others are anonymous 

segments of genomic DNA with no coding function whose inheritance can be tracked and 

correlated with a particular quantitative trait of interest (Type II markers).  Allozymes are a 

good example of Type I protein markers.  Type I DNA markers include restriction fragment 

length polymorphisms (RFLPs), microsatellites, expressed sequence tags (ESTs), single 

nucleotide polymorphisms (SNPs), and indels (sequence insertions and deletions).  Type II 
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DNA markers include randomly amplified polymorphic DNA (RAPD), amplified fragment 

length polymorphisms (AFLPs), and some RFLPs, microsatellites, SNPs, and indels.  These 

various marker types have recently been described in detail with respect to their potential 

utility for selective breeding in aquaculture (see Liu & Cordes 2004).  At present, most DNA 

markers employed in animal breeding programs are Type II markers, but the demand for 

Type I markers likely will increase as mapping of QTL and marker-assisted selection gain 

importance (discussed below; see also Liu & Cordes 2004).  

Marker-assisted selection (MAS) involves the utilization of genetic markers closely 

linked to QTL to identify animals that carry genes for desirable (or undesirable) traits so that 

they can be selected or avoided as future broodstock.  Use of such markers can improve 

speed and accuracy of estimating breeding values and allow management practices (e.g., 

feeding, drug therapy) to be tailored to the particular genotype of animals undergoing 

selection (Rocha et al. 2002).  When selection is based exclusively on phenotype, missing 

records for relatives of the same degree or for progeny will result in all individuals starting 

with the same estimated breeding value.  However, a portion of the genetic variation within 

families can be explained without information on progeny performance using genetic 

markers alone (Visscher et al. 1998).  Genetic markers also can be employed to exploit non-

additive genetic variation (Visscher et al. 1998), such as dominance-based genetic variation, 

which may be especially significant to performance of interspecific hybrids, such as HSB 

(see below).   

Polymorphic DNA markers also are used to track animal pedigrees, assess the 

relatedness of individuals, and manage the rate of inbreeding, although in these cases they 

need not be associated with any particular trait.  In the case of HSB breeding, use of 
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molecular markers will be needed for assignment of parentage to animals in progeny 

performance trials.  As intensive rearing of Morone species on prepared live feeds is not yet 

reliable enough for commercial application, all Phase I HSB fingerlings are produced 

extensively in outdoor ponds where they feed on natural zooplankton.  No existing or 

conceived facility has the capacity for conducting replicate HSB performance trials by 

dedicating individual fry ponds to each of the many progeny groups from specific crosses 

conducted each year in a selective breeding program.  Therefore, it is necessary to pool fry 

from multiple crosses for "common garden" rearing and to use molecular markers to 

determine parentage of the progeny.  Common garden rearing also eliminates the 

confounding effects of environmental variation on analysis of genotypic contributions to fish 

performance.   This approach is being employed successfully using microsatellite DNA 

markers in breeding trials of HSB and striped bass at NCSU (A.F. Garber, C.R. Couch, A.S. 

McGinty & C.V. Sullivan, unpublished data) and of HSB at Texas A&M University (see 

Ross et al. 2004).     

Genetic Mapping of Quantitative Trait Loci 

To implement MAS, high-resolution linkage maps must be produced that show the 

ordering of markers along a chromosome, the relative distances among loci, and the strength 

of their association with a given production trait (Lynch & Walsh 1998).  The number of 

QTL affecting a trait, mode of inheritance, and relative contribution to the trait must be 

explored.  In addition, linkage and interactions of QTL for various traits should be evaluated 

and the relative economic importance of all commercially significant traits should be scored 

to create a selection index so that breeding decisions can be made in cases where MAS of 

one trait might occur at the expense of another (Liu & Cordes 2004).  These requirements 
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make bringing MAS to the point of inception a daunting task, one that has been achieved for 

few species of livestock. 

In practice, following development of a suitable number of highly polymorphic 

molecular markers, specialized crosses must be made that create linkage disequilibrium in a 

progeny mapping population. These crosses are devised so that alleles are nonrandomly 

distributed into the offspring or gametes, reducing the equilibrium, and aiding in the 

discovery of genes linked to important production traits.  Markers that differ between parents 

can generate useful information for the map.  Animals in the mapping population are 

evaluated to measure values of important production traits and their DNA is analyzed to 

identify the alleles present at each potential QTL.  Knowledge of this linkage between 

markers and QTL will allow for successful tracking of the inheritance of important 

production traits.  In other words, disequilibrium creates marker-trait associations where 

different marker genotypes have different expected values for quantitative characters (traits) 

linked to these markers (Lynch & Walsh 1998).  

Linkage disequilibrium exists between tightly linked loci and population-wide 

disequilibrium can result from crossing distantly related, highly inbred lines or breeds (Lande 

& Thompson 1990; Dekkers & Hospital 2002).  For example, pig breeders cross distant 

breeds expected to have different marker genotypes at QTL to deliberately create linkage 

disequilibrium.  The F1 progeny are then either mated with each other to produce an F2 

generation or they are backcrossed to parental genotypes to produce a backcross mapping 

population (Pagnacco & Carta 2003).  Highly inbred lines exist for relatively few fish species 

but maximal linkage disequlibrium has been created by producing double haploid fish 

(gynogens or androgens, containing duplicate copies of DNA from only one parent) to 
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generate families for linkage mapping (e.g., Young et al. 1998).  The power to detect QTL in 

these double haploid fish, which bear resemblance to selfed plant populations, can be 

elevated in comparison to that obtained by examining full-sib families (see Martinez et al. 

2002 for detailed designs and simulation).  Production of completely homozygous fish in a 

single generation allows for production of isogenic (clonal) lines for mapping populations 

and precludes the necessity of many generations of inbreeding (Martinez et al. 2002).  

However, in view of the extremely large full-sib families that can be produced by fishes as a 

consequence of their high fecundity, use of such special reproductive techniques may be 

unnecessary (Sonesson 2003).  Therefore, it is likely that F2 generation or backcross HSB 

will suffice for mapping purposes.  High heterozygosity in F1 generations from intercrossing 

divergent populations or species provides excellent power for QTL detection and creation of 

an initial map.  Development of an initial low resolution linkage map could then be followed 

by high resolution linkage-disequilibrium mapping in a commercial HSB population (see 

Andersson & Georges 2004). 

Once a high resolution linkage map of QTL has been made and the practical 

capability exists to determine the genotypes of individuals in the breeding population at large 

numbers of loci, a molecular "score" can be created that captures the genetic or breeding 

value of an individual (Dekkers & Hospital 2002).  Through MAS, use of the genetic 

markers can alleviate or even eliminate some of the problems associated with using only 

phenotype for selection.  Marker-assisted selection also offers the possibility of decreasing 

costs associated with phenotypic measures since genetic markers can be measured at any age 

and in either sex and one can separate which chromosome segments full or half-sibs have 

inherited from their parents (see Table 1 in Dekkers & Hospital 2002; Lande & Thompson 
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1990; Visscher et al. 1998).  A breeding program employing genetic markers can directly 

track inheritance of chromosomal regions or possibly individual genes containing alleles of 

economic value, thereby identifying high performance offspring even in the absence of 

phenotypic records or progeny performance information (Visscher et al. 1998). 

While the possible benefits of marker usage have been well documented, difficulties 

that arise in most cases include, but are not limited to, the cost of adding markers to an 

existent selective breeding program, alteration of a selective breeding program to 

accommodate markers, and lack of an existing genetic linkage map with sufficient marker 

resolution.  In aquaculture, only a few species have an actual selective breeding program.  

The main restriction of selection in fishes by genetic markers is the limited number of 

markers and genetic maps available for commercially raised aquaculture species (Sonesson 

2003). 

 

Possible Approaches to Selective Breeding of Hybrid Striped Bass 

 For HSB, there is presently no consensus on which method of selection will provide 

the highest sustainable returns over the shortest period of time or which traits, when 

improved, would most significantly increase revenue on commercial farms.  Therefore, we 

have chosen to briefly review three plausible approaches to selective breeding of HSB: 

reciprocal recurrent selection, direct selection, and introgressive hybridization 

(backcrossing).  Each method of selection is defined and discussed with regard to its 

potential advantages and disadvantages.  Common to all selection methods will be the 

requirement to first assess the genetic diversity and possible relatedness of broodstock by 

using genetic markers to construct pedigrees, followed by physical tagging (e.g., with passive 
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integrated transponders) of potential breeders.  All three approaches also may involve use of 

genetic markers to assign parentage to communally reared progeny that are mixed when they 

are too small for physical tagging (e.g, during production of fingerlings).  We expect that any 

program of selective breeding for HSB will include testing of progeny performance in the 

different types of rearing units used by industry (e.g., ponds and tanks) and in the various 

geographic regions where HSB are produced, with the performance trials ideally being 

conducted at commercial scale.  Finally, regardless of the approach to selective breeding, the 

eventual addition of Marker-assisted Selection or Marker-assisted Introgression is 

anticipated.  

Reciprocal Recurrent Selection 

 Recurrent selection involves the choice of future breeders of one species (e.g., white 

bass) based upon performance of their hybrid progeny produced by outcrossing to another 

species (e.g., striped bass).  When selection is performed on both parent species, the 

procedure is called reciprocal recurrent selection (RRS).  Reciprocal recurrent selection of 

striped bass and white bass for production of HSB would involve testing many inter-specific 

crosses between various lines (families) of each species.  Parents of the top-performing HSB 

would be retained as breeders within their pure line to produce parents for the next hybrid 

generation (Hallerman 1994; Fig. 1.2).  Therefore, reciprocal recurrent selection involves 

selective breeding of the pure line fish to exploit additive genetic variance (VA) for specific 

performance traits combined with hybridization to exploit the general or specific combining 

ability of white bass and striped bass, also known as dominance genetic variance (VD).  At 

present, the degree to which VA or VD contribute to the perceived superiority of HSB is 

unknown.  Therefore, utilization of RRS to exploit both forms of genetic variation would be 
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a conservative approach to improving HSB, one with a seemingly high probability of 

success.  Another potential benefit of an RRS program would be the opportunity for 

simultaneous performance testing of both reciprocal cross HSB and original cross HSB.  

Potential gains from RRS may prove to be greater for one form of hybrid than the other and 

different industry sectors may now or later prefer a specific HSB cross.   

A constraint to the RRS method would be the inability to predict the extent to which 

the superior performance of HSB is actually due to dominance based variation versus 

additive genetic effects, maternal effects, or other factors (Hallerman 1994).  Also, it is not 

known whether the white bass and striped bass siblings crossed to produce the subsequent 

pure line broodstock would inherit the same beneficial trait(s) as those white bass and striped 

bass parents used to produce HSB.  Additionally, if the parents of top-performing HSB are 

identified (Fig. 1.2, A) based on traits evaluated in market sized individuals (~12-18 months 

of age), then, to allow time for phenotypic and genotypic analyses, white bass and striped 

bass broodstock would need to be retained for at least two years before their breeding value 

could be assessed.  This would create an extended period when broodstock are vulnerable to 

loss before they can be utilized to propagate pure lines.  In the case of striped bass, this 

requirement would significantly increase the expense and facilities required, as 4-year-old 

gravid females weighing 4 kg can easily exceed 8 kg body weight in the two additional years 

necessary for progeny assessment (A.S. McGinty & C.V. Sullivan, unpublished data).  

Lastly, it follows that multiple generations of several families of white bass and striped bass 

will need to be propagated to support RRS and that two generations of HSB would usually be 

in performance testing once the breeding program is underway.  The combined financial and 

logistical capabilities of university research programs, government agencies, and the HSB 
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growers may currently be inadequate to support execution of a program of RRS for the HSB 

industry.  However, such a major investment may be justifiable in view of the potential 

power of an RRS breeding program, which, as noted by Hallerman (1994), is exemplified by 

the substantial and continuing improvement of hybrid corn in the United States over many 

tens of generations.  

Direct Selection 

 In the event that inception of an RRS program for improvement of HSB is not 

logistically or financially possible in the near term, a simpler, less expensive alternative 

would be to separately subject the white bass and striped bass broodstocks to selective 

breeding based on direct (mass) selection of superior performing animals (Fig. 1.3).  Direct 

selection also has the advantage that a single population of white bass or striped bass could 

be maintained at a breeding facility, as opposed to multiple genetically defined families.  

Problems with synchronizing gamete production between several lines of two different 

species as in RRS would be avoided.  Finally, direct parental selection has the potential to 

rapidly produce a superior performing striped bass, which may be adopted in some industry 

sectors in preference to presently available HSB.   

This method does not specifically exploit VD and, therefore, may be problematic 

since the top performing white bass and striped bass may not combine to produce the top 

performing HSB.  To alleviate this concern, performance testing of HSB progeny produced 

from excess gametes and distributed to private farms for growout could be used as a gross 

measure of progress in the breeding program.  Genotyping of the pure line broodstock and 

their progeny would enable hatchery managers to avoid breeding closely related parents, a 

problem that might otherwise ensue from direct selection because high performance fish may 
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tend to be related to one another.  Nevertheless, at least until the advent of an RRS program 

for breeding of a superior HSB is initiated, some form of direct selection based on parental 

performance should be employed to exploit VA and to improve existing captive or 

domesticated Morone breeds, even with the knowledge that some genotypes having excellent 

combining ability for production of HSB could be undetected and subsequently lost. 

Marker-assisted Selection 

In theory, marker-assisted selection (MAS) is adaptable to any conventional form of 

selective breeding, including the RRS and mass selection schemes discussed above.  When 

focusing on a single marker, its molecular score represents the estimate of the statistical 

association between marker genotype and the desired phenotype.  A net summary score for 

several markers can be devised to enumerate their predicted additive effects on the character 

associated with the marker (Dekkers & Hospital 2002; Lande & Thompson 1990).  Various 

modifications to a selection program can be made using the scores of molecular markers, 

including: 1) selection based on molecular score alone; 2) selection based on molecular score 

followed by selection based on phenotype; and 3) combined selection based on an index of 

molecular score and phenotype (Dekkers & Hospital 2002).  Since we may lack knowledge 

pertaining to the genetic architecture of a quantitative trait under selection, the combination 

of both genotypic and phenotypic selection should result in heightened genetic improvement.  

For example, using molecular markers may target a single gene with major effect on 

phenotype that is unrelated to loci with smaller but significant effects that would also be 

targeted by the phenotypic selection.  Similarly, unless the markers and traits are very tightly 

linked at QTL, recombination will reduce linkage disequilibria, thereby decreasing the 

effectiveness of selection based on markers alone.  Coupled with the deleterious effects of 
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random genetic drift and selection on disequilibrium, recombination during breeding 

activities may necessitate reevaluation of associations between marker loci and QTL every 

few generations (Lande & Thompson 1990).  With regard to HSB in an RRS program, we 

may find the molecular score of the HSB to be different from that of either of the two 

parental species, and the additional incorporation of dominance-mediated gene interactions 

into the selection index may be necessary.  

Various designs for optimum QTL detection, mapping, and identification have been 

developed and are being employed for genome research on domesticated livestock (see 

Andersson 2001; de Koning et al. 2003; Andersson & Georges 2004), including fish and 

other aquaculture species (Table 1.3, see also Liu and Cordes 2004).  Mapping is performed 

using statistical software developed either for cultured livestock and plants or for species 

used primarily in laboratory research (e.g., Lynch & Walsh 1998; Doerge 2002; Rocha et al. 

2002).  In some mapping projects (see Table 1.3), progress has been made in identifying the 

genetic linkage of markers to important commercial traits in cultured fishes.  In channel 

catfish three microsatellites have been linked to feed conversion efficiency, one to growth, 

and a putative linkage has been reported for resistance to a bacterium (Dunham & Liu 2003).  

In rainbow trout Oncorhynchus mykiss (Walbaum), eight QTL markers in five linkage groups 

have shown repeatable effects on spawning time for a fall/spring spawning backcross family 

(Sakamoto et al. 1999).  Two putative QTL markers in two linkage groups have been 

identified that affect disease resistance for infectious pancreatic necrosis virus by crossing 

susceptible lines of trout with resistant strains (Ozaki et al. 2001), and potential linkage 

groups and markers associated with Ceratomyxa shasta resistance have been identified by 

using crosses between clonal lines and double haploids (Nichols et al. 2003a).  Various QTL 
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in F2 tilapia hybrids, some affecting cold tolerance and body size, have been identified 

(Cnaani et al. 2003; Cnaani et al. 2004).   

These developments illustrate that discovery of genetic markers predicting the value 

of white bass and striped bass as broodstock for HSB production is an achievable goal once 

sufficient markers have been developed and mapped for an appropriate reference family.  A 

fairly large number of genetic markers is required to produce a high resolution linkage map 

suitable for MAS, the number depending primarily on the size of the genome with a lesser 

degree of importance on the number and relative size of chromosomes, whether the markers 

have been randomly chosen and are evenly spaced across the genome, and on the average 

degree of polymorphism of the markers (Poompuang & Hallerman 1997; Lynch & Walsh 

1998).   

At this point, it is difficult to accurately estimate the number of markers that would be 

necessary to create an initial map of the striped bass genome, as the probability of detecting 

linkage to QTL is influenced by the degree of polymorphism at the marker locus 

(Poompuang & Hallerman 1997).  To date, only microsatellite DNA markers have received 

significant attention with regard to potential MAS of Morone species, although a limited 

number of other types of markers have been developed in population genetics studies of these 

fishes.  Only 30 microsatellite DNA markers in striped bass and 10 in hybrid striped bass 

have been published (see Table 1.1 for citations).  However, a collaborative effort between 

researchers at North Carolina State University, Kent SeaTech Corporation (San Diego, 

California), and the United States Department of Agriculture Agricultural Research Service 

National Center for Cool and Cold Water Aquaculture (Kearneysville, West Virginia) has 

resulted in additional polymorphic microsatellite markers for striped bass with some 
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information on cross-species amplification in white bass and HSB.  Of the first 153 

microsatellite markers isolated, 71 had two or more alleles in striped bass and white bass, 50 

had six or more alleles in striped bass, 51 produced alleles with non-overlapping size ranges 

in striped bass and white bass (potentially allowing for easier identification of the HSB), and 

122 of the markers amplified successfully in HSB (Couch et al. in press).  An additional 345 

microsatellite markers were also developed and 71 were characterized by the genotyping of 

striped bass from two broodstock populations (N = 24).  Of these 71 markers tested on 

striped bass, 51 produced two or more alleles with 42 having statistically different allele 

frequencies between the two populations suggesting their utility in a selective breeding 

program (Rexroad et al. in press).  Limited marker development also is being accomplished 

for striped bass and white bass in a few other laboratories.  Additionally, new DNA markers 

for the closely related sea bass (Table 1.3) also may prove useful in Morone species.  Given 

the low overall degree of polymorphism of microsatellites and other types of DNA or protein 

markers evaluated in Morone species to date, and in view of the relatively modest effort at 

developing new types of DNA markers for these species (e.g., ESTs), it likely will be a few 

years before a useful linkage map can be constructed for incorporation of MAS or Marker-

assisted Introgression into a HSB breeding program. 

In addition to the acquisition of a suitable number of useful molecular markers, 

development of a useful linkage map for MAS of Morone species will require a research 

station with the ability to house and evaluate all possible phenotypes of fish in mapping 

populations in order to undertake the mapping of a large number of traits.  To allow for 

successful detection of QTL, one must: 1) collect accurate phenotypic data within existing 

pedigrees (genealogical data) that have been properly developed; 2) compile accurate 

  35



genotypic (marker) data; and 3) conduct statistical analyses that correlate the phenotypic and 

genotypic data and illustrate the hierarchical pedigree organization and structure (Rocha et 

al. 2002).  Linkage mapping would not be completed with development of an initial map.  

For example, if the F1 HSB is produced as a terminal cross for growout with selection 

ongoing in both white and striped bass lines (reciprocal recurrent selection), then further 

mapping may be needed in both parent species.  If introgressive hybridization involving 

successive generations of backcrossing striped bass to HSB is utilized in an attempt to 

produce a true breeding backcross hybrid (discussed below), then further mapping should 

take place using the backcross line as the segregating population.  It follows that a substantial 

and long-term investment of personnel, facilities, and operating costs will need to be made in 

order to support MAS in an HSB breeding program.  

Introgressive Hybridization (Backcross) 

Although F2 HSB are unsuitable for culture, the F1 HSB is reproductively viable and 

can easily be spawned in captivity.  Prior difficulties with reproducing captive striped bass 

lay mainly with the performance of females.  This situation has led researchers to explore a 

backcross (BC) HSB (reciprocal cross HSB X striped bass) as an alternative cultivar that 

would utilize female HSB for breeding purposes, eliminating the need to collect and spawn 

wild white bass or female striped bass every year (Fig. 1.4).  As noted interspecific 

hybridization, as performed to produce reciprocal or original cross HSB, is thought to exploit 

dominance genetic variance (VD) rather than additive genetic variance (VA).  The F1 HSB 

presumably has complete heterosis or hybrid vigor, which makes the average performance of 

the hybrid progeny greater than the average performance of the parents.   
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If there is a major contribution of VD in HSB, the initial BC would be expected to 

have only half of that heterosis on average.  However, in two rearing trials, the growth of BC 

HSB was equal to or greater than that of reciprocal cross HSB or high-performance F3 

generation domestic striped bass (Jenkins et al. 1998; Tomasso et al. 1999).  In another 

study, original cross HSB grew faster than BC hybrids, but this difference may have been 

attributable to the large initial variation in larval size (Bosworth et al. 1997).  The collective 

results of these studies challenge the assumption that VD is the main component underlying 

rapid growth of HSB and demand a more thorough evaluation of the sources and significance 

of genetic variation in these fish.  However, while growth may have greater additive 

influences than generally believed, it remains likely that some phenotypically invisible traits 

(e.g., stress tolerance) have a strong dominance component.   

With regard to body shape, the Fulton condition factor (K) of market size BC hybrids 

was found to be lower than that of HSB and intermediate to that of striped bass and HSB 

(Jenkins et al. 1998). The fact that BC hybrids have a lower condition factor, being longer 

and less deep bodied than HSB of the same weight, could prove advantageous in some 

market sectors where longer, leaner fish are preferred.  While BC HSB have not been fully 

evaluated with respect to many phenotypic traits, the possibility exists that they may prove 

superior to HSB in other respects.  For example, while higher mean dress-out and fillet yields 

in F1 hybrids of channel catfish Ictalurus punctatus (Rafinesque) X blue catfish I. furcatus 

(Valenciennes) were reported when compared to purebred, F2, and backcross hybrids, some 

individual BC fish had higher dress-out values than the best F1 hybrids or parental 

individuals (Argue et al. 2003).  Such traits in BC HSB should be investigated more 

thoroughly. 
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Introgressive hybridization occurs naturally in plants and animals at fairly high 

frequency and has been widely practiced in breeding of livestock such as poultry, cattle, 

goats, pigs, and sheep, often to fix a desired trait from an exotic breed into the genome of an 

established breed (Arnold 2004).  For the HSB industry, such a program has the potential to 

create a true breeding cultivar or intercross line, which would free industry from the need to 

maintain, improve, and synchronize reproduction of two parent species for production of 

HSB.  A true breeding cultivar would greatly simplify selective breeding programs based on 

either recurrent or mass selection, such as those described above.  Initiation of the breeding 

program with a BC HSB also would likely enhance the available additive genetic variation 

that could be exploited by selection.  In our example (Fig. 1.4), the striped bass was chosen 

as the recipient line because the market demands a product that more closely resembles this 

species.  Also, as domesticated striped bass males can mature in only two years, the crossing 

of female BC HSB with male striped bass would shorten the generation interval considerably 

when compared to a program based on breeding of female striped bass allowing genetic gains 

to be made more rapidly. 

A potential pitfall of introgressive hybridization would be overdominance of white 

bass alleles with respect to the phenotypic traits being selected.  Overdominance refers to the 

condition of a heterozygote having a phenotype that is more pronounced or better adapted 

than that of either homozygote.  Selection of such BC heterozygotes for breeding would 

prevent establishment of a true breeding cultivar because homozygous individuals would 

continue to segregate out in every successive BC generation.  However, accumulating 

evidence suggests that the increase in fitness of hybrids may be primarily due to additive 
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genetic factors (Burke & Arnold 2001) and that it is dominance rather than overdominance 

that contributes to actual heterosis based on VD (Gibson 1999).   

It also is possible that recombination during meiosis could substantially slow progress 

by generating individuals with a higher than expected frequency of white bass alleles (e.g., 

much > 25% in BC generation 1).  However, by using DNA markers and MAI, high 

performance BC individuals with maximal representation of striped bass alleles could be 

identified and selected as future broodstock, thereby reducing the number of generations 

required to establish a true breeding cultivar.  Also, progress of such a program could be 

slowed if undesired or deleterious genes from the white bass are in close proximity (or 

linked) to beneficial genes targeted for introgression into striped bass.  This phenomenon is 

termed linkage drag.  If the number of white bass alleles being selected for is large and if 

these alleles are distributed across many chromosomes, then linkage drag could be 

substantial.  Methods for reducing linkage drag via utilization of DNA markers are just 

beginning to evolve (Hospital 2002).  Finally, in addition to VA and VD, genetic variation 

arises from interactions between genes at different loci (nonallelic genes).  This interactive 

component of genetic variation (VI), termed epistasis, can involve suppression of one gene’s 

expression by another gene.  Through epistasis, and perhaps by other means, introgression 

has the potential to disrupt the functioning of the recipient genome, especially regarding 

phenotypic traits related to reproduction (Burke & Arnold 2001).   

As with the creation of any new cultivar, the BC HSB will require labeling for 

unambiguous identification prior to its release to industry.  Since this cultivar would possess 

genes from both the white bass and the striped bass it should still be a HSB for regulatory 

purposes.  Once a breeding program of this type is initiated and additional molecular markers 
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are developed, it also should be possible to identify white bass alleles being introgressed into 

striped bass.  This could be important in those states which prohibit the commercial farming 

of striped bass as it will allow the identification and potential certification of the new 

cultivar. 

Marker-assisted Introgression 

Without the initial benefit of markers, BC individuals selected for breeding in an 

introgression program would be presumed to have the desired traits, and introgression of 

those traits could be tracked through detailed phenotypic records and pedigree data.  

However, as discussed above, recombination could slow the progress of recovery of the 

recipient (striped bass) genome.  In a marker-assisted introgression (MAI) program, there are 

two ways in which genetic markers can be utilized: 1) tagging the gene to be introgressed, 

which also aids in accurate identification of individuals that carry the gene (foreground 

selection); and 2) accelerating return to the recipient parent genotype by speeding the 

recovery of the recipient genome (background selection) (Hospital & Charcosset 1997; 

Visscher et al. 1998).  The introduced target gene can be a single gene, QTL, or transgenic 

construct from the donor line that is maintained in the backcross generations by selection of 

donor gene carriers (Visscher et al. 1998; Dekkers & Hospital 2002).   

Since entire segments of chromosomes are inherited, markers can assist selection for 

a certain genetic background.  For example, in progeny of a specific cross, the segment of 

chromosome lying adjacent to a marker allele from one parent is also more likely to have 

been transmitted from that parent.  However, recombination will erode associations between 

the marker and genes linked to it over time (Visscher et al. 1998).  When no markers are 

utilized, the proportion of individuals having one copy of the desired allele during the BC 
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phase will be halved each generation due to random assortment of chromosomes (possibly to 

3.125% in generation 5).  In theory, by using two markers flanking the gene to determine 

which breeders are used, the allele frequency should remain close to the desired 50% across 

five BC generations (Visscher et al. 1998).  In practice, though, the frequency of the allele 

might be substantially lower than 50%.  The actual efficiency of an introgression program is 

based on the frequency of the introgressed allele in the final population and the genetic 

progress for traits of economic benefit (Visscher et al. 1998).  Results from experiments and 

simulations using variable numbers of molecular markers for MAI with different types of 

selection (e.g., background, foreground, mixture of both) would be beneficial for the HSB 

industry as they should provide valuable information such as the minimum population size 

necessary to obtain individuals with the desired genotype(s) at a given efficiency (Hospital & 

Charcosset 1997).  If introgressive hybridization such as that outlined in Fig. 1.4 is chosen as 

a method of selective breeding by the HSB industry, sufficient progress should have been 

made in the development of molecular markers and linkage maps to allow MAI to be adopted 

within the first few BC generations.  

 

Prevention of Inbreeding 

Inbreeding depression does not appear to be a major factor for production traits in 

livestock (growth rate, feed efficiency).  This is in contrast to the response of fitness traits 

(e.g., survival and reproductive traits), which can be strongly influenced by inbreeding.  

Effective population sizes (actual number of individuals contributing to the subsequent 

generation, Ne) required to prevent a decline in fitness are typically larger than the numbers 

required to maximize genetic gain of overall production efficiency (Meuwissen & Woolliams 
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1994).  For example, in six Indian major carp species, a continuing decline in rates of 

fertilization, hatching, fry survival, and milt production were a result of inbreeding when the 

number of breeders (Ne) ranged from 3-30 per generation (Eknath & Doyle 1990).  Also, 

since fish lack the reproductive limitations of terrestrial livestock species and can produce 

millions of offspring, high rates of inbreeding in a mass selection program are plausible as a 

result of differential recruitment (Bentsen & Olesen 2002).   

It appears that an acceptable number of effective breeders in a closed aquaculture 

population may range from 25 to 250 (Meuwissen & Woolliams 1994; Pante et al. 2001).  

Bentsen & Olesen (2002) suggested not less than 50 pairs of breeders should be selected with 

not less than 30-50 progeny per pair retained for performance trials in order to keep rates of 

inbreeding at approximately 1% per generation.  Maintaining population sizes of the 

magnitude required to prevent rapid inbreeding appears to be economically feasible and well 

within the reach of any national breeding program for HSB.  Problems associated with 

inbreeding also are minimized by avoiding matings between close relatives.  The cost of 

tagging technologies being employed today in striped bass breeding, such as use of passive 

integrated transponder tags for broodstock or establishment of parentage by use of 

microsatellite DNA markers, is far outweighed by the benefits of being able to retain 

individuals for more than one generation of selection (e.g., RRS) while tracking pedigrees to 

keep inbreeding rates under control.  Also, the use of genetic markers permits communal 

rearing of multiple families, eliminating contributions of environmental variation to progeny 

phenotypes, increases the accuracy of selection, and allows for the testing of additional 

families of fish in a given number of ponds or tanks.  The ability to test many families allows 

application of higher selection intensities, which can result in a greater and more rapid 

  42



response to selection (Fjalestad et al. 2003).  Use of rotational mating designs, where 

multiple families are maintained and periodically intercrossed to varying degrees, also can 

decrease rates of inbreeding while maintaining a high response to selection.  For example, 

Bolivar & Newkirk (2002) saw a genetic response of 12.4% increase in body weight per 

generation with an average rate of 1.4% inbreeding per generation using a within-family 

rotational mating scheme during more than 12 generations of selection of Nile tilapia. 

Inbreeding has often been unavoidable in hatchery situations due to differential 

contribution of certain broodstock in mass selection schemes or due to use of a wild founder 

stock with members that may have been related at the time of capture.  Large numbers of 

founders does not preclude the possibility of unresolved or unrecognized substructure 

causing inbreeding within or kinship among the founders, as pedigrees of the founder stocks 

are not available a priori (Doyle et al. 2001).  Therefore, a minimal kinship approach using 

microsatellite marker data to estimate relatedness between pairs of individuals can limit 

losses of genetic diversity caused by mating of relatives or over-representation of certain 

founders (Doyle et al. 2001).  This approach to management of inbreeding may be 

particularly suited to the HSB industry as it is uncertain what role historic fluctuations in 

population abundance or stocking may have played in determining current low levels of 

genetic variability observed in Morone species.  

 

Alternative Breeding Techniques 

There are several alternative breeding techniques that might prove beneficial to the 

HSB industry, especially in the short-term.  Protocols have been developed and tested for 

making white bass and striped bass tetraploids, original cross HSB triploids, and reciprocal 
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cross HSB triploids (Curtis et al. 1987).  These polyploids have not been tested under 

commercial culture conditions.  However, in one trial, diploid reciprocal HSB stocked into 

small ponds grew faster than triploids (Kerby et al. 2002).  The potential benefit of ploidy 

manipulation needs further assessment before assimilation by the HSB industry can be 

contemplated.  As growth may vary with sex, several methods have been developed to create 

monosex populations of fishes (Beardmore et al. 2001; Piferrer 2001; Devlin & Nagahama 

2002).  Gynogenesis, which involves production of diploid offspring with genetic 

contribution from the female parent only, has been induced in HSB (Leclerc et al. 1996) and 

white bass (Gomelsky et al. 1998).  The genetically female gynogens can be treated with 

androgens such as 17α-methyltestosterone to produce phenotypic males that can be bred with 

normal females to produce all female fish for growout (Hunter & Donaldson 1983).  In 

preliminary research, investigators from Kent SeaTech Corporation found that female 

reciprocal HSB are up to 36% larger than males in commercial production tanks at harvest 

(S.J. Mitchell, personal communication).  However, this effect has not been evaluated in 

pond culture where monosex female populations could be disadvantageous as females 

overwintered in ponds after reaching market size often release eggs immediately prior to 

harvest in the spring, leaving them with a slack, emaciated appearance that is undesirable in 

the marketplace (Davis & Ludwig 2004).  Along these lines, research into the actual 

environmental determinants of gender, including the effect of water temperature during 

development on final sex ratios, should be conducted for Morone species (see Conover 

2004).  Finally, transgenic organisms, those with foreign DNA artificially introduced and 

stably integrated into their genomes, also have created high performance (e.g., faster growth, 

increased bacterial resistance) livestock, including cultured fishes (see Chen et al. 1998; 
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Melamed et al. 2002).  However, at present, the production of transgenic HSB may not prove 

to be acceptable to many consumer groups.   

 

Conclusions 

In this review we have tried to offer, in the words of Jay Lush in his classic 

monograph on selective breeding, Animal Breeding Plans, "The most probable truth 

concerning questions which may guide actual decisions, even in cases where genetic 

knowledge has not yet established the limits of that truth as closely as is desirable" (Lush 

1945).  Much remains to be learned about the reproductive biology and genetics of Morone 

species.  We especially need better knowledge of population genetics, the molecular basis of 

hybrid vigor, and the genetic architecture of complex traits to be improved in a breeding 

program.  In the absence of this knowledge, initial attempts at selective improvement of HSB 

will, to some extent, be necessarily based on trial and error.  Although white bass and striped 

bass appear to have lower levels of genetic variation than some other teleosts that have been 

studied and selectively bred, these species do appear to be suitable candidates for 

improvement based on established procedures of animal breeding.  Such a program will 

benefit from care taken to assemble as much natural genetic variation as possible at its 

inception, either through collection of broodstock from diverse geographic lineages or via 

hybridization between species to establish a founder stock for breeding.  At present, the most 

promising avenues for selective improvement of HSB appear to be recurrent selection of 

broodstock based on the performance of their hybrid progeny (RRS) or development of a true 

breeding BC hybrid cultivar.  These approaches will utilize DNA markers, initially to track 

pedigrees and control the rate of inbreeding, and later to construct a linkage map for 
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identification and exploitation of QTL in the breeding program.  A successful program will 

require long-term investments that are beyond the capability of any individual research group 

or company.  However, domestication and limited attempts at selective breeding of Morone 

species already are underway in the National Program of Genetic Improvement and Selective 

Breeding for the HSB Industry, a consortium of scientists from government, industry, and 

academia.  We envision that such a program, drawing on the collective intellectual, technical, 

logistical, and financial resources of all stakeholders in the HSB industry, will be able to 

bring the breeding effort to fruition.  
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Table 1.1.  Compilation of genetic studies published on striped bass (SB, Morone saxatilis), 
white bass (WB, M. chrysops), and hybrid striped bass by year of publication, author, and 
technique(s) used, with a brief summary of results.   
 
Striped Bass 
Year Authors Technique Summary 
in 
press 

Couch et al. microsatellites 
(153) 

- microsatellites developed for striped bass (147 
amplified, average 4.7 alleles per locus); tested on 
white bass (133 amplified, average 2.2 alleles per 
locus) and hybrid striped bass (122 markers amplified)

in 
press 

Rexroad et al. microsatellites 
(345) 

- 345 optimized for PCR; 71 characterized on two 
striped bass broodstock populations (N = 24) 

2005 Brown et al. microsatellites 
and RFLP1 

(mtDNA2) 

- Chesapeake Bay (21 total sites, n=196); single 
management unit for a panmictic breeding population 

2003 Brown et al.  microsatellites 
(9) 

- reported nine new markers  
- Potomac (n = 46) and Choptank (n = 50) Rivers; 
population structure observed within Choptank River 
sample 

2000 Han et al.  microsatellites 
(13) 

- reported thirteen new markers: 7 identified in SB, 6 
adapted for SB from European sea bass (Dicentrarchus 
labrax) sequences  

2000 Roy et al.  microsatellites 
(8) 

- reported eight new markers 
- allelic frequency differences distinguish Gulf of 
Mexico and Atlantic coast populations 

2000 Toombs microsatellites 
(6) 

- reported six new markers 
-evaluated genetic variability at four sites in Roanoke 
River Basin and Albemarle Sound (North 
Carolina/Virginia)   

1999 Robinson & 
Courtenay  

REVIEW, 
mainly 
Canadian 
waters 

- reported evidence of two spawning populations, 
Miramichi River (southern Gulf of St. Lawrence), and 
Shubenacadie River system (Bay of Fundy) 

1998 Diaz et al.  PCR-RFLP3,1 
(3 nuclear loci) 

- observed population substructuring in Santee-Cooper 
River system and possible inbreeding or admixture in 
Santee and Congaree Rivers 

1998 Waldman et 
al. 

nDNA4 (3 loci) 
and RFLP 

(mtDNA)  

- one nDNA locus differed significantly between San 
Francisco Bay, California and Coos Bay, Oregon 
populations indicating founder effect or genetic drift 
- nDNA with decreased mtDNA diversity indicate 
recent population bottleneck (mtDNA haplotypes = 1 
in Coos Bay, Oregon sample; 2 in Umpqua River, 
Oregon; 5 in San Francisco Bay, California; 8 in 
Hudson River, New York) 
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Table 1.1 Continued 
1997 Bielawski & 

Pumo 
RAPD5 - reported monomorphic banding patterns for 75% of 

scorable primers surveyed 
- suggested genetic differentiation between Atlantic 
coastal migratory stocks with some admixture (Hudson 
River, Delaware River, Chesapeake Bay, Roanoke 
River) 

1997 Diaz et al.  PCR-RFLP (3 
nuclear loci) 

- reported Canadian samples differ from U.S. samples, 
observed variation in U.S. samples, and variation 
increases with geographic distance (New Brunswick, 
Nova Scotia, New York, Maryland, South Carolina, 
Florida) 

1997a Wirgin et al. PCR-RFLP and 
sequencing 
(mtDNA) 

-described natural reproducing population of Gulf 
lineage in Apalachicola-Chattahoochee-Flint river 
system (Florida) without significant introgression of 
Atlantic mtDNA genomes  

1997b Wirgin et al. nDNA probe 
and 2 mtDNA 
markers 

- delineated Hudson river from Chesapeake Bay; 
differentiation of substocks within Chesapeake Bay; 
evaluation of mixed stocks off Long Island (New 
York)  

1996 Laughlin & 
Turner 

nDNA probe 
(VNTR6) 

- considered SB from the James, Rappahannock, and 
York Rivers of the Chesapeake Bay a single stock in 
the absence of locally adapted genotypes  

1996 Leclerc et al. PCR-RFLP (16 
nuclear loci) 

- reported 13 clones containing random nuclear 
markers and 3 clones with microsatellites  
- described significant difference between Congaree 
River (South Carolina) and Choptank River 
(Maryland) using one microsatellite locus 

1994 Stellwag et al. RFLP 
(mtDNA) 

- suggested Roanoke River SB are more genetically 
diverse than other SB stocks or previous stock 
diversity estimates low due to inadequate sampling; 
challenged mtDNA length variant use in population 
genetic studies 

1993a Wirgin et al.  RFLP 
(mtDNA) 

- estimated relative contribution of Hudson River SB 
(73%) and Chesapeake Bay SB (27%) to mixed coastal 
fishery of eastern Long Island, New York; reported 
frequency variations in reference spawning stocks 

1993b Wirgin et al.  RFLP 
(mtDNA) 

- observed highly significant difference between 
frequencies of 2 Gulf of St. Lawrence populations 
(Miramichi and Tabusintac Rivers) and Shubenacadie 
River; suggested Canadian stocks significantly 
different from U.S. stocks (Hudson River; Chesapeake 
Bay; Long Island, New York) 
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Table 1.1 Continued 
1991 Wirgin et al. 2 nDNA probes - reported meristic, mtDNA, and nDNA data 

agreement in identifying existence of naturally 
reproducing Apalachicola-Chattahoochee-Flint river 
system SB population that is distinct from Atlantic SB 

1990 Chapman RFLP 
(mtDNA) 

- observed possible distinct populations in upper and 
lower Chesapeake Bay; hypothesized migration 
patterns and sexual variation in homing responses (e.g. 
females more likely to return to natal spawning 
grounds) based on haplotype frequencies  

1989 Wirgin et al.  RFLP 
(mtDNA) 

- suggested continued existence of maternal lineage by 
genotypes unique to Apalachicola systems (vs. Atlantic 
stocks) 

1988 Waldman et 
al. 

REVIEW - phenotypic studies: specific parasites, meristic and 
morphometric characters, trace element composition of 
scales, scale morphology, densitometric analysis of 
isoelectrically focused eye lens proteins; genotypic 
techniques: cytogenetics, protein electrophoresis, 
isoelectric focusing, restriction endonuclease analysis 
of mtDNA, DNA fingerprinting (nDNA), 
immunogenetics 
- no technique consistently identified stock ancestry of 
individual SB 

White Bass 
Year Authors Technique Summary 
2000 White allozymes - investigated 2 sites in Lake Erie, 2 sites in the 

Mississippi River (Illinois; Texas) and 15 sites in the 
Ohio River; UPGMA7 tree suggested Lake Erie 
population had the only well supported branch, and 
distribution of variation for remaining sites appears 
random 

Hybrid Striped Bass 
Year Authors Technique Summary 
2004 Ross et al. microsatellites 

(10) 
- reported new markers (9 of 10 polymorphic) 
- tested markers on 10 WB, 10 SB, and 10 
Dicentrarchus labrax 

    
1RFLP = restriction fragment length polymorphism  
2mtDNA = mitochondrial DNA  
3PCR = polymerase chain reaction  
4nDNA = nuclear DNA  
5RAPD = randomly amplified polymorphic DNA 
6VNTR = variable number tandem repeat 
7UPGMA = Unweighted Pair Group Method with Arithmetic Mean 
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Table 1.2.  Description of phenotypic measures that may be important to a selective breeding 
program. 
 
Growth Traits 
Growth, both faster and uniform (measures are length, weight, condition factor1) 
Feed Conversion Ratio2  
Flesh Quality and Fat Content 
Fillet Weight 
Carcass Characteristics (gutted weight, viscerosomatic index3, gonadosomatic index4) 
Sex Ratio Variations and Sexually Dimorphic Traits (such as growth) 
Health Traits 
Disease Resistance (specific challenges, survival) 
Stress Tolerance  
Morphological Traits 
Body Characteristics (shape, appearance, condition factor) 
Abnormalities (genetically-based developmental deformities) 
Reproductive Traits 
Maturation Time (age at puberty, rebreeding period) 
Sperm Quality (motility, fertility) 
Female Fertility (including ability to spawn), Fecundity, Egg Quality 
Hatch Rate, Survival to First Feeding, and Percentage of Larval Deformities 
Longevity  

1Fulton condition factor (Anderson & Neumann 1996) 
2Feed Conversion Ratio = FCR = kg of feed fed per kg of biomass gained 
3Viscerosomatic Index = visceral weight/body weight 
4Gonadosomatic Index = gonad weight/body weight 
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Table 1.3.  Linkage mapping projects for various fish species.  Projects are identified by 
name (acronym if one exists) and website if available; otherwise, the project is listed by 
publication citation or European Union (EU) project number. 
 
Common Name Genus species Name/Website or Publication 
Bass, sea Dicentrarchus labrax L. BASSMAP, http://www.bassmap.org/; Chistiakov et al. 2004; 

Chistiakov et al. 2005 
Catfish, channel Ictalurus 
punctatus (Rafinesque) 

Fish Molecular Genetics and Biotechnology Laboratory, 
http://www.auburn.edu/academic/agriculture/fisheries/genomics/
; Waldbieser et al. 2001; Liu et al. 2003; Serapion et al. 2004 

Catfish, walking Clarias 
macrocephalus (Gunther) 

Poompuang & Na-Nakorn 2004 

Carp, common Cyprinus carpio L. Sun & Liang 2004 
Flounder, Japanese Paralichthys 
olivaceus (Temminck & Schlegel) 

Coimbra et al. 2003 

Guppy Poecilia reticulata 
(Valenciennes) 

Khoo et al. 2003 

Medaka Oryzias latipes 
(Temminck & Schlegel) 

Various Links, http://biol1.bio.nagoya-u.ac.jp:8000/ 

Pufferfish  
  Tiger puffer Takifugu rubripes 
(Temminck & Schlegel) 

MRC HGMP-RC, http://fugu.hgmp.mrc.ac.uk/; Kai et al. 2005 

  Green spotted puffer Tetraodon 
nigroviridis (Hamilton) 

GENOSCOPE, http://www.genoscope.cns.fr/externe/tetraodon/; 
CGR, http://www.broad.mit.edu/annotation/tetraodon/ 

Salmonids  
  Artic char Salvelinus alpinus L. Woram et al. 2004 
  Atlantic salmon Salmo salar L. GRASP, http://web.uvic.ca/cbr/grasp/; SALMAP (EU-project 

FAIR CT96 1591); SGP, http://www.salmongenome.no/; Gilbey 
et al. 2004; Moen et al. 2004 

  Brown trout Salmo trutta L. SALMAP; Gharbi et al. 2006 
  Rainbow trout Oncorhynchus 
mykiss  (Walbaum) 

SALMAP; GRASP; Young et al. 1998; Nichols et al. 2003b; 
Rexroad et al. 2003 

Tilapia  
Artificial Center of Origin1 Agresti et al. 2000 (also contains review of other studies) 
Nile Tilapia Oreochromis niloticus 
L. 

Kocher et al. 1998; Martins et al. 2004 (review); Katagiri et al. 
2005 

Tilapia Oreochromis spp.2 Lee et al. 2005 
Zebrafish Danio rerio (Hamilton) ZFIN, http://zfin.org/cgi-bin/webdriver?MIval=aa-

ZDB_home.apg 
Additional websites GOLD (http://igweb.integratedgenomics.com/GOLD/) and TIGR 
(http://www.tigr.org/); reviews in May & Johnson 1993 and Morizot et al. 1993; 1 Artificial 
Center of Origin =  three-way and four-way cross families representing five groups of tilapia 
from four species [Oreochromis niloticus L., O. aureus (Steindachner), O. mossambicus 
(Peters), Sarotherodon galilaeus L.]  
2Oreochromis spp. =   F2 progeny of an interspecific cross between O. niloticus L. and O. 
aureus (Steindackner)
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Figure 1.1  Approximate distribution maps of white bass (historical populations as black 
circles, introduced populations as open squares) and striped bass (historical populations 
located to the right of the dashed line, western introduced populations as black stars).  These 
maps have been adapted and compiled from the historical distributions and nonnative 
introductions shown in Burgess 1980a,b. 
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Figure 1.2.  Reciprocal recurrent selection scheme for Morone species.  Hybrid striped bass 
(HSB) exhibiting superior production traits (e.g., growth, fillet yield, disease resistance) are 
identified and parentage is assigned (dashed arrows) to white bass (WB) and striped bass 
(SB) (A).  The WB and SB parents are crossed with conspecifics from the same or different 
high-performance families to produce the next generation of pure line broodstock (B).  These 
broodstock (F1 Dam; F1 Sire) are then used to produce the next generation of HSB progeny 
(C) for performance testing, which is followed by parentage assignment and conspecific 
propagation to produce the F2 generation WB and SB for further selective breeding.  
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Figure 1.3.  Direct (mass) selection scheme for Morone species.  White bass (WB) and 
striped bass (SB) are crossed to produce hybrid striped bass (HSB) progeny.  At the same 
time, a portion of the eggs or sperm are used to produce additional pure line WB and SB.  
The best performing WB or SB are selected and reared as broodstock (unless traits are 
recorded post mortem where siblings would be used).  Those fish are then used to produce 
additional HSB progeny, along with the next generation of WB and SB for mass selection.  
Hybrid progeny are made each year while WB and SB are undergoing performance trials for 
selection. 
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Figure 1.4.  Introgressive hybridization to produce a true breeding Morone hybrid.  White 
bass (WB, donor line) females (P1 Dam) are initially crossed with striped bass (SB, recipient 
line) males (P1 Sire) to create reciprocal hybrid striped bass (HSB).  The top-performing 
female HSB are retained as broodstock.  At the same time, SB are recurrently or mass 
selected to improve commercially desired traits (e.g., faster growth).  In the next generation, 
top-performing hybrid females (F1 HSB Dam) are crossed with the male offspring of superior 
SB (F1 SB Sire) to produce the first backcross (BC) generation, from which top-performing 
females are selected and retained as broodstock (BC1 Dam).  Simultaneous crosses between 
top-performing male and female SB are performed to produce the F2 SB line (F2 SB Sire).  In 
subsequent generations (generation interval = 2 years), superior BC females (BCN Dam) and 
SB males (FN SB Sire) are selected for commercially desired traits and bred together.  When 
enough of the recipient line genome is recovered, the BC fish (BCN+1) can be bred with one 
another to create intercross lines of true breeding HSB, which are then perpetuated both as 
broodstock and as cultivars for industry.   
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CHAPTER 2 2 
Family based survival of communally reared hybrid striped bass progeny of 

domesticated and wild parents 

                                                 
2This chapter will be shortened to include only progeny information for publication as only a small number of 
broodstock were evaluated (n = 40 total) with a limited number of markers (n = 7). 
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Abstract 

Survival of communally reared reciprocal hybrid striped bass [HSB; white bass 

(Morone chrysops) dam X striped bass (M. saxatilis) sire] progeny of domesticated and wild 

parents was evaluated just after hatching and throughout all subsequent phases of the HSB 

production cycle (Phase 0 to III).  Progeny were produced using commercial in vitro 

spawning techniques and a nested mating design with multiple white bass dams crossed with 

individual striped bass sires.  At the time of spawning, cross combinations were recorded and 

blood (DNA) samples were collected from the female white bass and male striped bass 

broodstock.  Eggs from one to four white bass dams were fertilized with milt from one 

striped bass sire, and the larvae (Phase 0) from one to two sires and one to seven dams were 

allowed to hatch into individual aquaria. Whole larvae from each aquarium were sampled 

prior to pooling of all families for subsequent fingerling production.  During the pooling 

process, volumetric estimations of the number of larvae from each aquarium were recorded.  

Samples of the pooled larvae were then collected and preserved and the remaining larvae 

were stocked into one-1.2 ha commercial pond (commercial) or three-0.1 ha research ponds 

(research).  Fin clips were collected from surviving HSB progeny at 35-52 days post hatch 

(end of Phase I), ~1 year post hatch (end of Phase II) and ~1.5 years post hatch (end of Phase 

III).   

Blood samples from broodstock were used to test microsatellite DNA markers (n = 

68) and the seven most variable markers were multiplexed for genotyping of progeny.  When 

comparing the domesticated and wild broodstock with these markers, allele numbers and 

Polymorphism Information Content (PIC) values did not significantly vary, but the allelic 
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distribution differed significantly (P ≤ 0.01137 over all loci).  These results were taken as an 

indication that appreciable genetic diversity was still present in the domesticated broodstock. 

These microsatellite markers were then used to identify the parents of progeny 

collected just after hatching from the aquaria (N = 580), after they were mixed for communal 

rearing (Phase 0; n = 250 commercial, n = 188 research), and at the ends of Phases I (n = 198 

commercial, N = 563 research), II (n = 724 commercial, n = 185 research), and III (n = 955 

commercial, N = 1834 research).  Results indicated that initial survival was highly variable 

(0-68.9%).  With regard to estimates of family survival based on genotyping, the commercial 

pond sample (Phase 0) collected just prior to stocking did not significantly differ from the 

earlier volumetric estimates of survival, but the research pond sample varied from both these 

volumetric estimates and from survival estimated by genotyping of the commercial pond 

sample.  This variation resulted in a lower percentage of domesticated progeny that persisted 

throughout the study.  By the end of Phase I and with total average survival from all ponds ≤ 

42%, the domesticated progeny had experienced increased mortality as compared to wild 

progeny.  At this point, Phase 0 samples varied significantly from Phases I, II, and III with 

regard to group (domesticated and wild) and family based survival estimated by pairwise 

comparisons of marker loci (P ≤ 0.00909) and by chi-square analyses (P < 0.0001).  This 

differential survival appeared to be mainly due to initial mortality as comparisons between 

later Phases (I-III) were less likely to differ significantly.  These variations may have been 

due to factors such as different stocking times or variations between the domesticated and 

wild white bass dams with regard to reproductive fitness.  Differential mortality is discussed 

further and, based on these results, recommendations are provided for a HSB selective 

breeding program with regards to family performance assessments based on survival. 
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Introduction  

The original hybrid striped bass (HSB; female striped bass X male white bass) were 

produced in 1965 while spawning striped bass for stocking by Robert Stevens at the Moncks 

Corner striped bass hatchery in South Carolina (Bishop 1968).  Striped bass (M. saxatilis) 

and white bass (M. chrysops) were hybridized initially to produce a fish with the angling 

qualities, size, food habits and longevity of a striped bass, but the environmental adaptability 

of the white bass (Bayless 1972).  Due to hybrid vigor (heterosis), the desired traits of 

growth, survival, hardiness and disease resistance were amplified in the hybrid, making it a 

good candidate for aquaculture (Harrell 1997; Kerby & Harrell 1990).  Commercial 

production of HSB began in the early 1980s as the commercial striped bass fishery declined 

and strict fishing regulations were imposed.  As commercial production increased the 

original HSB cross (palmetto bass) was replaced by the reciprocal cross (female white bass X 

male striped bass; sunshine bass), largely due to the difficulties of obtaining and reproducing 

female striped bass (Kohler et al. 1994). 

At present, broodstock for HSB production are often still captured from the wild and 

spawned in the spring of the year (Hodson 1995; Harrell & Webster 1997; Ludwig 2004).  

Males and females are stripped of their gametes for in vitro fertilization because the two 

species will not volitionally hybridize together.  Often times, eggs from multiple females are 

stripped into the same container prior to fertilization and milt from multiple males is added to 

batches of eggs.  Fertilized eggs are incubated in standard McDonald hatching jars supplied 

with flowing water and multiple hatching jars may be placed onto single aquaria for hatching 

larvae.  Fingerling production ponds are fertilized to promote algal growth and a bloom of 
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desirable zooplankton.  The hatched larvae or fry (Phase 0) are subsequently stocked into 

outdoor ponds at 3-5 days post hatch where they feed on natural zooplankton.   

 Approximately 30-45 days after stocking (~33-50 days post hatch), the larvae are 

recovered as Phase I fingerlings, graded, weaned onto prepared diets, and restocked at 

approximately 50 mm length or 1 g body weight.  The interval from stocking of larvae to 

harvest of the juvenile fingerlings is referred to as production Phase I, which typically 

extends from the spawning season in April-May until harvest of the Phase I fingerlings.  

During Phase I rearing, the expected survival rate can be highly variable and experienced 

farmers average 25-40% survival.  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.  At this time, fish are harvested as Phase II fingerlings, usually 90-225 g in body 

weight, graded, and restocked into ponds for growout until they weigh 0.68 kg or more, when 

they are ready for sale.  At this size, the HSB are considered to be at the end of Phase III.  

Survival in the last two Phases is expected to be 85% or higher. 

From 1987 to 2000, growth of commercial HSB farming was rapid, from 184 to 5097 

metric tons of production, but has since remained relatively static with only 5216 metric tons 

produced in 2004 (Carlberg & VanOlst 2005).  Stasis of this industry is mainly a result of 

high production costs.  Selective breeding is one technological innovation that may expand 

HSB farming by lowering production costs and increasing farm efficiency en route to a more 

competitive price point.  At present, no fish are actively selected and evaluated for improved 

performance, but both striped and white bass have been domesticated through passive 

selection over several generations by researchers at the North Carolina State University 

(NCSU).  Domesticated broodstock from this facility have been used to generate both 
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original and reciprocal HSB progeny.  Rates of fecundity, fertility, and progeny survival 

through Phase I rearing have been similar to values for wild breeders typically used in the 

industry (Hodson et al. 2000).  However, those domesticated and wild progeny were reared 

in separate commercial ponds and variations in survival could have been due, in part, to 

environmental factors (e.g., difference in zooplankton blooms).   

To date, the genetic diversity of the NCSU domesticated broodstock has not been 

assessed.  Also, no study has directly compared progeny simultaneously produced from wild 

and domesticated broodstock communally reared from the larval stage.  Further, differential 

maternal contribution to progeny survival could be substantial given accepted industry 

practices of mixing eggs from multiple females prior to fertilization and hatching larvae from 

multiple crosses into single aquaria.  The potential for differential maternal contribution to 

influence progeny survival, genetic diversity, and distribution of genotypes has not been 

definitively researched.  Knowledge of potential variations in maternal contribution is 

extremely important in a selective breeding program, as limited contribution by some fish 

may decrease genetic variability in the progeny or may hinder production of an adequate 

number of families for progeny testing.  To this end, this study utilized a communal rearing 

approach to evaluate domesticated and wild reciprocal HSB progeny performance based on 

survival through all phases of the HSB production cycle.  As microsatellite DNA markers 

have proven useful in breeding experiments with other fish species [e.g., with rainbow trout 

(Oncorhynchus mykiss), Herbinger et al. 1995; sea bass (Dicentrarchus labrax), Garcia de 

Leon et al. 1998; Atlantic halibut (Hippoglossus hippoglossus), Jackson et al. 2003; and cod 

(Gadus morhua), Dahle et al. 2006], microsatellite markers also were used in this study.  

These markers allowed for accurate parentage assignment and progeny identification as 
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larvae were stocked at a time when they were too small to be individually tagged for 

identification. 

 

Materials and Methods 

Experimental Crosses and Sampling 

The F4 generation domesticated Lake Erie X Mississippi River stock white bass 

females (dams) were two years of age with an average weight of 383 g (n = 25; 23 used in 

this study).  Wild white bass females supplied by Carolina Fisheries, Aurora, North Carolina, 

had been caught in Lake Erie, and weighed between 680 and 907 g (n = 12; 10 used in this 

study).  Striped bass males (sires) either domesticated F2.5 generation (F1 generation, 1991 

year class Santee Cooper Reservoir stock X F2 generation, 1989 year class Chesapeake Bay 

stock; n = 4; 3 used in this study) or wild captive striped bass of Atlantic origin (captured as 

adults from South Creek in Aurora, NC in 1997; n = 6; 2 used in this study).  All spawning 

took place at the NCSU Pamlico Aquaculture Field Laboratory (PAFL) in Aurora, NC.  On 

15 April 2001, striped bass sires (body weight range 10.8-14.7 kg) were implanted with ~18 

µg/kg of a pelleted synthetic analogue of gonadotropin-releasing hormone (GnRHa; Hodson 

et al. 2000) and held indoors until 18 April when they were again implanted with GnRHa 

pellets (~15 µg/kg GnRHa) to sustain spermiation until spawning trials.  White bass females 

were injected with ~500 I.U./kg human chorionic gonadotropin (hCG) on 20 May 2001 to 

induce final maturation and ovulation. 

On 21 May 2001, female white bass were subjected to ovarian biopsy and their 

ovarian follicles were assessed for readiness to ovulate.  Eggs and larvae from single parental 

pairs could not be incubated separately due to constraints on hatchery space.  Therefore, 
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gametes from 1-4 female white bass were manually stripped into a Teflon-coated pan and 3 

ml of milt from a male striped bass was added for fertilization.  After addition of water, 

mixing was performed for ~3 min before eggs from each pan were placed in a single 

McDonald hatching jar.  Tannic acid (0.7 g) was added to each jar to eliminate egg adhesion 

and eggs were agitated with air from an airstone for ~7 min.  All batches of eggs were 

fertilized over a period of approximately 4 hours 15 min.  Blood samples were collected from 

the female white bass broodstock and cross combinations were recorded (blood samples from 

the male broodstock had been previously collected).  Of the available broodstock, eggs/larvae 

from 33 female white bass and milt from five male striped bass were used in this study 

(Table 2.1, Fig. 2.1).  Eggs were incubated in standard McDonald jars placed next to 87.5 L 

aquaria.  Multiple McDonald jars were placed next to individual aquaria, such that larvae 

from 1-2 males and from 1-7 females were permitted to hatch together into the same 

aquarium.     

Phase 0 progeny (larvae) samples were collected from each aquarium and preserved 

at 2 days post hatch (dph) for genetic analysis to evaluate contribution by dam.  Numbers of 

larvae in each aquarium were estimated volumetrically by taking a series of random samples 

of known volume from the aquarium, counting the larvae therein, and extrapolating this 

average count to total aquarium volume (Table 2.1).  Larvae from all aquaria were pooled 

resulting in an estimated ratio of approximately 48% larvae from domesticated broodstock 

and 52% larvae from wild broodstock (Fig. 2.2).  Two samples of pooled larvae were 

collected and preserved prior to stocking of the larvae into a 1.2 ha commercial pond at 

Carolina Fisheries and three 0.1 ha research ponds at the PAFL.  The commercial pond 

sample was collected at 3 dph, while the research pond sample was collected at 4 dph.  
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Stocking of the HSB progeny in the commercial (~721,500 larvae) pond occurred at ~5 am, 

while stocking of the research (~37,000 larvae per pond) ponds occurred ~18 hours later.     

At 35 to 38 dph, Phase I fingerlings were recovered from the research ponds at PAFL.  

The three ponds were seined, the number of fingerlings retrieved from each pond was 

recorded, random samples of the fish from each of the three ponds were collected, and the 

whole fish were frozen for genetic analysis.  Hybrid striped bass samples were collected from 

the 1.2 ha commercial pond at Carolina Fisheries in the same manner at 52 dph.  A portion of 

the HSB at Carolina Fisheries were left ungraded for growout to Phase II (n ~ 45,000).  

Hybrid striped bass recovered from the three PAFL research ponds were mixed, graded, and 

then subjected to a feeding program designed to create uniformity of size across grades in 

holding tanks over a ~7 week period.  Relatively uniform HSB were then randomly separated 

into two groups of 2,729 and one of 2,728 and stocked into three separate 0.1 ha ponds at 

PAFL for growout to Phase II.   

Phase II HSB were recovered from the ponds from April to May 2002 and sampled 

(finclips collected and preserved in 70% ethanol) for genetic analysis.  After sampling, 

approximately 25,000 HSB were stocked into each of two replicate ponds (12,000 in one and 

13,000 in the other) and approximately 15,000 fingerlings were returned to the original pond 

at Carolina Fisheries.  At PAFL, ponds were individually seined and randomly sampled (i.e., 

HSB from one pond were not mixed with HSB from another pond).  After sampling, each of 

three ponds was restocked with approximately 1,000 HSB.  Monthly sampling was 

conducted at PAFL to adjust the feeding schedule throughout Phase III (growout). 

During November and December 2002, HSB were sampled at Phase III when many 

HSB are at market size (finclips were again collected and preserved in 70% ethanol).  At 
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Carolina Fisheries, HSB were sampled from a commercial pond containing approximately 

12,000 individuals taken from the original pond and left ungraded.  One entire pond at PAFL 

had been lost to a bloom of Gyrodinium galatheanum earlier that year.  All remaining HSB 

in the other two research ponds at PAFL were sampled.   

Laboratory Techniques 

 Total genomic DNA was isolated from tissue samples using the PUREGENE® DNA 

Isolation Kit (Gentra Systems Inc., Minneapolis, Minnesota) according to the manufacturer’s 

directions with omission of the RNase A step.  Variability of the potential markers was 

initially tested by genotyping the broodstock.  At the time of testing, 68 microsatellite 

markers were available for Morone species (data not shown; see Chapter 1).  The known 

genotypes from broodstock and cross combinations were entered into PROBMAXG 

(Danzmann 1997) where hypothetical progeny were generated (n = 3300 progeny generated 

per marker and potential marker multiplex).  Hypothetical progeny were then placed into 

PROBMAX2 (Danzmann 1997) for assignment to a single cross or a small group of 

broodstock.  The most descriptive markers from these tests were multiplexed, optimized, and 

used to genotype progeny in this study (Table 2.2).   

PCR amplifications of isolated progeny DNA samples using these markers were 

performed in 10 µl reactions in 96-well PCR plates containing 1.0 µl of diluted template 

DNA, 1X reaction buffer (QIAGEN Inc., Valencia, California), 200 µM dNTP, 0.3-0.525 

µM forward primers (Integrated DNA Technologies, Coralville, Iowa), 0.32-0.542 µM 

fluorescently labeled reverse primers (Applied Biosystems, Foster City, California or 

Integrated DNA Technologies), and 0.41 U HotStar Taq DNA polymerase (QIAGEN Inc.).  

Each 96-well plate had both a positive control (broodstock DNA sample) and a negative 
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control (deionized water).  A total of seven microsatellite markers were analyzed requiring 

two PCR reactions to be run for each DNA sample (Table 2.2).  PCR cycling parameters 

consisted of an initial denaturation of 15 minutes at 95ºC, followed by 30 cycles of 30 sec at 

94 ºC, 40 sec at 49 ºC (reaction 1) or 56 ºC (reaction 2), and 50 sec at 72 ºC with a final 

elongation step for 6 min at 72 ºC.  PCR reactions were combined (approximately 60% from 

reaction 1 and 40% from reaction 2) prior to purification by gel filtration with a Performa 

DTR 96-Well Short Plate (Edge Biosystems, Gaithersburg, Maryland).  Approximately 0.48 

µl of each gel purified PCR product was added to a mixture of 0.5 µl internal fluorescent size 

standard (GeneScan™ -500 LIZ size standard, Applied Biosystems) and 9.0 µl Hi-Di 

Formamide (Applied Biosystems).  The mixture was next heat denatured at 95 ºC for 5 min, 

then placed on ice prior to running on an ABI Prism® 3700 (Applied Biosystems) automated 

DNA sequencer by staff at the NCSU Genome Research Laboratory (GRL) on the 

Centennial Campus.  Data files were acquired from GRL and analyzed using Genemapper 

version 3.0 (Applied Biosystems) software, visually reviewed, exported into Microsoft® 

Office Excel 2003 (hereafter Excel), and again visually reviewed prior to progeny 

assignment (see Statistical Analyses - Progeny). 

Statistical Analyses 

Broodstock 

 Polymorphism information content (PIC; calculation from Botstein et al. 1980; 

described in Poompuang & Hallerman 1997), number of alleles, heterozygosity (Ho), and 

allelic diversity (He) were calculated using SAS vers.9.1.3 (SAS Inc.; see Appendix 2.1.A. 

for SAS code) to generally characterize broodstock genetic variation at the seven 

microsatellite marker loci used to identify progeny in this study.  However, broodstock 

  80



numbers resulted in an unequal comparison between 23 domesticated and 10 wild dams.  

Two additional dams were added to the wild group (females that had been genotyped, but did 

not contribute progeny) to give a total of 12 wild dams.  The numerically ordered 23 

domesticated dams were scrambled (Mohr 2004) to create two random groups.  From this 

scramble, the upper 12 and the lower 12 domesticated dams were selected from the list (one 

dam overlap) and each domesticated group was compared individually with the 12 wild 

dams.  Domesticated and wild striped bass sires were analyzed in their small groups (n = 3 

and 2, respectively).  To compare potential significance between domesticated or wild 

broodstock with regards to the PIC values or allele numbers, both parametric (ANOVA) and 

nonparametric (Kruskal-Wallis Test) statistics were calculated using SAS vers. 9.1.3 (See 

Appendix 2.1.B. for SAS code). 

The expectation of Hardy-Weinberg equilibrium was also tested using SAS with a 

permutation version of the exact test (Guo & Thompson 1992) where significance levels 

were calculated by the Monte Carlo permutation procedure (10,000 permutations) (code 

same as Appendix 2.1.A.).  Homogeneity of allelic distributions between domesticated and 

wild dams and between domesticated and wild sires was examined with Fisher’s exact test 

(unbiased estimate of the P value of the probability test) for each microsatellite marker locus 

and over all loci using a Markov-chain method with 5000 dememorizations, 500 batches, and 

5000 iterations per batch (Genepop on the Web; Raymond & Rousset 1995). 

 

 

Progeny 

  81



Parentage assignments of each progeny were performed using PROBMAX vers.2 

(Danzmann 1997).  Potential dam contribution was assessed by calculating percentage 

contributions of Phase 0 progeny (larvae) from genotyped samples taken from each 

aquarium, extrapolating that to the Phase 0 progeny (larvae) stocked (or total mixture), and 

comparing that to the actual percentages obtained for Phase 0 genotyped progeny from the 

commercial and research ponds.  Homogeneity of allelic distributions was calculated for all 

seven microsatellite markers (as described above) between all genotyped progeny from the 

two Phase 0 progeny (larvae) samples collected prior to stocking the commercial and 

research ponds.  Chi-square tests for equal proportions between domesticated and wild 

progeny groups (n = 2), paternal half sibling families (n = 5, Fig. 2.1), and full sibling 

families (n = 33, Fig. 2.1) were calculated using SAS version 9.1.3 (see Appendix 2.1.C. for 

code) to assess variations between each group sampled.  Results for genotyped progeny 

survival by paternal half sibling family also were visually reviewed by calculating percentage 

differences and constructing pie graphs in Excel.  Survival of HSB progeny also was 

calculated for the commercial and research ponds at the ends of Phases I, II, and III.  To 

detect significant changes between domesticated progeny PIC values and allele numbers over 

all Phases (Phases 0-III) in the commercial ponds and additionally in the research ponds 

(multiple ponds from single Phases analyzed together), summary statistics were calculated 

and analyzed both parametrically (ANOVA) and nonparametrically (Kruskal-Wallis Test) as 

described above.  Homogeneity of allelic distributions, chi-square analyses, and percentages 

with pie graphs were then calculated and constructed (as above) on the genotyped progeny 

from all Phases of the HSB production cycle. 

Results 
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Broodstock 

 Summary statistics for domesticated and wild white bass and striped bass broodstock 

are presented in Table 2.3.  When considering all seven loci, the average PIC was 0.4726 

(average number of alleles = 3.9) and 0.4662 (average number of alleles = 4.6) for 

domesticated and wild dams, respectively.  From the analyses with dam numbers equalized, 

the average PIC for the domesticated dams was 0.4426 (average number of alleles = 3.4) for 

the upper 12 and 0.4952 (average number of alleles = 3.9) for the lower 12 and for the wild 

dams was 0.4652 (average number of alleles = 4.7).  For the domesticated striped bass sires, 

PIC averaged 0.4008 (average number of alleles = 2.4) and for the wild striped bass sires PIC 

averaged 0.4821 (average number of alleles = 2.9).  Parametric and nonparametric statistics 

revealed no significant differences between PIC values and allele numbers for any and all 

comparisons between domesticated and wild dams or sires (ANOVA, F ≥ 0.3615; Kruskal-

Wallis Test, P ≥ 0.1063). 

While the marker SB108 was invariable in the white bass broodstock, all other 

markers except AC25-1#2 (wild dams only) and MSM1073 (wild sires only) were in Hardy 

Weinberg equilibrium (P ≥ 0.1366).  Allelic distribution varied significantly between 

domesticated and wild broodstock over all loci in both white bass and striped bass (Fisher’s 

exact test, P ≤ 0.01137; Table 2.4).  However, in individual locus comparisons, five of the 

seven loci differed significantly (P ≤ 0.0314) between domesticated and wild white bass 

broodstock (Between Dams in Table 2.4; SB108 was necessary to discriminate between 

progeny from two striped bass sires; SB6 was used to periodically discriminate between 

progeny from several white bass dams).  Two of the seven microsatellite marker loci differed 
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significantly (P ≤ 0.0420) between domesticated and wild striped bass broodstock (Between 

Sires in Table 2.4).   

Progeny 

Twelve Phase 0 progeny (larvae) were genotyped from each single cross aquarium 

(Aquaria 8 and 10) to verify that HSB genotypes would match those of their pure species 

parents (white bass and striped bass broodstock; Table 2.5).  Phase 0 progeny (larvae) 

samples genotyped from each multi-cross aquarium and those samples collected prior to 

stocking the ponds (after mixing all aquaria) revealed highly variable progeny contributions 

from each cross.  Percentage contribution ranged from 0 to 68.9% in multi-cross aquaria or 0 

to 18.1% in samples collected prior to stocking ponds (Appendix 2.2.A.; Table 2.5).  While 

estimations of progeny contribution per cross were telling of variability in initial maternal 

contribution, they were not suitable for further statistical analyses as 33 crosses (therefore 33 

comparisons) ensured statistical significance regardless of contribution.  Significant 

differences were observed for five of the seven microsatellite loci (P = 0.049 for SB 113 and 

P ≤ 0.005 for SB108, SB6, SB83, SB91) when comparing variation in allele frequencies 

between Phase 0 commercial and research samples of larvae.  Also, these commercial and 

research samples were significantly different when comparing domesticated and wild groups 

and paternal half sibling families (chi-square P ≤ 0.0041; Appendix 2.2.B.; Table 2.6).  It 

also is noteworthy that the genotyped samples collected prior to stocking the research pond 

(PL) were significantly different from the numerical or genotypical estimations (P ≤ 0.0008), 

but the genotyped samples collected prior to stocking the commercial pond (CF) were not 

different from the numerical or genotypical estimations (P ≥ 0.1065).  This observation may 

not be surprising, as the ratio of domesticated:wild progeny in the initial mixture was 
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estimated at 48:52 volumetrically.  The corresponding ratio for the genotyped Phase 0 

progeny sample of larvae collected prior to stocking the commercial pond was 51:49, while 

the ratio for the sample collected prior to stocking the research pond was 33:67.  The 

numerical and genotypical estimations also were significantly different for paternal half 

sibling families (P < 0.0001), which might indicate a paternal contribution to the initial 

variation in family sizes (survival).  The percentage differences between the numerical and 

genotypical estimations by sire (paternal half sibling family) are illustrated in Fig. 2.3.  

Results for the Phase 0 commercial and research samples are illustrated graphically in Fig. 

2.4 and 2.5, respectively. 

 Progeny samples also were collected and genotyped from the remaining phases of the 

HSB production cycle (Table 2.7).  The total number of HSB taken from each pond also was 

recorded when possible to calculate total survivorship.  At the end of Phase I (≥ 35 dph), 

survivorship ranged from 2.3% to 32.1% in the research ponds and was ~42% for the 

commercial pond.  In contrast, sampling at the end of Phases II and III revealed higher 

percentages of survival in the research ponds (≥ 78%; Table 2.7).  Initial mortality was quite 

large and differential with regards to the percentage of surviving domesticated and wild 

progeny in general (Table 2.7), but the decrease in survival of domesticated progeny did not 

result in a significant change in PIC values or allele numbers when comparing progeny 

samples from the four Phases (0-III) for the commercial pond (ANOVA, F ≥ 0.7205; 

Kruskal-Wallis Test, P ≥ 0.6380) or the research ponds (ANOVA, F ≥ 0.3738; Kruskal-

Wallis Test, P ≥ 0.3866). 

The differential mortality was identifiable with regards to allele frequencies and 

families.  Pairwise comparisons between genotyped samples from the commercial pond 
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revealed that allele frequencies were significantly different between Phase 0 and Phases I, II, 

and III for all seven microsatellite markers (P ≤ 0.00224; Table 2.8).  However, this does not 

appear to be the case in later Phases, between Phase I and Phases II and III (except Phase I 

and II comparisons for SB6, SB83, and SB91; Phase I and III for SB108).  This differential 

survival also was revealed in chi-square comparisons of domesticated and wild parentage and 

paternal half sibling families (Table 2.9; P < 0.0001 in all comparisons between Phase 0 and 

Phases I, II, and III).  This initial differential survival (or mortality) of domesticated progeny 

is most apparent when visually comparing progeny survival from paternal half sibling 

families between Phases (Fig. 2.4). 

In the research ponds, allele frequency results also were significantly different 

between Phase 0 and all other Phases (P ≤ 0.00909; Table 2.10).  At times, significant 

differences also were seen between the three Phase I samples, the Phase II sample, and the 

two Phase III samples.  This was somewhat dependent on the specific marker and did not 

appear to form any discernible pattern (Table 2.10).  In chi-square analyses comparing 

domesticated and wild groups or paternal half sibling families in the research ponds, all 

samples (Phases I to III) were significantly different from the Phase 0 sample (P < 0.0001; 

Table 2.11).  All three Phase I ponds were compared to Phases II and III, but a total Phase I 

sample also was estimated (Appendix 2.2.C.) since all progeny surviving at the end of Phase 

I were mixed and subjected to a feeding program prior to restocking for Phase II growout.  

This sample (PIEST) did not significantly vary from the Phase II or the Phase III samples, nor 

did the Phase II samples significantly vary from the Phase III samples.  Differential progeny 

survival by paternal half sibling family was again visually evident in the research ponds (Fig. 

2.5). 
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Note: Chi-square values have not been reported here for full sibling families as 

significance (P < 0.0001) may have been due, in part, to the large number of comparisons (n 

= 33).  Also, some cells in every analysis (i.e., progeny numbers for each cross) had expected 

counts less than five, in which case chi-square may not be a valid test.  Pairwise comparisons 

of allele frequencies by marker loci were calculated and reveal variations between entire 

sampled groups from each Phase (Phases 0 to III). 

 

Discussion 

Broodstock 

Although the HSB farming industry is nearly totally reliant on annual production of 

fingerlings from wild white bass and striped bass broodstock, researchers at NCSU have 

domesticated the parent species of the HSB over several generations at the PAFL. The 

captive, domesticated lines of both striped bass and white bass were passively selected as 

broodstock for production of both HSB and the next generation of pure species.  Each 

successive generation from these captive broodstocks are founded from progeny that survive 

and grow most rapidly without exhibiting any gross physical abnormalities. If these 

performance characteristics have a genetic basis, then such selection could have led to 

inbreeding during domestication.  In addition, entire families might have been lost or greatly 

reduced in representation, as multiple crosses were generally made and pooled to create a 

diverse genetic population for broodstock development.  This outcome is likely, in part, 

because domestication efforts were begun while broodstock management and propagation 

procedures were still under development, at a time when poor egg or sperm quality, low 

fertility rates, variable progeny survival rates, and losses of entire families of fish were not 
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uncommon. Therefore, individuals selected as the next generation of broodstock could 

possibly be siblings, leading to further inbreeding in subsequent generations.   

Conversely, restoration and stocking programs for wild populations have been conducted 

for both parent species due to population bottlenecks (e.g., overfishing) and introgression has 

been promoted by stocking reproductively capable HSB where the parent species exist (e.g., 

Koo 1970; Forshage et al. 1986; Wirgin et al. 1991; Harrell et al. 1993; Wirgin et al. 1997).  

Also, various population genetic diversity studies have shown limited allelic variation (see 

Table 1.1, Chapter 1).  This does not necessarily indicate that substantial genetic variability 

does not exist as appreciable variation has been shown in performance comparisons of 

striped bass from different geographic locations and HSB from white bass females of 

different geographic locations (e.g., Woods et al. 1999; Kohler et al. 2001; Woods et al. 

2001; see also Chapter 1).  One might assume, however, that such changes in the wild 

populations may have promoted some genetic homogeneity and in some cases may have 

diminished species purity (e.g., potential introgression between stocked HSB and striped bass 

or white bass). 

Recently, a national breeding effort has been initiated for the HSB industry.  While 

explicit details on the exact breeding strategy for this program have not been decided, 

specialists involved realize that all broodstock will need to be evaluated for species purity 

and potential relatedness using a diverse set of DNA markers (e.g., microsatellite markers).  

At the time that this study was initiated, many variable microsatellite DNA markers were not 

available and the numbers of broodstock utilized was low in comparison to what will be 

necessary in a selective breeding program.  Nevertheless, with the markers used, the 

domesticated broodstock did not differ significantly from the wild broodstock based on 
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genetic diversity indices of PIC values and allele numbers (Table 2.3), suggesting that 

genetic variability has been retained.  The domesticated white bass broodstock were 

originally founded from a cross between Lake Erie and Mississippi River fish.  Therefore, 

one might expect their genetic variability to be significantly higher than wild fish caught 

from a single area.  However, the allelic distribution of these domesticated white bass did 

vary significantly from the wild broodstock for some of the microsatellite markers used 

(Table 2.4) and this may be initially valuable in a selective breeding program as it might aide 

with identification of communally reared progeny (pedigree construction).   

Caution should be exercised in the future when collecting wild fish for broodstock, as 

fish collected from the same geographic area may be related.  For example, two to three wild 

white bass females were crossed with the same striped bass male in this study and had 

enough overlapping alleles to prevent progeny assignment to a single cross in ~3.4% (data 

not shown) of genotyped Phase III progeny from the commercial pond (n = 955; ~7.6% of 

the progeny could not be assigned to any single cross; Table 2.7).  Using microsatellite DNA 

markers in a broodstock management program to assess both relatedness of domesticated 

individuals and of those newly obtained from the wild is a promising option for the HSB 

industry.  At present, 498 new markers are now available for striped bass and a portion of 

those have also been assessed for their utility with white bass (Couch et al. in press, Rexroad 

et al. in press).  

Progeny 

 Phase 0 progeny (larvae) from the aquaria were initially genotyped to ensure that the 

HSB alleles were the same as their white bass and striped bass parents (Table 2.5).  This was 

necessary to determine if there might be some type of allele shift or variation from either or 
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both parental species in some or all crosses.  This was not the case.  Hybrid progeny alleles 

were the same as those recorded for their parental species.   

Rates of definitive attribution of progeny to single crosses ranged from 87.6% to 

99.4% depending on the genotyped sample (Table 2.7).  Inability to completely resolve some 

parentage assignments was due mainly to progeny from a few different domesticated parents 

depending on allele combinations and from two to three wild parents (white bass dams 

crossed with the same striped bass sire).  One hundred percent of the progeny assigned could 

be separated into domesticated or wild groups.  A large number of highly variable 

microsatellite markers were not available at the time that this study was initiated and when 

the progeny were genotyped.  Only 15 of the 498 new microsatellite markers recently 

described were tested with broodstock from this study and only one of those was actually 

used in this study (MSM 1073; Couch et al. in press; Rexroad et al. in press).  Using the 

newly available markers, unequivocable progeny identification in all cases is highly probable 

in future studies. 

 Variability in progeny contribution from different crosses is not unusual in reciprocal 

HSB production.  When using two-year-old domesticated broodstock, Hodson et al. (2000) 

reported contribution from all females, with an average fertility of 50%, and an 

approximately 17% difference in fertility between the lowest and highest contributors.  

Mylonas et al. (1996) reported 70-94% fertilization with 15.5-81.7% survival of embryos to 

24 h using GnRHa rather than hCG to induce ovulation.  Progeny contribution from each 

cross in this study was more highly variable in aquaria samples taken prior to mixing 

(pooling of crosses) with a range of survival from 0% to 68.9% (0-17.7% contribution to the 
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estimated total pool; Table 2.5).  Knowledge of this variation was extremely beneficial to 

predict family composition in later production phases.   

In total, 33 full sibling families were produced in this study by crossing 33 dams with 

five sires (Fig. 2.1).  The estimated cross contribution to the total progeny mixture was 

statistically different from cross contributions estimated from genotyped samples taken from 

the commercial and research ponds (see Appendix 2.2.A.).  This difference probably resulted 

from the total number of crosses used and, therefore, the total number of comparisons that 

were necessary (n = 33).  However, the estimations of family contributions (survival) derived 

from genotyping pooled fish from the aquaria before stocking and from genotyping and 

Phase 0 fish (larvae) from the commercial pond sample was not statistically different after 

the populations were collapsed into paternal half sibling families (n = 5; Table 2.6).  The 

Phase 0 commercial pond sample of larvae also was similar to the numerical (volumetric) 

estimation based upon equal contribution.  These results indicate that the numeric and 

genotypic estimations used are acceptable approximations of family contributions to the 

actual total larval mixture.  Furthermore, a sample of n = 250 was large enough to generally 

predict family representation in the final sample, even though the commercial sample size of 

250 was only approximately 0.035% of the number of larvae estimated to have been stocked 

into the commercial pond (see Table 2.7).  These results clearly demonstrate the utility of 

DNA markers in the hatchery setting.   

 The commercial larval sample was collected at 3 dph and the research sample was 

collected at 4 dph.  All stocked larvae were randomly collected from the same pooled 

population of larvae.  Therefore, one would expect genotyped progeny from the research 

pond sample to be similar to those from the commercial pond sample with respect to family 
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contributions (proportions).  This was not the case, with a lower representation of 

domesticated progeny being present in the research pond sample (33% compared to 51% in 

the commercial pond).  This research pond sample also varied significantly from the 

commercial pond sample in both allele frequency and chi-square analyses (Table 2.6).  In 

addition, the composition of the research sample differed significantly from both the 

numerical (NE) and genotypic aquaria estimations (GE).  The research sample size was 188 

or ~0.169% of the total population (Table 2.7).  This sample size represented a larger 

percentage than the commercial sample, but was still small overall when compared to the 

total population size, resulting in a poor estimate of familial contributions.  Also, it is 

possible that this “random sample” of fish in the research pond was, in fact, not random as 

desired.  With wild striped bass larvae, Rulifson et al. (1986) hypothesized that larvae in a 

starving condition cannot maintain equilibrium in the water column and eventually sink.  

This circumstance allows them to be easily preyed upon and would also preclude capture of 

these larvae in nets.  Domesticated HSB progeny were not expected to be in a starving 

condition at 4 dph, but they may have been in a weakened state, isolated towards the bottom 

of the aquaria, and not equally sampled with respect to the upper portion of the water 

column.  If such a phenomena was occurring with the domesticated progeny, then the 

research sample with its lower percentage of domesticated progeny might have functioned as 

a predictor of survival apparent in later growout Phases.   

Survival from Phase 0 to the end of Phase I is highly variable in the pond 

environment.  High pond mortality can be a result of sudden pH changes, excessive 

ammonia, predation by large zooplankton or insects, an over abundance of zooplankton 

(prey) of the wrong size, rapid weather changes (temperature), or inappropriate stocking rates 
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(Hodson 1995; Ludwig 2004).  The research ponds in this study were 1/12 the size of the 

commercial pond, so potential for quick environmental changes (e.g., sudden pH change) 

would be increased and its impact on fish survival could be enormous.  Over 18 years, 

researchers at the PAFL have consistently noted a greater variability in survival of larvae 

through Phase I than is commonly seen in larger commercial ponds nearby (C.V. Sullivan, 

personal communication).  In the present study, at the end of Phase I, the commercial pond 

had ~42% total progeny survival and one of the research ponds had 32.1% total progeny 

survival (Table 2.7).  The remaining two research ponds had less than 7% total survival.  

This survival was not uniform with regards to families or domesticated versus wild groups.  

As total survival decreased, the percentage of domesticated progeny also decreased, but at an 

increased rate of mortality compared with wild progeny.  Domesticated progeny survival at 

the end of Phase I ranged from 25.2% in the commercial pond to 1.0% in the research pond 

with the lowest total survival.  These values illustrate increased domesticated progeny 

mortality as percentage survival of the domesticated HSB was greatly reduced as compared 

with pre-stocking ratios for all ponds.   

Differences in survival between domesticated and wild progeny may have occurred 

within the first few days post stocking.  Reciprocal HSB should be stocked between four and 

five days post hatch.  If they are older than 5 dph, they may not have enough energy reserves 

remaining in their yolk sacs to carry them through the transition to feeding on zooplankton 

(Ludwig 2004).  In this study, both the commercial and research ponds were stocked ~18 hrs 

apart at 4 dph.  It is possible that the variation observed in overall survival between the 

research ponds and the commercial pond was simply due to differences in stocking times.  

This difference might have been substantial enough to reduce overall survivability in the 
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research ponds, which were stocked nearly a day later.  However, differences in stocking 

time cannot explain differential mortality between domesticated and wild progeny in a single 

pond.  Like striped bass larvae, reciprocal HSB must have abundant food supplies when 

feeding is initiated to ensure feeding success and promote survival after the yolk is absorbed 

(Rulifson et al. 1986).  Domesticated larvae may have been compromised if already in a 

weakened state when stocked into ponds with limited food, and thereby not competitive with 

wild progeny that survived in greater numbers in all ponds.   

 Initial higher mortality of the domesticated HSB also could have been due to 

differences between the female white bass broodstock used.  The fourth generation 

domesticated white bass female broodstock were 383 g average weight and two-year-old 

virgin spawners.  Conversely, the wild white bass female broodstock ranged from 

approximately 680-907 g in weight and, therefore, probably between the ages of 5 and 7 

years (Madenjian et al. 2000).   

In previous studies, two year old white bass females raised and maintained on 

production diets were used successfully to produce HSB (e.g., Mylonas et al. 1996, Hodson 

et al. 2000).  However, in no prior study have both domesticated and wild progeny been 

communally reared from the larval stage to market size (and age).  In this study, egg quality, 

egg volumes, fertility rate, hatching rate, and larval size were not measured to compare the 

reproductive performance of domesticated and wild white bass dams.  Wild females did 

produce a substantially greater number of eggs and larvae (Table 2.1).  These differencesmay 

indicate lower spawning potential for the domesticated virgin spawners, which could be a 

direct result of body weight but also could involve differences in egg quality.  The two year 

old domestic female white bass used in previous studies were heavier with a minimum 
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weight of 450 g (Hodson et al. 2000) and an average weight of 810 g (Mylonas et al. 1996).  

Further research is required to determine spawning potential of domesticated virgin 

spawners.  

Poor egg quality in the domesticated white bass may have be due to lower nutritional 

reserves compared with eggs from wild white bass females (e.g., amount of yolk available or 

substandard nutritional composition).  For successful reproduction, stored oil obtained from a 

broodstock diet must support both the immediate energy requirements of the broodfish and 

the production of high-quality eggs and larvae (Tocher 2003).  The domesticated white bass 

female broodstock used in this study were raised on a commercial HSB production diet while 

the wild white bass presumably fed on wild fish, zooplankton, and macrozoobenthos with 

somewhat seasonal changes (Madenjian et al. 2000) and were fed live forage (e.g., minnows, 

shiners, daces; Family Cyprinidae) in captivity prior to spawning.  In striped bass, eggs 

produced by domesticated female broodstock fed a commercial diet had total lipid, n-3 

HUFA (highly unsaturated fatty acid), EPA (eicosahexaenoic acid), and DHA 

(docosahexaenoic acid) levels considerably lower than eggs from wild female striped bass 

(Harrell & Woods 1995; Gallagher et al. 1998), although fecundity was similar between the 

domesticated and wild broodstock (Harrell & Woods 1995).  Larval growth and survival 

were not compared in these studies. 

Poor reproductive performance of domesticated broodstock compared with their wild 

counterparts has been observed in other fish species and has prompted initiation of research 

to improve broodstock nutrition (Izquierdo et al. 2001; Sargent et al. 2002) that focuses on 

more than just n-3 HUFA, EPA, and DHA levels (see Salze et al. 2005).  For example, eggs 

from farmed Altantic cod broodstock have shown significantly lower fertilization rates, cell 
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symmetry, and rates of survival to hatching compared with wild broodstock.  These 

differences have been attributed to broodstock diets and while those diets may be heavily 

based on marine fish products, additional supplementation of fatty acids such as arachidonic 

acid may be necessary (Salze et al. 2005).  To date, research directly comparing the eggs and 

larvae of domesticated and wild white bass has not been conducted and nutrition studies have 

focused more on production feeds rather than broodstock diet development. 

  In the absence of additional information on egg composition and quality, the lower 

survival of domesticated HSB in the present study can not be unequivocally attributed to 

inadequate broodstock nutrition.  However, it is telling that until the introduction of a 

broodstock diet largely based on squid meal and oil, which is rich in n-3 HUFA, EPA, DHA, 

and arachidonic acid, the reproductive performance of female striped bass at PAFL was 

unreliable.  Based on the results of the present study, this diet is now being fed to 

domesticated white bass broodstock at the PAFL facility and the white bass are being held 

until 3 to 4 years of age before spawning.  

It should be noted that the results of this study do not eliminate potentially significant 

paternal effects on HSB progeny survival and paternal contributions to offspring survival 

have been noted for other cultured fish species.  For example, besides initial maternal effects, 

Probst et al. (2006) observed significant paternal effects on early life history traits such as 

larval standard length (significant at 0 and 5 dph) and yolk area (significant at 5 dph) in 

haddock (Melanogrammus aeglefinus).  In this study, each female was crossed with only a 

single male, so it is difficult to separate initial maternal effects from potential paternal 

effects.  However, such paternal effects are suspected to have occurred as the numerical 
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estimation (NE) was significantly different than the genotypical estimation (GE) by aquaria 

data (Appendix 2.2.B., Table 2.6, Fig. 2.3).   

Mortality of domesticated progeny stabilized by the end of Phase I (Table 2.7).  Phase 

0 progeny (larvae) commercial and research samples statistically differed from those samples 

genotyped later in the production cycle (Phases I to III; Tables 2.8-11).  This may have been 

partially due to higher survival in later Phases of the production cycle (≥78% for the research 

ponds; not available for the commercial pond), but it also might have been due to the 

removal of initial maternal (and potentially paternal) effects by mortality.  In the commercial 

pond, the sample taken at the end of Phase I did not differ significantly from the Phase II or 

Phase III samples for the majority of the pairwise marker comparisons and chi-square 

analyses (Tables 2.8 and 2.9).  However, the Phase II sample did differ significantly from the 

Phase III sample.  This is most visually apparent in Fig. 2.4 and may have been a result of 

sampling error (sample not random).  At the end of Phase I, the genotyped sample 

represented approximately 0.07% of the total sample.  Assuming that there was a minimum 

of 85% survival between Phases I and II and between Phases II and III in the commercial 

pond, the genotyped samples represented approximately 1.9% and 9.8% of total number of 

progeny that survived in that particular pond.  The differences between the Phase II and 

Phase III samples also could have been a result of standard commercial farm management 

practices.  At the end of Phase II, total HSB pond populations are redistributed to several 

Phase III growout ponds to reduce stocking density.  In this study, all of the progeny at the 

end of Phase II in one commercial pond were restocked into three commercial ponds for 

Phase III growout.  Only one of those commercial ponds was sampled at the end of Phase III, 

which might not have been representative of a truly random sample of the entire population.  
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In the future, a more detailed understanding of overall progeny survival might result from 

repeatedly sampling progeny from any ponds that were split into replicate groups between 

production phases.  Often times, HSB are also graded between production phases and may be 

restocked into ponds with other fish of a similar size grade.  Therefore, as in this study, it will 

be necessary for certain ponds to be set aside partially for research trials of ungraded fish 

rather than solely for profit. 

In the research ponds, the percentage of surviving domesticated progeny also 

appeared to stabilize by the end of Phase I (Table 2.7, Fig. 2.5).  By pairwise comparisons of 

marker loci, many of the Phase I to Phase II and III comparisons did not differ significantly 

and the majority of the Phase II to III or Phase III to III samples were also similar from 

separate ponds (Table 2.10).  However, since all surviving progeny (unless sampled for 

genotypic analysis) were mixed at the end of Phase I, a total Phase I estimate was calculated 

(see Appendix 2.2.C.).  Using this estimate, all chi-square comparisons between Phase I and 

II or III were not significant indicating no differences (Table 2.11).  Also, the Phase II and III 

or III and III comparisons were similar.  Fish from the research ponds also were split into 

subgroups to reduce fish numbers and densities between phases, but a higher percentage of 

the progeny were sampled when compared to the commercial pond.  The lack of significant 

differences in survival in the research ponds also could have simply been a result of a more 

controlled environment with regards to the research facility as compared to the commercial 

facility in the latter production phases. 

  The magnitude of differences in survival between families and between 

domesticated and wild HSB seen in this project underscores the need to more definitively 

verify maternal contribution and potential paternal contribution to pooled progeny groups in 
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rearing trials of this kind and in selective breeding programs.  A reliable supply of 

broodstock with demonstrated fitness traits, such as initial and sustained progeny survival, is 

needed and this will become increasingly important as access to wild stocks is inevitably 

limited by increasing legal restraints and stricter fishing regulations.  For these and other 

reasons, a national selective breeding program for the HSB industry has been recently 

initiated and this study serves as an initial component of that program.   

The experience gained in this study led to compilation of the following list of 

recommendations with regards to evaluations of progeny performance based on survival: 1) 

Microsatellite DNA markers are a valuable tool for progeny identification and, as technology 

quickly advances, the costs of using such molecular tools are expected to decrease.  

However, for older and therefore larger individuals, marking the genotyped fish with passive 

integrated transponder (PIT) tags would be beneficial so that individual performance can be 

tracked throughout the production cycle without need for repeated genotyping.  Most 

broodstock in captive breeding programs (e.g., all broodstock at PAFL) are PIT tagged.  2) 

Broodstock must be of similar reproductive status for appropriate comparisons to be made.  

The reproductive status of domesticated females should be known and virgin spawners 

should be avoided.  For example, wild white bass females should be more than 4 years of age 

to ensure that they are not virgin spawners (i.e., > 500 g depending on season of capture, 

Madenjian et al. 2000).  However, it should be understood that, above a certain size 

threshold, differences in female size may not necessarily translate into differences in egg size 

(e.g., 600-1400 g white bass have been reported to perform similarly in this regard, Bosworth 

et al. 1997).  3) Broodstock nutrition must be further researched to develop optimal 

reproductive diets.  Broodstock nutrition research must consider the importance of numerous 
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micronutrients and vitamins, in addition to the standard diet ingredients, to ensure the highest 

egg quality.  When possible, different families of fish or fish groups (e.g., domesticated 

versus wild) should be fed the same diet, at least during the year before spawning.  4) Any 

breeding strategy adopted must employ at minimum a partial factorial design so both genetic 

and environmental effects can be statistically deciphered (e.g., Dupont-Nivet et al. 2002).  

For example, maternal and paternal effects are known to play a large role in survival and 

growth of progeny from other fish species including: rainbow trout (Oncorhynchus mykiss; 

Herbinger et al. 1995), cod (Gadus morhua; Marteinsdottir & Steinarsson 1998), and 

haddock (Melanogrammus aeglefinus; Probst et al. 2006).  Progeny also should be 

communally reared when feasible as it helps to ensure that environmental effects can be 

separated from parental effects (e.g., maternal effects could not be separated from tank 

effects in Kanis et al. 1976).  5) Hybrid striped bass selective breeding programs must 

consider alternative early rearing strategies to minimize variation in broodstock contribution 

from the outset.  One alternative strategy might involve initial rearing in tanks to the end of 

Phase I prior to mixing progeny for communal rearing trials conducted through Phase III.  A 

more economical strategy might involve hatchery expansion to allow for separate initial 

rearing of fertilized eggs and larvae prior to mixing equal numbers of larvae for communal 

rearing trials.  6) Breeders will need to ensure contribution from each cross in order to 

capture high levels of genetic variation for producing select lines of fish.  Numerous fish 

from each family are also necessary to intensify detection of differences in progeny 

performance.  Differential contribution resulting in loss of genetic diversity and variable 

family sizes is not uncommon in the aquaculture industry and has been discussed extensively 

with regards to inbreeding in mass selection programs and has become more apparent as 
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DNA marker usage increases (this study, see also Chapter 1).   It is possible that this type of 

differential contribution is even more evident during initiation of new breeding programs.  

For example, Jackson et al. (2003) found that only 36% of all attempted crosses were 

represented in the retained fish after one generation of domestication of Atlantic halibut 

(Hippoglossus hippoglossus). 
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Table 2.1.  Nested mating design where each female white bass is crossed with a single male 
striped bass.  D indicates crosses of domesticated broodstock, W indicates crosses of wild 
broodstock, PPLS indicates estimated percentage of the pooled larvae stocked. 
 
Aquarium D or W Larvae 

Total 
Larvae 
Stocked 

PPLS McDonald hatching Jars 

1 D 204,213 91,713 10.95% Jar 1 - dams 1-4 with sire 7A22 
     Jar 2 - dams 5-7 with sire 7A22 
2 D 88,103 88,103 10.52% Jar 3 - dams 8-11 with sire 100B 
     Jar 4 - dams 12-14 with sire 100B 
3 W 497,114 384,614 45.92% Jar 5 - dams 15-17 with sire 3B62 
     Jar 6 - dams 18-19 with sire 2130 
4 D 116,693 116,693 13.93% Jar 7 - dams 20-21 with sire 7A22 
     Jar 8 - dams 22-24 with sire 100B 
5 D 25,964 25,964 3.10% Jar 9 - dams 25-26 with sire 5C5D 
7 W 532,997 48,000 5.73% Jar 10 - dams 27-28 with sire 3B62 
     Jar 11 - dams 29-31 with sire 2130 
8 D 71,474 71,474 8.53% Jar 12 - dam 32 with sire 5C5D 
10 D 11,086 11,086 1.32% Jar 14 - dam 33 with sire 5C5D 
Total D&W  837,647 100%  
 

  107



Table 2.2.  Pertinent information regarding microsatellite DNA markers used in this study: 
marker name, publication, color of fluorescent tag on reverse primer (Tag), concentration of 
forward and reverse primers (F/R), reaction number (R#), temperature of annealing (TA), 
number of alleles observed in published study, number of alleles observed in striped bass 
(SB) and white bass (WB) in this study, and verification that parental alleles were inherited 
without alteration in hybrid striped bass (HSB). 
 
Marker 
Name 

Publication Tag F/R R# TA Obs. 
Alleles 

SB WB Verified 
HSB 

SB108 I. Wirgin, pers. comm. 6Fam 0.325/0.342 1 49 13 5 1 Yes 
SB91 Roy et al. 2000 6Fam 0.310/0.330 1 49 9 5 7 Yes 
SB113 Roy et al. 2000 Ned 0.440/0.460 1 49 28 6 9 Yes 
SB6 García de León et al. 1995 Pet 0.525/0.542 1 49 9 5 4 Yes 
SB83 Leclerc et al. 1996 Vic 0.440/0.460 2 56 12 5 7 Yes 
AC25-1#2 Brown et al. 2003 Ned 0.300/0.320 2 56 2 2 5 Yes 
MSM1073 Couch et al. in press Pet 0.300/0.320 2 56 ** 2 4 Yes 
**SB and WB reported in Couch et al. in press for this marker from this study. 
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Table 2.3.  Number of individuals (#I), number of alleles (#A), polymorphism information 
content (PIC), heterozygosity (Ho), allelic diversity (He), and the expectation of Hardy-
Weinberg equilibrium (P value or PHW) for domestic (D) and wild (W) broodstock (dams and 
sires) at seven microsatellite marker loci used to identify hybrid striped bass progeny. 
 
Broodstock Markers Summary Statistics 

  #I #A PIC Ho He PHW
D-Dams AC25-1#2 23 4 0.6322 0.7826 0.6796 0.8688 

 MSM1073  4 0.4361 0.6522 0.5416 0.4050 
 SB108  1 0.0000 N/A N/A N/A 
 SB113  5 0.6663 0.6957 0.7127 0.3213 
 SB6  3 0.2477 0.3043 0.2675 1.0000 
 SB83  6 0.7425 0.8696 0.7750 0.1366 
 SB91  4 0.5834 0.5652 0.6465 0.2953 

W-Dams AC25-1#2 10 5 0.6341 0.5000 0.6750 0.0110 
 MSM1073  4 0.3788 0.4000 0.4100 0.4825 
 SB108  1 0.0000 N/A N/A N/A 
 SB113  8 0.7980 0.9000 0.8200 0.2599 
 SB6  3 0.2469 0.3000 0.2650 1.0000 
 SB83  5 0.7352 1.0000 0.7700 0.7783 
 SB91  6 0.4701 0.6000 0.4900 1.0000 

D-Sires AC25-1#2 3 2 0.2392 0.3333 0.2778 1.0000 
 MSM1073  2 0.3457 0.6667 0.4444 1.0000 
 SB108  3 0.5355 0.6667 0.6111 1.0000 
 SB113  2 0.3750 1.0000 0.5000 0.4027 
 SB6  3 0.5355 1.0000 0.6111 1.0000 
 SB83  3 0.5355 1.0000 0.6111 1.0000 
 SB91  2 0.2392 0.3333 0.2778 1.0000 

W-Sires AC25-1#2 2 2 0.3047 0.5000 0.3750 1.0000 
 MSM1073  1 0.0000 N/A N/A N/A 
 SB108  3 0.5547 1.0000 0.6250 1.0000 
 SB113  4 0.7031 1.0000 0.7500 1.0000 
 SB6  3 0.5547 1.0000 0.6250 1.0000 
 SB83  3 0.5547 0.5000 0.6250 0.3312 
 SB91  4 0.7031 1.0000 0.7500 1.0000 
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Table 2.4.  Allelic distribution between domesticated and wild dams (Between Dams) and 
between domesticated and wild sires (Between Sires) for each microsatellite marker and over 
all markers by calculation of Fisher’s exact P-values.  Significant values (P < 0.05) are 
highlighted in bold.  Associated standard errors are in parentheses. 
 
Marker Locus Between Dams Between Sires 
AC25-1#2 0.0314 (0.00040) 0.1906 (0.00038) 
MSM1073 0.0006 (0.00005) 0.4669 (0.00033) 
SB108 N/A* 0.1872 (0.00072) 
SB113 0.0063 (0.00023) 0.0420 (0.00041) 
SB6 0.4868 (0.00103) 0.1850 (0.00070) 
SB83 0.0000 (0.00001) 0.1851 (0.00074) 
SB91 0.0002 (0.00003) 0.0241 (0.00032) 
All 0.00000 0.01137 

*This marker was homozygous in all white bass broodstock, but necessary to discriminate 
between two striped bass sires. 
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Table 2.5.  Hybrid striped bass progeny study design illustrating percentage contribution of 
larvae from dams in genotyped samples, estimated percentage contribution in pooled larval 
sample prior to stocking (extrapolated from volumetric estimations), and percentage 
contribution in genotyped sample from commercial pond (CF; n = 250) and research pond 
(PAFL; n = 188). 
 
Aquarium #Dams x Sire n Dam % 

Aquarium 
Dam % 

Total Pool 
Dam % 

CF 
Dam % 
PAFL 

1 7 x 7A22 107 0-38.3 0-4.2 0-4.8 0-2.7 
2 7 x 100B 106 1.3-68.9 0.1-7.3 0.1-3.5 0-3.6 
3 3 x 3B62, 2 x 2130 105 1.9-38.6 0.9-17.7 1.6-14.3 1.1-18.1 
4 2 x 7A22, 3 x 100B 107 8.9-42.1 1.2-5.9 0.6-4.8 0.3-3.2 
5 2 x 100B 25 56 & 44 1.7 & 1.4 1.2 & 1.6 1.6 & 0.5 
7 2 x 3B62, 3 x 2130 106 9.4-36.8 0.5-2.1 0.4-4.5 1.1-3.7 
8 1 x 5C5D 12 100 8.5 11.3 6.7 
10 1 x 5C5D 12 100 1.3 1.2 1.9 

* Progeny were genotyped from Aquaria 8 and 10 to further ensure that hybrid striped bass 
alleles were the same as their white bass or striped bass parents (e.g., hybridization did not 
cause allele shifting).  
** Progeny that could not be assigned to a single cross were divided and fractions were 
assigned to multiple crosses. 
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Table 2.6.  Chi-square test for equal proportions between hybrid striped bass Phase 0 (larvae) 
progeny of domesticated and wild parentage (above the diagonal) and by paternal half sibling 
families (below the diagonal).  Significant P-values are in bold and indicate a difference 
between comparisons. NE = numerical estimated contribution (see Appendix 2.2.B.), GE = 
genotypical estimated contribution extrapolated from aquarium samples (see Appendix 
2.2.B.), CF = genotyped sample collected prior to stocking the commercial pond (Carolina 
Fisheries), PL = genotyped sample collected prior to stocking the research ponds (NCSU-
PAFL). 
 
Phase 0 (Larvae) NE GE CF PL
NE 1.0000 0.3679 <0.0001
GE <0.0001 0.3679 <0.0001
CF 0.2017 0.1065  0.0001
PL 0.0008 <0.0001 0.0041 
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Table 2.7.  Reciprocal HSB progeny survival just prior to stocking (Phase 0) and at the end 
of Phase I (≥35 dph), Phase II (approximately 1 year of age), and Phase III (Market; 
approximately 1.5 years of age) in one 1.2 ha commercial (CF) and three 0.1 ha research 
ponds (PLA-PLC).  The number of progeny genotyped from each pond is also indicated, as 
well as, the percentage of progeny that could be assigned to a single cross (SC) and single 
paternal half sibling family (PA) and the percentage of the sample from domesticated crosses 
(%D) or wild crosses (%W). 
 

Phase 0 (Larval) Sample 
Pond Size(ha) Stocked(n) Harvested(n) Harvested(%) Genotyped(n) %SC %PA %D %W
CF     267 (250) 87.6 97.6 51 49 
PL     198 (188) 91.0 99.5 33 67 

End of Phase I 
CF 1.2 721,500 300,000 42 200 (198) 89.3 98.5 25.3 74.7
PLA 0.1 37,000 2450 6.6 175 (174) 99.4 100 2.9 97.1
PLB 0.1 37,000 11859 32.1 200 (195) 87.7 99.5 9.7 90.3
PLC 0.1 37,000 851 2.3 200 (194) 93.3 100 1.0 99.0

End of Phase II 
CF 1.2 45,000   763 (724) 87.6 98.3 34.1 65.9
PLA 0.1 2729 2128 78.0      
PLB 0.1 2728 2222 81.4      
PLC 0.1 2729 2598 95.2 1851 91.8 98.9 7.6 92.4

End of Phase III (Market) 
CF 1.2 12,000   1000 (955) 92.4 99.7 18.7 81.3
PLA 0.1 1000 898 89.8 898 (894) 93.8 99.3 7.5 92.5
PLB 0.1 1000 02       
PLC 0.1 1000 943 94.3 943 (940) 93.3 99.8 6.9 93.1
( ) Indicate number of progeny genotyped that were assignable to parents.  Inability to assign 
parentage resulted from poor DNA isolations in Phase 0 and end of Phase I sample or the 
accidental addition of progeny not of this study (e.g., Approximately 2000 HSB were added 
to the commercial pond around six months after study initiation.  This might account for 
approximately 4.5% of genotyped samples at the end of Phases II and III.) 
1 Non-random sample for growth biomarker research. 
2 Entire pond lost. 
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Table 2.8.  Pairwise comparisons of allelic distribution by marker locus (standard error) of 
Phase 0 to Phase III hybrid striped bass progeny genotyped from the commercial pond at 
Carolina Fisheries, Aurora, NC.  All standard errors < 0.005.  Significant P-values are in bold 
and indicate difference in allele frequencies. 
 
 Population 
Population Phase I Phase II Phase III 

AC25-1#2 
Phase 0 0.00003 (0.00002) 0.00040 (0.00010) 0.00000 (0.00000) 
Phase I  0.15320 (0.00311) 0.55025 (0.00420) 
Phase II   0.00000 (0.00000) 

MSM1073 
Phase 0 0.00181 (0.00019) 0.00016 (0.00005) 0.00000 (0.00000) 
Phase I  0.16481 (0.00289) 0.34235 (0.00384) 
Phase II   0.00000 (0.00000) 

SB108 
Phase 0 0.00224 (0.00018) 0.00218 (0.00025) 0.00000 (0.00000) 
Phase I  0.30792 (0.00395) 0.04538 (0.00156) 
Phase II   0.00000 (0.00000) 

SB113 
Phase 0 0.00012 (0.00003) 0.00009 (0.00003) 0.00000 (0.00000) 
Phase I  0.50742 (0.00493) 0.32989 (0.00488) 
Phase II   0.00000 (0.00000) 

SB6 
Phase 0 0.00000 (0.00000) 0.00000 (0.00000) 0.00000 (0.00000) 
Phase I  0.00054 (0.00009) 0.27124 (0.00358) 
Phase II   0.00000 (0.00000) 

SB83 
Phase 0 0.00000 (0.00000) 0.00000 (0.00000) 0.00000 (0.00000) 
Phase I  0.03331 (0.00137) 0.06703 (0.00200) 
Phase II   0.00000 (0.00000) 

SB91 
Phase 0 0.00000 (0.00000) 0.00054 (0.00010) 0.00000 (0.00000) 
Phase I  0.00568 (0.00041) 0.15077 (0.00331) 
Phase II   0.00000 (0.00000) 
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Table 2.9.  Chi-square test for equal proportions between hybrid striped bass progeny of 
domesticated and wild parentage (above the diagonal) or paternal half sibling families (below 
the diagonal) from a commercial pond sample (Carolina Fisheries, Aurora, NC).  Significant 
P-values are in bold and indicate difference between comparisons.  P0 = genotyped larval 
sample collected prior to stocking the commercial pond, PI-III = genotyped progeny samples 
from each Phase I-III of the production cycle. 
 
Commercial P0 PI PII PIII
P0 <0.0001 <0.0001 <0.0001
PI <0.0001 0.0180 0.0367
PII <0.0001 0.1167  <0.0001
PIII <0.0001 0.0256 <0.0001 
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Table 2.10.  Pairwise comparisons of allelic distribution by marker locus of Phase 0 to Phase 
III hybrid striped bass progeny genotyped from research ponds at the Pamlico Aquaculture 
Field Laboratory, Aurora, NC.  All standard errors < 0.008.  Significant P-values are in bold 
and indicate difference in allele frequencies. 
 
 Population 
Population PIA PIB PIC PII PIIIA PIIIC

AC25-1#2 
P0 0.00000 0.00909 0.00000 0.00004 0.00000 0.00000 
PIA  0.00556 0.08502 0.05295 0.29308 0.06933 
PIB   0.00000 0.68580 0.04425 0.05321 
PIC    0.00032 0.00027 0.00035 
PII     0.47179 0.88309 
PIIIA      0.18137 

MSM 1073 
P0 0.00000 0.00069 0.00000 0.00000 0.00000 0.00000 
PIA  0.52937 0.26545 0.07023 0.22713 0.11566 
PIB   0.00975 0.02202 0.05833 0.08024 
PIC    0.43682 0.15562 0.09898 
PII     0.51977 0.69659 
PIIIA      0.84183 

SB108 
P0 0.00000 0.00735 0.00000 0.00095 0.00000 0.00000 
PIA  0.15816 0.33754 0.23919 0.08797 0.05065 
PIB   0.02532 0.80351 0.77251 0.31932 
PIC    0.07874 0.03730 0.17932 
PII     0.96389 0.69350 
PIIIA      0.50838 

SB113 
P0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
PIA  0.06604 0.00002 0.00133 0.02033 0.00395 
PIB   0.00000 0.14456 0.00902 0.00785 
PIC    0.00531 0.00061 0.00025 
PII     0.36690 0.41202 
PIIIA      0.60387 

SB6 
P0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
PIA  0.00661 0.18035 0.00009 0.02780 0.03300 
PIB   0.14233 0.00006 0.13485 0.00205 
PIC    0.00031 0.04442 0.00840 
PII     0.00453 0.00604 
PIIIA      0.22570 

SB83 
P0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
PIA  0.00251 0.00020 0.00004 0.03610 0.00022 
PIB   0.00020 0.54843 0.21139 0.15117 
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Table 2.10 Continued 
PIC    0.00303 0.00023 0.02164 
PII     0.01661 0.32843 
PIIIA      0.00499 

SB91 
P0 0.00000 0.00038 0.00000 0.00000 0.00000 0.00000 
PIA  0.18352 0.03565 0.01773 0.25307 0.10751 
PIB   0.00000 0.42406 0.37922 0.01336 
PIC    0.00083 0.00089 0.02360 
PII     0.44206 0.31476 
PIIIA      0.32038 
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Table 2.11.  Chi-square test for equal proportions between hybrid striped bass progeny of 
domesticated and wild parentage (above the diagonal) or paternal half sibling families (below 
the diagonal) from the research pond samples (Pamlico Aquaculture Field Laboratory, 
Aurora, NC).  Significant P-values are in bold and indicate difference between comparisons.  
P0 = genotyped larval sample collected prior to stocking the research ponds, PI-III = 
genotyped progeny samples from each Phase of the production cycle (subscripted letters 
indicate instances where progeny from multiple ponds were genotyped; see Appendix 2.2.C. 
for a description of subscripted EST). 
 
Research PIA PIB PIC PIEST PII P0 PIIIA PIIIB
P0  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
PIA <0.0001  0.0076 0.1964 0.0240 0.0471 0.0263 0.0436
PIB <0.0001 0.0858 0.0001 0.6400 0.4515 0.2893 0.1697
PIC <0.0001 0.0112 0.0002 0.0006 0.0016 0.0008 0.0016
PIEST <0.0001 0.1893 0.9935 0.0007 0.7718 0.6733 0.4742
PII <0.0001 0.0915 0.5465 0.0206 0.6836  0.9694 0.7508
PIIIA <0.0001 0.0672 0.0943 0.0040 0.2413 0.6342  0.6360
PIIIB <0.0001 0.0329 0.0791 0.0153 0.2027 0.9187 0.7119 
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Figure 2.1.  Mating design for production of reciprocal hybrid striped bass progeny.  White 
bass (WB) females (dams) were crossed with a single striped bass (SB) male (sire).  
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Figure 2.2.  Pie graph representing the percentage of hybrid striped bass progeny mixed for 
stocking into commercial and research ponds from each aquaria (see Table 2.1 for actual 
numbers).  Aquaria 1, 2, 4, 5, 8, and 10 contained domesticated progeny while wild progeny 
were held in Aquaria 3 and 7.   
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Figure 2.3.  The pie graph on the left represents the number of hybrid striped bass Phase 0 
progeny (larvae) numerically estimated to have been stocked into each pond assuming equal 
contribution from each sire and the pie graph on the right represents the number of progeny 
(larvae) estimated to be from each sire by genotyping larvae from each aquaria prior to 
mixing for stocking.  See Appendix 2.2.B. for calculation information.  D = progeny from 
domesticated sires.  W = progeny from wild sires. 
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  C. Phase II            D. Phase III  
 
Figure 2.4.  Pie graphs depicting hybrid striped bass progeny survival (Phase 0 to Phase III) 
by genotyped samples from each paternal half sibling family from a commercial pond at 
Carolina Fisheries, Aurora, NC.  D = progeny from domesticated sires.  W = progeny from 
wild sires. 
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  C. Phase II     D. Phase III (2 Ponds) 
 
Figure 2.5.  Pie graphs depicting hybrid striped bass progeny survival (Phase 0 to Phase III) 
by genotyped samples from each paternal half sibling family from research ponds at the 
Pamlico Aquaculture Field Laboratory, Aurora, NC.  See Appendix 2.2.C. for information 
regarding the Phase I estimate.  Phase III pie graph contains genotype information from two 
ponds.  D = progeny from domesticated sires.  W = progeny from wild sires. 
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Appendix 2.1 – SAS Code 
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Appendix 2.1 – SAS Code  
 
Appendix 2.1.A. Characterization of broodstock variation at the seven microsatellite marker 
loci used to identify progeny in this study.  This code was also used to generate PIC values 
and allele numbers for Phase 0 to III hybrid striped bass progeny. 
 
PROC ALLELE DATA=Library.ImportedExcelFile BOOTSTRAP=1000 PERMS=10000 
SEED=466027000; 
BY NOTSORTED GENDERTYPE; 
VAR M1-M14 
RUN; 
[GENDERTYPE = file sorted by male or female and domesticated or wild; VAR M1-M14 
specifies the 14 alleles (seven markers) for each individual] 
 
 
Appendix 2.1.B. Calculation of parametric (ANOVA) and nonparametric (Kruskal-Wallis 
Test) statistics for allele numbers (ALLELES) and polymorphism information content (PIC) 
values of the seven microsatellite marker loci between domesticated and wild broodstock 
(dams and sires calculated separately) and over all progeny groups (Phases 0-III).  Code for 
PIC value calculations shown here. 
 
DATA RESPONSE; 
INPUT GROUP $ PIC; 
DATALINES 
[list of PIC values for domesticated and wild broodstock dams or sires; GROUPS separated 
by D or W] 
; 
PROC NPAR1WAY DATA=RESPONSE; 
TITLE “variable based on which group was being analyzed”; 
CLASS GROUP; 
VAR PIC; 
RUN; 
 
 
Appendix 2.1.C. Chi-square test for equal proportions between hybrid striped bass progeny 
of domesticated and wild parentage (GROUP) or paternal half sibling families (SIRE) over 
Phases 0 to III of the production cycle (PHASE).  Code for paternal half sibling families 
shown here. 
 
PROC FREQ DATA=Library.ImportedExcelFile ORDER=DATA PAGE; 
WEIGHT COUNT; 
TABLES SIRE*PHASE / NOCUM CHISQ; 
BY GROUP; 
RUN; 
[GROUP was used to specify multiple comparisons, so they could be run at one time from 
single excel files.]  

  125



Appendix 2.2 – Calculations 
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Appendix 2.2 – Calculations 
 
Appendix 2.2.A.  Aquarium number, dam and sire broodstock numbers (D = domesticated, 
W = wild), percentage of Phase 0 progeny (larvae) from each cross in the genotyped samples 
by aquarium (% Aquarium; see Table 2.5 for numbers of progeny genotyped), estimated 
percentage of progeny from each dam in the total mixture of larvae stocked (% Total 
Mixture; based on genotypic results in Aquaria and volumetric estimations of larvae added 
from each Aquaria to the total mixture of larvae stocked, see PPLS on Table 2.1), percentage 
contribution from each dam in the commercial pond (% Comm. Pond; n = 250) and research 
pond (% Res. Pond; n = 188).  Fractions were assigned to larvae that could not be assigned to 
a single cross. 
Aquarium Dam # Sire # % Aquarium % Total Mixture % Comm. Pond % Res. Pond
1 D1 D7A22 21.50 2.35 2.61 2.66 
1 D2 D7A22 0.00 0.00 0.10 0.66 
1 D3 D7A22 1.87 0.20 1.21 0.00 
1 D4 D7A22 38.32 4.20 4.82 1.60 
1 D5 D7A22 2.80 0.31 0.00 1.06 
1 D6 D7A22 28.97 3.17 3.35 1.06 
1 D7 D7A22 6.54 0.72 1.21 0.00 
2 D8 D100B 1.25 0.13 0.13 0.00 
2 D9 D100B 1.25 0.13 1.80 0.53 
2 D10 D100B 1.25 0.13 0.20 0.00 
2 D11 D100B 5.66 0.60 1.21 0.00 
2 D12 D100B 7.55 0.79 1.00 0.53 
2 D13 D100B 13.21 1.40 0.80 0.53 
2 D14 D100B 68.87 7.25 3.51 3.59 
3 W15 W3B62 38.57 17.71 14.29 17.73 
3 W16 W3B62 17.14 7.87 8.44 9.57 
3 W17 W3B62 22.38 10.28 3.45 7.89 
3 W18 W2130 1.90 0.87 1.61 1.06 
3 W19 W2130 20.00 9.18 12.45 18.09 
4 D20 D7A22 8.88 1.24 0.63 1.20 
4 D21 D7A22 42.06 5.86 4.75 3.19 
4 D22 D100B 28.04 3.91 3.35 2.66 
4 D23 D100B 11.68 1.63 3.04 2.79 
4 D24 D100B 9.35 1.30 2.01 0.27 
5 D25 D5C5D 56.00 1.74 1.21 1.60 
5 D26 D5C5D 44.00 1.36 1.61 0.53 
7 W27 W3B62 16.04 0.92 1.44 1.51 
7 W28 W3B62 36.79 2.11 4.52 3.72 
7 W29 W2130 9.43 0.54 1.21 1.06 
7 W30 W2130 11.32 0.65 0.40 2.66 
7 W31 W2130 26.42 1.51 1.21 3.72 
8 D32 D5C5D 100 8.53 11.25 6.65 
10 D33 D5C5D 100 1.32 1.21 1.86 
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Appendix 2.2 – Calculations 
 
Appendix 2.2.B.  Explanation of calculations for the Numeric Estimation (NE) and 
Genotypic Estimation (GE) with regards to Phase 0 progeny (larvae) comparisons.  Note: D 
identifies domesticated sires while W identifies wild sires.  Also, at times, there was progeny 
contribution from two sires in one Aquaria and that cross information can be found on Table 
2.1 (e.g., 3 of 5 crosses to one sire in one Aquaria = 3/5). 
 
Numeric Estimation (NE) = The number of Phase 0 (larvae) progeny from each sire if the 
crosses from each sire contributed an equal amount of progeny to each Aquaria. 
 
From Table 1: 
Sire D100B = 88,103 (Aquaria 2) + 70,015.8 [3/5(116,693) Aquaria 4] = 158,119 
Sire D5C5D = 25,964 (Aquaria 5) + 71,474 (Aquaria 8) + 11,086 (Aquaria 10) = 108,524 
Sire D7A22 = 91,713 (Aquaria 1) + 46,677.2 [2/5(116,693) Aquaria 4] = 138,390 
Sire W2130 = 153,845.6 [2/5(384,614) Aquaria 3] + 28,800 [3/5(48,000) Aquaria 7] = 
182,646 
Sire W3B62 = 230,768.4 [3/5(384,614) Aquaria 3] + 19,200 [2/5(48,000) Aquaria 7] = 
249,968 
 
Genotypic Estimation (GE) = The estimated number of Phase 0 progeny (larvae) 
contributed by each sire.  Estimations are based on percentage results of genotyped samples 
(genotype data not shown) in the total mixture of larvae.  Therefore, estimated numbers of 
larvae are based off of the actual proportion of sire contribution when progeny from two sires 
were in one Aquaria (above contribution was assumed to be equal).  
 
Sire D100B = 88,103 + 57,180 [0.49(116,693) Aquaria 4] = 145,283 
Sire D5C5D = 108,524 = same as above 
Sire D7A22 = 91,713 + 59,513 [0.51(116,693) Aquaria 4] = 151,226 
Sire W2130 = 84,615 [0.22(384,614) Aquaria 3] + 22,560 [0.47(48,000) Aquaria 7] = 
107,175 
Sire W3B62 = 299,999 [0.78(384,614) Aquaria 3] + 25,440 [0.53(48,000) Aquaria 7] = 
325,439 
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Appendix 2.2 – Calculations 
 
Appendix 2.2.C.  Survival was estimated for domestic and wild groups or for each sire 
(paternal half sibling family) by multiplying the number of progeny from each pond per 
group (domestic and wild) or per sire to the proportion that each pond/(domestic and wild) or 
pond/sire would make up in the final pond combination restocked for growout to end of 
Phase II (assuming each genotyped pond sample at the end of Phase I was, in fact, random).  
This was to create single estimates for the Phase I ponds at PAFL.   
 
Total pond survival calculated by dividing the number of Phase I fingerlings alive at 35-
38 dph by the total number of larvae that were initially stocked. 
Pond A = PIA = 2450/37000 = 0.066 or 6.6% 
Pond B = PIB = 11859/37000 = 0.321 or 32.1% 
Pond C = PIC = 851/37000 = 0.023 or 2.3% 
 
All Phase I fingerlings were mixed after sampling, graded, and trained to consume pelleted 
feed while also attempting to equalize HSB sizes to reduce potential cannibalism.  All 
progeny were then mixed together prior to stocking for growout to Phase II. 
  
Approximate total number of fingerlings recovered from each pond subtracted from 
the number of fingerlings randomly sampled for genetic analysis (sampled fingerlings 
were frozen whole). 
Pond A = PIA = 2450 – 175 = 2275 
Pond B = PIB = 11859 – 200 = 11659 
Pond C = PIC = 851 – 200 = 651 
Approximate total number of fingerlings = 14585 
 
Fingerling samples collected were genotyped.  The counts of progeny from each 
parental group (domestic or wild) and progeny from each sire group were multiplied by 
an estimate or factor based on the contribution of each pond to the whole. 
Pond A = PIA = 2275/14585 = 0.1560 
Pond B = PIB = 11659/14585 = 0.7994 
Pond C = PIC = 651/14585 = 0.0446 
 
Estimated progeny contribution from each sire to the total progeny stocked for Phase II 
growout (e.g., in PIA there were 4 progeny from Sire D100B, so 4 X 0.1560 = 0.624). 
Estimated progeny contribution from each group was calculated by adding 
domesticated (D) and wild sires (W) (not shown). 
Sire PIA PIB PIC Total (PIEST) 
D100B 0.624 7.594 0.045 8.263 
D5C5D 0 0.799 0 0.799 
D7A22 0.156 6.795 0.045 6.996 
W2130 9.360 48.763 1.829 59.952 
W3B62 17.004 91.931 6.735 115.670 
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CHAPTER 3  

Assessing genetic contributions to performance of communally reared families of 

reciprocal hybrid striped bass 
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Abstract 

 Increasing production costs limit expansion of the hybrid striped bass (HSB) farming 

industry in the United States.  Accordingly, a national HSB breeding program has been 

established to improve production efficiency.  This study, which was part of that program, 

explored family-based variation in hybrid striped bass performance in order to assess 

potential genetic contributions to important production traits.  Even-aged reciprocal HSB 

progeny (white bass female, Morone chrysops X striped bass male, M. saxatilis) of 

domesticated and wild parents were produced using a nested mating design with multiple 

dams (n = 33) crossed with individual sires (n = 5).  Larvae from these crosses were pooled 

for communal rearing in commercial ponds and research ponds and later identified using a 

multiplex of seven microsatellite DNA markers.  Sampling of these progeny occurred at the 

end of the three major HSB production phases – Phase I at ≥ 35 days post hatch, Phase II at 

~1 year of age, and Phase III at ~1.5 years of age (market size).  Differential mortality at the 

onset of the study resulted in large numerical variations in family sizes which decreased 

statistical power in some comparison tests.  However, trends in ranked means of paternal half 

sibling progeny (n = 5 families) indicated that progeny from domesticated crosses performed 

as well as and sometimes better than progeny from wild crosses and that progeny from 

domesticated crosses may be more uniform with regards to length and weight.  Variation 

existed in both the viscerosomatic and gonadosomatic indices, but this variation was not 

patternable.  A family component to external abnormalities was not visible, but the 

occurrence of abnormalities was increased in the smaller research ponds when compared to 

the commercial pond (12.26 and 14.64% vs. 2.41%).  Reproductive abnormalities did not 

appear to be affected by pond.  With regards to gender, females grew significantly faster than 
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males during Phase III (P ≤ 0.0002).  Further analysis was made on the six full sibling 

families with the greatest numbers of progeny (3 females each crossed to a different male).  

Progeny from these families differed significantly in both mean length and weight (P < 

0.0001) and progeny from the three top performing full sibling families were typically from 

the same sire in the three sampled ponds.  This would indicate that there is a significant 

additive effect of both dams and sires on the growth performance of HSB progeny. Crosses 

involving the sire with the smallest, on average, progeny exhibited lower initial fertilization 

or larval survival as well as lower gill antimicrobial activity (surrogate for innate disease 

resistance).  Significant variation in total length and weight arose between the ponds (P < 

0.0001) when considering progeny from six full sibling families and there was a significant 

interaction between progeny of these families and ponds (P < 0.0001).  This indicates strong 

environmental effects between ponds that contributed to variable performance with regards 

to growth of progeny from the full sibling families.  Significant differences in the interaction 

effects were not present between progeny from these full sibling families and gender or 

gender and ponds when considering length and weight (P ≥ 0.6599 and P ≥ 0.1359, 

respectively) or the interaction effect of families, ponds, and gender for total length (P = 

0.1375) and barely significantly different for the same three-way interaction for weight (P = 

0.0430).  However, females did grow significantly faster than males in this study (P ≤ 

0.0002).  These initial results suggest that domesticated broodstock have maintained their 

value for commercial production of HSB and significant family variation (both half sibling 

and full sibling) is present and might be amenable to selective improvement. 
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Introduction 

 Initial growth of the hybrid striped bass (HSB) farming industry was rapid.  From 

1987 to 2000, production grew approximately 277%.  However, that growth has now become 

somewhat static with only a 2.3% increase between 2000 and 2004 (Carlberg & VanOlst 

2005).  This relative stasis in recent growth is due mostly to high production costs that result 

in high market prices and prevent HSB from penetrating traditional retail seafood markets.  

Presently, HSB are sold whole on ice (~80% of total) or live, to restaurant or Asian ethnic 

markets, respectively, where a premium product can command high prices (Carlberg & Van 

Olst 2005).  The capacity of these niche markets to absorb HSB is limited, leading to a strong 

negative correlation between sales price and product volume and to relatively static HSB 

price and production levels. 

Increases in input costs of production also have impaired profitability and hampered 

industry growth.  Static pricing coupled with high capital risks result in relatively low or 

marginal returns on investment within the HSB industry (Carlberg & Van Olst 2005) and 

necessitate immediate innovation.  Industry leaders believe that new technologies, including 

selective breeding, may enable growers to lower the cost of production towards a more 

competitive price point.  Knibb (2000) found that a marginal aquaculture company 

(approximately 5% profit on costs) that achieves modest genetic gains of approximately 10% 

on important production traits could double its profits.  At this time, many of the HSB 

producers are making under 5% profit on cost and, therefore, a selective breeding program 

aimed at reducing production costs could represent one effective means to promote industry 

expansion (J.M. Carlberg personal communication, see Chapter 1).   
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Genetic gains of this magnitude have already been achieved for other fish species 

through directed or passive selective breeding programs.  The largest, most notable, and 

longest continuously running directed breeding programs are those for Atlantic salmon 

(Salmo salar) and rainbow trout (Oncorhynchus mykiss) in Norway.  These programs began 

in 1971, and while the first couple generations of selection were for growth rate, other traits 

such as age at sexual maturation, disease resistance, and meat quality were later targeted for 

improvement (Gjedrem 2000).  For Atlantic salmon, gains such as 11% per generation for 

growth rate and 22% per generation for reduced frequency of early maturation have been 

realized.  By the fourth generation of selection, these selectively bred individuals grew 77% 

faster than a group of wild Atlantic salmon and displayed significantly better feed conversion 

ratios (Gjedrem 2000).   

Today, potentially due in part to the overall success of the Norwegian experience, 

other directed selective breeding programs are being initiated throughout the world for 

various fish and shellfish species.  In channel catfish, three generations of mass selection of 

two different strains resulted in 29% and 21% increases in body weight (Rezk et al. 2003).  

Other studies have also shown 12-20% improvements in body weight over 1 to 2 generations 

of mass selection in channel catfish (see Dunham & Liu 2003).  Domestication (passive 

selection) alone has resulted in an increased growth rate of 3-6% per generation for channel 

catfish with the oldest (90 years) domesticated strain having the fastest growth rate of all 

strains (Dunham & Liu 2003).  For Nile tilapia (Oreochromis niloticus), a mean increase in 

body weight of 12.4% was expected per generation (Bolivar & Newkirk 2002).   

Woods (2001) reported an increase in growth (not quantified) of three F2 generation 

domestic Maryland striped bass families when compared with F1 generation striped bass 
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from five other geographic locations.  Additional studies also have identified significant 

phenotypic variation in growth between striped bass from different geographic origins or 

between distinct stocks (Brown et al. 1998; Jacobs et al. 1999; Woods et al. 1999; see 

Chapter 1).  No study has directly evaluated variation in performance of different geographic 

stocks or strains of white bass, but one study found differences in performance characteristics 

of HSB produced using female white bass from different geographic locales (Kohler et al. 

2001). 

It appears that genetic variation is present and can potentially be exploited to improve 

both HSB parental species (i.e., striped bass and white bass), but it is still unknown exactly 

how this variation might translate into improvement of HSB (progeny).  Therefore, the goal 

of this study was to determine whether passively selected broodstock have maintained or 

improved in value with regards to commercial HSB production and to assess the degree to 

which important production traits have a genetic basis that is potentially amenable to 

selective improvement.   

 

Materials and Methods 

Experimental Crosses and Sampling 

The F4 generation domesticated Lake Erie X Mississippi River stock white bass 

females (dams) were two years of age with an average weight of 383 g (n = 25; 23 used in 

this study).  Wild white bass females supplied by Carolina Fisheries, Aurora, NC, had been 

caught in Lake Erie, and weighed between 680 and 907 g (n = 12; 10 used in this study).  

Striped bass males (sires) either domesticated F2.5 generation (F1 generation, 1991 year class 

Santee Cooper Reservoir stock X F2 generation, 1989 year class Chesapeake Bay stock; n = 

  135



4; 3 used in this study) or wild captive striped bass of Atlantic origin (captured as adults from 

South Creek in Aurora, NC in 1997; n = 6; 2 used in this study).  All spawning took place at 

the North Carolina State University Pamlico Aquaculture Field Laboratory (PAFL) in 

Aurora.  On 15 April 2001, striped bass sires (body weight range 10.8-14.7 kg) were 

implanted with ~18 µg/kg of a pelleted synthetic analogue of gonadotropin-releasing 

hormone (GnRHa; Hodson et al. 2000) and held indoors until 18 April when they were again 

implanted with GnRHa pellets (~15 µg/kg GnRHa) to sustain spermiation until spawning 

trials.  White bass females were injected with ~500 I.U./kg human chorionic gonadotropin 

(hCG) on 20 May 2001 to induce final maturation and ovulation. 

On 21 May 2001, female white bass were subjected to ovarian biopsy and their 

ovarian follicles were assessed for readiness to ovulate.  Eggs and larvae from single parental 

pairs could not be incubated separately due to constraints on hatchery space.  Therefore, 

gametes from 1-4 female white bass were manually stripped into a Teflon-coated pan and 3 

ml of milt from a male striped bass was added for fertilization.  After addition of water, 

mixing was performed for ~3 min before eggs from each pan were placed in a single 

McDonald hatching jar.  Tannic acid (0.7 g) was added to each jar to eliminate egg adhesion 

and eggs were agitated with air from an airstone for ~7 min.  All batches of eggs were 

fertilized over a period of approximately 4 hours 15 min.  Blood samples were collected from 

the female white bass broodstock and cross combinations were recorded (blood samples from 

the male broodstock had been previously collected).  Of the available broodstock, eggs/larvae 

from 33 female white bass and milt from five male striped bass were used in this study 

(Table 3.1).  Eggs were incubated in standard McDonald jars placed next to 87.5 L aquaria.  
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Multiple McDonald jars were placed next to individual aquaria, such that larvae from 1-2 

males and from 1-7 females were permitted to hatch together into the same aquarium.     

Phase 0 progeny (larvae) samples were collected from each aquarium and preserved 

at 2 days post hatch (dph) for genetic analysis to evaluate contribution by dam.  Numbers of 

larvae in each aquarium were estimated volumetrically by taking a series of random samples 

of known volume from the aquarium, counting the larvae therein, and extrapolating this 

average count to total aquarium volume (Table 3.1).  Larvae from all aquaria were pooled 

resulting in an estimated ratio of approximately 48% larvae from domesticated broodstock 

and 52% larvae from wild broodstock.  A sample of pooled larvae were collected and 

preserved prior to stocking of the larvae into a 1.2 ha commercial pond at Carolina Fisheries 

and three 0.1 ha research ponds at the PAFL.  The commercial larval sample was collected at 

3 dph, while the research pond sample was collected at 4 dph.  Stocking of the hybrid striped 

bass progeny in the commercial (~721,500 larvae) pond occurred at ~5 am, while stocking of 

the research (~37,000 larvae per pond) ponds occurred ~18 hours later.     

At 35 to 38 dph, Phase I fingerlings were recovered from the research ponds at PAFL 

by seining and the number of fingerlings retrieved from each pond was recorded.  Random 

samples of HSB from each of the three ponds were collected, total length (mm) and weight 

(g) was recorded, and the whole fish were frozen for genetic analysis.  Hybrid striped bass 

samples were collected from the 1.2 ha commercial pond at Carolina Fisheries in the same 

manner at 52 dph.  A portion of the HSB at Carolina Fisheries were left ungraded for 

growout to Phase II (n ~ 45,000).  Hybrid striped bass recovered from the three PAFL 

research ponds were mixed, graded, and then subjected to a feeding program designed to 

create uniformity of size across grades in holding tanks over a ~7 week period.  Relatively 
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uniform HSB were then randomly separated into two groups of 2,729 and one of 2,728 and 

stocked into three separate 0.1 ha ponds at PAFL for growout to Phase II.   

Phase II HSB were recovered from the ponds from April to May 2002 (~1 year of 

age).  These fish were weighed (g) and measured (mm, total length), evaluated for any gross 

abnormalities, and fin clipped for genotyping (preserved in 70% ethanol).  After sampling the 

commercial pond, approximately 25,000 HSB were stocked into each of two replicate ponds 

(12,000 in one and 13,000 in the other) and approximately 15,000 fingerlings were returned 

to the original pond at Carolina Fisheries.  At PAFL, ponds were individually seined and 

randomly sampled (i.e., HSB from one pond were not mixed with HSB from another pond).  

After sampling, each of three ponds was restocked with approximately 1,000 HSB.  Monthly 

sampling was conducted at PAFL to adjust the feeding schedule throughout Phase III 

(growout). 

During November and December 2002, HSB were sampled at Phase III when many 

HSB are at market size (~1.5 years of age).  At Carolina Fisheries, HSB were sampled from a 

commercial pond containing approximately 12,000 individuals taken from the original pond 

and left ungraded.  One entire pond at PAFL had been lost to a bloom of Gyrodinium 

galatheanum earlier that year.  All remaining HSB in the other two research ponds at PAFL 

were sampled.   

A portion of HSB from each pond was intensively sampled (resulting in death).  Data 

on variables that were collected for each fish were as follows:  total length (mm); weight (g); 

external abnormalities in eyes, head, body, gills and pseuodobranch; reproductive 

abnormalities (e.g., asymmetrical testes or ovaries); visceral weight (g); gonad weight (g); 

gender; and fin clip (for determination of genotype and assignment of parentage).  The 
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remaining HSB were non-invasively sampled and released for later sale.  Data on variables 

that were collected non-invasively were as follows:  total length (mm); weight (g); external 

abnormalities as above; and fin clip.  Additionally, a limited number of gill samples were 

collected from HSB from each research pond to assess antimicrobial activity as a potential 

surrogate for innate disease resistance.   

Molecular Laboratory Techniques 

 Total genomic DNA was isolated from tissue samples using the PUREGENE® DNA 

Isolation Kit (Gentra Systems Inc., Minneapolis, Minnesota) according to the manufacturer’s 

directions with omission of the RNase A step.  PCR amplifications of isolated progeny DNA 

samples using seven microsatellite DNA markers (Table 3.2) were performed in 10 µl 

reactions in 96-well PCR plates containing 1.0 µl of diluted template DNA, 1X reaction 

buffer (QIAGEN Inc., Valencia, California), 200 µM dNTP, 0.3-0.525 µM forward primers 

(Integrated DNA Technologies, Coralville, Iowa), 0.32-0.542 µM fluorescently labeled 

reverse primers (Applied Biosystems, Foster City, California or Integrated DNA 

Technologies), and 0.41 U HotStar Taq DNA polymerase (QIAGEN Inc.). Each 96-well 

plate had both a positive control (broodstock DNA sample) and a negative control (deionized 

water).  Differences in annealing temperatures between the seven markers required that two 

PCR reactions be run for each DNA sample (Table 3.2).  PCR cycling parameters consisted 

of an initial denaturation of 15 minutes at 95ºC, followed by 30 cycles of 30 sec at 94 ºC, 40 

sec at 49 ºC (reaction 1) or 56 ºC (reaction 2), and 50 sec at 72 ºC with a final elongation step 

for 6 min at 72 ºC.  PCR reactions were combined (approximately 60% from reaction 1 and 

40% from reaction 2) prior to purification by gel filtration with a Performa DTR 96-Well 

Short Plate (Edge Biosystems, Gaithersburg, Maryland).  Approximately 0.48 µl of each gel 
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purified PCR product was added to a mixture of 0.5 µl internal fluorescent size standard 

(GeneScan™ -500 LIZ size standard, Applied Biosystems) and 9.0 µl Hi-Di Formamide 

(Applied Biosystems).  The mixture was next heat denatured at 95 ºC for 5 min, then placed 

on ice prior to running on an ABI Prism® 3700 (Applied Biosystems) automated DNA 

sequencer by staff at the NCSU Genome Research Laboratory on the Centennial Campus.  

Data files were acquired and analyzed using Genemapper version 3.0 (Applied Biosystems) 

software, visually reviewed, exported into Microsoft® Office Excel 2003 (hereafter Excel), 

and again visually reviewed prior to progeny assignment using PROBMAX vers. 2 

(Danzmann 1997). 

Antimicrobial Activity 

Sampling of gill tissue for evaluation of antimicrobial activity was completed within 

approximately two hours from the first point at which the HSB were first subjected to stress 

associated with capture (pond seining).  After seining, progeny were immediately placed into 

oxygenated ice water and transported to the hatchery.  Fish were individually taken out of the 

ice water and a piece of lamella was removed from the gill arch and given to a designated 

tissue sampler (same individual for both ponds to ensure continuity between measurements).  

The HSB were then marked with Floy® T-Bar Anchor tags (Floy Tag Inc., Seattle, 

Washington) and moved to another cooler containing aerated ice water and held for 

additional tissue sampling.  Approximately 50 µg of gill tissue was added to 150 µl of 1% 

glacial acetic acid in a 1.5 ml Eppendorf centrifuge tube with three perforations in the cap 

(made with a 22 gauge hypodermic needle).  The tubes were immediately placed into boiling 

water for 5 min to inactivate proteases.  Immediately after boiling, the sample tubes were 

cooled briefly on ice, wrapped in parafilm, placed in a plastic bag, and then held on dry ice 
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for transport to the laboratory and subsequent storage at -80 °C until analysis of antimicrobial 

activity.  To prepare the gill tissue for analysis, groups of 10 Eppendorf tubes were randomly 

removed from the plastic bag and thawed on ice.  Samples were manually homogenized on 

ice using a microtube pestle (4 minutes per tube) and the tubes were then centrifuged at 

13,000 x g for 10 minutes at 4 °C.  The supernatant was pipetted into a labeled 0.5 ml tube 

and then held at -80 °C for subsequent analysis.  This protocol generally follows Nonspecific 

Immunity Experiment #DR98-1.1 (E. J. Noga, personal communication).   

Antimicrobial activity of the supernatants (gill extract) was assessed using a single 

radial diffusion assay.  In this assay, 3 µl of the gill extract was pipetted into a well on an 

agarose plate containing a suspension of Escherichia coli D31 and incubated overnight at 37 

°C.  Each extract was run in duplicate (Fig. 3.1).  The diameter of the clearing zone reduced 

by each of the gill extracts was measured to the nearest 0.1 mm using electronic digital 

calipers.  If the zone of clearing was slightly irregular, 2-3 measurements of the diameter 

were recorded for each gill extract sample and the average measurement was recorded.  If the 

duplicate gill extract samples from each progeny varied by more than ~0.5 mm in zone of 

clearing diameter, then that sample was rerun in the assay.  Each plate was run with a serial 

dilution of calf histone H2B [Boehringer Manheim cat.#223514 diluted 0X, 2X, 4X, 8X, 

16X, and 32X in 0.01% glacial acetic acid with a negative control sample of 0.01% glacial 

acetic acid (Fig. 3.1)].  A standard curve was created by plotting the log of the measured 

diameters against the log scale of Units of calf histone (0X dilution = 100 U; 2Xdiluition= 50 

U, etc.).  Antimicrobial activity units were then calculated for each HSB sample by 

subtracting the log diameter measurement (mm) from the y-intercept, dividing by the slope, 

and multiplying to the power 10.  If HSB gill extract samples were re-run, then antimicrobial 

  141



average units were calculated.  Details for this assay protocol are given in Nonspecific 

Immunity Experiment #91-2002B (E. J. Noga, personal communication) and Robinette et al. 

(1998). 

Statistical Analyses 

Any progeny that could not be assigned to a single paternal half sibling family or to a 

single cross (single full sibling family) were excluded further from analyses of performance.  

Stacked column bar graphs, indicating the number of domesticated or wild progeny 

genotyped from each full sibling family (n = 33 crosses) at production Phases 0-III, were 

created to depict general survival using Excel.  Progeny from commercial and research ponds 

were separated into paternal half sibling families and ranked by means for total length (mm) 

and weight (g) for production Phases I, II, and III.  Included with the total length (mm) and 

weight (g) for each paternal half sibling family were the associated family size, standard 

error of the mean, minimum and maximum values, range, and coefficient of variation.  These 

calculations were made using the Analyst function in SAS version 9.1.3 (SAS, Inc.; later 

referred to as SAS).  The presence of external or reproductive abnormalities (recorded as 1 

for presence and 0 for absence) was summed for progeny from each paternal half sibling 

family using Analyst in SAS for one commercial and two research ponds (Phase III).  These 

sums were then divided by the total number of progeny within each paternal half sibling 

family to better compare the variation in prevalence of abnormalities between families. 

A general linearized model (GLM) was used to analyze variance in total length (mm) 

and weight (g) between progeny from paternal half sibling families in Phase I-III samples 

and variance was analyzed for VSI (viscerosomatic index; weight of viscera/total body 

weight) and GSI (gonadosomatic index; weight of gonad/total body weight) of HSB in Phase 
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III samples.  Least-square adjusted means for main effects were computed for total length 

(mm), weight (g), VSI, and GSI between progeny from the paternal half sibling families, as 

well as the probabilities for pairwise comparisons of each family using a Tukey-Kramer 

adjustment to allow for multiple t-test comparisons (Kramer 1956; Appendix 3.A.).  The 

statistical significance of differences seen in pairwise comparisons for each production Phase 

or pond was noted on bar graphs visually depicting the means and standard errors for each 

paternal half sibling family (Excel).   

Interaction effects between sires and dams could not be extrapolated from the 

progeny since no sire was crossed to more than one dam.  Also, the numbers of full sibling 

families (n = 33) and the variability in family sizes prevented complete analysis.  Therefore, 

the six full sibling families with the most progeny from each of the Phase III ponds (1 

commercial, 2 research) were analyzed separately using GLM and multiple comparison tests 

with total length (mm) and weight (g) as above (SAS).  To visually depict variations in total 

length (mm) and weight (g) of progeny from these six full sibling families, bar graphs of the 

means and standard errors were created, with letters denoting statistical significance (SAS 

Analyst, Excel).  Progeny from the six full sibling families were used to run a two-way GLM 

to analyze variance by family (dams) and ponds (Appendix 3.B.).  A three-way analysis of 

variance was calculated to elucidate differences between progeny from the full sibling 

families (dams), ponds, and gender (Appendix 3.C).  This analysis was followed by a one-

way analysis of variance to test for significance of differences between HSB in the three 

ponds with regard to GSI and VSI.  Lastly, previously calculated gill antimicrobial activity 

units were averaged within progeny from the six full sibling families for the two research 

ponds sampled and standard errors were calculated to create bar graphs (SAS Analyst, 
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Excel).  This was followed by calculations of the significance of differences in gill 

antimicrobial activity of progeny from the six full sibling families (GLM in SAS).   

To assess whether significant variations based on gender were present, the three 

ponds (1 commercial, 2 research) were tested separately by performing t-tests on total length 

(mm), weight (g), VSI, and GSI of males versus females using SAS and Satterthwaite’s 

method (Appendix 1.D).  Means were also calculated for the genders using SAS Analyst. 

   

Results 

The original estimated percentage of domesticated and wild progeny was roughly 

equal by both numerical estimations based on volumetric counts (48:52, respectively) and 

one genotypic sample collected prior to stocking the commercial pond (51:49, respectively, 

data not shown; see Chapter 2).  After 35-52 dph (by the end of Phase I), the percentage of 

domesticated progeny in the total sample decreased to a minimum of 1.0% and a maximum 

of 25.3% (Table 3.3).  This numerical decrease in the representation of domesticated progeny 

created a large discrepancy between domesticated and wild progeny numbers and resulted in 

increased numerical differences between full sibling families (Fig. 3.2 and 3.3).  Also, with 

the microsatellite markers used, up to a maximum of 12.4% of the progeny could not be 

assigned to a single cross or single full sibling family (Table 3.3).  This was a result of 

overlapping alleles from a portion of the dams of both domesticated and wild origin.  The 

number of progeny that could not be assigned to a single paternal half sibling family 

decreased to a maximum of only 1.7% (Table 3.3).   

Progeny from paternal half sibling families were ranked by means for each Phase (I-

III) in both commercial and research ponds (Tables 3.4 and 3.5).  In the commercial pond, 
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the two paternal half sibling families with the largest mean lengths and weights were the 

same for Phases I, II, and III and all analyses of variance between progeny of paternal half 

sibling families for all Phases were highly significant (n = 5 families, P < 0.0001).  In 

pairwise comparisons of Phases I and II, progeny from wild sire 3B62 were significantly 

larger than progeny from the other paternal half sibling groups except domesticated group 

5C5D (Phase I – P ≤ 0.0436 for weight and P ≤ 0.0129 for total length, Phase II – P ≤ 0.0363 

for weight and P < 0.0001 for total length; Fig. 3.4 and 3.5).  In Phase III the largest progeny 

from both the commercial and research ponds in any paternal half sibling family were those 

from domesticated sire 5C5D.  However, progeny from domesticated sire 5C5D were not 

significantly larger than those from wild sire 3B62 in Phase III nor did these two families 

differ significantly in Phases I and II.  Families D5C5D and W3B62 did, however, have 

progeny with an average growth significantly greater than progeny from wild sire 2130 

(Table 3.4, Fig. 3.4-6). 

By viewing the ranking of the means for HSB in the commercial pond, one can see a 

trend where the best performing families on average in Phase I and Phase II also were the 

best performing families in Phase III with regards to growth.  However, this same trend was 

not clear in the research ponds (Table 3.5).  The paternal half sibling family that performed 

the worst in the Phase I commercial pond (W2130), actually performed the best, second best, 

and third best in the three Phase I research ponds (Table 3.5), however, this variation in 

paternal half sibling family means did not translate into significant variation in pairwise 

comparisons.  Also, in the Phase I research pond samples, the total number of progeny 

sampled and genotyped was comparatively small.  Therefore, the total numbers of 

domesticated progeny were also small (N = 2, 5, or 18) with two of the three ponds missing 
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progeny representation from an entire half sibling family (Table 3.5).  By Phase II (research 

pond sample), progeny from sires W3B62 and D7A22 were significantly larger than progeny 

from sire W2130 and, when the sample sizes were at their largest at Phase III, the paternal 

half sibling family W2130 was again the worst performing family on average (Table 3.5, Fig. 

3.7).  Based purely on performance with regards to total length (mm) and weight (g), the 

domesticated paternal half sibling progeny often times performed as well as or better than 

wild paternal half sibling progeny.  Furthermore, there appears to be a trend where 

domesticated progeny have lower variation in length and weight as seen by the range in 

values (Tables 3.4 and 3.5).  This trend is often times still present in the coefficient of 

variation for domesticated paternal half sibling families (Tables 3.4 and 3.5) which would 

further indicate that a trend was not just the result of lower numbers of domesticated 

progeny.  

Progeny from Phase III were not only analyzed for length and weight, but also for 

VSI, GSI, and external morphological or reproductive abnormalities.  While the presence of 

external abnormalities was recorded for the entire sample of progeny (Table 3.3), the VSI, 

GSI, and reproductive abnormalities were recorded for a lower number of progeny (n = 477 

from the commercial pond, 395 from research pond A, and 412 from research pond C).  

Nevertheless, when considering the three ponds sampled at Phase III, progeny from the 

commercial pond showed significant differences with regards to both VSI and GSI (P = 

0.0034 and P < 0.0001, respectively).  In pairwise comparisons, VSI was significantly higher 

for progeny from paternal half sib families D5C5D, W2130, and D100B.  In the commercial 

pond, GSI was significantly higher for progeny from paternal half sib families W3B62 and 

D5C5D than in progeny from paternal half sibling family D7A22, but progeny from paternal 
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half sibling family D5C5D were similar to those from W2130 and D100B in this regard.  In 

the research pond, significant variation in GSI between progeny from paternal half sibling 

families was only detected in pond C; in this pond progeny from paternal half sibling D5C5D 

had significantly higher GSI values than progeny in the other four paternal half sibling 

families (P ≤ 0.0079), but the biological significance of this finding is questionable as values 

for paternal half sibling family D5C5D were derived from a sample size of only two progeny.  

As the results of VSI and GSI analyses were, on balance, equivocal, a conclusion could not 

be drawn as to whether or not domesticated progeny differ in some way from wild progeny in 

this regard.  Difficulty also arose in making any meaningful conclusions regarding family 

based differences or differences between domesticated and wild HSB with regards to the 

prevalence of external or reproductive abnormalities, but there was definitely variation in the 

prevalence of external abnormalities between ponds.  In the commercial pond, only 2.41% of 

all progeny had a recorded external abnormality, while 12.26% and 14.64% of all progeny 

had a recorded external abnormality in the two research ponds.  Also, HSB with any 

abnormality in the research ponds were more likely to have multiple abnormalities.  

However, the incidence of reproductive abnormalities did not appear to be influenced by 

rearing pond (6.49% in the commercial pond, 5.10% in research pond A, and 7.34% in 

research pond C).   

The largest six wild full sibling families, three each from two sires (dams 15-17 for 

sire 3B62; dams 18, 19, and 31 for sire 2130), were analyzed separately for the three Phase 

III samples (1 commercial pond, 2 research ponds).  Analyses of variance (GLM) for total 

length (mm) and weight (g) revealed significant differences between full sibling families in 

each pond (n = 6 families, P < 0.0001).  Also, the majority of the pairwise comparisons of 

  147



progeny from the six full sibling families revealed significant differences in each of the three 

ponds (Table 3.6, Fig. 3.8).  Wild dam 15 had progeny that were significantly heavier and 

longer than progeny from the other five full sibling families in every comparison between the 

three ponds (except one with dam 16; Table 3.6).  Dam 16 produced the second largest 

progeny that were generally significantly larger than progeny from the remaining four full 

sibling families.  In two ponds (commercial pond and research pond A), progeny from dam 

17 were the third largest on average and generally significantly larger than progeny from the 

remaining three full sibling families.  In Research pond C, progeny from dam 18 were on 

average larger than progeny from dam 17, but this difference was not statistical.  Overall, the 

fastest growing progeny were typically those from dams 15-17, each of which was crossed 

with wild sire 3B62.  The worst performing progeny with regards to growth were typically 

those from dams 18, 19, and 31, which were all crossed with wild sire 2130. 

A two-way analysis of variance of progeny from full sibling families (dam) and 

ponds (n = 2116) revealed that there were significant differences for both the main effects 

(dam, pond; P<0.0001) and a significant difference in the interaction effect between the full 

sibling families (dam) and ponds (P < 0.0001) when considering total length and weight.  A 

three-way GLM of progeny from full sibling families (dam), ponds, and gender for total 

length and weight (n = 970) revealed that there were significant differences for each of the 

main effects (P < 0.0001).  This, again, translated into a significant difference in the 

interaction effect between full sibling families (dams) and ponds for total length and weight 

(P ≤ 0.0002).  There were no significant differences in the interaction effects between full 

sibling families (dams) and gender or ponds and gender for length and weight (P ≥ 0.6599 

and P ≥ 0.1359, respectively).  The three-way interaction effect of full sibling families 
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(dams), ponds, and gender was not significantly different when considering total length (P = 

0.1375) and barely significantly different for weight (P = 0.0430).  In a one-way analysis of 

variance (GLM) between the ponds (not related to families), the GSI was significantly 

greater in fish from the two research ponds when compared to fish from the commercial pond 

(P < 0.0001), but VSI did not significantly differ between ponds (P = 0.0682).   

The number of progeny that could be sampled for antimicrobial peptide activity was 

approximately 60 for each of the two research ponds.  This number was much lower than the 

sample numbers for growth, GSI, and VSI discussed above, resulting in all of the analysis 

problems previously discussed.  Therefore, values for progeny sampled from the six wild full 

sibling families were extracted from the full data set for analysis (n = 45 in pond A and 47 in 

pond C), but the analysis of variance (GLM) revealed no significant differences (P = 0.1064 

and 0.4341).  However, by viewing bar graphs of means with standard errors, it is apparent 

that appreciable variation did exist between full sibling families (Fig. 3.9). 

When considering gender only (exclusive of family), there was a significant 

difference between genders based on performance.  Female HSB progeny were significantly 

larger (length and weight) than males (P ≤ 0.0002 in the commercial and both research 

ponds).  By comparing the means between genders and ponds, females were 0.5 to 0.7% 

longer and approximately 2% heavier than the males.  In all three ponds, females had 

significantly higher VSI values (P < 0.0001), while males had significantly higher GSI 

values (P ≤ 0.0002).  The numbers of females and males from each pond were roughly 

equivalent – n = 248 and 229 from the commercial pond, 206 and 192 from the research pond 

A, and 200 and 211 from research pond C.  
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Discussion 

 Most of the quantitative analyses undertaken in this study were conducted using data 

for progeny from paternal half sibling families (n = 5), rather than by analysis of data from 

the full sibling families (n = 33).  This approach was necessary, in part, due to the decreased 

total number of domesticated progeny surviving at the end of Phase I (see Chapter 2).  This 

decrease in the number of domesticated progeny was most apparent in the numerically small 

samples of genotyped progeny (Phase I all ponds, Phase II research pond only), where 

domesticated progeny totaled two, five, 12, 18, and 47 (Tables 3.3-5).  In fact, in the ponds 

with two or five domesticated progeny samples, only two of 23 and three of 23 full sibling 

families were represented and progeny from an entire paternal half sibling family was 

missing.  Also, the zero contribution from paternal half sibling family D5C5D resulted not 

only in the loss of representation from four full sibling families (or four dams) out of 33 total 

(Table 3.1), but also the loss of data from the top performing family for the Phase III 

samples.  No single genotyped sample had progeny from all 33 full sibling families 

representing the 33 crosses that had been made (Fig. 3.1 and 3.2).  This variability in full 

sibling family sizes and the low percentage of domesticated progeny precluded meaningful 

discussion of the statistical significance of differences in progeny performance between full 

sibling families and forced the emphasis on and discussion of differences in progeny 

performance between paternal half sibling families in this study.  Potential causes for the 

extensive variation on family sizes are discussed in Chapter 2.  Preventing such large 

numerical variations in family sizes is very important because fish can produce very large 

numbers of offspring which can result in differential recruitment and high rates of inbreeding 

then become plausible (Bentsen & Olesen 2002).  Approaches exist to estimate relatedness in 
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order to limit losses of genetic diversity (e.g., Doyle et al. 2001), but the loss of entire 

families within the first few days of a selective breeding experiment could hinder the 

advancement of an entire program and methods to prevent such variability (e.g., initial 

separate rearing schemes) should be researched further. 

 In the commercial pond samples, the two paternal half sibling families with the 

largest (mean length and weight) progeny were the product of both wild and domesticated 

crosses (Table 3.4; Fig. 3.4-6), but this was not the case for the research pond samples in 

which representation (survival) of domesticated crosses was so reduced that meaningful 

comparisons could not be made (Table 3.5).   In Phase III samples from the commercial 

pond, the paternal half sibling family with the largest progeny also was the family with the 

largest progeny in the two research ponds (Fig. 3.6 and 3.7).  This paternal half sibling family 

was domesticated.  While progeny in this domesticated paternal half sibling family (D5C5D) 

were not significantly larger than those in wild paternal half sibling family 3B62, one might 

speculate that the domesticated progeny group could have surpassed the wild one, had the 

progeny groups been equal in number.  Trends in ranked means indicated that progeny from 

the domesticated crosses performed as well as and sometimes better than progeny produced 

from wild crosses.  Also, progeny from domesticated paternal half sibling families often had 

a decreased range and coefficient of variation of total lengths and weights when compared to 

their wild counterparts (Table 3.4 and 3.5).  This could represent a real characteristic of 

domesticated HSB that would be valuable in commercial culture, however, the results are not 

conclusive and warrant further research.  Uniformity of size can greatly benefit the HSB 

industry by lessening the expensive requirement of repeatedly size grading fish for efficient 
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feeding.  Uniform quality and appearance, along with reliable supply and a decrease in price 

are all potential benefits of genetic improvement programs (Knibb 2000). 

Progeny sampled at Phase III also were analyzed for variation in VSI, GSI, and 

morphological or reproductive abnormalities.  While significant variation was visible in the 

VSI and GSI analyses for the commercial pond and the GSI analysis for one research pond 

(pond C), this variation was not patternable and definitive conclusions cannot be made as to 

whether domesticated or wild progeny were better by having less viscera to body weight, 

which might translate into higher fillet yields or less gonad to body weight which might 

translate into progeny putting less energy into gonadal development and more energy into 

growth.  Reduced gonadal development might also result in delayed maturation.  This could 

be beneficial as females may spawn in production ponds in the spring, losing a significant 

percentage of their body weight (value), if they are reared through a second winter.  Davis & 

Ludwig (2004) reported that after releasing their eggs, females are still of a similar weight to 

males, but recently spawned females are not as desirable in the retail market due to their 

emaciated appearance.  Therefore, it may be important to selectively breed for delayed 

maturation even if HSB are not directly used in a selective breeding program (selection may 

occur on parental species).  

In this study, conclusions could not be drawn with regard to the significance or 

magnitude of a family based component with regards to the incidence of external or 

reproductive abnormalities.  However, the presence of external abnormalities increased with 

a decrease in the size of the ponds, being 2.41% in a 1.2 ha commercial pond and 12.26 to 

14.64% in the 0.1 ha research ponds.  As discussed in Chapter 2, small ponds are inherently 

more volatile with respect to parameters such as temperature, dissolved oxygen and nutrient 
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(prey) availability than larger ponds.  This observation is important to consider in the 

developing national selective breeding program for HSB, in which multiple small ponds are 

being used to allow for adequate replication at low cost (C.V. Sullivan, personal 

communication).  Multiple factors can interfere with the normal development of larvae, 

affecting their quality and ability to continue a normal development pattern through the 

juvenile and adult stages (see Cahu et al. 2003).  In red sea bream (Pagrus major) vertebral 

deformities can arise early on, even in fertilized eggs exposed to low dissolved oxygen in the 

rearing water (Hattori et al. 2004).  The high incidence of deformities found in hatchery-

reared cod (Gadus morhua) juveniles in Norway in 2003 was attributed partly to rearing 

conditions (water current, gas super-saturation, etc.), but also was thought to have an 

undefined nutritional component (Cahu et al. 2003; Rosenlund & Skretting 2006).  Further 

research should be conducted on the effect of small pond usage on progeny performance with 

regards to gross physical abnormalities as many of these abnormalities may be the result of 

initial environmental effects acting during early rearing to produce deleterious results that 

persist through later production phases.  In contrast to gross external abnormalities, 

reproductive abnormalities did not appear to be pond based (6.49%, 5.10%, and 7.34%) and 

they could not be attributed to paternal effects or status of domestication due to the 

aforementioned problems with sample sizes. 

 In the present study, it was not possible to completely partition variance as each dam 

was mated with only one sire, but through exploratory analyses it was apparent that progeny 

variation appeared to have an additive component based on both dam and sire.  This was 

most evident in the comparison between the six largest full sibling families sampled in Phase 

III.  In both the commercial (Fig. 3.2) and research (Fig. 3.3) ponds these were wild progeny 
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of dams crossed to two different sires (W3B62 and W2130).  Analyses of variance revealed 

that the HSB in these full sibling families differed significantly in both length and weight (P 

< 0.0001).  Through pairwise comparisons it became clear that full sibling families from the 

same sire differed significantly from each other, indicating an additive effect of dam on each 

cross.  However, full sibling families also differed significantly between sire groups, 

indicating an additive effect of sire on each cross (Table 3.6).  Additive effects from the sires 

were most apparent when comparing full sibling family means (Fig. 3.8).  Here, progeny 

from full sibling families that were consistently significantly larger than those from the other 

families (W15, W16, and sometimes W17) all emanated from a single sire (W3B62).  

Progeny from those full sibling families that performed the worst with respect to growth also 

all emanated from a single sire (W2130).  This was the same that associated with low initial 

egg fertilization or larval survival (see Chapter 2). 

Due to logistical and technical constraints, actual disease challenge tests of progeny 

could not be conducted in this study.  Therefore, antimicrobial activity was analyzed as a 

possible surrogate measure of innate disease resistance.  While mean antimicrobial activity 

units did not significantly vary between the six full sibling families, average antimicrobial 

activity was highest for progeny from full sibling families emanating from wild sire 3B62 

and lowest for progeny from full sibling families emanating from wild sire 2130 (Fig. 3.9).  

High performance with respect to growth, survivorship, and gill antimicrobial activity 

(disease resistance) appeared to be associated with specific full sibling or half sibling 

families and this potential linkage should be explored further in HSB.  A positive correlation 

has been shown to exist between disease resistance and growth rate, as well as between 

overall survival of fingerlings and increased growth rate, in salmonid fishes (Gjedrem 2000).  
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In a study with Atlantic halibut (Hippoglossus hippoglossus), fish surviving a disease 

challenge test were also those that had grown fastest in the proceeding growth trial and 

significant correlations existed between survival, body size, and growth (Imsland et al. 

2002). 

Herbinger et al. (1999) found that growth performance of families of Atlantic salmon 

(Salmo salar) in the single tank environment was poorly correlated with that observed for the 

same families of fish reared separately.  Variation in growth appeared to result from 

environmental differences among tanks rather than from genetic difference among families.  

Environmental effects between rearing units always are of concern and are the main reason 

for communal or “common garden” rearing of multiple families together in this and other 

experiments on fish breeding.  Significant main effects on fish length and weight existed for 

both the six numerically largest full sibling families and the three ponds in a two-way 

analysis of variance. A significant pond effect in this study indicates that there were strong 

albeit undefined environmental differences between ponds.  A significant interaction effect 

between full sibling families and ponds also was present, indicating that environmental 

differences between ponds also affected the rank order performance of different families of 

full sibling progeny, possibly via genotype-environment interactions (Fig. 3.8, Table 3.6).  

Such interactions need to be explored further as, in this study, it is unclear whether the full 

sibling family by pond interaction may have resulted from the usage of smaller ponds and the 

specific time(s) of sampling. 

The research ponds were sampled after the commercial pond at a time when the HSB 

progeny therein should have been of market size, but the progeny from the research ponds 

were somewhat smaller and less variable in size (Tables 3.4 and 3.5; Fig. 3.8).  If the 
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comparison of full sibling families had been made at a later date when progeny from research 

ponds were of a similar size to those of the commercial pond, then it is possible that results 

would have been different.  In addition, the differences in fish growth and variation in growth 

between the research ponds and commercial ponds could have been a result of the ~7 week 

feeding program commenced just after Phase I to equalize the size of fish before restocking 

and entry into Phase II rearing.  This equalization of fish size is typically done to decrease 

cannibalism and allow for efficient feeding, but this practice likely diminished differences 

between families and ponds in fish size and also diminished overall variance in fish size at 

the outset of Phase II.   The fish reared in the commercial pond were not subjected to any 

such feeding program.  While it may be more cost effective to conduct progeny testing in 

smaller ponds for a selective breeding program, variation in family ranking between research 

and commercial ponds may be disadvantageous to the HSB industry as progeny growout 

occurs in larger ponds.  Further research is warranted to better quantify these potential 

environmental effects on variation in family rank order with respect to growth. 

In this study, significant interactions between the six full sibling families and gender 

and between the three ponds sampled and gender were not detected with regards to length 

and weight.  There was a significant three-way interaction effect for weight (g) of the six full 

sibling families, ponds, and gender, but it was not strong (P = 0.0430).  Also, female HSB 

were significantly larger than male HSB in the three ponds sampled (0.5-0.7% total length, 

~2% weight).  Davis & Ludwig (2004) also found that market-sized females harvested from 

ponds were consistently heavier than males, but this difference in weight was not always 

statistically significant.  However, in commercial tanks at Kent SeaTech Corporation, 
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preliminary research revealed that female HSB are up to 36% larger than males at harvest 

(S.J. Mitchell personal communication; see Chapter 1).   

From the results of this and previous studies, it appears that female HSB do grow 

faster than male HSB and that the more rapid growth of females may not be affected by 

family or pond.  Therefore, it may be beneficial to conduct research on the production of all 

female populations of HSB as a means to improve HSB growth over the short term while a 

selective breeding program is being established.  Since it appears that variation between the 

sexes in growth rate might be greater in commercial tanks (e.g., Kent SeaTech Corporation) 

versus ponds (this study), additional research on gender effects on growth should be 

conducted in both environments.  Also, it needs to be established whether there is a 

behavioral or environmental component that may slow maturation (e.g., males mature at ~1.5 

years, while females mature at ~2 years in ponds).  Males sampled in this study had 

significantly higher GSI values than females and many appeared to be mature at 1.5 years of 

age (milt was easily expressible).  Maturation of these males may have cued the females to 

begin reproductive development, which could cause the untimely release of eggs prior to 

market for female HSB held until they are 2 years of age.  If males are not present in ponds, 

it is possible that female maturation would be delayed as any male-based cues for maturation 

would not be present. 

These initial results suggest that domesticated broodstock have maintained their value 

for commercial production of hybrid striped bass and may prove to produce better 

performing progeny, but further research must be conducted where progeny numbers from 

different families are not so highly variable.  These results also suggest that while there could 

be hybrid vigor or heterosis (dominance) when crossing white bass and striped bass to 

  157



produce hybrid striped bass, there does also appear to be an additive genetic effect.  Selective 

breeding for the HSB industry poses a potential interesting challenge, as decisions must be 

made as to whether to identify the best performing HSB families and then selectively breed 

the white bass and striped bass parents of those families (reciprocal recurrent selection; see 

Chapter 1), to selectively breed the two parent species separately (direct selection; see 

Chapter 1) in the hope that top-performing individuals or families will combine to produce 

superior HSB, or to backcross the best performing HSB to the top performing SB to 

eventually create a true-breeding HSB (introgressive hybridization; discussed in Chapter 1).  

Based on the results of this study, it is recommended that crosses be performed between the 

wild stocks of the purebred species and between the domesticated stocks of the purebred 

species (as done in this study), and also between wild stocks and domesticated stocks of the 

two species.  This method of crossing might shed additional light on the magnitude of 

additive genetic effects and on the positive or negative effects of domestication.  However, 

careful steps must be taken to conduct these experiments in a way that eliminates the 

disparate contributions of different full sibling and half sibling families and of domesticated 

versus wild parents seen in the present study (discussed in Chapter 2). 
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Table 3.1.   Nested mating design where each female white bass is crossed with a single male 
striped bass.  D indicates crosses of domesticated broodstock, W indicates crosses of wild 
broodstock, PPLS indicates estimated percentage of the pooled larvae stocked. 
 
Aquarium D or W Larvae 

Total 
Larvae 
Stocked 

PPLS McDonald hatching Jars 

1 D 204,213 91,713 10.95% Jar 1 - dams 1-4 with sire 7A22 
     Jar 2 - dams 5-7 with sire 7A22 
2 D 88,103 88,103 10.52% Jar 3 - dams 8-11 with sire 100B
     Jar 4 - dams 12-14 with sire 

100B 
3 W 497,114 384,614 45.92% Jar 5 - dams 15-17 with sire 

3B62 
     Jar 6 - dams 18-19 with sire 

2130 
4 D 116,693 116,693 13.93% Jar 7 - dams 20-21 with sire 

7A22 
     Jar 8 - dams 22-24 with sire 

100B 
5 D 25,964 25,964 3.10% Jar 9 - dams 25-26 with sire 

5C5D 
7 W 532,997 48,000 5.73% Jar 10 - dams 27-28 with sire 

3B62 
     Jar 11 - dams 29-31 with sire 

2130 
8 D 71,474 71,474 8.53% Jar 12 - dam 32 with sire 5C5D 
10 D 11,086 11,086 1.32% Jar 14 - dam 33 with sire 5C5D 
Total D&W  837,647 100%  
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Table 3.2.  Pertinent information regarding microsatellite DNA markers used in this study: 
marker name, publication, color of fluorescent tag on reverse primer (Tag), concentration of 
forward and reverse primers (F/R), reaction number (R#), temperature of annealing (TA), 
number of alleles observed in published study, number of alleles observed in striped bass 
(SB) and white bass (WB) in this study, and verification that parental alleles were inherited 
without alteration in hybrid striped bass (HSB). 
 
Marker 
Name 

Publication Tag F/R R# TA Obs. 
Alleles 

SB WB Verified 
HSB 

SB108 I. Wirgin, pers. comm. 6Fam 0.325/0.342 1 49 13 5 1 Yes 
SB91 Roy et al. 2000 6Fam 0.310/0.330 1 49 9 5 7 Yes 
SB113 Roy et al. 2000 Ned 0.440/0.460 1 49 28 6 9 Yes 
SB6 García de León et al. 1995 Pet 0.525/0.542 1 49 9 5 4 Yes 
SB83 Leclerc et al. 1996 Vic 0.440/0.460 2 56 12 5 7 Yes 
AC25-1#2 Brown et al. 2003 Ned 0.300/0.320 2 56 2 2 5 Yes 
MSM1073 Couch et al. in press Pet 0.300/0.320 2 56 ** 2 4 Yes 
**SB and WB reported in Couch et al. in press for this marker from this study. 
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Table 3.3.  The number of reciprocal HSB progeny that were genotyped and assigned in 
total, the percentage of domesticated (% D) and wild (% W) progeny in the genotyped 
sample, and the number and percentages of progeny that could be assigned to a single 
paternal half sibling family (HS, n = 5) or single full sibling family (FS, n = 33) from 
samples collected at the end of Phase I (≥ 35 dph), Phase II (approximately 1 yr), and Phase 
III (Market; approximately 1.5 yrs) in one 1.2 ha commercial (CF) and three 0.1 ha research 
ponds (PLA-PLC).  
  

End of Phase I 
Pond Pond Size 

(ha) 
Genotyped (n) % D % W Single HS (n) % HS Single FS (n) % FS 

CF 1.2 197 25.3 74.7 194 98.5 176 89.3 
PLA 0.1 174 2.9 97.1 174 100 173 99.4 
PLB 0.1 195 9.7 90.3 194 99.5 171 87.7 
PLC 0.1 194 1.0 99.0 194 100 181 93.3 

End of Phase II 
Pond Pond Size 

(ha) 
Genotyped (n) % D % W Single HS (n) % HS Single FS (n) % FS 

CF 1.2 724 34.1 65.9 712 98.3 634 87.6 
PLA 0.1        
PLB 0.1        
PLC 0.1 184* 7.6 92.4 182 98.9 169 91.8 

End of Phase III (Market) 
Pond Pond Size 

(ha) 
Genotyped (n) % D % W Single HS (n) % HS Single FS (n) % FS 

CF 1.2 954 18.7 81.3 951 99.7 881 92.3 
PLA 0.1 894 7.5 92.5 888 99.3 839 93.8 
PLB 0.1        
PLC 0.1 940 6.9 93.1 938 99.8 877 93.3 

* Non-random sample for growth biomarker research. 
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Table 3.4.  Reciprocal hybrid striped bass progeny from domesticated (D) or wild (W) 
paternal half sibling families (sires) with F and P values from ANOVA.  The number of 
progeny (n) are listed from each paternal half sibling family and ranked by mean ( x ) total 
length (TL) and weight (g) with the number of progeny from each sire (n).  Mean standard 
error (SE) are included in and followed by superscripted letters denoting nonsignificant 
values (P > 0.05; pairwise comparisons of least-square Tukey-Kramer adjusted means).  
Minimum and maximum values, ranges, and coefficient of variations (CV) are also included.  
Progeny are from a 1.2 ha commercial pond (Carolina Fisheries, Aurora, NC) and were 
sampled at the end of Phase I (~52 dph), Phase II (~1 yr), and Phase III (~1.5 yrs). 
 

Commercial Pond Phase I 
Total Length (mm) F = 9.62 ; P < 0.0001 
Rank (n) W3B62 (n = 110) D5C5D (n = 7) D100B (n = 26) D7A22 (n = 14) W2130 (n = 37)
x  (SE)sig 57.5 (0.80)a 53.9 (1.95)ab 50.9 (1.64)bc 50.4 (1.54)bd 49.9 (1.03)be

Min, Max 40, 77 47, 60 40, 74 42, 59 41, 64 
Range 37 13 34 17 23 
CV 14.6 9.6 16.4 11.5 12.6 
Weight (g) F = 7.42 ; P < 0.0001 
Rank (n) W3B62 (n = 110) D5C5D (n = 7) D100B (n = 26) D7A22 (n = 14) W2130 (n = 37)
x  (SE)sig 2.07 (0.09)t 1.74 (0.20)tu 1.51 (0.20)ux 1.39 (0.13)uy 1.31 (0.09)uz

Min, Max 0.68, 4.97 1.07, 2.47 0.57, 4.74 0.74, 2.18 0.66, 2.87 
Range 4.29 1.40 4.17 1.44 2.21 
CV 45.6 29.9 66.1 35.9 42.2 

Commercial Pond Phase II 
Total Length (mm) F = 24.60 ; P < 0.0001 
Rank (n) W3B62 (n = 333) D5C5D (n = 40) W2130 (n = 144) D7A22 (n = 74) D100B (n = 121)
x  (SE)sig 200.3 (1.05)a 195.4 (2.97)a 188.6 (1.32)b 187.4 (1.32)b 186.4 (1.08)c

Min, Max 161, 266 148, 246 155, 249 161, 225 163, 228 
Range 105 98 94 64 65 
CV 9.5 9.6 8.4 6.1 6.4 
Weight (g) F = 17.23 ; P < 0.0001 
Rank (n) W3B62 (n = 333) D5C5D (n = 40) D7A22 (n = 74) W2130 (n = 144) D100B (n = 121)
x  (SE)sig 90.9 (1.62)t 87.8 (4.46)tu 76.0 (1.78)u 75.0 (1.86)x 74.4 (1.54)y

Min, Max 43.2, 210.7 32.1, 182.1 47.8, 132.3 39.0, 174.1 46.0, 138.7 
Range 167.5 150 84.5 135.1 92.7 
CV 32.5 32.2 20.1 29.7 22.8 

Commercial Pond Phase III 
Total Length (mm) F = 86.23 ; P < 0.0001 
Rank (n) D5C5D (n = 52) W3B62 (n = 590) D7A22 (n = 52) D100B (n = 72) W2130 (n = 185)
x  (SE)sig 353.1 (2.24)a 351.3 (0.81)a 336.5 (1.92)b 333.9 (2.03)b 324.5 (1.16)c

Min, Max 322, 390 297, 413 305, 360 293, 368 268, 378 
Range 68 116 55 75 110 
CV 4.6 5.6 4.1 5.1 4.9 
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Table 3.4 Continued 
Weight (g) F = 67.74 ; P < 0.0001 
Rank (n) D5C5D (n = 52) W3B62 (n = 590) D7A22 (n = 52) D100B (n = 72) W2130 (n = 185)
x  (SE)sig 660.9 (15.68)t 620.5 (4.62)t 548.2 (10.96)u 542.8 (12.11)u 485.5 (6.03)x

Min, Max 455.9, 903.8 356.3, 1042.1 372.4, 744.2 325.1, 749.6 322.2, 749.9 
Range 447.9 685.8 371.8 424.5 427.7 
CV 17.1 18.1 14.4 18.9 16.9 
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Table 3.5.  Reciprocal hybrid striped bass progeny from domesticated (D) or wild (W) 
paternal half sibling families (sires) with F and P values from ANOVA.  The number of 
progeny (n) are listed from each paternal half sibling family and ranked by mean ( x ) total 
length (TL) and weight (g) with the number of progeny from each sire (n).  Mean standard 
errors (SE) are included and followed by superscripted letters denoting nonsignificant values 
(P > 0.05; pairwise comparisons of least-square Tukey-Kramer adjusted means).  Minimum 
and maximum values, ranges and coefficient of variations (CV) are also included.  Progeny 
are from 0.1 ha research ponds (NCSU-Pamlico Aquaculture Field Laboratory, Aurora, NC) 
and were sampled at the end of Phase I (~35 dph), Phase II (~1 yr), and Phase III (~1.5 yrs). 
 

Research Pond Phase I (Pond A) 
Total Length (mm) F = 1.24 ; P = 0.2977 
Rank (n) W2130 (n = 60) W3B62 (n = 109) D100B (n = 4) D7A22 (n = 1) D5C5D (n = 0) 
x  (SE)sig 42.6 (0.52)a 42.1 (0.53)a 38.6 (1.80)a 36a  
Min, Max 28, 48 29, 54 34, 42   
Range 20 25 8   
CV 9.5 13.1 9.3   
Weight (g) F = 1.08 ; P = 0.3572 
Rank (n) W3B62 (n = 109) W2130 (n = 60) D100B (n = 4) D7A22 (n = 1) D5C5D (n = 0) 
x  (SE)sig 0.83 (0.03)t 0.83 (0.03)t 0.62 (0.08)t 0.53t  
Min, Max 0.23, 1.88 0.22, 1.17 0.42, 0.77   
Range 1.65 0.95 0.35   
CV 37.4 25.0 24.8   

Research Pond Phase I (Pond B) 
Total Length (mm) F = 1.03 ; P = 0.3928 
Rank (n) W3B62 (n = 115) W2130 (n = 61) D100B (n = 9) D7A22 (n = 8) D5C5D (n = 1) 
x  (SE)sig 35.7 (0.28)a 35.1 (0.39)a 34.7 (0.47)a 34.1 (0.61)a 34a

Min, Max 28, 46 26, 48 32, 36 32, 37  
Range 18 22 4 5  
CV 8.5 8.7 4.1 5.1  
Weight (g) F = 1.17 ; P = 0.3245 
Rank (n) W3B62 (n = 115) D100B (n = 9) W2130 (n = 61) D7A22 (n = 8) D5C5D (n = 1) 
x  (SE)sig 0.48 (0.01)t 0.45 (0.02)t 0.44 (0.01)t 0.43 (0.02)t 0.42a

Min, Max 0.23, 0.89 0.37, 0.54 0.17, 0.75 0.35, 0.54  
Range 0.66 0.17 0.58 0.19  
CV 26.7 13.4 21.5 16.0  

Research Pond Phase I (Pond C) 
Total Length (mm) F = 3.12 ; P = 0.0273 
Rank (n) W3B62 (n = 151) D100B (n = 1) W2130 (n = 41) D7A22 (n = 1) D5C5D (n = 0) 
x  (SE)sig 36.4 (0.28)a 36a 35.1 (0.63)a 28a  
Min, Max 26, 44  29, 44   
Range 18  15   
CV 9.6  11.5   
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Table 3.5 Continued 
Weight (g) F = 2.12 ; P = 0.0996 
Rank (n) W3B62 (n = 151) D100B (n = 1) W2130 (n = 41) D7A22 (n = 1) D5C5D (n = 0) 
x  (SE)sig 0.51 (0.01)t 0.50t 0.46 (0.03)t 0.25t  
Min, Max 0.18, 0.83  0.25, 0.91   
Range 0.65  0.66   
CV 27.7  35.5   

Research Pond Phase II 
Total Length (mm) F = 5.64 ; P = 0.0003 
Rank (n) W3B62 (n = 124) D7A22 (n = 5) W2130 (n = 46) D100B (n = 6) D5C5D (n = 1) 
x  (SE)sig 194.4 (1.85)a 190.8 (12.42)a 182.2 (2.27)b 168.7 (4.25)b 165a

Min, Max 151, 230 160, 213 154, 213 153, 185  
Range 79 53 59 32  
CV 10.6 14.6 8.5 6.2  
Weight (g) F = 5.92 ; P = 0.0002 
Rank (n) W3B62 (n = 124) D7A22 (n = 5) W2130 (n = 46) D100B (n = 6) D5C5D (n = 1) 
x  (SE)sig 81.3 (2.61)t 79.2 (15.62)t 63.2 (2.74)u 48.3 (4.41)u 43.8t

Min, Max 36.5, 156.1 40.4, 106.6 35.0, 107.0 36.5, 68.4  
Range 119.6 66.2 72.0 31.9  
CV 35.7 44.1 29.4 22.3  

Research Pond Phase III (Pond A) 
Total Length (mm) F = 47.88 ; P < 0.0001 
Rank (n) D5C5D (n = 4) W3B62 (n = 593) D100B (n = 44) D7A22 (n = 13) W2130 (n = 234)
x  (SE)sig 332.5 (3.52)a 321.0 (0.66)a 310.4 (1.90)b 306.5 (4.05)b 305.8 (0.81)b

Min, Max 328, 343 259, 377 287, 333 267, 325 277, 342 
Range 15 118 46 58 65 
CV 2.1 5.0 4.1 4.8 4.1 
Weight (g) F = 39.75 ; P < 0.0001 
Rank (n) D5C5D (n = 4) W3B62 (n = 592) D100B (n = 44) D7A22 (n = 13) W2130 (n = 234)
x  (SE)sig 521.6 (34.79)t 448.7 (2.84)tu 416.7 (8.52)ux 406.7 (18.00)ux 387.7 (3.70)x

Min, Max 484.3, 625.9 199.4, 673.6 295.4, 532.2 256.2, 506.7 264.9, 578.5 
Range 141.6 474.2 236.8 250.5 313.6 
CV 13.3 15.4 13.6 16.0 14.6 

Research Pond III (Pond C) 
Total Length (mm) F =  37.02; P < 0.0001 
Rank (n) D5C5D (n = 5) D7A22 (n = 19) W3B62 (n = 644) D100B (n = 39) W2130 (n = 231)
x  (SE)sig 327.6 (11.25)abc 324.8 (3.26)ab 323.4 (0.65)a 313.1 (2.21)bc 309.4 (0.86)c

Min, Max 301, 358 304, 352 259, 364 275, 337 215, 343 
Range 57 48 105 62 128 
CV 7.7 4.4 5.1 4.4 4.2 
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Table 3.5 Continued 
Weight (g) F = 35.69 ; P < 0.0001 
Rank (n) D5C5D (n = 5) D7A22 (n = 19) W3B62 (n = 644) D100B (n = 39) W2130 (n = 231)
x  (SE)sig 531.6 (61.30)tu 511.4 (18.87)t 471.5 (2.93)tu 441.7 (10.10)ux 411.2 (3.76)x

Min, Max 387.8, 723.2 394.6, 662.2 258.6, 696.3 313.5, 567.0 104.3, 582.9 
Range 335.4 267.6 437.7 253.5 478.5 
CV 25.8 16.1 15.8 14.3 13.9 
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Table 3.6.  Significance by pairwise comparisons of least-square adjusted means with 
Tukey-Kramer (Kramer 1956) correction for multiple tests between progeny from six full 
sibling families (labeled with designations for the wild dams).  The same families were 
reared in three different ponds.  Pairwise comparisons between full sibling families for total 
length (mm) are above the diagonal, those for weight (g) are below the diagonal.  
 
A. Commercial pond at Carolina Fisheries in Aurora, NC (n = 662; full sibling families range 
from 24 to 223 progeny) 
Commercia
l 

W15 W16 W17 W18 W19 W31

W15  0.0277 <0.0001 <0.0001 <0.0001 <0.0001
W16 0.9909 0.0100 <0.0001 <0.0001 <0.0001
W17 0.0051 0.0008 0.0003 <0.0001 0.0034
W18 <0.0001 <0.0001 0.0003 0.9976 0.9995
W19 <0.0001 <0.0001 <0.0001 0.9996  0.9618
W31 <0.0001 <0.0001 0.0013 1.0000 1.0000 
 
B.  Research pond (A) at Pamlico Aquaculture Field Laboratory (PAFL) in Aurora, NC (n = 
711; full sibling families range from 38 to 242 progeny) 
Research A W15 W16 W17 W18 W19 W31
W15  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
W16 0.0273 0.2671 <0.0001 <0.0001 <0.0001
W17 <0.0001 0.0168 0.0289 0.0187 0.0004
W18 <0.0001 <0.0001 0.1455 0.8634 0.9915
W19 <0.0001 <0.0001 0.3911 0.7723  0.2702
W31 <0.0001 <0.0001 0.0002 0.8225 0.0166 
 
C. Research pond (C) at PAFL, Aurora, NC (n = 743; full sibling families range from 30 to 
237 progeny) 
Research C W15 W16 W17 W18 W19 W31
W15  <0.0001 <0.0001 0.0001 <0.0001 <0.0001
W16 0.0036 0.0034 0.6656 <0.0001 <0.0001
W17 <0.0001 <0.0001 0.9925 0.0135 0.0094
W18 0.0023 0.3575 0.9451 0.1021 0.0224
W19 <0.0001 <0.0001 0.1854 0.1815  0.6979
W31 <0.0001 <0.0001 <0.0001 0.0215 0.5224 
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Figure 3.1.  Radial diffusion assay for antimicrobial activity in reciprocal hybrid striped bass 
progeny.  The first row of samples is a standard serial dilution of known concentration to 
allow for construction of a standard curve.  Two hybrid striped bass (HSB) progeny samples 
are highlighted (each progeny sample in duplicate).  The last two samples at the bottom of 
the plate are negative controls (0.01% glacial acetic acid). 
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Figure 3.2.  Stacked bar graphs depicting the number of domesticated or wild reciprocal 
hybrid striped bass progeny in each genotyped sample from Phases 0 to III in a commercial 
pond (Carolina Fisheries, Aurora, NC). 
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Figure 3.3.  Stacked bar graphs depicting the number of domesticated or wild reciprocal 
hybrid striped bass progeny in genotyped samples from Phases 0 to III in research ponds 
(NCSU-Pamlico Aquaculture Field Laboratory, Aurora, NC). 
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Figure 3.4.  Mean (standard error) total length and weight of genotyped paternal half sibling 
reciprocal hybrid striped bass progeny at the end of Phase I (~52 dph) sampled from a 
commercial pond (n = 194).  Common letters above bars denote similarity by pairwise 
comparisons of least-square adjusted means with Tukey-Kramer (Kramer 1956) correction 
for multiple tests (P ≥ 0.0129 for total length, P ≥ 0.0436 for weight).  
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Figure 3.5.  Mean (standard error) total length and weight of genotyped paternal half sibling 
reciprocal hybrid striped bass progeny at the end of Phase II (~1 yr) sampled from a 
commercial pond (n = 712).  Common letters above bars denote similarity by pairwise 
comparisons of least-square adjusted means with Tukey-Kramer (Kramer 1956) correction 
for multiple tests (P > 0.0001 for total length, P ≥ 0.0363 for weight).  
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Figure 3.6.  Mean (standard error) total length and weight of genotyped paternal half sibling 
reciprocal hybrid striped bass progeny at the end of Phase III (~1.5 yrs) sampled from a 
commercial pond (n = 951).  Common letters above bars denote similarity by pairwise 
comparisons of least-square adjusted means with Tukey-Kramer (Kramer 1956) correction 
for multiple tests (P ≥ 0.0022 for total length, P ≥ 0.0014 for weight).  
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Figure 3.7.  Mean (standard error) total length and weight of genotyped paternal half sibling 
reciprocal hybrid striped bass progeny at the end of Phase III (~1.5 yrs) sampled from two 
research ponds (n = 888 for A and 938 for C).  Common letters above bars denote similarity 
by pairwise comparisons of least-square adjusted means with Tukey-Kramer (Kramer 1956) 
correction for multiple tests (P ≥ 0.0373 for total length and P ≥ 0.0187 for weight in pond 
A; P ≥ 0.0006 for total length, P ≥ 0.0040 for weight in pond B).  
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Figure 3.8.  Mean (standard error) total length and weight of genotyped full sibling 
reciprocal hybrid striped bass progeny at the end of Phase III (~1.5 yrs) sampled from both 
commercial and research ponds (n = 662 Commercial, n = 711 for Research A, n = 743 for 
Research C).  Common letters above bars denote similarity by pairwise comparisons of least-
square adjusted means with Tukey-Kramer (Kramer 1956) correction for multiple tests (P ≥ 
0.0277 for total length and P ≥ 0.0058 for weight in Commercial; P ≥ 0.0289 for total length, 
0.0273 for weight in Research A; P ≥ 0.0224 for total length, P ≥ 0.0259 for weight). 
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Figure 3.9.  Mean (standard error) of antimicrobial activity units calculated from gill extract 
samples collected from full sibling reciprocal hybrid striped bass progeny at the end of Phase 
III (~1.5 yrs) from two research ponds (n = 45 for Research A, n = 47 for Research C). 
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Appendix 3 – SAS Code 
 
Appendix 3.A.  Calculation of significance between paternal half sibling families (sire) in 
weight (wt_g), total length (tl_mm), viscerosomatic index (vsi), and gonadosomatic index 
(gsi) using the general linear model (glm).  Output also includes pairwise comparisons of 
least-square Tukey-Kramer adjusted means.  [This code was also used for one-way analysis 
of vsi and gsi significance in the three ponds sampled at phase three and also for 
antimicrobial activity for progeny from six full sibling families in the two research ponds.] 
 
proc glm data=library.filename; 
class sire; 
model wt_g tl_mm vsi gsi = sire; 
lsmeans sire / PDIFF Adjust=Tukey; 
run; 
 
 
Appendix 3.B.  Two-way analysis of variance (glm) to reveal the sources of variation 
between six full sibling families (dam) and three ponds (1 commercial, 2 research; pond). 
 
proc glm data=library.filename; 
class dam pond; 
model wt_g tl_mm vsi gsi = dam pond dam*pond; 
lsmeans dam pond / PDIFF Adjust=Tukey; 
run; 
 
 
Appendix 3.C.  Three-way analysis of variance (glm) comparing the six full sibling families 
(dams), ponds, and genders (sex). 
 
proc glm data=library.filename; 
class dam sex pond; 
model wt_g tl_mm vsi gsi = dam|sex|pond; 
lsmeans dam sex pond / PDIFF Adjust=Tukey; 
run; 
 
 
Appendix 3.D.  To assess significant variations between gender (sex), t-tests were performed 
for each of the three ponds sampled. 
 
proc ttest data=library.filename; 
class sex; 
var wt_g tl_mm vsi gsi; 
run; 
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CHAPTER 4  

Geometric Morphometric Analysis of Body Shape Change in Reciprocal Hybrid 

Striped Bass of Known Parentage 
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Abstract 

Similar-aged reciprocal hybrid striped bass (HSB; female white bass Morone 

chrysops x male striped bass M. saxatilis) larvae of known parentage were produced and 

communally reared in one 1.2 hectare commercial pond and three 0.1 hectare research ponds 

to examine the extent to which body shape may vary in HSB production and have a genetic 

basis amenable to selection.  Condition factor (K) was initially calculated and used as a 

general estimation of HSB body conformation as length and weight were the only 

measurements of body conformation taken during the first two sampling periods (Phase I at 

35-52 days post hatch, N = 756 and Phase II at ~1 year post hatch, N = 894).  Calculations of 

K also were made for Phase III HSB (market-size; ~1.5 years post hatch; N = 2,776).  Digital 

images were taken of Phase III HSB progeny and 13 landmarks were used to define body 

shape by employing geometric morphometric analysis (N = 1,203).  Condition factor 

analyses revealed that variation in body conformation increased as the HSB aged and 

progeny from paternal half sibling families with the largest mean condition factors were 

typically similar in K over the three production phases.  Significant variation in body shape 

also was detected between progeny from different paternal half sibling families and full 

sibling families.  Shape varied significantly between HSB genders irrespective of the paternal 

half sibling family of origin of the HSB.  Body shape also varied significantly between 

progeny from each of three ponds sampled.  Analysis of the data on variation in body shape 

among HSB provides evidence that body shape could be altered in a selective breeding 

program conducted to improve HSB. 
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Introduction 

Production of hybrid striped bass (HSB; Morone chrysops, white bass X M. saxatilis, 

striped bass) is an important aquaculture industry in the United States with potential for 

considerable growth in domestic retail markets.  However, expansion of this industry has 

been hampered by high production costs that dictate high prices for HSB (see Chapter 1).  

Selective breeding of an improved HSB is recognized by the industry as a required step 

toward increasing production efficiency, reducing prices, and expanding markets.  A 

National Program of Genetic Improvement and Selective Breeding for the HSB Industry has 

been initiated (see Chapter 1) and the genetic underpinnings of traits such as feed conversion 

efficiency, growth rate, disease resistance, and uniformity of body conformation are under 

investigation. 

At present, HSB are sold whole on ice (~80% of total) to upscale restaurants or live in 

Asian ethnic markets where a premium product can command high prices (Carlberg & Van 

Olst 2005).  Assessment of body conformation (shape) and its relationship to genotype is 

important, as these two HSB markets differ in preferences for specific body shapes.  Some 

buyers of live HSB prefer a rounder “plate” shape, whereas purchasers of whole HSB on ice 

prefer a more slender shape amenable to recovery of two, single-portion fillets for sale in 

premium restaurants.  Both markets desire a uniform, high quality product.  Furthermore, 

body shape may also be a good indicator of edible meat yield (Shultz 1986), which would be 

important if the HSB industry is to penetrate traditional retail seafood markets requiring a 

specific fillet shape and weight. 

There are many methods used to quantify fish body conformation.  A simple 

technique to describe the relationship between weight and length is to calculate Fulton’s 
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condition factor (K; Anderson & Neuman 1996).  Condition factor has often times been used 

to assess the general condition of animals in a fisheries or aquaculture setting.  For example, 

fish that are under stress due to high rearing densities may experience a decline in condition 

factor (see Goede & Barton 1990).  Assessment of condition factor also may be used to 

periodically assess whether fish stocks are being fed or are feeding properly (e.g., a lower 

index may be a result of underfeeding; Cabello 2000).  With regards to Morone spp., 

condition factor also has been used to compare variation in body conformation between 

domesticated striped bass, original HSB (striped bass female x white bass male), and 

backcross HSB (reciprocal HSB female x striped bass male) raised in a tank culture system 

(Jenkins et al. 1998).  At harvest, the K values for backcross HSB were significantly different 

than, but intermediate between, K values of striped bass and original cross HSB with striped 

bass described as being longer per unit body weight.  This variation was noted as evidence 

for a proportional contribution of genetic characteristics (additive genetic variation) from the 

HSB and striped bass broodstock (Jenkins et al. 1998). 

Additional body shape traits may be added to K measures or used in place of K 

measures for a more detailed analysis of body conformation.  Bosworth et al. (1998) 

compared the body conformation of two hybrid Morone spp., original HSB and paradise bass 

(striped bass female x yellow bass male M. mississippiensis), by directly measuring lengths 

between predetermined points on each fish (e.g., the distance between the base of the 

pectoral fin and the anterior insertion of the anal fin) for 18 body shape traits.  In this case, 

the body shape traits were found to vary between the two types of hybrids (Bosworth et al. 

1998).  Both correlation and regression analyses were conducted comparing these body shape 

traits and the proportion of body weight accounted for by the viscera with fillet weights.  
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However, the analyses of body conformation were confounded by the fact that the body 

shape traits were correlated singly or regressed in small groups (e.g., three-parameter models 

for regression of fillet traits on body shape).  Fillet traits have also been considered along 

with four body measurements (length, height, width, and head length) in three strains of Nile 

tilapia (Oreochromis niloticus) and genetic parameters underlying these traits have been 

described (Rutten et al. 2004; Rutten et al. 2005).  It was concluded that prediction of fillet 

yield based on body shape measurements was possible, but when considering genetic 

parameters, body weight was the single best predictor of fillet weight.  In all of the 

aforementioned studies, body conformation was assessed using various individual 

measurements (transects), but a unified quantification of total body conformation or body 

shape was not achieved.  Other studies have quantified total body conformation or 

multivariate morphometric variability using a series of measurements calculated between 

homologous landmarks forming a regular pattern of contiguous quadrilaterals across the 

body or truss network (e.g., with coho salmon, Oncorhynchus kisutch, Winans 1984; Winans 

& Nishioka 1987).   

While these methods of quantifying body shape differences have been useful in 

delineating between different fish species, strains, or stages in life history, limitations remain.  

Adams et al. (2004) discussed four such limitations: 1) potential to use multiple methods for 

size correction with little agreement of results; 2) inability to assess homology of linear 

distances as many distances were not defined by homologous points (e.g., maximum width); 

3) possibility for two different shapes yielding the same set of distance measures if the 

location of where the distances were measured relative to one another was lacking in the data 

(e.g., maximum length and width of an oval could be the same as a teardrop) decreasing 
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statistical power to distinguish between different shapes; and 4) frustration in generating 

graphical representations of shape from linear distances in the absence of known geometric 

relationships among the variables.  Therefore, the technique of geometric morphometrics was 

developed to describe organisms based purely on shape using a combination of multivariate 

statistical methods along with methods for direct visualization of biological form, capturing 

and retaining the geometry of the morphological structures of interest (Adams et al. 2004).   

In geometric morphometrics, a set of biologically discrete landmarks or homologous 

anatomical points that match within or between populations are first identified.  Information 

on these landmarks may best be captured today through the use of digital imagery.  Non-

shape variation is then removed mathematically from these images by filtering out effects of 

location, scale, and rotation between the organisms (or images).  To do this, each organism is 

translated to the same location, converted to the same scale, and rotated to a similar 

orientation.  With non-shape variation eliminated, shape variables alone remain and can be 

analyzed statistically to compare samples of fish.  An in depth description of geometric 

morphometrics and associated statistics can be reviewed in Adams et al. (2004) and Zelditch 

et al. (2004). 

Much of the geometric morphometric analysis completed on fish to date has assessed 

variation of wild fish species and the potential evolutionary or ecological significance of 

these differences involving either whole fish or structural differences in tooth types or jaws 

(e.g., Albertson & Kocher 2001; Rüber & Adams 2001; Kassam et al. 2003a, 2003b; Kassam 

et al. 2004).  One study has been published by Fulford & Rutherford (2000) that used 

geometric morphometric analysis to discriminate between laboratory reared and wild white 

bass, striped bass, and reciprocal HSB larvae .  These researchers could fully differentiate 
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between white bass and striped bass larvae, but variability in HSB shape allowed only 87% 

of the larvae to be correctly classified.  These and other results suggested that taxonomic 

separation of Morone larvae based on shape data was not affected by allometry (change in 

shape correlated with change in size), was sensitive to nutritional condition and handling, and 

could provide an improved method to discriminate species in coexistent wild populations of 

larval fishes (Fulford & Rutherford 2000).  

To date, only a few investigators have applied geometric morphometrics to 

aquacultured fishes.  In one study published on blue tilapia, Oreochromis aureus, both truss 

and geometric morphometric analysis were utilized to assess the impact upon fish growth and 

body shape of two different dietary lipid levels and injected doses of growth hormone (Wille 

et al. 2002).  Significant differences between the treatment groups were apparent and there 

was greater ability to delineate groups using geometric morphometric analysis (P < 0.01) as 

opposed to truss analysis (P < 0.05).  Two studies have been published on sea bass 

(Dicentrarchus labrax).  The earlier study demonstrated significant shape differences 

between juveniles and adults, as well as the importance of larval rearing conditions to later 

body shape – a phenomenon of morphological resilience (Loy et al. 2000).  Internal 

anatomical data also were collected using X-rays and groups of internal anatomical 

anomalies were found to be associated with characteristic body shapes (e.g., internal 

anomalies in cephalic region correlated with external head shape).  In the second study of sea 

bass, the severity of lordosis was quantifiable using external indices and geometric 

morphometric analysis of body shape (Sfakianakis et al. 2006).  Both studies were conducted 

to assess the quality of hatchery reared sea bass as morphological anomalies are costly in 

terms of growth, survival, and external appearance in both fish farming and restocking 
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programs.  Recently, Kouttouki et al. (2006) discovered different rates of shape development 

among sharpsnout seabream, Diplodus puntazzo, (larval to metamorphosis phase) and a 

significant effect of fish origin (hatchery reared versus wild caught) on body shape.  

In the present study, variation in shape of HSB of known parentage was evaluated to 

assess its significance in commercial HSB production and to evaluate whether or not 

variation in body shape has a genetic basis potentially amenable to alteration through 

selective breeding.   

 

Materials and Methods 

Experimental Crossing and Sample Collection 

Broodstock used to produce reciprocal hybrid striped bass in this study were of 

domesticated and wild origin. The F4 generation domesticated Lake Erie X Mississippi River 

stock white bass females (dams) were two years of age with an average weight of 383 g (n = 

25; 23 used in this study).  Wild white bass females supplied by Carolina Fisheries, Aurora, 

NC, had been caught in Lake Erie, and weighed between 680 and 907 g (n = 12; 10 used in 

this study).  Striped bass males (sires) either domesticated F2.5 generation (F1 generation, 

1991 year class Santee Cooper Reservoir stock X F2 generation, 1989 year class Chesapeake 

Bay stock; n = 4; 3 used in this study) or wild captive striped bass of Atlantic origin 

(captured as adults from South Creek in Aurora, NC in 1997; n = 6; 2 used in this study).  All 

spawning took place at the NCSU Pamlico Aquaculture Field Laboratory (PAFL) in Aurora, 

NC.  On 15 April 2001, striped bass sires (body weight range 10.8-14.7 kg) were implanted 

with ~18 µg/kg of a pelleted synthetic analogue of gonadotropin-releasing hormone (GnRHa; 

Hodson et al. 2000) and held indoors until 18 April when they were again implanted with 
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GnRHa pellets (~15 µg/kg GnRHa) to sustain spermiation until spawning trials.  White bass 

females were injected with ~500 I.U./kg human chorionic gonadotropin (hCG) on 20 May 

2001 to induce final maturation and ovulation. 

On 21 May 2001, female white bass were subjected to ovarian biopsy and their 

ovarian follicles were assessed for readiness to ovulate.  Eggs and larvae from single parental 

pairs could not be incubated separately due to constraints on hatchery space.  Therefore, 

gametes from 1-4 female white bass were manually stripped into a Teflon-coated pan and 3 

ml of milt from a male striped bass was added for fertilization.  After addition of water, 

mixing was performed for ~3 min before eggs from each pan were placed in a single 

McDonald hatching jar.  Tannic acid (0.7 g) was added to each jar to eliminate egg adhesion 

and eggs were agitated with air from an airstone for ~7 min.  All batches of eggs were 

fertilized over a period of approximately 4 hours 15 min.  Blood samples were collected from 

the female white bass broodstock and cross combinations were recorded (blood samples from 

the male broodstock had been previously collected).  Of the available broodstock, eggs/larvae 

from 33 female white bass and milt from five male striped bass were used in this study 

(Table 4.1).  Eggs were incubated in standard McDonald jars placed next to 87.5 L aquaria.  

Multiple McDonald jars were placed next to individual aquaria, such that larvae from 1-2 

males and from 1-7 females were permitted to hatch together into the same aquarium.     

Phase 0 progeny (larvae) samples were collected from each aquarium and preserved 

at 2 days post hatch (dph) for genetic analysis to evaluate contribution by dam.  Numbers of 

larvae in each aquarium were estimated volumetrically by taking a series of random samples 

of known volume from the aquarium, counting the larvae therein, and extrapolating this 

average count to total aquarium volume (Table 4.1).  Larvae from all aquaria were pooled 
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resulting in an estimated ratio of approximately 48% larvae from domesticated broodstock 

and 52% larvae from wild broodstock.  A sample of pooled larvae were collected and 

preserved prior to stocking of the larvae into a 1.2 ha commercial pond at Carolina Fisheries 

and three 0.1 ha research ponds at the PAFL.  The commercial larval sample was collected at 

3 dph, while the research pond sample was collected at 4 dph.  Stocking of the hybrid striped 

bass progeny in the commercial (~721,500 larvae) pond occurred at ~5 am, while stocking of 

the research (~37,000 larvae per pond) ponds occurred ~18 hours later.     

At 35 to 38 dph, Phase I fingerlings were recovered from the three research ponds at 

PAFL by seining and the number of fingerlings retrieved from each pond was recorded.  

Random samples of HSB from each of the three ponds were collected, total length (mm) and 

weight (g) was recorded, and the whole fish were frozen for genetic analysis.  Hybrid striped 

bass samples were collected from the 1.2 ha commercial pond at Carolina Fisheries in the 

same manner at 52 dph.  A portion of the HSB at Carolina Fisheries were left ungraded for 

growout to Phase II (n ~ 45,000).  Hybrid striped bass recovered from the three PAFL 

research ponds were mixed, graded, and then subjected to a feeding program designed to 

create uniformity of size across grades in holding tanks over a ~7 week period.  Relatively 

uniform HSB were then randomly separated into two groups of 2,729 and one of 2,728 and 

stocked into three separate 0.1 ha ponds at PAFL for growout to Phase II.   

Phase II HSB were recovered from the ponds from April to May 2002 (~1 year of 

age).  These fish were weighed (g) and measured (mm, total length), evaluated for any gross 

physical abnormalities, and fin clipped for genotyping (preserved in 70% ethanol).  After 

sampling the commercial pond, approximately 25,000 HSB were stocked into each of two 

replicate ponds (12,000 in one and 13,000 in the other) and approximately 15,000 fingerlings 
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were returned to the original pond at Carolina Fisheries.  At PAFL, ponds were individually 

seined and randomly sampled (i.e., HSB from one pond were not mixed with HSB from 

another pond).  After sampling, each of three ponds was restocked with approximately 1,000 

HSB.  Monthly sampling was conducted at PAFL to adjust the feeding schedule throughout 

Phase III (growout). 

During November and December 2002, HSB were sampled at Phase III when many 

HSB are at market size (~1.5 years of age).  At Carolina Fisheries (commercial pond), HSB 

were sampled from a commercial pond containing approximately 12,000 individuals taken 

from the original pond and left ungraded.  One entire pond at PAFL (research pond) had been 

lost to a bloom of Gyrodinium galatheanum earlier that year.  All remaining HSB in the other 

two research ponds at PAFL were sampled.   

A portion of HSB from each pond were killed and intensively sampled.  Variables 

that were collected on each fish are as follows:  total length (mm); weight (g); digital images; 

external abnormalities in eyes, head, body, gills and pseuodobranch; reproductive 

abnormalities (e.g., asymmetrical testes or ovaries); visceral weight (g); gonad weight (g); 

gender; and fin clip.  The remaining HSB were non-invasively sampled and released for later 

sale.  Total length (mm); weight (g); external abnormalities as above; and fin clip were 

collected non-invasively from the HSB.  

Laboratory Techniques 

Total genomic DNA was isolated from tissue samples using the PUREGENE® DNA 

Isolation Kit (Gentra Systems Inc., Minneapolis, Minnesota) according to the manufacturer’s 

directions with omission of the RNase A step.  PCR amplifications of isolated progeny DNA 

samples using seven microsatellite DNA markers (Table 4.2) were performed in 10 µl 
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reactions in 96-well PCR plates containing 1.0 µl of diluted template DNA, 1X reaction 

buffer (QIAGEN Inc., Valencia, California), 200 µM dNTP, 0.3-0.525 µM forward primers 

(Integrated DNA Technologies, Coralville, Iowa), 0.32-0.542 µM fluorescently labeled 

reverse primers (Applied Biosystems, Foster City, California or Integrated DNA 

Technologies), and 0.41 U HotStar Taq DNA polymerase (QIAGEN Inc.). Each 96-well 

plate had both a positive control (broodstock DNA sample) and a negative control (deionized 

water).  Differences in annealing temperatures between the seven markers required that two 

PCR reactions be run for each DNA sample (Table 4.2).  PCR cycling parameters consisted 

of an initial denaturation of 15 minutes at 95ºC, followed by 30 cycles of 30 sec at 94 ºC, 40 

sec at 49 ºC (reaction 1) or 56 ºC (reaction 2), and 50 sec at 72 ºC with a final elongation step 

for 6 min at 72 ºC.  PCR reactions were combined (approximately 60% from reaction 1 and 

40% from reaction 2) prior to purification by gel filtration with a Performa DTR 96-Well 

Short Plate (Edge Biosystems, Gaithersburg, Maryland).  Approximately 0.48 µl of each gel 

purified PCR product was added to a mixture of 0.5 µl internal fluorescent size standard 

(GeneScan™ -500 LIZ size standard, Applied Biosystems) and 9.0 µl Hi-Di Formamide 

(Applied Biosystems).  The mixture was next heat denatured at 95 ºC for 5 min, then placed 

on ice prior to running on an ABI Prism® 3700 (Applied Biosystems) automated DNA 

sequencer by staff at the NCSU Genome Research Laboratory on the Centennial Campus.  

Data files were acquired and analyzed using Genemapper version 3.0 (Applied Biosystems) 

software, visually reviewed, exported into Microsoft® Office Excel 2003 (hereafter Excel), 

and again visually reviewed prior to progeny assignment using PROBMAX vers. 2 

(Danzmann 1997). 
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Statistical and Geometric Morphometric Analysis 

For the morphometric and statistical analyses, progeny from commercial and research 

ponds were separated into paternal half sibling families and ranked by decreasing mean 

condition factor [K=(Wg/Lcm
3)100] for Phases I, II, and III.  Also recorded were the total 

number of progeny sampled, the paternal half sibling family size, the standard error of the 

mean, minimum and maximum values, range, and coefficient of variation.  These 

calculations were made using the Analyst function in SAS version 9.1.3 (SAS, Inc.; hereafter 

SAS).  A general linearized model (GLM) was used to estimate overall differences between 

the mean K values of progeny from the different paternal half sibling families.  Least-square 

adjusted means for main effects were computed, as well as probabilities for all pairwise 

comparisons between the paternal half sibling families with a Tukey-Kramer adjustment to 

allow for multiple comparison t-tests (Kramer 1956; Appendix 4.A.).  

The overall body shape of a portion of the HSB progeny sampled during Phase III 

was quantified using landmark-based geometric morphometric methods of analysis (Rohlf & 

Marcus 1993).  A four megapixel Nikon Coolpix 4500 digital camera was used to capture all 

images.  A 50 mm ruler was placed in the field of view of each image to ensure that images 

could be rendered to the same scale.  The HSB were pinned at eight homologous landmarks 

on the left side of each fish, with five additional landmarks added during image digitization 

(Fig. 4.1).  Images were formatted and the x,y coordinates of each landmark were digitized 

using TPSUTIL version 1.34 (hereafter TPSUTIL) and TPSDIG version 2.05 (hereafter 

TPSDIG), respectively (Rohlf 2004a and b).  A scale bar also was included during 

digitization (TPSDIG) to allow for conversion of pixels to mm and to ensure scale 

equivalency between images. 
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Non-shape differences between digitized images were removed by rotation, 

translation, and scaling using the orthogonal generalized Procrustes superimposition analysis 

(GPA; Rohlf & Slice 1990) and TPSRELW version 1.42 (hereafter TPSRELW, Rohlf 2005).  

The GPA resulted in a superimposition of all digitized progeny.  The consensus or 

superimposition of all digitized progeny was graphed as vectors emanating from each 

consensus point using TPSRELW (each cluster of vectors corresponding to a landmark).  

This depicted the remaining variation in body shape between progeny (after GPA).  Four 

dimensions of non-shape information were eliminated during GPA (two for translation, one 

each for rotation and scale).  Shape specific variables were generated for each HSB as partial 

warp scores and uniform components using the thin-plate spline analysis (TPS) and standard 

uniform equations (Bookstein 1989, 1991, 1996) using TPSRELW.  Twenty-two shape 

variables (partial warp scores + uniform component) were generated (2p-4 where p = number 

of homologous landmarks = 13).  A principal components analysis of the shape data was 

performed and variation between individual progeny was viewed on deformation grids, 

revealing shape differences (TPSRELW). 

The shape data was saved (weight matrix in TPSRELW), converted from an NTS to 

CSV file format in TPSUTIL, and saved in Excel.  In Excel, TPSUTIL labeled image 

numbers were changed to progeny numbers with associated parentage information.  For each 

pond, multivariate analyses of the shape variables were conducted to detect differences 

between progeny from paternal half sibling families (n = 5) and between full sibling families 

(n = 4 wild dams crossed with one wild sire).  Contrast statements were added to the code to 

assess statistical differences between each pair of families (SAS; see Appendix 4.B.).  

Multivariate analyses of the shape variables were conducted to detect shape differences 
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between HSB of different genders in each pond and between fish in the three ponds (SAS).  

To assess whether there was an interaction effect of gender on the shape of progeny from 

different paternal half sibling families, a two-way multivariate analysis was calculated for 

each of the three ponds sampled with gender and family as main effects (SAS; see Appendix 

4.C).  A two-way multivariate analysis for main effects of paternal half sibling families and 

ponds (environment) also was calculated to assess whether a significant interaction effect 

existed between families and ponds (SAS; see Appendix 4.C.)   

Canonical variates analyses (CVA) was performed on the shape variables using SAS 

(see Appendix 4.D.) to better determine the degree of morphometric differentiation between 

progeny from paternal half sibling families and progeny from four full sibling families.  The 

CVA provided similar multivariate statistics with degree of significance (as calculated 

above), but also provided an ordination of the progeny in morphological space.  These results 

were exported from SAS into Excel where they were graphed as a scatterplot of the first and 

second canonical variates (CV1 and CV2).  Progeny were identified along the CV axis and 

depicted with original digital images, as well as corresponding thin-plate spline deformation 

grids generated previously in TPSRELW. 

Eigenvalues (ratio of between-class variation to pooled within-class variation for 

corresponding CVs) also resulted for each CV, along with the proportion or percentage of 

variance explained by each CV, and the likelihood ratio for a null hypothesis that the current 

canonical correlation and all smaller ones were zero in the population (yielding an F statistic 

based on Rao’s approximation to the distribution of the likelihood ratio; Rao 1973).  A 

significant result indicates that at least a portion of the progeny from paternal half sibling or 

full sibling families can be discriminated using the particular CV tested.  Pairwise 
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comparisons based on Mahalanobis distances (D2) between the group means from the CVA 

were used to determine whether or not the progeny from paternal half sibling or full sibling 

families differed significantly from one another.  Significance was reported as corresponding 

probabilities of greater squared Mahalanobis distances between the group means (these 

probabilities were similar to those calculated in the multivariate contrast statements, so only 

the Mahalanobis distances have been reported).  Sequential Bonferroni correction (Rice 

1989) was applied to these analyses of multiple tests at α = 0.05.  Lastly, Pearson correlation 

coefficients with probability values were calculated between all variables measured on the 

HSB progeny and K, CV1, and CV2 using SAS (see Appendix 4.E.).  These variables 

included total length (mm), weight (g), external or reproductive abnormalities (presence of an 

abnormality indicated by a 1, no abnormality indicated by a 0), viscerosomatic index (VSI = 

visceral weight/total body weight), gonadosomatic index (GSI = gonad weight/total body 

weight), and carcass or gutted weight (total body weight – visceral weight).   

 

Results 

  The original estimated percentage of domesticated and wild progeny was roughly 

equal using both volumetric counts (48:52) and a genotyped sample of larvae collected just 

prior to stocking of the commercial pond (51:49).  After 35-52 dph or the end of Phase I, the 

total representation of domesticated progeny had decreased substantially creating a deviation 

in numbers of domesticated and wild in progeny from that expected for the paternal half 

sibling families (n = 5) and full sibling families (n = 33) (see Chapter 2).  Therefore, to allow 

for consideration of statistical significance, progeny were grouped and analyzed by paternal 
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half sibling family with some separate analyses conducted on data for HSB in the four largest 

full sibling families emanating from one sire. 

The ranking of paternal half sibling families by decreasing mean condition factor (K) 

for each Phase (I-III) in both commercial and research ponds is shown in Table 4.3.  In the 

commercial pond, progeny from different paternal half sibling families varied significantly in 

K at each production phase (Phase I – F = 5.62, P = 0.0003; Phase II – F = 21.25, P < 

0.0001; Phase III – F = 11.48, P < 0.0001).  The largest mean K values were from progeny of 

the three domesticated sires while the smallest mean K values were from progeny of the two 

wild sires in all three Phases (pairwise significance varied, see Table 4.3).  In the research 

ponds, the number of domesticated progeny was even more diminished and coupled with 

small sample sizes, this made direct comparisons between domesticated and wild fish  

difficult (see Chapter 3).  The differential mortality possibly resulted in the lack of significant 

variation between progeny from the paternal half sibling families in Phase I.  Only in the 

pond with the highest rate of survival of domesticated progeny (Pond B) was variation in K 

among the paternal half sibling families statistically significant (F = 2.52, P = 0.0424) and 

this did not translate into any detectable significant differences in pairwise comparisons of 

these families.  A lack of significant variation among families in K also was apparent in the 

Phase II samples (F = 3.36, P = 0.0112), but by Phase III additional significant variation in K 

was evident between the paternal half sibling families (Pond A – F = 5.31, P = 0.0003; Pond 

B – F = 11.72, P < 0.0001).  By Phase III, pairwise comparisons revealed that a portion of 

the domesticated paternal half sibling families sampled from Pond A differed significantly in 

K from their wild counterparts and this significant trend continued for the domesticated and 

wild fish sampled from Pond C.  Mean K values were highest for  progeny of domesticated 
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paternal half sibling families in one pond at Phase I and both ponds at Phase III.  Also, ranges 

and coefficients of variation in K values of progeny from paternal half sibling families in the 

research ponds were at times higher than those of the commercial pond, potentially indicating 

some increased variability in body growth and conformation. 

Landmark-based geometric morphometric analyses were applied to a portion of the 

HSB progeny sampled from each pond (commercial, n = 408; research Pond A, n = 384; 

research Pond C, n = 411) during Phase III.  Non-shape variation was removed from 

digitized progeny images in each pond using GPA.  The variation remaining was visible in a 

superimposition of all progeny from each pond (Fig. 4.2).  The generated shape data was 

used in multivariate analyses of variance between progeny from paternal half sibling families 

from each pond, and between progeny from four full sibling families (four dams crossed with 

one sire) from each pond.  The results from the multivariate analyses of variance for half 

sibling families were identical to those results from the multivariate statistics generated in the 

CVA.   

These multivariate analyses revealed significant differences among progeny from 

paternal half sibling families (Commercial Pond – Wilks’ λ = 0.26305438, F(88,1513) = 6.91, P 

< 0.0001; Research Pond A – Wilks’ λ = 0.43535554, F(88,1418.1) = 3.77, P < 0.0001; Research 

Pond C – Wilks’ λ = 0.49664152, F(88,1524.9) = 3.36, P < 0.0001).  Variation between progeny 

from paternal half sibling families was apparent in an ordination of the first two canonical 

axes (scatterplot of CV1 and CV2; Fig. 4.3).  Some overlap was present between the 

families, but the domesticated and wild progeny were separable in morphospace.  Four of the 

progeny from the scatterplot were chosen and depicted with their original digital images and 

deformation grids to illustrate variation (Fig. 4.4). 
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Eigenvalues were calculated and revealed that 85.59% to 90.88% of all the variance 

was explained by the first two CV’s used to create the scatterplots (only data for fish from 

the commercial pond is shown here) and that at least a portion of the paternal half sibling 

families could be discriminated from one another using these two CV’s (P < 0.0001; Table 

4.4).  Mahalanobis distances between the group means from the CVA were calculated 

(significance of both the multivariate contrast statements and the Mahalanobis distances were 

the same; Table 4.5) to test for significant differences between families.  In the commercial 

pond, progeny from each paternal half sibling family varied significantly from those in each 

of the other paternal half sibling families in shape, but significant pairwise differences were 

present between a portion of the half sibling families in the research ponds.  This may have 

been partially a result of the extreme variation in the number of progeny from each paternal 

half sibling family (see Table 4.5).   

The four full sibling families with the highest number of progeny were selected for 

further analysis.  These progeny were all from the same sire (W3B62), but from different 

dams (W15, W16, W17, and W18).  Multivariate analyses revealed significant differences 

among these full sibling families (Commercial Pond – Wilks’ λ = 0.36106797, F(66,559.29) = 

3.44, P < 0.0001; Research Pond A – Wilks’ λ = 0.47913266, F(66,657.84) = 2.78, P < 0.0001; 

Research Pond C – Wilks’ λ = 0.56066355, F(66,705.62) = 2.29, P < 0.0001).  The first two 

CV’s encompassed 79.10% to 91.77% of all the shape variation according to Eigenvalue 

calculations (P ≤ 0.0245; Table 4.6).  This variation also translated into variation in 

morphospace and a corresponding scatterplot of this variation is depicted for fish from the 

commercial pond (Fig. 4.5).  The greatest variation appears to be between progeny from 

dams W15 and W16, but this could have been partially due to the variation in sample sizes as 
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these two families were the largest numerically.  This significance also translated into 

significant pairwise differences in Mahalanobis distances between full sibling families for 

each comparison from the commercial pond (Table 4.7.A.).  Mahalanobis distances did not 

always vary significantly among progeny from the full sibling families in the two research 

ponds (Table 4.7.B. and C.). 

The generated shape data was used in multivariate analyses of variance calculations 

to assess whether gender played a significant role in determining progeny shape (Commercial 

Pond – Wilks’ λ = 0.84175331, F(22,383) = 3.27, P < 0.0001; Research Pond A – Wilks’ λ = 

0.77179576, F(22,361) = 4.85, P < 0.0001; Research Pond C – Wilks’ λ = 0.81802025, F(22,386) 

= 3.90, P < 0.0001 ).  A two-way multivariate analysis was calculated to assess the 

magnitude of gender effects on paternal half sibling families (Table 4.8).  A gender effect 

was significant (P < 0.05) in each pond, but the interaction between paternal half sibling 

family and gender was only significant for one pond (P = 0.0091).   

Multivariate analyses of variance calculations were made to assess whether progeny 

shape varied among ponds (Wilks’ λ = 0.21053044, F(44,2356) = 63.15, P < 0.0001).  A two-

way multivariate analysis was calculated to better partition the variation in shape between the 

main effects of paternal half sibling family and pond.  Both the main effects of paternal half 

sibling family and pond, as well as the interaction effect between the two differed 

significantly (Paternal Half Sibling Families – Wilks’ λ = 0.51648659, F(88,4613.2) = 9.53, P < 

0.0001; Ponds – Wilks’ λ = 0.60608953, F(44,2332) = 15.08, P < 0.0001; Interaction – Wilks’ λ 

= 0.82675491, F(176,8821.1) = 1.28, P = 0.0080).  This significant variation in shape also 

translated into a significant difference between ponds in morphospace (100% of the variation 

attributed to CV1 and CV2 using Eigenvalues; Fig. 4.6) and significant Mahalanobis 
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distances between ponds [8.15591 (P < 0.0001), 12.95409 (P < 0.0001), and 3.34747 (P < 

0.0001) for the commercial pond compared separately to each research pond and between 

research ponds, respectively].   

Correlation coefficients were calculated to assess associations between condition 

factor (K), CV1 and CV2 and other traits measured on Phase III progeny from each of the 

three ponds (Table 4.9).  However, the results were equivocal.  A significantly strong 

correlation in one pond did not necessarily correspond to a significant correlation in another 

pond (e.g., Total Length with K was 0.20, 0.02, and 0.13).  Also, CV1 and CV2 were used to 

test whether they would be useful shape variables in correlations with other measured traits 

(as opposed to the 22 shape variables generated).  It appeared that CV1 and CV2 are not 

useful descriptors of shape variations in correlation analyses.  Therefore, the correlations are 

reported mainly to further elucidate variation between ponds including the potential for a 

strong environmental effect on body shape. 

 

Discussion 

 Selection for body shape in a breeding program could potentially be very important to 

the HSB farming industry.  The market for these fish is appearance based and depends on the 

external appearance of whole fish in live fish markets or the shape and uniformity of fillets in 

upscale restaurants.  In this study, digital images were taken during Phase III sampling of 

HSB of known parentage to allow for landmark-based geometric morphometric analysis of 

shape at the time of harvest.  Condition factor (K) values also were calculated to serve as a 

rough descriptor of the body shape of fish sampled at the earlier phases of the HSB 

production cycle.  Those progeny having higher K values would be heavier and/or shorter 
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than fish with low K values and would have a more rounded body shape. Condition factor 

calculations demonstrated that the progeny of domesticated parents had higher mean K 

values in many cases when compared with the progeny of wild parents (Table 4.3).  Progeny 

from different half sibling families sampled from the research ponds varied by rank of mean 

K values, but this could have been a result of the very small (sample) size of progeny from 

domesticated paternal half sibling families (e.g., 0-4 in Research Phase I Pond A).  Also, 

progeny from paternal half sibling families from research ponds appeared to have a larger 

range of K values within each phase when compared to commercial pond samples.  This 

trend in the data might be a result of the increased incidence of external morphological 

abnormalities in the research ponds.   

 The specific shape of progeny was calculated in a subset of fish in the Phase III 

samples by first removing any non-shape variation through translation, rotation, and scaling 

of digital images of the fish.  This provided a superimposition of all images of progeny from 

each of the three ponds.  This step is necessary to ensure proper identification of landmarks 

during digitization.  In this case, it also revealed a higher incidence of shape abnormalities in 

progeny from the research ponds (Fig. 4.2).  This variation is apparent from the vectors 

extending from each cluster of points.  In the case of Research Pond C, for instance, vectors 

protruding from landmarks four, five, and six (see Fig. 4.1 for landmark numbers) could have 

been the result of progeny with kyphosis or a skeletal deformation giving the fish a 

“hunchback” appearance.  The progeny with forward protruding vectors at landmark seven 

could be a result of tail scoliosis or an “S” curvature of the spine resulting in a shortened tail.  

The ability to interpret morphometric data in this detailed manner is very important for the 

HSB industry while designing a selective breeding program.  For example, the industry and 
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researchers might decide to use smaller ponds to rear progeny that are part of a selective 

breeding program, which would be more cost effective, allow for greater replication, and 

ease pond maintenance and sampling.  However, cost effectiveness may be outweighed by an 

increased incidence of external abnormalities, which may result from the more volatile nature 

of small ponds with respect to water temperature, chemistry (e.g. dissolved oxygen, pH) and, 

for Phase I ponds, food (prey) availability (see Chapter 2).  An ideal size for fingerling ponds 

is recommended to be 3 to 5 acres (1.2 to 2.0 ha) and 3 to 6 feet (1 to 2 m) deep (Ludwig 

2004).  This would be comparable to the commercial pond used in this study.  The research 

ponds in this study were approximately 12 times smaller than the commercial pond. 

 Significance of the multivariate analysis of progeny from different paternal half 

sibling families, as well as significance of variation between paternal half sibling families in 

the likelihood ratio values for the first two CVs (Table 4.4), illustrated that at least a portion 

of the families could be discriminated from one another based upon body shape.  Progeny 

from each paternal half sibling family varied significantly in shape from those in each of the 

other paternal half sibling families in the commercial pond in pairwise comparisons (Table 

4.5.A.).  This variation was evident in a scatterplot where progeny from paternal half sibling 

families were separable in morphospace in an ordination of the first two canonical axes (Fig. 

4.3) and visibly when comparing the actual fish pictures and deformation grids (Fig. 4.4).  

However, in the research ponds, significant pairwise differences between families were only 

present between a portion of the half sibling families (Table 4.5.B. and C.).  These results 

might be partially due to differences in family sizes and the lesser overall variation in growth 

of fish in the research ponds in comparison to those in the commercial pond.  This is notable 
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because, as the size of the paternal half sibling family increased, so did the visible degree of 

separation of body shape between families (e.g., W2130 and W3B62).   

 Variation in body shape among paternal half sibling families indicates that sires play 

a significant role in genetic contributions to the body shape of their progeny.  As expected, 

dams also play a significant role in genetic contribution to the body shape of their progeny as 

evidenced by the significant multivariate results and variation in the CVs (Table 4.6) for the 

progeny from the four full sibling families (four dams crossed with a single sire).  While 

there was visible overlap between progeny from these families in the commercial pond (Fig. 

4.5), each group was discernable in morphospace (Table 4.7.A.).  Significant differences in 

body shape between full sibling families in the research ponds also were present, albeit to a 

lesser extent (Table 4.7.B. and C.).  This may have been a result of a decreased overall 

variation in length and weight of progeny in the research ponds potentially due to a 7-week 

conditioning period to ensure uniformity of size (see Chapter 3). 

Although the exact amount of additive contribution of sires or dams to body shape 

could not be quantified with the breeding design used in this study, the significant variation 

in body shape between progeny from both paternal half sibling families and full sibling 

families indicates that body shape might be strongly influenced by additive genetic effects 

rather than a result largely from genetic dominance effects in this hybrid system (HSB).  The 

possibility of an additive genetic effect on basic shape (K) was mentioned by Jenkins et al. 

(1998) as the K of backcrossed hybrids was intermediate to, but significantly different from, 

that of pure striped bass and original cross HSB (striped bass X white bass).  Potential 

additive genetic effects on body shape also were evident when performance characteristics of 
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reciprocal HSB varied between groups of hybrids produced from female white bass 

broodstock collected from different geographic locations (Kohler et al. 2001).     

 Gender can significantly affect HSB growth with some females growing up to 36% 

larger than males of the same age (S.J. Mitchell, personal communication; see Chapter 1).  

Significant variation in body shape due to gender was evident in the present study from the 

results of the multivariate analyses of shape by gender for fish in each pond (P < 0.0001).  

However, the main effect of gender was less significant in a two-way multivariate analysis of 

variance (P ≤ 0.0485).  Also, a significant interaction between progeny from paternal half 

sibling families and gender only existed in a single pond (P = 0.0091; Table 4.8).  These 

results suggest that gender does play a role in determining body shape, but probably not one 

that would affect family based selection in a breeding program.  However, it should be noted 

that these results also could have been influenced by the time of fish sampling.  The male 

HSB were mature or maturing at the time of Phase III sampling (~1.5 years) and milt could 

easily be expressed from many of them.  However, the female HSB would not begin 

producing eggs until the following spring (~2 years) where this advanced stage of maturation 

could alter body shape.  Therefore, further research should be conducted on the effects that 

sexual maturation might have on the shape of HSB progeny irrespective of their family of 

origin.   

 The three pond environments clearly appeared to affect HSB body shape, indicating a 

strong environmental component to this morphological parameter.  Progeny from the 

different ponds differed in values of traits such as K.  In addition, progeny shape varied 

between ponds (P < 0.0001) and the interaction between paternal half sibling families and 

ponds also was highly significant (P < 0.0080).  This was further evident in the visible 
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significant differences between ponds evidenced by pairwise comparisons of Mahalanobis 

distances (P < 0.0001 for each comparison).  While overlap in morphospace did exist 

between fish from the three ponds sampled, three distinct groupings representing each pond 

were clearly evident (Fig. 4.6).  Pond variation also was evident when other measured traits 

(Table 4.9) were included in the statistical analyses.  Large variability between ponds in fish 

shape and other performance characteristics of the fish may have been initiated during larval 

and fingerling rearing from ~5 days post hatch to ~35-52 days post hatch (the time when 

larvae were initially stocked into ponds and recovered as Phase I fingerlings, respectively).  

The differences in family composition and K values of the fish in each pond at the time of 

Phase I sampling corroborates this possibility (Table 4.3).  Differences in larval diets (prey 

composition) present in each pond might result in shape variation as documented by Fulford 

& Rutherford (2000) for laboratory reared Morone spp.  Further, Loy et al. (2000) reported 

that significant shape variations in seabass were apparent in juveniles, but these variations 

(while still significant) were diminished in adults after 15 months of rearing in sea cages.  

These authors expressed the idea that initial larval rearing conditions were extremely 

important in determining the shape of juvenile and adult sea bass (Loy et al. 2000).   

The effect of initial environmental variation on the shape of fish sampled at Phase III 

might have been substantial for HSB reared in the commercial pond because, unlike the case 

for the research ponds, there were no attempts to grade or create uniformity of the fish 

(through feed manipulations) following initial stocking of the larvae.  After the research 

ponds were seined and progeny were sampled at 35-38 days post hatch (Phase I), all of the 

progeny (fingerlings) were mixed together  and subjected to a special feeding program for ~ 

7 weeks to create uniformity of size, prevent cannibalism, and allow for efficient feeding.  
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This manipulation would have negated effects from initial larval rearing by the time of Phase 

III sampling.  One would expect the shape of progeny from the two research ponds to be 

similar to each other and potentially differ only from that of fish reared in the commercial 

pond.  However, fish from the two research ponds differed significantly from each other in 

body shape indicating that some aspects of shape are affected later in the HSB production 

cycle (after Phase I).  Further research must be conducted to assess changes in progeny shape 

throughout the production cycle and to determine and quantify the effects of environment 

(pond) and genetics on HSB shape.  Further research must be conducted using replicate 

commercial ponds of the same size to more completely understand the effect of the pond 

environment on HSB shape.  Finally, studies in variable environments and also in 

commercial production tanks are necessary to assess whether changes in weather conditions 

and production units also significantly affect body shape.  All of these potential contributors 

to determination of body shape must be considered singly and in unison before the industry 

can arrive at a specific protocol for influencing body shape in a selective breeding program.   

The results of this study clearly indicate that shape can be significantly altered with 

only a few generations of passive selection (domestication).  This finding suggests that  

active selection could result in a greater, intentional modification of body shape and that fish 

farmers should be able to mold their product to meet specific market sectors.  If a fish farmer 

benefits from producing HSB of the “wild” (slender and elongated) shape, then it would not 

necessarily behoove him/her to use only wild broodstock, because of the many other benefits 

accrued from maintaining and using domesticated broodstock.  To the contrary, this same 

fish farmer might consider selecting for fish with the “wild shape” for market.  However, the 

specifics for active shape selection are not clear from the results of this study and they would 
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be complicated by the fact that the hybrid progeny would not be crossed to produce future 

generations. Rather, because the F1 generation hybrids do not breed true (see Chapter 1), the 

pure species (white bass and striped bass) would need to be mated to produce each 

subsequent generation of HSB.  

 Although the 13 landmarks used in this study could collectively describe many 

characteristics of body shape, if shape is chosen as an important variable for selective 

improvement in a breeding program, then additional landmarks should be added to better 

quantify variations in body shape.  These additional landmarks may need to be identified or 

marked in the field at the time of image acquisition as they may not be completely apparent 

in the digital images.  For example, better quantification of the tail region would have been 

possible if the dorsal and ventral edges of the caudal peduncle had been identified rather than 

just the center of the caudal peduncle (landmark 7, Fig. 4.1).  Significant variation also may 

exist in the head region of HSB (see d versus a, b, and c; Fig. 4.4).  These differences might 

be statistically discerned if better landmarks are identifiable in an additional picture taken of 

the head region only.  Also, landmark 12 (Fig. 4.1) proved to be absolutely essential as it was 

not natural for the mouth of the fish to remain closed.  If a method of ensuring a closed 

mouth were available, then the tip (anterior extreme) of the mouth would become an 

important additional landmark.  Lastly, physically locating a homologous landmark on the 

abdominal (“belly”) region of the HSB (between the pelvic and anal fins) is impossible.  New 

techniques to best reliably quantify this area are necessary as significant variation appears to 

lie in this region (Fig. 4.4).  It may be possible to quantify this region by taking pictures in 

consistent lighting to provide comparable brightness and contrast and pinning the pelvic fin 

perpendicular from the body.  This would allow tracing of the belly region between 
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landmarks 9 and 10.  This same consistent lighting might allow researchers to identify 

whether or not the broken pattern of stripes on the progeny was related somehow to family.  

Ensuring consistent lighting may be key as it could preclude the usage of pins altogether.  If 

progeny are not pinned, then they could be used in repeated measures studies.  For example, 

images could be collected of HSB progeny during each phase of the HSB production cycle.  

Further, insertion of passive integrated transponders would allow for individualized measures 

of each progeny from all phases to track changes in shape with time.  Noninvasive sampling 

as described would also allow use of superior progeny as future broodstock. 

 In conclusion, body shape appears to be a trait amenable to significant alteration in a 

selective breeding program.  Further research will be necessary to better understand shape 

variations resulting from variable pond environments.  Specific landmarks can be added as 

breeding goals for body shape are better defined. 
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Table 4.1.   Nested mating design where each female white bass is crossed with a single male 
striped bass.  D indicates crosses of domesticated broodstock, W indicates crosses of wild 
broodstock, and PPLS indicates estimated percentage of the pooled larvae stocked. 
 
Aquarium D/W Larvae Total Larvae Stocked PPLS McDonald Hatching Jars 
1 D 204,213 91,713 10.95%Jar 1 - dams 1-4 with sire 7A22 
     Jar 2 - dams 5-7 with sire 7A22 
2 D 88,103 88,103 10.52%Jar 3 - dams 8-11 with sire 100B
     Jar 4 - dams 12-14 with sire 

100B 
3 W 497,114 384,614 45.92%Jar 5 - dams 15-17 with sire 

3B62 
     Jar 6 - dams 18-19 with sire 

2130 
4 D 116,693 116,693 13.93%Jar 7 - dams 20-21 with sire 

7A22 
     Jar 8 - dams 22-24 with sire 

100B 
5 D 25,964 25,964 3.10% Jar 9 - dams 25-26 with sire 

5C5D 
7 W 532,997 48,000 5.73% Jar 10 - dams 27-28 with sire 

3B62 
     Jar 11 - dams 29-31 with sire 

2130 
8 D 71,474 71,474 8.53% Jar 12 - dam 32 with sire 5C5D 
10 D 11,086 11,086 1.32% Jar 14 - dam 33 with sire 5C5D 
Total D&W  837,647 100%  
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Table 4.2.  Pertinent information regarding microsatellite DNA markers used in this study: 
marker name, publication, color of fluorescent tag on reverse primer (Tag), concentration of 
forward and reverse primers (F/R), reaction number (R#), temperature of annealing (TA), 
number of alleles observed in published study, number of alleles observed in striped bass 
(SB) and white bass (WB) in this study, and verification that parental alleles were inherited 
without alteration in hybrid striped bass (HSB). 
 
Marker 
Name 

Publication Tag F/R R# TA Obs. 
Alleles 

SB WB Verified 
HSB 

SB108 I. Wirgin, pers. comm. 6Fam 0.325/0.342 1 49 13 5 1 Yes 
SB91 Roy et al. 2000 6Fam 0.310/0.330 1 49 9 5 7 Yes 
SB113 Roy et al. 2000 Ned 0.440/0.460 1 49 28 6 9 Yes 
SB6 García de León et al. 1995 Pet 0.525/0.542 1 49 9 5 4 Yes 
SB83 Leclerc et al. 1996 Vic 0.440/0.460 2 56 12 5 7 Yes 
AC25-1#2 Brown et al. 2003 Ned 0.300/0.320 2 56 2 2 5 Yes 
MSM1073 Couch et al. in press Pet 0.300/0.320 2 56 ** 2 4 Yes 
**SB and WB reported in Couch et al. in press for this marker from this study. 
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Table 4.3.  Reciprocal hybrid striped bass progeny from domesticated (D) or wild (W) 
paternal half sibling families with F and P values from an analysis of variance (total number 
of progeny N are listed).  Each paternal half sibling family is ranked by decreasing mean ( x ) 
condition factor (K) with the number of progeny from each sire (n).  Mean standard error 
(SE) is included in and followed by superscripted letters denoting nonsignificant values (P > 
0.05; pairwise comparisons of least-square Tukey-Kramer adjusted means).  Minimum and 
maximum value, range, and coefficient of variation are also included for each paternal half 
sibling family.  Progeny are from a 1.2 ha commercial pond (Carolina Fisheries, Aurora, NC) 
or 0.1 ha research ponds (NCSU-Pamlico Aquaculture Field Laboratory, Aurora, NC) and 
were sampled at the end of Phase I (52 dph commercial pond, 35-38 dph research ponds), 
Phase II (~1 yr), and Phase III (~1.5 yrs). 
 

Commercial Pond Phase I 
N = 194 F = 5.62 ; P = 0.0003 
Rank (n) D5C5D (n = 7) D7A22 (n = 14) D100B (n = 26) W3B62 (n = 110) W2130 (n = 37)
x  (SE)sig 1.08 (0.017)a 1.04 (0.012)ab 1.03 (0.013)ab 1.02 (0.004)b 1.00 (0.009)c

Min, Max 1.03, 1.14 0.95, 1.12 0.89, 1.17 0.89, 1.16 0.88, 1.10 
Range 0.11 0.17 0.28 0.27 0.22 
CV 4.15 4.29 6.45 4.56 5.47 

Research Pond Phase I (Pond A) 
N = 174 F = 0.29 ; P = 0.8338 
Rank (n) D7A22 (n = 1) W3B62 (n = 109) D100B (n = 4) W2130 (n = 60) D5C5D (n = 0) 
x  (SE)sig 1.14a 1.06 (0.011)a 1.05 (0.011)a 1.05 (0.010)a  
Min, Max  0.51, 1.70 1.03, 1.08 0.54, 1.15  
Range  1.19 0.05 0.61  
CV  10.99 2.08 7.43  

Research Pond Phase I (Pond B) 
N = 194 F = 2.52 ; P = 0.0424 
Rank (n) D7A22 (n = 8) D5C5D (n = 1) D100B (n = 9) W3B62 (n = 115) W2130 (n = 61)
x  (SE)sig 1.08 (0.013)a 1.07a 1.07 (0.022)a 1.02 (0.005)a 1.02 (0.010)a

Min, Max 1.00, 1.12  0.96, 1.16 0.82, 1.18 0.52, 1.14 
Range 0.12  0.19 0.35 0.60 
CV 3.39  6.20 5.69 7.81 

Research Pond Phase I (Pond C) 
N = 194 F = 0.36 ; P = 0.7784 
Rank (n) D7A22 (n = 1) D100B (n = 1) W3B62 (n = 151) W2130 (n = 41) D5C5D (n = 0) 
x  (SE)sig 1.14a 1.07a 1.04 (0.009)a 1.03 (0.012)a  
Min, Max   0.88, 2.01 0.87, 1.22  
Range   1.14 0.35  
CV   10.71 7.31  
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Table 4.3 Continued 
Commercial Pond Phase II 

N = 712 F = 21.25 ; P < 0.0001 
Rank (n) D7A22 (n = 74) D5C5D (n = 40) D100B (n = 121) W3B62 (n = 333) W2130 (n = 144)
x  (SE)sig 1.14 (0.007)a 1.14 (0.010)a 1.13 (0.005)a 1.095 (0.003)b 1.091 (0.004)b

Min, Max 1.02, 1.24 0.99, 1.25 1.02, 1.30 0.97, 1.31 0.99, 1.29 
Range 0.23 0.26 0.28 0.34 0.30 
CV 5.03 5.64 4.40 5.52 4.89 

Research Pond Phase II 
N = 182 F = 3.36 ; P = 0.0112 
Rank (n) D7A22 (n =  5) W3B62 (n = 124) W2130 (n = 46) D100B (n = 6) D5C5D (n = 1) 
x  (SE)sig 1.07 (0.032)ab 1.06 (0.007)a 1.01 (0.009)b 0.99 (0.020)ab 0.98ab

Min, Max 0.99, 1.15 0.84, 1.28 0.91, 1.17 0.94, 1.08  
Range 0.16 0.44 0.26 0.14  
CV 6.65 7.89 6.26 4.99  

Commercial Pond Phase III 
N = 951 F = 11.48 ; P < 0.0001 
Rank (n) D5C5D (n = 52) D100B (n = 72) D7A22 (n = 52) W3B62 (n = 590) W2130 (n = 185)
x  (SE)sig 1.49 (0.012)a 1.44 (0.010)b 1.43 (0.009)bc 1.41 (0.006)bc 1.42 (0.003)c

Min, Max 1.32, 1.70 1.25, 1.61 1.30, 1.60 1.18, 1.88 1.16, 1.64 
Range 0.38 0.36 0.30 0.48 0.70 
CV 5.99 5.76 4.64 5.41 6.26 

Research Pond Phase III (Pond A) 
N = 887 F = 5.31 ; P = 0.0003 
Rank (n) D5C5D (n = 4) D7A22 (n = 13) D100B (n = 44) W3B62 (n = 592) W2130 (n = 234)
x  (SE)sig 1.41 (0.047)ab 1.40 (0.021)ab 1.39 (0.011)ac 1.35 (0.003)b 1.35 (0.005)b

Min, Max 1.35, 1.55 1.28, 1.53 1.21, 1.52 0.81, 1.79 1.19, 1.96 
Range 0.20 0.25 0.31 0.98 0.77 
CV 6.59 5.43 5.20 5.37 5.53 

Research Pond Phase III (Pond C) 
N = 938 F = 11.72 ; P < 0.0001 
Rank (n) D5C5D (n = 5) D7A22 (n = 19) D100B (n = 39) W3B62 (n = 644) W2130 (n = 231)
x  (SE)sig 1.48 (0.039)a 1.48 (0.019)a 1.43 (0.012)a 1.38 (0.003)b 1.38 (0.005)b

Min, Max 1.38, 1.58 1.28, 1.60 1.26, 1.63 1.15, 2.21 1.05, 1.72 
Range 0.20 0.32 0.38 1.06 0.67 
CV 5.88 5.60 5.38 6.03 5.41 
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Table 4.4.  Canonical variates (CV) for reciprocal hybrid striped bass progeny from five 
paternal half sibling families from three ponds and their corresponding Eigenvalues, 
percentage of variance explained by each CV (Percentage), and likelihood ratio (L. Ratio) 
test with associated F statistic, numerator degrees of freedom (NumDF), denominator 
degrees of freedom (DenDF), and P value. 
 
Commercial Pond 
CV# Eigenvalue Percentage L. Ratio F stat NumDF DenDF P value 

CV1 1.0295 58.43 0.26305438 6.91 88 1513 < 0.0001
CV2 0.4869 27.64 0.53386511 4.25 63 1144.1 < 0.0001
CV3 0.1531 8.69 0.79381852 2.35 40 768 < 0.0001
CV4 0.0925 5.25 0.91536539 1.87 19 385 0.0148
Research Pond A 
CV1 0.6815 66.70 0.43535554 3.77 88 1418.1 < 0.0001
CV2 0.2470 24.18 0.73205426 1.87 63 1072.5 < 0.0001
CV3 0.0525 5.14 0.91289963 0.84 40 720 0.7498
CV4 0.0408 3.99 0.96081256 0.77 19 361 0.7372
Research Pond C 
CV1 0.4269 53.12 0.49664152 3.36 88 1524.9 < 0.0001
CV2 0.2610 32.47 0.70867633 2.24 63 1153 < 0.0001
CV3 0.0660 8.21 0.89362883 1.12 40 774 0.2850
CV4 0.0497 6.19 0.95261668 1.02 19 388 0.4413
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Table 4.5.  Pairwise comparisons, of Phase III hybrid striped bass progeny from paternal half 
sibling families (D = domesticated, W = wild), based on Mahalanobis distances (above the 
diagonal).  Level of significance of pairwise comparisons of these distances indicated below 
the diagonal with significant comparisons in bold (significance after sequential Bonferroni 
correction at α = 0.05).  
 
A.  Commercial Pond (Carolina Fisheries, Aurora, NC) 
Half Sib Family D100B D5C5D D7A22 W2130 W3B62
D100B (n = 31) 5.3480 4.0995 5.5538 6.5993
D5C5D (n = 16) 0.0004 4.9065 11.6249 9.9141
D7A22 (n = 34) <0.0001 0.0009 7.4655 8.8985
W2130 (n = 86) <0.0001 <0.0001 <0.0001  3.2322
W3B62 (n = 241) <0.0001 <0.0001 <0.0001 <0.0001 
 
B.  Research Pond A (NCSU-Pamlico Aquaculture Field Laboratory, Aurora, NC) 
Half Sib Family D100B D5C5D D7A22 W2130 W3B62
D100B (n = 19) 9.3859 6.4877 5.6381 5.2383
D5C5D (n = 2) 0.8095 12.6941 11.7263 9.2984
D7A22 (n = 5) 0.3410 0.7525 11.4088 6.5967
W2130 (n = 91) <0.0001 0.4823 0.0008  3.7121
W3B62 (n = 267) <0.0001 0.7354 0.1147 <0.0001 
 
C.  Research Pond C (NCSU-Pamlico Aquaculture Field Laboratory, Aurora, NC) 
Half Sib Family D100B D5C5D D7A22 W2130 W3B62
D100B (n = 13) 15.8614 5.0505 6.1976 7.4564
D5C5D (n = 2) 0.2571 15.4484 21.0139 23.2320
D7A22 (n = 8) 0.3681 0.3828 8.7823 8.3177
W2130 (n = 97) <0.0001 0.0176 <0.0001  1.8819
W3B62 (n = 291) <0.0001 <0.00010.0054 <0.0001 
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Table 4.6.  Canonical variates (CV) for reciprocal hybrid striped bass progeny from four full 
sibling families from three ponds and their corresponding Eigenvalues, percentage of 
variance explained by each CV, and likelihood ratio (L. Ratio) test with associated F statistic, 
numerator degrees of freedom (NumDF), denominator degrees of freedom (DenDF), and P 
value. 
 
Commercial Pond 
CV# Eigenvalue Percentage L. Ratio F stat NumDF DenDF P value 

CV1 0.7397 58.58 0.36106797 3.44 66 559.59 < 0.0001
CV2 0.3101 24.51 0.62816518 2.34 42 376 < 0.0001
CV3 0.2152 17.01 0.82292983 2.03 20 189 0.0076
Research Pond A 
CV1 0.5962 67.16 0.47913266 2.78 66 657.84 < 0.0001
CV2 0.2185 24.61 0.76480284 1.51 42 442 0.0245
CV3 0.0730 8.23 0.93193436 0.81 20 222 0.6994
Research Pond C 
CV1 0.3648 56.02 0.56066355 2.29 66 705.62 < 0.0001
CV2 0.1503 23.08 0.76518416 1.62 42 474 0.0103
CV3 0.1361 20.91 0.88017368 1.62 20 238 0.0489

  219



Table 4.7.  Pairwise comparisons, of Phase III hybrid striped bass progeny from four full 
sibling families (W = wild), based on Mahalanobis distances (above the diagonal).  Level of 
significance of pairwise comparisons of these distances indicated below the diagonal with 
significant comparisons in bold (significance after sequential Bonferroni correction at α = 
0.05).  
 
A.  Commercial Pond (Carolina Fisheries, Aurora, NC) 
Full Sib Family W15 W16 W17 W18
W15 (n = 65) 3.41126 3.38712 7.31379
W16 (n = 96) < 0.0001 2.27179 3.86303
W17 (n = 29) < 0.0001 0.0049  4.96377
W18 (n = 22) < 0.0001 < 0.0001 0.0004 

 
B.  Research Pond A (NCSU-Pamlico Aquaculture Field Laboratory, Aurora, NC) 

W15 W17 Full Sib Family W16 W18
W15 (n = 90) 2.54313 2.92648 4.77086
W16 (n = 97) 1.34119
W17 (n = 39) < 0.0001 0.0019 2.75127
W18 (n = 19) < 0.0001 0.0904 0.6159

< 0.0001 1.92369 
 

 
C.  Research Pond C (NCSU-Pamlico Aquaculture Field Laboratory, Aurora, NC) 

W15 W17 Full Sib Family W16 W18
W15 (n = 86) 1.90982 1.74863 3.06360
W16 (n = 110) < 0.0001 1.30694 2.33449
W17 (n = 47) 0.0019 0.0181  2.75340
W18 (n = 18) 0.0104 0.0721 0.0759 
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Table 4.8.  Two-way multivariate analysis results for reciprocal hybrid striped bass progeny 
from five paternal half sibling families (PHS), of two genders (male, female), and the 
interaction between PHS and gender for three ponds. 

Commercial Pond 
 

 Wilks’ λ F Value NumDF DenDF P Value
PHS Family 0.27438132 88 < 0.00016.53 1485.3 
Gender 0.90378942 1.81 22 375 0.0144
Interaction 0.81007937 88 0.67770.92 1485.3 

Research Pond A 
PHS Family 0.44272805 3.65 88 1402.3 < 0.0001
Gender 0.91065105 1.58 22 354 0.0485
Interaction 0.85069665 0.89 66 1058 0.7168

Research Pond C 
PHS Family 0.47040597 3.57 88 1497.2 < 0.0001
Gender 0.91568844 1.58 22 378 0.0473
Interaction 0.73034421 1.41 88 1497.2 0.0091
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Table 4.9.  Pearson correlation coefficients (P values) between calculated condition factor 
(K) and the first two canonical variates (CV1 and CV2) and traits measured during Phase III 
sampling from three ponds of reciprocal hybrid striped bass progeny.  Extrnl Abnorm = 
external abnormalities, Reprdtv Abnorm = reproductive abnormalities, VSI = viscerosomatic 
index, GSI = gonadosomatic index, Carcass Weight = total weight – weight of viscera. 
 

Commercial Pond 
Measured Trait K CV1 CV2
Total Length 0.20 (< 0.0001) 0.05 (0.2732) 0.24 (< 0.0001)
Weight 0.45 (< 0.0001) 0.02 (0.6775) 0.32 (< 0.0001)
Extrnl Abnorm 0.12 (0.0139) 0.02 (0.6466) 0.11 (0.0307)
Reprdtv Abnorm 0.02 (0.6840) -0.07 (0.1585) 0.00 (0.9529)
VSI 0.48 (< 0.0001) -0.16 (0.0013) 0.25 (< 0.0001)
GSI 0.34 (< 0.0001) -0.26 (< 0.0001) 0.19 (< 0.0001)
Carcass Weight 0.43 (< 0.0001) 0.03 (0.5101) 0.32 (< 0.0001)
K -0.07 (0.1366) 0.35 (< 0.0001)
CV1 -0.19 (0.0002) -0.02  (0.6394)
CV2 0.22 (< 0.0001) -0.02 (0.6394)

Research Pond A 
Total Length 0.02 (0.7153) 0.07 (0.1790) 0.23 (<0.0001)
Weight 0.33 (< 0.0001) 0.04 (0.4375)  0.31 (<0.0001)
Extrnl Abnorm 0.03 (0.5290) 0.08 (0.1380) -0.02 (0.6642)
Reprdtv Abnorm 0.02 (0.7262) 0.08 (0.1040) 0.07 (0.1474)
VSI 0.42 (< 0.0001) -0.22 (< 0.0001 0.20 (0.0001)
GSI 0.25 (< 0.0001)  -0.24 (< 0.0001) 0.12 (0.0158)
Carcass Weight 0.29 (< 0.0001) 0.06 (0.2422) 0.30 (< 0.0001)
K -0.09 (0.0803) 0.30 (< 0 0001)
CV1 0.09 (0.0642) 0.05 (0.3268)
CV2 0.39 (< 0.0001) 0.05 (0.3268)

Research Pond C 
Total Length -0.13 (0.0106) -0.12 (0.0136) 0.17 (0.0004)
Weight 0.25 (< 0.0001) -0.10 (0.0431) 0.28 (<0.0001)
Extrnl Abnorm 0.13 (0.0077) 0.25 (< 0.0001) 0.03 (0.6073)
Reprdtv Abnorm 0.05 (0.3160) -0.01 (0.8529) 0.02 (0.6562)
VSI 0.37 (< 0.0001) -0.18 (0.0003)  0.22 (< 0.0001)
GSI 0.19 (<0.0001) -0.17 (0.0006)  0.14 (0.0052)
Carcass Weight 0.22 (< 0.0001) -0.08 (0.0863)  0.27 (< 0.0001)
K 0.07 (0.1467) 0.30 (< 0.0001)
CV1 -0.21 (< 0.0001) -0.02 (0.7152)
CV2 -0.20 (< 0.0001) -0.02 (0.7152)
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Figure 4.1.  Position of 13 landmarks used to define hybrid striped bass body shape 
including: 1 and 2 points on the preoperculum, 3 insertion of 1st spine of 1st dorsal fin, 4 
insertion of 8th spine of 1st dorsal fin, 5 insertion of 1st spine of 2nd dorsal fin, 6 posterior 
insertion of 2nd dorsal fin, 7 center of caudal peduncle, 8 posterior insertion of anal fin, 9 
insertion of 1st spine of anal fin, 10 anterior insertion of pelvic fin, 11 antero-dorsal insertion 
of pectoral fin, 12 posterior edge of upper lip, and 13 center of eye.   
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 A. Commercial Pond ____________________________________________________ 

 
B. Research Pond A ______________________________________________________ 

 
C. Research Pond C ______________________________________________________ 

 
Figure 4.2.  Superimposition of reciprocal hybrid striped bass progeny from three ponds 
after all non-shape differences were removed by rotation, translation, and scaling using the 
orthogonal generalized Procrustes superimposition analysis in TPSRELW version 1.42 
(Rohlf 2005).  Each vector cluster corresponds to a landmark in Figure 4.1. 
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Figure 4.3.  Ordination of reciprocal hybrid striped bass progeny from five paternal half 
sibling families (D = domesticated, W = wild) along the first two canonical axes (CV1 and 
CV2) from a commercial pond. 
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Figure 4.4.  Reciprocal hybrid striped bass images of a similar size scale identified in Figure 
4.3 and presented here with corresponding deformation grids. 
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Figure 4.5.  Ordination of reciprocal hybrid striped bass progeny from four wild full sibling 
families along the first two canonical axes (CV1 and CV2) from a commercial pond. 
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Figure 4.6.  Ordination of all reciprocal hybrid striped bass progeny sampled from three 
ponds (one commercial and two research) along the first two canonical axes (CV1 and CV2). 
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Appendix 4 – SAS Code 
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Appendix 4 – SAS Code 
 
 
Appendix 4.A.  Calculation of significance between progeny from paternal half sibling 
families (sire) for condition factor (k) using the generalized linear model (glm).  Output also 
includes pairwise comparisons of least-square Tukey-Kramer adjusted means. 
 
proc glm data=library.filename; 
class sire; 
model k = sire; 
lsmeans sire / PDIFF Adjust=Tukey; 
run; 
 
 
Appendix 4.B.  Multivariate analyses of the shape variables (aa, ab, ac, etc.) to assess 
whether progeny from paternal half sibling families (sire) vary significantly.  Contrast 
statements written to assess statistical significance in a pairwise fashion.  This code was also 
used to assess variations between progeny from four full sibling families (dam). 
 
proc glm data=library.filename; 
class sire; 
model aa ab ac ad ae af ag ah ai aj ak al am an ao ap aq ar as at au av = sire / nouni; 
contrast 'sire d100b and sire d5c5d' sire 1 -1 0 0 0; 
contrast 'sire d100b and sire d7a22' sire 1 0 -1 0 0; 
contrast 'sire d100b and sire w2130' sire 1 0 0 -1 0; 
contrast 'sire d100b and sire w3b62' sire 1 0 0 0 -1; 
contrast 'sire d5c5d and sire d7a22' sire 0 1 -1 0 0; 
contrast 'sire d5c5d and sire w2130' sire 0 1 0 -1 0; 
contrast 'sire d5c5d and sire w3b62' sire 0 1 0 0 -1; 
contrast 'sire d7a22 and sire w2130' sire 0 0 1 -1 0; 
contrast 'sire d7a22 and sire w3b62' sire 0 0 1 0 -1; 
contrast 'sire w2130 and sire w3b62' sire 0 0 0 1 -1; 
manova h=_all_; 
run; 
 
[nouni = no univariate = a request not to conduct separate analyses for each of the variables 
in the model statement (these separate analyses would be on the 22 shape variables).  The 22 
shape variables were renamed as their original column headings called for additional SAS 
analyses (e.g., 1X renamed as aa, 1Y renamed as ab).] 
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Appendix 4.C.  Two-way multivariate analysis to assess whether an effect of gender existed 
on progeny from paternal half sibling families (sire).  Also, an environmental effect was 
assessed by substituting pond for gender in a file that included progeny data from the three 
ponds sampled. 
 
proc glm data=library.filename; 
class sire gender; 
mode aa ab ac ad ae af ag ah ai aj ak al am an ao ap aq ar as at au av = sire gender 
sire*gender / nouni; 
manova h=_all_; 
run; 
 
 
Appendix 4.D.  Canonical variates analysis performed on the shape variables (aa, ab, ac, 
etc.) to better determine the degree of morphometric differentiation between progeny from 
paternal half sibling families (sire), between progeny from four full sibling families (dam), 
and between progeny from the three ponds sampled (pond) 
 
proc candisc data=library.filename ncan=3 out=outcan distance; 
class sire; 
var aa ab ac ad ae af ag ah ai aj ak al am an ao ap aq ar as at au av; 
run; 
 
[ncan=3 sends the first three canonical variates into the default SAS work folder.  A file 
named outcan is located in the work folder (out=outcan).  This file has the canonical variates 
(CV1, CV2, and CV3) and the first two were graphed.  distance calls for the calculation of 
Mahalanobis distances.] 
 
 
Appendix 4.E.  Pearson correlation coefficients were calculated between all variables 
measured on the hybrid striped bass progeny and condition factor (K), canonical variate 1 
(CV1) and canonical variate 2 (CV2). 
 
proc corr data=library.filename; 
var tl_mm wt_g extrnl reprdtv vsi gsi carcass K CV1 CV2; 
with K CV1 CV2; 
run; 
 
 

  231


