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{ABSTRACT) 

The overall goal of this research project was to determine optimal 

strategies for applying genomic mapping, quantitative trait loci (QTL) 

detection and marker-assisted selection (MAS) to genetic improvement of 

aquaculture species. 

Genes affecting aquaculture performance, or quantitative trait loci 

(QTLs}, can be mapped in relation to naturally-occuring genetic markers. 

Knowledge of linkages between marker and QTL alleles can be used for 

marker-assisted selection (MAS), potentially increasing the rate of 

genetic progress above that for selective breeding alone. QTL detection 

and MAS have not yet been practiced on an aquaculture species. I 

reviewed the technical literature on QTL detection and MAS in other 

species in order to advance critical discussion of how best to pursue 

QTL detection and MAS in fish. The need for cost-effectively screening 

markers suggests polymerase chain reaction-based screening of a 

collection of microsatellite loci or RAPDs (random amplified polymorphic 

DNAs). Experimental power calculations suggest that because markers will 

have to be screened within large progeny groups, selective or sequential 

genotyping or screening of bulked DNA samples will be needed for cost

effective detection of QTLs. 

DNA amplification fingerprinting (DAF) profiles were generated for 

brook trout, Salvelinus fontinalis, in an attempt to identify a genetic 

marker for the sex determining locus. DNA mixes of nine males and nine 

females from a group of closely related fish were screened with 100 

arbitrary decamer primers to identify candidate markers for more 

detailed analysis. Upon screening a panel of three male and three female 

individuals, however, none of the candidate markers proved to be 

strictly associated with one sex or the other. 



Screening of DNA rnicrosatellite loci was used to construct a genomic 

map for tilapia (Oreochromis sp). A male hybrid between Oreochromis 

aureus and red O. niloticus was crossed with a female O. mossambicus to 

produce the 3-way cross mapping family. A panel of DNA samples of 2 

grandparents, 2 parents and 60 F2 individuals was screened for 

microsatellite markers with 133 primer pairs using polymerase chain 

reaction. The genetic map I produced consists of 22 microsatellite loci 

placed into two linkage groups, with 17 loci remaining unlinked. The 

microsatellite data were integrated with amplified fragment length 

polymorphism (AFLP) data from collaborators to construct the overall 

linkage map with 191 markers in 25 linkage groups. 
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INTRODUCTION 

Genetic improvement of aquaculture stocks offers the potential for 

significant improvements in yield and profitability. Selective breeding 

and a range of biotechnologies have been applied toward the goal of 

genetic improvement of aquaculture species (Kapuscinski and Hallerman 

1994}. 

Selection is a breeding approach involving the choosing of superior 

individuals or families for use as parents of the succeeding generation. 

Because fish have high reproductive capacity and because many of their 

quantitative traits exhibit a moderate to high degree of heritable 

variation (Tave 1993}, selective breeding provides an effective means 

for genetic improvement of many fish stocks. 

One promising combination of selective breeding and biotechnology is 

termed marker-assisted selection, or MAS. Knowledge of linkages between 

marker and performance genes can be used for MAS, potentially increasing 

the rate of genetic progress above that for selective breeding alone. 

MAS would be particularly useful for improvement of traits that are sex

linked or expressed late in life or at slaughter. 

Genetic marker-based methods are being used to detect and to map 

quantitative trait-encoding loci (QTLs) in a number of agricultural 

plants and livestock. Because of their high reproductive capability and 

the possibility of raising large groups of fish in common environments, 

fish may provide an attractive system for detecting QTLs and executing 

MAS (Hallerman and Beckmann 1988). However, QTL detection and MAS have 

not yet been practiced on an aquaculture species. Further, theoretical 

and applied aspects of QTL detection and MAS are not widely known in the 

aquaculture community. Hence, one objective of this dissertation 

research was to evaluate various experimental designs for QTL detection 

and MAS for their suitability for application to fishes. 
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The laboratory component of this dissertation research was aimed at 

making practical contributions to QTL detection in cultured fish 

species. 

There is increasing interest in culture of brook trout, Salvelinus 

fontinalis. Because females grow faster and do not undergo precocious 

maturation, there is interest in developing all-female stocks through 

sex reversal (Lincoln and Scott 1983). A sex-linked marker for brook 

trout would assist in development of all-female stocks and contribute to 

understanding of sex determination of the species. A second objective of 

this dissertation research, thus, was development of a sex-linked marker 

for brook trout. 

Tilapias (Oreochromis sp.) are among the most important aquaculture 

species in the world (Pullin 1991). Construction of a linkage map of 

tilapia would contribute not only to detection of quantitative trait 

loci but also to understanding of genomic evolution among members of the 

family Cichlidae. Development of a synthetic tilapia stock by a 

collaborator presented the opportunity to elaborate the genetic map of 

tilapia. A third objective of the dissertation research was to 

contribute data on microsatellite DNA markers for construction of the 

genomic map of tilapia. 
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CHAPTER 1 

TOWARD DETECTION OF QUANTITATIVE TRAIT LOCI AND MARKER-ASSISTED 

SELECTION IN FISH 

ABS TRACT 

Genes affecting aquaculture performance, or quantitative trait loci 

(QTLs), can be mapped in relation to naturally-occuring genetic markers. 

Knowledge of linkages between marker and QTL alleles can be used for 

marker-assisted selection (MAS), potentially increasing the rate of 

genetic progress above that for selective breeding alone. Although fish 

may provide an attractive system for detecting QTLs and executing MAS, 

QTL detection and MAS have not yet been practiced on an aquaculture 

species. I reviewed the technical literature on QTL detection and MAS in 

other species in order to advance critical discussion of how best to 

pursue QTL detection and MAS in fish. Over 100 highly polymorphic 

markers would be needed for complete genome coverage, although a subset 

of QTLs might be detected with fewer markers. The need for cost

effectively screening markers suggests polymerase chain reaction-based 

screening of a collection of microsatellite loci or RAPDs {random 

amplified polymorphic DNAs). Experimental power calculations suggest 

that because markers will have to be screened within large progeny 

groups, selective or sequential genotyping or screening of bulked DNA 

samples will be needed for cost-effective detection of QTLs. With well 

designed experiments, QTL detection and MAS might prove an effective 

adjunct to conventional selective breeding in fishes. 

INTRODUCTION 

Genetic improvement of aquaculture stocks offers the potential for 

significant improvements in yield and profitability. Selective breeding 

and a range of biotechnologies have been independently applied toward 

the goal of genetic improvement in a limited number of aquaculture 

species (Kapuscinski and Hallerman 1994). One promising combination of 

selective breeding and biotechnology is termed marker-assisted 

selection, or MAS. 
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The power of modern molecular genetic methods for observing large 

numbers of naturally occuring DNA-level variants, or genetic markers, 

provides the potential for increasing the power of conventional 

selective breeding programs (Soller and Beckmann 1983; Beckmann and 

Soller 1983, 1986; Kashi et al. 1990). Just as genetic markers can be 

mapped in relation to one another to generate a genomic map, genes 

affecting aquaculture performance can be mapped in relation to genetic 

markers (Hallerman and Beckmann 1988). Knowledge of linkages between 

marker and performance genes can be used for marker-assisted selection, 

potentially increasing the rate of genetic progress above that for 

selective breeding alone. MAS would be particularly useful for 

improvement of traits that are sex-linked or expressed late in life or 

at slaughter. 

Genetic marker-based methods are being used to detect, and in some 

cases, to genetically map quantitative trait-encoding loci (QTLs} in a 

number of agricultural plants (e.g., tomato, Weller 1987; lettuce, 

Landry et al. 1987; soybean, Caetano-Anolles et al. 1993) and livestock 

{e.g., dairy cattle, Georges et al. 1993; pigs, Andersson et al. 1994). 

MAS has been applied successfully, for example, to improve yield and ear 

number in corn (Stuber et al. 1982) and soluble solids content of tomato 

(Tanksley and Hewitt 1988). Because of their high reproductive 

capability and the possibility of raising large groups of fish in common 

environments, fish may provide an attractive system for detecting QTLs 

and executing MAS (Hallerman and Beckmann 1988). However, QTL detection 

and MAS have not yet been practiced on an aquaculture species. Further, 

theoretical and applied aspects of QTL detection and MAS are not widely 

known in the aquaculture community. Hence, the objectives of this study 

were to review the technical literature on QTL detection and marker

assisted selection in other species groups and to advance critical 

discussion of how best to pursue QTL detection and MAS in fish. 
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OVERVIEW OF MAR.DR-BASED DETECTION OF QUAN'l'ITATIVE TRAIT LOCI (QTLs) AND 

MARKER-ASSISTED SELECTION (MAS) 

A program of marker-assisted genetic improvement is comprised of four 

stages: I, development of a collection of genetic markers; II, genomic 

map development; III, mapping of QTLs to genetic markers; and IV, 

marker-assisted selection of superior individuals as broodstock. Each 

stage of the program is explained briefly: 

I. Genetic marker development. The potential value of genetic markers 

for purposes of genetic improvement through MAS depends upon their being 

linked to polymorphic QTLs. A segregating QTL allele can be mapped 

reliably to a marker locus occuring within approximately 20 centiMorgans 

(cM) along the chromosome (Soller et al. 1976). To detect a reasonable 

proportion of the QTL segregating in a population, a large number of 

markers will be needed to cover a high proportion of the genome. A 

quantitative assessment of the power of marker-based screenings for 

detection of quantitative trait loci (Kashi et al. 1990) showed that the 

number of QTLs so identified was more responsive to the degree of 

polymorphism of marker loci than to the number of individuals screened. 

A large collection of highly polymorphic marker loci is, thus, a 

precondition for successful utilization of the linkage-based approach to 

detecting QTL. 

II. Genomic map development. A genomic map is an ordered listing of 

the genes or genetic markers found on the respective chromosomes of a 

species of interest. Although not an absolute necessity, a genomic map 

is useful for QTL detection, because with a collection of evenly spaced 

markers genome coverage is achieved at minimized cost, and because QTLs 

can be mapped to specific genomic locations. Large efforts commited to 

genomic mapping in cattle (Barendse et al. 1994, Bishop et al. 1994), 

pig (Rohrer et al. 1994), chicken (Burt et al. 1995), and sheep 

(Crawford et al. 1995) to a large degree were justified to support QTL 

detection and marker-assisted selection. 
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III. Mapping of markers onto QTLs. The paradigmatic experimental 

design for establishing linkage of marker alleles with QTL alleles in 

animal systems is the so-called daughter design for dairy cattle 

improvement first put forward by Soller (1978). Testing for linkage of 

alternative marker alleles to segregating QTL alleles in dairy cattle 

populations takes the form of statistically testing differences in mean 

performance values (e.g., milk yield, milk fat content, growth rate, 

etc.) of the two groups of daughters bearing the alternative marker 

alleles inherited from the sire who is heterozygous at that marker 

locus. The experimental power of such an experiment depends on the 

number of sire-daughter progenies tested, the number of daughters per 

sire tested, and the acceptable rate of Type I error (Soller and Genizi 

1978, Dekkers and Dentine 1991, Knott and Haley 1993}. The potential of 

the daughter (Geldermann et al. 1985) and related grand-daughter 

(Georges et al. 1993} designs for detection of QTLs have been 

demonstrated experimentally in dairy cattle. 

IV. Marker-assisted selection. Once linkages of marker and QTL 

alleles are identified within a given progeny group, future breeders 

could be selected on the basis of marked QTLs alone by choosing 

individuals bearing the most favorable combinations of genetically 

marked, performance-increasing alleles. However, genetic improvement may 

be maximized if MAS is combined with conventional selective breeding 

(Fernando and Grossman 1989). Conventional selective breeding involves 

selection of individuals exhibiting superior performance phenotypes as 

broodstock for the next generation. To combine MAS with conventional 

selective breeding, a selection index combining phenotypic information 

with genetic marker information may be utilized. Selection indices 

combining performance and marker information have been developed for 

dairy cattle (Lande and Thompson 1990, Hoeschele 1993). 
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DETAILED CONSIDERATION OF APPLICATION OF QTL DETECTION AND MAS TO 

PISCINE SYSTEM 

With the previous section providing a general introduction, I explore 

QTL detection and MAS in greater detail, applying existing theory to 

breeding of fish. 

Stage I. Genetic marker development 

Number of markers needed 

The number of markers utilized in a screening is a primary 

determinant of the likelihood of detecting a given proportion of the QTL 

segregating within a given progeny group. The number of randomly located 

markers needed to bring a given percentage of the genome to within 20 

centiMorgans (cM) of a marker (Kashi et al. 1986) depends mostly upon 

the size of the genome in question and to a lesser degree upon the 

number and relative sizes of its component chromosomes. 

The sizes of particular piscine genomes in terms of recombination 

units are not known. Among fishes, the size of the zebrafish genome 

(2720 cM, Postlethwait et al. 1994) has been estimated with greatest 

precision. Assuming that QTL can be mapped reliably within 20 cM of a 

given marker, 68 perfectly spaced markers would be needed. Recognizing, 

however, that markers will instead be randomly scattered about the 

genome, many additional markers will be needed for coverage of a 

significant proportion of the genome. 

If one assumes that markers are randomly located throughout the 

genome, the number of markers required to map a gene may be calculated 

to a good approximation as follows (Ott 1991). The probability, P, that 

a QTL is within a distance, d, of a randomly-located marker, 

disregarding the possibility that a marker may be located at the end of 

a chromosome, is approximately equal to 2d/L, where Lis the total map 

length of the genome. Form markers, the probability that a QTL is not 

within a distanced of any of them, assuming independence, is equal to 

(1 - 2d/L)m, so that the gene is within a distanced of at least one of 
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them markers with probability P 1 - (1 2d/L)m. This equation may be 

solved for the number of markers, m = ln(l-P)/ln(l - 2d/L), which is 

approximately equal to -[(L/2d)]ln(l-P}. We note that this estimate of 

genome coverage is similar with those obtained using other methods 

(e.g., Lange and Boehnke 1982, Lande and Thompson 1990), indicating that 

the various methods for relating the number of markers screened and 

proportion of genome coverage are in general agreement. 

Substituting in the known map length of the zebrafish genome, we 

obtain the relationship between the number of randomly located markers 

screened and the proportion of a piscine genome thereby covered (Figure 

1.1). Assuming that one was screening 100 markers, for example, one 

might expect to be surveying roughly 77% of this model species' genome 

for segregating QTLs. Over 100 randomly-located markers are needed to 

undertake a thorough marker-QTL linkage analysis in a species with a 

genome this size. Knowledge of the genomic map for a species of interest 

would allow screening of an evenly-spaced collection of markers, 

decreasing the number of loci which must be screened and resulting in 

significant cost savings. Alternatively, screenings on a more limited 

scale can succeed in mapping a subset of the segregating QTL, as 

exemplified by detection of marker-QTL linkages in cattle using a 

smaller number (20 gene systems) of marker loci (Geldermann et al. 

1985}. 

What kind of marker is needed? 

For a marker to prove informative for linkage with a QTL, one of the 

two parents must be heterozygous. A marker's usefulness for linkage 

analysis, therefore, depends on the number of alleles and their 

frequencies, i.e., on the degree of polymorphism. The degree of 

polymorphism at the marker locus influences the probability of detecting 

linkage to the QTL because increased polymorphism leads to an increased 

probability of heterozygosity. For markers exhibiting a low level of 

polymorphism, the inheritance of marker alleles may not prove traceable 

across generations. A measure of the degree of polymorphism called 

polymorphism information content (PIC) is defined (Botstein et al. 1980) 
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as the probability that a marker genotype of a given offspring will 

allow deduction of which of two alleles was inherited from a given 

parent. Alternatively, the PIC of the marker can be defined (Romano 

1993) as the fraction of marker genotypes among the offspring of an 

individual with traceable inheritance of the alleles from that parent. 

PIC is calculated (Botstein et al. 1980) as: 

n n-1 n 

PIC 1 

i=l i=l j=i+l 

where: Pi the frequency of the allele, 

Pj = the frequency of other alleles, and 

n the number of alleles at the locus. 

The PIC value is always smaller than the heterozygosity (Ott 1991). 

For alleles with equal population frequencies pi p~ = 1/n, the 

equations above can be reduced to: 

PIC (n-1) 2 {n+l)/n3 

When n is sufficiently large, heterozygosity and PIC tend to converge 

{Figure 2.1 in Ott 1991). 

Development of genetic markers 

Choice of an appropriate method or methods for developing genetic 

markers will prove a key aspect of experimental design for QTL 

detection. Marker methodology will have major bearing not only on PIC, 

but also on the cost of conducting the experiment. Certain molecular 

genetic approaches to marker development seem most likely to lead to 

cost-effective screenings. 

Among the most promising genetic marker methodologies which might be 

utilized is polymerase chain reaction (PCR, Saiki et al., 1988) based 

screening of microsatellite loci. As an initial step in establishing 

markers for a given fish species, test screenings using primer pairs for 

microsatellite loci known to be polymorphic in other fishes might be 

attempted. In order to develop over 100 markers, however, it will be 
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necessary to develop some microsatellite markers de novo. In such a 

case, DNA from a fish species of interest would be incorporated into a 

genomic library. The library would be introduced into the bacterium E. 

coli, which will be plated out onto agar dishes. Replica blots of 

colonies or plaques collectively containing the library will be prepared 

and screened (Sambrook et al. 1989), for example, using poly-TG and 

(GACA}4 , oligonucleotides for microsatellite loci known to be highly 

variable in fish (Turner et al. 1991, Borkholder 1993). Alternatively, 

replica blots of genomic libraries could be hybridized with the 33.15 

and 33.6 minisatellite probes of Jeffreys et al. (1985). Positive clones 

would be retrieved, and preparations of the inserted fragments would be 

used as candidate probes upon Southern blots of DNA of the species of 

aquaculture interest (Bentzen et al. 1991). DNA sequences flanking 

micro- or mini-satellite motifs for probes giving rise to observation of 

high numbers of alleles and high levels of heterozygosity would be 

sequenced. Sequence information would be used to design locus-specific 

PCR primer pairs for subsequent screenings of parental and progeny fish. 

Another promising marker methodology is that of RAPDs, or random 

amplified polymorphic DNAs (RAPDs; Williams et al. 1990). RAPDs could be 

sought using commercially obtained collections of PCR primers. RAPD 

methodologies could follow those of other studies involving fish (e.g., 

Dinesh et al. 1992, Johnson et al. 1994) in terms of primers used and 

experimental conditions. In terms of marker development, a panel of DNAs 

from, say, 10 individuals of the species of interest would be screened 

for presence or absence of amplification with any given primer. Primers 

yielding amplification would be screened against DNA panels from 

families to demonstrate mendelian inheritance. Those RAPDs demonstrating 

repeatable, readily interpretable results and mendelian inheritance 

would be used for screenings aimed at establishing the degree of 

polymorphism. Only those that prove highly polymorphic would be used 

subsequently to assess linkage of markers and QTLs. 

Recently, single-strand conformation polymorphism (SSCP) methodology 

has been developed as a new means of establishing DNA-level markers. The 

SSCP technique was first introduced to detect point mutations in the 
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human genome (Orita et al. 1989). Genomic DNA is digested with 

restriction enzymes, denatured, and subjected to electrophoresis in a 

neutral polyacrylamide gel. A nucleotide substitution results in a 

conformational change of a single-stranded DNA. A DNA molecule 

containing a mutation will have a different conformation from that of 

the wild type (Bailey, 1995). The mobility shift due to a single-base 

substitution could be detected by hybridization with RNA or DNA probes 

(Orita et al. 1989). 

Stage II. Genomic Mapping 

A genomic map essentially is a listing of linkage relationships among 

particular loci for each of the chromosomes in the genome at issue. 

Genetic linkage relationships have been uncovered by utilizing genetic 

crosses within or between species to generate individuals heterozygous 

at two or more loci. In the classic design, linkage is assessed by 

crossing an individual heterozygous at two marker loci with an 

individual homozygous at both loci: a significant excess of parental

type individuals in the F2 progeny constitutes evidence for linkage: the 

frequency of non-parental types provides an estimate of recombination 

between the loci, and hence, an indication of their actual separation on 

the chromosome. 

Although many molecular genetic approaches have been utilized in 

genomic mapping of human and certain agricultural species, only the most 

cost-effective methods are attractive for genomic mapping in fishes. An 

efficient way to proceed is to establish a standard cross between two 

strains or species to maximize the likelihood of polymorphism with any 

potential marker utilized. Ideally, the DNA samples from several hundred 

F2 individuals of the cross would be used as a standard collection for 

linkage mapping purposes. Once a polymorphism is detected with a given 

probe, the specific distribution pattern of allelomorphs among the F2s 

would be used to locate the probe with respect to other sequences 

already mapped (Beckmann and Soller 1986). Mapping of fish genomes has 

not been pursued to the same degree as that of mammalian genomes. 

Genomic maps of zebrafish, salmonids, poeciliids, cyprinodontids, and 
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centrarchids have been elaborated to various degrees (Postlethwait et 

al. 1994; May and Johnson 1993; Morizot et al. 1993). 

Stage III. Detection of QTLs 

Mating designs 

Detection of marker-QTL linkages is the precondition for marker

assisted selection of aquaculture stocks. For experiments involving 

either crosses of species or inbred lines, or families within 

outcrossing populations, a preliminary screening would determine which 

genetic markers are segregating in a given family. Family members would 

be screened at only those marker loci. Since only a subset of the 

available markers would be segregating in a given family, only that 

subset of QTLs segregating nearby could potentially be detected. This 

underscores the need to screen markers in a collection of families. 

Before QTL detection can be approached cost-effectively on a 

particular species, the most powerful experimental design in terms of: 

structure of matings and number of individuals per family to be scored 

for genetic markers and performance will have to be identified (Kashi et 

al. 1990, Lander and Botstein 1989). Experimental mating structure would 

differ somewhat among the contrasting cases where crosses are made 

between species or inbred lines, and where selective breeding goes 

forward within an outcrossing population. 

Crosses between species or inbred lines: A common breeding design 

involves crossing of species or inbred lines in an attempt to exploit 

favorable dominance-mediated gene interactions. Founder stock 

individuals of species or lines of interest would be crossed to produce 

F 1s. These F1s will express different alleles at all marker and QTL loci 

at which the parents differ. In contrast to the F1s, F2 families will 

exhibit segregation of alleles at both marker and QTL loci. Hence, 

husbandry of fish would entail separate rearing and analysis of each 

family. Linkage of markers with QTLs would be approached using markers 

and performance data from the F2 s. 
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Outcrossing populations. The high fecundity of fishes could support 

relatively powerful designs for detection of marker-QTL linkages in 

fishes (Hallerman and Beckmann 1988). To varying degrees, these designs 

could be improvements over the dairy cattle paradigm because the effects 

of many different mates and of rearing the young in many different 

environments would not be at issue. 

The obvious possibility is to produce and analyze performance within 

full-sib progenies. Tests of performance differences among marker

defined classes of progeny can be made for any marker at which at least 

one of the parents was heterozygous. This design would be more powerful 

than the dairy cattle experiment since the effects of different mates 

and environments are not at issue. Further, marker-linked QTL alleles in 

either parent might be identified. As discussed below, however, 

experimental power might be limited by the number of performance records 

potentially available. 

Alternatively, powerful experiments may be designed utilizing 

half-sib progenies, either by dividing a female's egg mass and 

fertilizing each sample with semen from a different male, or by mating a 

male to multiple females. This design is no different from the daughter 

design of dairy cattle, except that fewer mates would be utilized and 

all progeny could be reared in the same environment. A diallel cross 

design might be utilized to produce systematic matings among a small 

collection of males and females. These mating designs could support 

differentiation between additive and non-additive genetic effects 

(Falconer 1989}. 

Statistical design 

Development of theory for QTL detection in other agricultural species 

gave rise to several methods for detecting linkage of markers and QTLs 

(Weller, 1995). Below, we outline three methods of potential utility for 

QTL detection in fishes. Choice of methods will depend on the family 

material available, the particular application at issue, and the degree 

of development of the genomic map for the species of interest. 
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Analysis of variance in hybrid crosses. A relatively straightforward 

analysis of variance design is particularly appropriate for detection of 

QTLs in crosses between species or inbred lines. For example, Kahler and 

Wehrhahn (1986) utilized this approach to detect linkages between 

quantitative traits and enzyme loci among F2 hybrids of two inbred lines 

of corn. The crosses had been made in order to exploit positive 

heterosis, and hypotheses were constructed accordingly. A multivariate 

analysis of variance was conducted for each marker locus to test the 

null hypothesis that the three genotypes for each locus had identical 

means for each of the quantitative traits. One-way analyses of variance 

were conducted to test for the effect of the three genotypes at each 

locus on each quantitative trait to test the hypotheses (1) that the 

mean for heterozygotes was not greater than the mean for homozygotes, 

and (2) that the means for the two types of homozygotes for each marker 

locus did not differ with respect to a quantitative trait. Application 

of this statistical design to appropriate crosses in fish would be 

straightforward. 

t-tests of outcrosses. Many programs of genetic improvement of fish 

involve selective breeding within populations of outcrossers, requiring 

a different statistical design. In such cases, QTL detection can be 

carried out through t-tests (Soller et al. 1976) of data sets on 

performance within family groups. For each genetic marker, at-test is 

carried out to determine the significance of any difference between the 

mean performance of the two groups of progeny expressing the alternative 

alleles clearly inherited from a parent. A clear example of the 

structure of the data set and application of the statistical test is 

presented by Geldermann et al. (1985). If a statistically significant 

difference is found, the conclusion is reached that alleles at a QTL 

near the marker locus are in linkage with marker alleles. The difference 

between the means provides an estimate of the phenotypic effect of 

substituting one marked QTL allele for the other. Locus-by-locus 

statistical tests are independent, except for the case where marker loci 

are located on the same chromosome. As discussed in detail below, the 

power of the design depends upon the number of individuals scored for 
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markers. The inclusion of more individuals decreases the standard error 

around the mean performance of a marker-defined group, and so increases 

the precision of the estimated difference in performance between the 

alternative marker groups. 

However, it must be noted that using multiple single markers to 

detect quantitative trait loci increases the chance of Type I error in 

the experiment (Lander and Botstein 1989; Weller et al. 1990; Hoeschele 

and VanRaden 1993). A separate statistical analysis would be tested for 

each marker-QTL combination, by chance alone resulting in a large number 

of false identifications of marker QTL linkage. Further, the chance of 

erring by finding a false positive is much higher in the case of sparse 

genomic map than of a dense genomic map (Lander and Botstein 1989}. In 

the sparse map case, which would be the case for piscine genomes over 

the foreseeable future, Lander and Botstein (1989} suggested use of a 

nominal significance level of a/M, where Mis the number of marker 

intervals being tested, for each separate analysis. For example, if a 

0.05, and M = 100 intervals in a genome of interest, a/M = 0.0005 

should be used for each test. The drawback of this approach is that many 

true QTL effects will not be declared at a very low probability of Type 

I error. This can give rise to a heightened frequency of Type II error, 

that of failing to detect a marker-QTL linkage. Hoeschele and VanRaden 

(1993) suggested an alternative approach, Bayesian analysis, for 

detection of QTLs. The approach uses prior probability of linkage as a 

function of the number of detectable QTL rather than the number of 

potential markers. The prior .probability that a randomly chosen marker 

or marker pair is linked to any QTL is a function of lengths of 

chromosomes, map function relating distance to recombination rate among 

loci, and number of QTL. The number of detectable QTLs can be estimated 

from total additive genetic variance and minimum detectable QTL effect. 

The more detectable QTL segregating in a population, the larger the 

probability of linkage of marker and QTL. The use of this prior 

information should improved linkage tests and estimates of QTL effects. 

MLE in well-mapped species. Although genomic maps for aquaculture 

species are not well developed, they will, in time, become available. At 
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such a time, maximum likelihood analysis could be applied for detection 

of QTLs. Maximum likelihood methods can estimate both the phenotypic 

effect and the genomic location of the QTL using interval mapping 

(Lander and Botstein 1989). 

Briefly, the maximum likelihood method can be explained as follows 

(Lander and Botstein 1989). The phenotype and genotype of an individual 

can be related by the model: 

where 

~i = the phenotype, or performance, of the individual, 

a = a constant, 

b = the estimated phenotypic effect of a single allele 

substitution at a putative QTL, 

gi = is a O or 1 indicating the number of copies of a particular 

QTL allele inherited from the parent whose progeny are 

being analyzed, and 

a random normal variable with mean O and variance of cr2. 

The parameters a, b, and cr2 are unknown. Linear regression solutions 

for a, b, and a2 are maximum likelihood estimates for the parameters; 

that is, they are the values which maximize the probability L(a, b, a2} 

that the observed data would have occured. MLEs are found numerically by 

varying the values of the parameters of interest and recomputing the 

likelihood for many trial values of the parameter until a maximum is 

found (Ott 1991). Details of methods for estimating the unknown 

parameters are provided by Lander and Botstein (1989) and Ott (1991). 

In analysis of linkage between two loci, the alternative hypotheses 

are free recombination and linkage. They are evaluated through the value 

of the recombination fraction, 0, where 8 = 0.5 for free recombination, 

or absence of linkage, and 8 < 0.5 for linkage. The odds in favor of the 

hypothesis of linkage of markers and a putative QTL versus the 

hypothesis of no such linkage are expressed by the likelihood ratio, R = 
L(H 1 )/L(H 2 ). The common logarithm of the likelihood ratio, called the 
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lod score, Z(0) = log 10 [L(9)/L(0.5)J, is used as the measure of support 

for linkage versus absence of linkage. Such LOD, or log-odds, scores 

(Haldane and Smith 1947) are calculated for the putative QTL and each 

pair of genetic markers; LOD scores above an identified threshhold are 

taken to indicate the presence of a QTL within the genomic interval 

bracketed by the pair of genetic markers. Lander and Botstein (1989) 

present methods for determining the appropriate threshhold for accepting 

the hypothesis of presence of a QTL and the number of progeny records 

needed to support such a test. 

Single marker t-tests and MLE compared. Since considerable discussion 

in the scientific literature has addressed the qualities of the 

respective designs, we feel it worthwhile to distinguish cases where 

each design is most appropriate. Darvasi et al. (1993} used simulations 

to compare the power of detecting marker-QTL linkages using interval 

mapping and likelihood ratio testing (LRT) versus single marker analysis 

using t-tests, considered as a function of marker spacing and QTL 

location relative to the closest flanking marker. The difference in 

power between the two methods was found to be small with marker spacing 

intervals of up to 20 cM. Even for marker spacing of 50 cM and the least 

desirable situation where the QTL was located at the midpoint of an 

interval, the power advantage of LRT over single marker analysis was 

small, for example, only 0.08 for a population size of 500. Further, in 

an initial screening of the genome for QTL detection, a rather wide 

marker spacing would be optimal, with one to three markers per 

chromosome. t-testing would prove advantageous inasmuch as even 

chromosomes with only one marker would be screened, and all of a 

chromosome with more than one marker would be screened, not only the 

interval(s) between markers. One advantage of using single markers lies 

in its simplicity. In addition, single-marker analysis can be applied to 

unmapped markers, while in interval mapping, knowledge of the genomic 

map is needed. The importance of interval mapping would be for 

applications where an estimate of QTL location is desired. 

Fine mapping of QTLs. The resolving power for mapping a QTL is 

primarily determined by the size of the experiment and the effect of the 
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QTL. Darvasi et al. (1993) showed that 95% confidence intervals for QTL 

map location can be rather broad, in some cases encompassing an entire 

chromosome. For example, a QTL with a gene effect of 0.25 standard 

deviations in an experimental population of 500 cannot be located with 

any confidence to a particular region of a chromosome. Hence, estimating 

QTL locations to within 1 or 2 cM on a genomic map, which is needed for 

cloning and characterization of the QTL itself, will require rather 

different experimental approaches. Possible experimental approaches are 

based on identification of a chromosomal segment bearing a given QTL 

that is corranon to a number of individuals or lines, and include near 

isogenic lines (Bentolila et al. 1991), recombinant congenic strains 

(Demant and Hart 1986), substitution mapping (Paterson et al. 1990), or 

backcross inbred lines (Beckmann and Soller 1989). Development of the 

requisite genetic resources seems beyond the budgetary limitations faced 

by fish breeders, and so cloning of QTLs in aquaculture organisms seems 

unlikely, except for cases where the marker itself proves to be the QTL. 

Experimental power of QTL detection experiments 

Before experimental resources are comm.ited to the moderately large 

experiments needed to detect marker-QTL linkages, investigators would do 

well to consider the statistical power of their experiments; i.e., to 

estimate the likelihood that an experiment of any given design would be 

adequate to avoid Type I or Type II errors with acceptable confidence 

(Appendix 1.1). Investigators also would be interested in estimating the 

number of statistically significant marker-QTL couplings that are likely 

to be identified in an experiment of a given design. Experiments of 

given size involving crosses of species or inbred lines yield greater 

statistical power than those within outcrossing populations, and 

experiments involving hundreds to thousands of individuals will be 

needed in order to be confident that marker-QTL linkages will indeed be 

identified (Appendix Table 1.1). 
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Reducing the costs of genotyping 

The two major costs of a QTL detection are those quantifying the 

performance of family groups and of genotyping family members. As these 

costs can be quite considerable, in relative terms especially the latter 

in the case of fishes, a means of minimizing them would make QTL 

detection experiments more attractive. 

Selective genotyping. Selective genotyping (Lebowitz et al. 1987, 

Lander and Botstein 1989, Darvasi and Soller 1992) was suggested as a 

means of reducing the numbers of individuals to be genotyped for given 

power for detecting QTL, by genotyping only the most informative members 

of the experimental population. To detect loci affecting performance, 

marker allele freqencies would be screened among high- and low

performance individuals within each family. This step will be used as a 

screening process for identifying a subset of markers, i.e., those 

yielding disparate allele frequencies, for further study. For markers 

showing allele frequency differences among high- and low-performers in a 

particular family, large numbers of family members will be screened. 

The optimum proportion of individuals genotyped from the point of 

view of minimizing costs for a given experimental power depends strongly 

on the cost of completely genotyping an individual for all of the 

markers relative to the cost of rearing and performance evaluation. In 

breeding programs focusing on a single trait, it will rarely be useful 

to genotype more than the upper and lower 25% of the population (Darvasi 

and Soller 1992). Selective genotyping would not be attractive where 

more than one independent trait is considered, as the numbers of 

individuals genotyped would soon approach the number of individuals in 

the population. The observed difference in performance associated with 

alternative marker genotypes can be much greater than the actual gene 

effect at the QTL were the whole population evaluated. Darvasi and 

Soller (1992) presented an expression and figures for converting 

observed differences under a regime of selective genotyping to actual 

gene effects. 
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Sequential sampling. The numbers of individuals genotyped can be 

reduced further by sequentially sampling the most informative segments 

of the experimental population {Metro and Soller 1993}. The method 

allows an early detection of markers not linked to QTLs, which will show 

no significant effect among informative progeny. Further genotyping will 

not be required for those markers on the full sample. This procedure can 

reduce by up to 50% the total number of individuals genotyped for 

detecting QTLs for a single trait. However, if many traits are 

considered, the number of markers required will be larger than the 

number for a single trait, and sequential sampling would not prove 

useful. 

Screening of mixed DNAs. To further reduce costs of genotyping DNA 

markers, DNA samples from individuals at the extremes of the 

distribution for a performance trait of interest might be mixed. The two 

bulks would be screened to identify polymorphic markers with disparate 

allele frequencies. In cases where disparate marker frequencies are 

found, individuals within each pool express alternative, marked 

chromosome segments at high frequency, suggesting that more detailed 

evaluation of putative marker-QTL linkage is warranted. Michelmore et 

al. (1991) used bulked segregant analysis to identify three RAPD markers 

linked to resistance to downy mildew in the F2 of a cross of two inbred 

lines of lettuce. 

Hillel et al. (1989) suggested comparing DNA fingerprint profiles 

among mixes of DNA from individuals at the tails of the performance 

distribution within a sire family. If linkage exists between a 

particular sire-derived band and a QTL, different intensities of the 

band would be observed among the mixes from the tails of the performance 

distribution of his progeny due to disparate allele frequencies at the 

marker and QTL loci. Where putative linkages are found, the next logical 

steps are isolation of a single locus probe for the marker locus of 

interest and screening a large number of individual DNA samples. "Tail 

analysis" was applied to White Plymouth Rock chickens (Dunnington et al. 

1992), and showed that one DNA fingerprint band was associated with 

shank length at 12 weeks, and was an effective predictor of phenotype 
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for that trait and for body weight at eight weeks. Dunnington et al. 

(1993) found that associations between a sire's DNA fingerprint band and 

expression of quantitative traits in the progeny were different, 

depending on the dam family in which they occured, suggesting 

interaction of the marked QTL and the different genetic backgrounds. 

Selective DNA pooling. This procedure, based on the combination of 

selective genotyping and DNA pooling, putatively can reduce genotyping 

costs of QTL detection by up to two orders of magnitude (Darvasi and 

Soller 1994). DNA pools of individuals with high and low phenotypic 

values for the trait of interest would be used to estimate relative 

allele frequencies for a molecular marker by quantitative densitometry. 

In this case, each marker is genotyped twice, once in each pool, whereas 

in selective genotyping all individuals at the extremes are genotyped. 

The differences in estimated marker allele frequencies in the two pools 

are indicative of marker-QTL linkage. However, the technical error in 

estimating allele frequencies in pooled DNA sample will reduce 

statistical power of the experiment compared to selective genotyping. 

Stage IV. Marker-assisted selection 

Upon completion of Stage III, we would have knowledge of marker-QTL 

linkages and an estimate of the respective strengths of QTLs in terms of 

standard deviations above or below mean performance. The fourth stage of 

the program is practical application of the knowledge gained in Stage 

III, i.e., marker-assisted selection of spawners for producing the next 

generation. Two modes of application might be anticipated. Breeding 

could proceed immediately from Stage III to Stage IV using information 

from the same families and stocks. More generally, QTL detection would 

be carried out in one experiment, and MAS in another. In the latter 

case, breeders would have to establish the couplings of marker and QTL 

alleles specific to the families at issue in their broodstock. 

Since the linkages of markers and QTLs had been established in Stage 

III, experimental design for stage IV would be relatively 

straightforward. A preliminary screening would determine which linked 
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markers are segregating in a given family. Significant t-test results in 

comparisons of performance among sibs expressing alternative alleles 

inherited from a parent heterozygous for a given marker would indicate 

which marker allele is in coupling with the performance-increasing QTL 

allele. Individuals expressing the maximal numbers of standard 

deviations of favorable marker-QTL couplings would be selected. 

The attraction of MAS is its potential to increase the rate of 

genetic progress of selective breeding programs. Lande and Thompson 

(1990) showed that the efficiency of MAS relative to conventional 

selection alone depends on the heritability of the trait at issue, the 

proportion of the genetic variance associated with marker loci, and the 

selection scheme at issue. For all three methods of selection considered 

(Fig. 2), MAS was relatively efficient if a large proportion of genetic 

variance was associated with the marker loci. Index-based MAS of 

individuals (Lande and Thompson 1990) was roughly twice as efficient as 

selection based on paternal half-sib families. The relative efficiency 

of MAS for full-sib family selection with a common family environment 

was still considerably greater than for conventional selective breeding 

alone. The relative efficiency of MAS was greatest for traits of low 

heritability under individual selection. 

EXAMPLE 01' PRACTICAL APPLICATION: Q'1'L DETECTION AND MAS IN 'l'ILAPIA 

I provide an example of how QTL detection and MAS might be applied to 

practical aquaculture, reviewing progress in marker and map development 

in the context of genetic improvement of tilapia. Tilapia (family 

Cichlidae) are among the most important food fishes in global 

aquaculture (Pullin 1991). The most commonly reared species of tilapia 

are Oreochromis niloticus, 0. aureus, and O. mossambicus. The 

productivity of these species has been improved through selective 

breeding (Uraiwan and Doyle 1986; Kronert et al. 1989. Oldorf et al 

1989, Brzeski and Doyle 1995, Velasco et al. 1995). Traits of breeding 

interest include growth rate, disease resistance, and male-skewed sex 

ratio. Tilapia attain maturity before reaching harvest size, often 

resulting in excessive reproduction, overcrowding, and reduction of 
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growth rate (Lowe 1955, Hickling 1960, Swingle 1960). Production of all

male tilapia precludes overpopulation and maximizes production because 

of the superior growth rate of males {Shell 1968, Kirk 1972). All-male 

populations have been established through manual sorting, hormone

induced sex reversal (Clemens and Inslee 1968, Hopkins et al. 1979), or 

interspecific hybridization (Hickling 1960, Pruginen et al. 1975). 

However, manual sexing of tilapia fingerlings is time consuming and 

inefficient. All-male fry can be produced through testosterone 

administration, but in many countries, the public resists consumption of 

hormone treated fish (Tave 1993, page 270). All-male progenies have been 

produced by interspecific hybridization; however, this technique is not 

100% successful (Hulata et al. 1983, Majumdar and McAndrew 1983) because 

genes on both sex chromosomes and autosomes are involved in sex 

determination (Wohlfarth and Wedekind 1991), suggesting that sex ratio 

of tilapia may be improved through selection (Hulata et al. 1983). 

Stage I. Deve1opment of genetic markers 

Development of genetic markers for tilapia is progressing using 

several molecular genetic approaches. Three types of DNA markers for 

tilapia have been reported in the scientific literature. 

Multilocus DNA fingerprints of tilapia produced using Jeffreys' human 

minisatellite probe 33.15 (Naish et al. 1995) revealed genetic 

similarity between strains of 0. niloticus. However, multilocus DNA 

fingerprints may not prove practical for QTL detection studies due to 

the complexity of banding patterns - in most cases, it is not possible 

to identify allelic variation at particular loci. For DNA fingerprints 

to be useful for marker-assisted selection, locus specific probes need 

to be developed. Bentzen et al. (1991) cloned minisatellite loci from 

tilapia, detecting high levels of polymorphism using locus-specific 

probes. 

RAPD markers were used to distinguish three tilapia species of the 

genus Oreochromis (Bardakci et al. 1994). A single decamer PCR primer 

amplified 6 to 17 fragments from tilapia genomic DNA prepared from fin 
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tissue. In addition, different primers amplified distinct DNA bands, and 

all primers gave rise to species-specific RAPD patterns. 

Microsatellite DNA markers for tilapia species are under development 

in a number of laboratories worldwide. Lee and Kocher (1995) reported 

140 new microsatellite markers for Oreochromis, which will be tested for 

variablility against a panel of cichlid species. 

Stage II. Development of the genetic map 

An efficient way to map the tilapia genome would be to establish 

standard reference families. DNA samples from members of reference 

families would be distributed to laboratories involved in genomic 

mapping for the species. In this way, specific distribution profiles for 

new genetic markers could be added to the map without the need for fish 

breeding at each research site and costly repetition of genetic linkage 

assessments. The possibility of setting up five-to-ten standard 

reference tilapia families of up to 50 individuals per family at 

Stirling University has been suggested (B.J. McAndrew, personal 

communication). Additionally, a discussion group on genomic mapping in 

tilapia has been set up on the Internet at tilapia@unh.edu. 

Stage III. QTL detection 

The establishment of a set of well-spaced genetic markers is the 

precondition for cost-effective mapping of QTL in tilapia. A key 

question regarding choice of experimental designs for QTL detection in 

interspecific tilapia crosses is the degree to which the respective 

species are fixed for alternative alleles at marker loci. This 

information will be in hand following Stage I, genetic marker 

development. Should the species of an interspecific cross of interest 

prove fixed for alternative marker alleles, the more powerful 

experimental design based on crosses of inbred lines could be used. 

An alternative mating design, developed for analyzing crosses between 

outbred populations (Beckmann and Soller 1988), can be utilized if the 
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species share the same marker alleles, but are close to fixation for 

alternative QTL alleles. To utilize this experimental design, a set of 

markers exhibiting maximum differences in allelic frequencies between 

two founders stocks is required. F1 and F2 populations are produced. A 

feature distinguishing this design from the design involving crosses of 

inbred lines is that each F1 mating can produce both informative and 

uninformative F2 offspring. Therefore, each marker locus is evaluated 

separately for each pair of F1 individuals in order to identify 

individuals expressing the informative mating types. At-test is then 

applied to compare mean QTL values of all F2 offspring in each 

informative mating type. Beckmann and Soller (1988) showed that the use 

of marker loci with more than 10 alleles gives experimental power 

equivalent to that for a cross between inbred lines. 

Use of either experimental design to map genes affecting growth rate 

would be relatively straightforward. I envision two additional 

applications of particular interest to tilapia culturists, 

identification of sex determining and disease resistance genes. 

Mapping of markers onto sex-determining loci can be approached using 

both within- and between-family comparisons. Marker phenotypes would be 

compared between males and females within families to seek sex-specific 

bands. Putative sex-specific bands would be compared between families. 

Comparisons will be especially interesting if some families exhibit 

skewed sex ratios. Since sex ratio in tilapia seems to be determined by 

more than one locus (Wohlfarth and Wedekind 1991), it is possible that 

linkages might be found with different markers in different families. 

As tilapia production becomes more intensive, controlling disease 

becomes more difficult. Selection may prove an effective means for 

improvement of disease resistance in tilapia. Mapping of markers onto 

disease resistance loci could be approached using both within- and 

between-family comparisons. Following disease outbreaks due to 

deliberate experimental challenge or occuring as part of normal culture, 

marker phenotypes of diseased or dying family members would be compared 

with those of apparently resistant members. Should there be differences 
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among families in resistance to a particular disease, marker frequencies 

would be compared among families, suggesting informative test crosses 

for subsequent experiments. 

Stage :IV. MAS Application 

Through execution of Stage III, QTLs of interest would have been 

mapped to genetic markers and their respective quantitative effects 

estimated. For practical application of this knowledge, specific 

coupling relationships between marker and QTL alleles will have to be 

identified for families within tilapia stocks in an established genetic 

improvement program (Soller 1995). It is necessary to evaluate the 

coupling of marker and QTL alleles for each family because these 

associations likely will differ among families within stocks. 

PERSPECTIVE 

While large experimental programs have addressed QTL detection and 

MAS in other animal systems (Weller, 1995), development of parallel 

lines of research in piscine systems has been limited. This review and 

synthesis was developed in hope of intensifying discussion of QTL 

detection and MAS in the fish breeding community. The issue of cost

effectiveness is a particularly important one yet to be approached for 

breeding of fishes. 

While carrying out this research, I was supported by a Royal Thai 

Scholarship. I gratefully acknowledge constructive criticism on an 

earlier draft by Morris Soller, Yecheskel Kashi, Ina Hoeschele, and 

Peter Galbreath. 
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Figure 1.1 Genome coverage as a function of the number of 
genetic markers screened. 
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Appendix 1. Experimental power of QTL detection experiments 

A key aspect of experimental design is determining how large an 

experiment will be needed to avoid Type I and Type II errors with 

desired levels of confidence. Type I error is that of erroneously 

concluding that linkage of a marker and QTL exists, where in fact, it 

does not. Type II error is that of failing to detect an existing 

linkage. Power estimation differs for experiments involving crosses of 

inbred lines and crosses within outcrossing populations. 

Power of QTL detection experiments in crosses of inbred lines. Soller 

et al. (1976) developed the theory for estimating the power of 

experimental designs for the detection of linkage between marker loci 

and QTL in crosses between inbred lines. Within each of the three QTL 

genotype classes (A 1Al' A1A2 , and A2A2 ), the quantitative character is 

assumed to be normally distributed, with a variance of cr~2 and means of 

d, h, and -d, respectively. Testing a difference in performance among 

marker genotype classes {M1M1 , M1M2 , and M2M2 } with n > 30 per marker 

class is clearly a normal test situation. The appropriate test value, A, 

satisfying the given error requirements can be obtained from the table 

of ordinates of the normal curve by swnming x
0 

+ x p A. Thus, the 

number of offspring required to detect a difference in performance, 8, 

between the three marker classes with permissible Type I error of a= 

0.05 and Type II error of~= 0.10 equals: 

where: 

3.24 

a 2 
w 

k cr.//n 

= the ordinate of the normal curve corresponding to A 

for specified power requirements, 

the standard deviation for the trait at issue within a 

marker-defined class, and 

= the variance of the observed difference in performance. 

k = 2 or 4 depending on the type of cross at issue (see 

Soller et al. [1976)); k = 2 for an F2 cross. 
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It is noteworthy that in most cases, the F2 design requires fewer 

offspring for equivalent power than the backcross design. In the F2 , in 

the absence of marker dominance, in the situation where there is 

dominance among QTL alleles, including the heterozygous marker class in 

the analysis would increase its power. In this case, statistical tests 

based on the normal distribution would not be appropriate, and a one-way 

analysis of variance of performance among the three marker classes 

would be used, as in Kahler and Wehrhahn (1986). The total number, N, of 

offspring among the marker genotype classes required for specified power 

can be estimated as: 

where: 

ch 

N = [ <J,/ ( k) ] / ( ~/ cr,/ ) 

the non-central tendency parameter for given alpha and beta 

errors, and 

= 1/4(2d 2 + h2 ). 

The formulae above do not account for recombination, or r. The effect 

of recombination is to reduce the expected value of the difference in 

performance among marker classes, 6, to (l-2r)6. Hence, sample sizes for 

given power will have to be increased by 1/(1-2r) 2 • Oncer becomes 

greater than 0.15-0.20, the likelihood of detecting a QTL for 

experiments of practical size decreases dramatically. For the case of an 

analysis of variance for three marker classses, Soller et al. (1976) 

showed that in the presence of recombination, s = 1/4(1-2r) 2 [2d 2+h 2 (1-

2r) 2 ] • 

Power of QTL detection in outcrossing populations. In the case of 

more general interest to fish breeders, detection of QTLs segregating 

within outcrossing populations would be sought. Because of the large 

numbers of progeny which will be needed (see below), I assume the 

evaluation of linkage of QTLs within a paternal half-sib family. The 

power of a test for marker-QTL linkage equals 1-P, where pis the 

acceptable rate of Type II error, i.e., that the test correctly 

identifies the marker allele in linkage with the favorable QTL allele 

when the sire is heterozygous at both the marker and QTL loci.~ will 
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equal the area of the standard normal curve from -infinity to Zp, where 

(Kashi et al. 1990}: 

and where: 

r 

d 

SE[D] 

Zp (1 - 2r)d / (SE[D]) - Zc.:a. 

the proportion of recombination between marker and QTL, 

= the gene effect at the QTL; i.e., half the difference 

between homozygotes for alternative alleles at the QTL, 

the standard error of the difference between the means of 

progeny groups that received the alternative marker 

alleles from the sire, which equals (2cr2 /N)'J.s, where 

N is the number of individuals in each group, and 

the standard score, such that the area of the standard 

normal curve from Zo.sa to infinity equals one-half the 

acceptable Type I error for the test of marker-QTL 

linkage. 

The expected number, U, of statistically significant marker-QTL 

couplings that will be identified in the experiment can be estimated 

{Kashi et al. 1990) as: 

where: 

C 

k 

H 

( 1- f3J 
s 

U = ckHS(l- P) + ckH(l-S)a 

the proportion of the genome covered by markers, 

= the number of segregating QTL affecting the trait of 

interest, 

= the likelihood that a sire is heterozygous at a given 

marker, 

= the power of the test against Type II error, and 

= the likelihood that a sire is heterozygous at a QTL. 

In the simplest genetic situation, there are two co-dominant alleles 

of equal frequency at the QTL, and all QTL have equal effects. Under 

these conditions, d can be related to the number of QTLs by the 

following expression (Soller 1978, Smith and Simpson 1986): 
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where: 

h2 the heritability of the trait under consideration, and 

o 2 the phenotypic variance of the trait. 

Solving ford and substituting into the expression for Z~ above, for a= 

0.05, 

Zp = (l-2r) [{h 2N/k)J 0 • 5 -1.96 

Because the phenotypic variance of the trait appears in expressions for 

both SE[D] and k, it cancels out algebraically, and so Z~ is 

independent of phenotypic variance. 

A numerical analysis was carried out to assess the statistical power 

of QTL detection experiments of given size under conditions where: c = 
0.9; h2 = 0.10, 0.15, or 0.2; r = 0.05; S 0.4; and a= 0.05. I assumed 

that allelic diversity at marker loci was sufficiently great that all 

progeny were assignable into paternal marker-defined groups. Results of 

the numerical analysis are shown in Appendix Table 1. I note that, as 

expected, power was greater for QTLs of large effect than for those of 

small effect. However, power was low for QTL detection in small progeny 

groups for all levels of QTL effect. Numbers of marker-QTL couplings 

identified ranged from less than one to approximately three. These 

results support the need for approaching QTL detection using large 

progeny groups, and suggest that only QTLs of at least moderately large 

effects can be detected using progeny groups of a size likely using 

single pair matings. Screening half-sib families nested within, likely, 

sires, might be necessary to have sufficient power to detect QTLs 

experimentally. I note that my answers compared with those of Kashi et 

al. (1990) under their case for single, polyallelic markers (I note, 

however, that they used h 2 = 0.25 in their numerical analysis, and not 

0.20 as reported). Finally, I note that in the real world, not all QTLs 

have the same effect. Most likely, there would be a distribution of 

effects, with few loci of strong effect and many of lesser effect within 

a genetic line. Although I did not explicitly model a case with a 

distribution of QTL effects, results of my numerical analysis suggest 

that only those QTLs with at least moderately large effects are likely 

to prove detectable. 

39 



Another application of obvious interest to fish breeders would be 

detection of sex determining genes. I repeated the numerical analysis 

described above using parameters appropriate for the application, i.e., 

k=l, h 2=1, and S=l. Results indicated that experiments of modest size 

yielded considerable power: For T=20, power (1-P) equalled 0.81; for 

T=40, (1-~} = 0.98; for higher T values, (1-~) approached 1. Assuming, 

then, a high degree of genome coverage, marker-based detection of sex

determining loci seems a viable experimental approach. 

Appendix Table 1.1 was recalculated following Lander and Botstein's 

(1989) suggested use of a more stringent criteria of Type I error for 

the case of multiple single markers. I assumed that the nominal 

significance level, a, was 0.05, and that M = 100 marked chromosomal 

intervals in the genome of interest. Hence, Type I error rate is to be 

held below 0.0005. Other assumptions are as in the numerical analysis 

above. I find that requiring increased stringency against Type I error 

led to a decrease in experimental power and to fewer QTL being detected. 

Results of numerical analysis are shown in Appendix Table 1.2. For 

example, for T=lOOO, h 2=0.2, and k=S, power decreased from 0.98 to 0.73; 

for T=SOO, h 2=0.2, and k=S, power decreased from 0.81 to 0.27. Numbers 

of marker-QTL couplings identified were less than one in most cases. 
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Appendix Table 1.1 

Estimated experimental power (1-~} and numbers of marker-QTL couplings 

expected to be detected for given numbers of segregating QTL and 

heritabilities for the trait of interest and experiments of given size. 1 

No. 1-J3 No. QTLs detected 
QTLs T h 2=0.20 h 2=0.15 h 2=0.10 h 2=0.20 h2=0 .15 h2=0 .10 

5 100 0.25 0.20 0.15 0.36 0.29 0.22 
200 0.44 0.35 0.25 0.63 0.50 0.36 
300 0.60 0.48 0.35 0.86 0.69 0.50 
400 0. 72 0.59 0.44 1. 04 0.85 0.63 
500 0.81 0.69 0.52 1.16 0.99 0.75 

1000 0.98 0.93 0.81 1. 41 1. 34 1.16 
Error 2 0.11 0 .11 0.11 

10 100 0.15 0.12 0.10 0.43 0.35 0.29 
200 0.25 0.20 0.15 0. 72 0.58 0.43 
300 0.35 0.27 0.20 1. 01 0.78 0.58 
400 0.44 0.35 0.25 1.26 1. 01 o. 72 
500 0.48 0.42 0.30 1.38 1. 21 0.86 

1000 0.81 0.69 0.52 2.33 1. 98 1.50 
Error 0.22 0.22 0.22 

15 100 0 .11 0.10 0.08 0.47 0.43 0.35 
200 0.18 0.15 0.12 0.78 0.65 0.52 
300 0.24 0.20 0.15 1. 04 0.86 0.65 
400 0.31 0.25 0.18 1. 34 1. 08 0.78 
500 0.38 0.30 0.22 1.64 1. 30 0.95 

1000 0.64 0.52 0.38 2.76 2.25 1. 64 
Error 0.32 0.32 0.32 

20 100 0.10 0.08 0.07 0.57 0.46 0.40 
200 0.15 0.12 0.10 0.86 0.69 0.58 
300 0.20 0.16 0.12 1.15 0.92 0.69 
400 0.25 0.20 0.15 1. 44 1.15 0.86 
500 0.30 0.24 0.17 1. 73 1.38 0.98 

1000 0.52 0.42 0.30 2.99 2.42 1. 73 
Error 0.43 0.43 0.43 

Assumed conditions: r = 0.05, C = 0.90, s 0.40, H = 0.8, a. 0.05. 
2 Type I error calculated as: ckH(l-S}a. 
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Appendix Table 1.2 

Estimated experimental power (1-~) and numbers of marker-QTL couplings 

expected to be detected for given numbers of segregating QTL and 

heritabilities for the trait of interest and experiments of given size. 1 

No. 

QTLs 

5 

Error 2 

T 

100 
200 
300 
400 
500 

1000 

10 100 
200 
300 
400 
500 

1000 
Error 

15 100 
200 
300 
400 
500 

1000 
Error 

20 100 
200 
300 
400 
500 

1000 
Error 

______ l_-f3 _____ _ 
h 2=0.20 h 2=0.15 h 2=0.10 

0.014 
0.050 
0.110 
0.180 
0.270 
0.730 

0.005 
0.014 
0.028 
0.047 
0.071 
0.290 

0.004 
0.008 
0.014 
0.023 
0.034 
0.126 

0.003 
0.005 
0.009 
0.014 
0.021 
o. 071 

0.009 
0.030 
0.060 
0.110 
0.160 
0.530 

0.004 
0.009 
0. 017 
0.028 
0.041 
0.170 

0.003 
0.005 
0.009 
0.014 
0.021 
0.080 

0.002 
0.004 
0.006 
0.009 
0.013 
0. 041 

0.005 
0. 014 
0.028 
0.047 
0. 071 
0.290 

0.003 
0.005 
0.009 
o. 014 
0.021 
0.080 

0.002 
0.003 
0.005 
0.009 
0.104 
0.021 

0.001 
0.003 
0.004 
0.005 
0.007 
0.021 

0.021 
0.073 
0.160 
0.260 
0.390 
1.050 
0.001 

0.016 
0.420 
0.083 
0.137 
0.027 
0.830 
0.002 

0.021 
0.038 
0.064 
0.103 
0.150 
0.545 
0.003 

0.021 
0.033 
0.056 
0.085 
0.125 
0.413 
0.004 

No. QTLs detected 

0.014 
0.044 
0.087 
0.159 
0.231 
0.760 
0.001 

0.013 
0.028 
0.051 
0.083 
0.120 
0.480 
0.002 

0.016 
0.025 
0.042 
0.064 
0.094 
0.350 
0.003 

0.015 
0.022 
0.032 
0.056 
0.076 
0.240 
0.004 

0.008 
0.021 
0.041 
0.069 
0.103 
0.420 
0.001 

0.011 
0.016 
0.028 
0.043 
0.063 
0.230 
0.002 

0.012 
0.016 
0.025 
0.042 
0.064 
0.094 
0.003 

0.010 
0.021 
0.027 
0.033 
0.044 
0.125 
0.004 

Assumed conditions: r = 0.05, c = 0.90, S = 0.40, H = 0.8, a= 0.0005. 
2 Type I error calculated as: ckH(l-S)~ 
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CHAPTER 2 

Screening for sex-linked genetic markers in brook trout (Sa1ve.li.nus 
fontina7is) using DNA amplification profiling 

.ABSTRACT 

DNA amplification fingerprinting (OAF) profiles were generated for 

brook trout, Salvelinus fontinalis, in an attempt to identify a genetic 

marker for the sex determination locus. DNA mixes of 9 males and 9 

females from a group of closely related fish were screened with 100 

arbitrary decamer primers to identify candidate markers for more 

detailed analysis. Upon screening a panel of 3 male and 3 female 

individuals, however, none of the candidate markers proved to be 

strictly associated with one sex or the other. OAF analysis generated an 

average of 12(+/-0.52} scorable bands per primer (size range 

bp). 

INTRODUCTION 

200-1000 

Brook trout {Salvelinus fontinalis) is the only salmonid species 

native to the eastern United States, including the Appalachian Mountains 

(Rohde et al. 1994). There is gathering interest in commercial 

production of brook trout. One important breeding goal is to produce 

all-female stocks in order to eliminate males who may undergo precocious 

maturation. Sexual maturation is undesirable because it reduces growth 

potential, flesh quality, and market value (Bye and Lincoln 1981; 

Lincoln and Scott 1983). 

Sex in salmonids is controlled by sex chromosomes under the XY sex

detennining system. Progeny testing after sex reversal or gynogenesis 

suggested that females are XX and males are XY (Chourrout and Quillet 

1982; Donaldson and Hunter 1982; Refstie et al. 1982). XX sex-reversed 

males have been produced by androgen treatment of normal (XX) females 

during early development (Devlin et al. 1991). All-female stocks can be 

produced by crosses between sex-reversed (XX) males and normal (XX) 

females. The ability to distinguish the genotypes of XY males versus 
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sex reversed XX males would expedite the commercial production and 

maintenance of all-female stocks. 

External sex identification of immature salmonids is difficult 

because most sexual dimorphisms occur only upon sexual maturation and 

during the spawning season (Beacham and Murray 1986). The only reliable 

way to identify sex outside the spawning season is by histological or 

visual examination of gonadal tissues. In salmonids, heteromorphic 

chromosomes have been described for only a few species: rainbow trout, 

Oncorhynchus mykiss, (Thorgaard 1977; Johnstone et al. 1979; Okada et 

al. 1979), sockeye salmon, o. nerka, (Thorgaard 1978), coho salmon, O. 

kisutch (Hunter et al. 1982; Refstie et al. 1982} and lake trout, 

Salvelinus namaycush, (Phillips and Ihssen 1985). In most cases, only 

minor differences can be seen between the X and Y chromosomes. Forty-two 

pairs of chromosomes have been reported in brook trout (May and Johnson 

1993}; use of karyotyping for genotypic sex identification of brook 

trout for commercial purposes is not possible. 

Identification of male-specific genetic markers for brook trout would 

allow verification of the sex-reversed XX male broodstock without need 

for expensive and time-consuming progeny testing. Allozyme markers have 

been linked to the Y-chromosome in 'sparctics', S. fontinalis x S. 

alpinus hybrids, (May et al. 1989) and in rainbow trout, o. mykiss, 

(Allendorf et al.1994), but the assays would require sacrifice of the 

individuals at issue. A DNA marker would eliminate the need for lethal 

sampling. A male-specific DNA fragment from the Y-chromosome was 

identified in chinook salmon, O. tshawytscha (Devlin et al. 1991), using 

subtractive hybridization. Oligonucleotide primers were designed based 

on this sequence and used in polymerase chain reactions (PCR) to 

determine the genotypic sex of sex-reversed (XX) males (Devlin et al. 

1994). Early identification of sex-reversed male broodstock has 

contributed significantly to the commercial success of monosex culture 

of chinook salmon (Solar and Donaldson 1991). A sex-linked growth 

hormone gene was discovered in coho salmon, O. kisutch (Forbes et al. 

1994) using PCR analysis. Oligonucleotide primers were designed to 

amplify intron C from two growth hormone genes. Sequence analyses of the 
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products showed allelic difference in one of two genes between males and 

females, suggesting that this gene is located near the sex-determining 

region on the chromosome. 

Among molecular techniques, DNA amplification fingerprinting (DAF), a 

polymerase chain reaction (PCR)-based technique, similar to that of 

random amplified polymorhic DNAs (RAPDs) (Williams et al., 1991; 

Caetano-Anolles et al 1991), provides a simple, rapid, and cost

effective approach for screening DNA markers. Both DAF and RAPDs use 

single arbitrary oligonucleotide primers to amplify multiple portions of 

genome without prior knowledge of DNA sequence. However, DAF uses 

shorter primers, amplification conditions involving a relatively higher 

primer to template ratio and lower DNA template levels, and use of 

polyacrylamide gel electrophoresis and silver staining to produce, 

separate, and detect PCR products (Caetano-Anolles et al. 1991). 

Further, DAF analysis generated fingerprints that were 3-10 times more 

complex than those produced using RAPDs with same decamer primers 

{Caetano-Anolles 1994); thus, more information was obtained from DAF. 

DAF markers have proven useful for genome analysis in various species, 

e.g., for indentification of insect cell lines (McIntosh et al. 1996), 

differentiation of bacterial strains (Bassam et al. 1992, and detection 

of mutant genes in soybean {Gresshoff et al. 1993). 

Michelmore et al. (1991) developed bulk segregant analysis to identify 

molecular markers linked to a trait of interest. The method involves 

using RAPDs to screen for differences between two groups of pooled DNA 

from individuals differing by a single character. Michelmore et 

al. (1991) used bulk segregant analysis to identify DNA markers in 

lettuce linked to a gene for resistance to downy mildew. Bulk segregant 

analysis successfully identified markers linked to the sex-determination 

region in Silene latifolia, a dioecious angiosperm (Mulcahy et al. 1992) 

and in pistachio, Pistacia vera (Hormaza et al. 1994). Plotsky et al. 

{1993) used pooled DNA and DNA fingerprinting methods to identify 

markers linked to quantitative trait loci in chickens. To rapidly 

identify markers linked to the sex determination region in brook trout, 

DNA mixes of individuals of one sex could be screened using the DAF 
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assay. Any amplified bands found in the mixed male sample but not in the 

mixed female sample are likely to correspond to loci located on the Y 

chromosome. The objective of this study was to apply DNA amplification 

fingerprinting in a screening of brook trout for genetic markers linked 

to the sex-determining locus. 

MATERIALS AND METHODS 

DNA purification: DNA was purified from blood cells following the 

methods of Miller et al. (1988). Blood cells were collected by 

trypsinization into a conical 15 ml centrifuge tube and spun for 3-5 min 

at 200xg. Cell pellet was resuspended in 2.25 ml of TE-9 buffer and 250 

µl of 10% SOS was added. 65 µl of proteinase K (20 mg/ml) was added and 

the samples were incubated for 4-16 hours at 48 C. 650 µl of 6M NaCl was 

added to the lysate. The tubes were shaken vigourously for 15 seconds 

and centrifuged for 20-30 min at 500 g (2500 rpm). Supernatants were 

transferred into fresh conical 15 ml tubes, and 2 volumes of 100% 

ethanol were added. DNA strands were recovered with the tip of a Pasteur 

pipet or by centrifugation at 500 g for 5 min. DNA samples were air 

dried for 3-5 min and resuspended with 100-200 µl of TE (pH 7.5) in 

microfuge tubes and incubated at 37 C for 2 hours. DNA was quantified 

spectrophotometrically by reading OD260 • 

OAF methodology: A preliminary screening for potential genetic 

markers linked to the sex-determining locus was performed in 9 males and 

9 females. Two independent mixes per sex of equal amounts of DNA from 9 

males and 9 females were amplified with 100 10-mer primers (collections 

AT, AU, AV, AW and AX, Operon Technologies, Alameda, CA). Amplification 

reactions were performed in 2 mM Mg++/BSA/ficoll, 200 µM dNTP mix (Idaho 

Technology}, 30 µM of decamer primer (Operon Technologies), 10 units/µ! 

of Taq DNA polymerase (Perkin Elmer), and 5 ng of genomic DNA in a final 

volume of 10 µl. The amplifications were performed in a thermal cycler 

(Idaho Technology) programmed for 2 cycles of 1 min at 92 C, 7 sec at 50 

C, and 70 sec at 72 C, and 38 cycles of 1 sec at 92 C, 7 sec at 50 c, 

and 70 sec at 72 c. Amplification products were subjected to 

electrophoresis at 120 V for about 90 min. in 5% polyacrylamide mini-
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gels (BioRad, Hercules, CA), and PCR products were observed by silver 

staining (Bassam et al. 1991; Caetano-Anolles and Bassarn 1993). Gels 

were fixed with cold 7.5% acetic acid for 10 min, rinsed twice with 

distilled water, stained with 0.1% silver nitrate solution for 20 min, 

rinsed with distilled water, and then developed in 3% sodium carbonate, 

0.3% formaldehyde and 0.002% sodium thiosulfate for 4 min. 

The presence of bands observed in DNA mixes of males but not in 

females was considered as evidence of putative sex-linked markers. 

Confirmation of putative sex-specific bands was sought by screening the 

same and other individuals (3 males and 3 females} from the same group 

of closely related fish. 

The DAF profiles of DNA mixes were scored by hand and compared 

between sexes. The pairwise similarities between individuals was 

computed using the formula (Lynch 1991): Sxv = 2nx,/ (nx+nv), where nxv 

was the total number of shared bands between individual x and y and nx 

and ny were the number of bands scored for each individual. The band 

sharing index, S, was calculated as the average Sx" across all possible 
.J 

comparisons between individuals within a population (3 males and 3 

females}. The within population similarity, S', was calculated as the 

average of band sharing index, S, across all primers. The band sharing 

indices and the similarity index between sexes were also calculated for 

DNA mixtures by treating each mix as if it were an individual. 

RESULTS 

Pooled DNA samples from 9 female and 9 male brook trout from a 

closely related group were subjected to OAF screening procedures (Figure 

1, Table 1). Of 100 primers screened, 81 produced amplification products 

resolvable using PAGE and silver staining. The size range of scorable 

bands was 200-1000 bp. A total of 989 bands was scored. For the 81 

primers: the total number of shared bands between sexes, nxy' was 980, 

the number of bands scored for males, nx, was 989, and the number of 

bands scored for females, ny, was 983. The similarity index between 
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sexes, S', was 0.9939 suggesting a low level of genetic variability 

between sexes. 

Fifteen candidate markers were subjected to a second round of 

screening. Results are summarized in Table 2. Among individuals (3 

females and 3 males) screened with 15 primers, none of the DAF candidate 

markers proved to be strictly sex-specific. The within-population 

similarity index averaged across 15 primers was 0.9739 suggesting a low 

level of genetic variability among individuals. 

DISCUSSION 

DAF in fish: DAF techniques were chosen as opposed to more wid~ly

used RAPDs because variation in RAPD banding patterns appears between 

experiments and among individuals (Ellsworth et al. 1993). This non

genetic variation is a potential problem in surveys of genetic variation 

in natural populations. Moreover, repeatability and reproducibility of 

DAF was higher than that of RAPDs (Caetano-Anolles 1994; McIntosh et al. 

1996). DAF is expected to produce both more complex fingerprints and 

better resolution than RAPDs due to different amplification conditions 

and reaction components (Williams et al. 1990, Caetano-Anolles et al. 

1993) . 

In this study, I observed fewer bands than I had expected based on an 

earlier applications of DAF in other species (e.g. 17-31 bands for 

human, 18-33 bands for rabbit) (Caetano-Anolles, 1994). One explanation 

for the small number of bands may have been the low degree of genetic 

variability in the genetic material screened. The family material 

screened was purposefully chosen to be closely related, since I wanted 

sex to be the only trait segregating in these families. As would be 

expected, more variability was observed in screening of wild populations 

of brook trout (Poompuang et al., data not shown). 

DNA mixes of closely related fish were used in the screening for a 

sex-linked marker in order that the male and female mixes provide a 

common genetic background for each sample, other than segregation of 
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sex. The primary differences between the mixtures would be the the 

presence or absence of the Y chromosome. Mixed DNA samples proved useful 

in population genetics studies of other fishes (Spruell et al. 1994; 

Palti et al. 1997). In our study, DAF profiles of individuals and mixed 

DNAs of males and females were compared. The band-sharing levels 

calculated between individuals indicated a low level of within

population genetic variability, and DNA amplification fingerprint 

patterns of the mixed DNA samples were almost identical. 

Sex-linked markers: Among vertebrates, including mammals and fish, 

the most connnon mode of genetic sex determination is 

XX{female)/XY(male), while the ZW{female)/ZZ(male) mechanism of 

chromosomal sex determination occurs in birds, reptiles and several taxa 

of fish (Galetti et al. 1981; Galetti and Foresti 1986; Singh et al. 

1980). There is little or no crossing over between X and Y {or Zand W) 

chromosomes due to a lack of genetic homology between the relevant 

regions of the X and Y chromosomes (Charlesworth 1991). Unlike other 

vertebrates, most teleost fishes lack heteromorphic sex chromosomes. The 

sex chromosomes in fish are in an early stage of differentiation 

(Thorgaard 1977). Sizes of sex chromosomes of mannnals, birds, and 

reptiles are distinct, and much of the Y chromosome seems to consist of 

highly repetitive DNA sequence similar to transposable elements and 

satellite DNA sequences (Singh et al. 1980). 

Minisatellite sequences isolated from the W chromosome of the banded 

krait minor (Bkm), a snake, have been found in other vertebrates, e.g., 

on the W chromosome of birds (Jones and Singh 1985), and the Y

chromosome of mouse (Epplen et al. 1982; Singh et al. 1984). This DNA 

sequence also hybridized to the Y chromosome in guppy (Nanda et al. 

1990; Nanda et al. 1992). However, no evidence of sex-specific Bkm 

sequences was detected in rainbow trout (Lloyd et al. 1989) or channel 

catfish (Tiersch et al. 1992). 

Data analysis: A total of 100 10-mer primers were used in this 

screening. Each primer amplified an average of 12 scorable bands, and 

989 DNA fragments were screened. Assuming that OAF fragments occur with 
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equal likelihood within and outside the region of DNA that is associated 

with the sex-determining locus of the Y-chromosome, the probability of 

finding a sex-specific fragment is expected to be proportional to the 

amount of sex-linked DNA within the genome. Thorgaard (1977) observed a 

difference in the size of the short arm of a subtelocentric pair in male 

rainbow trout karyotypes as compared to females. The amount of the sex

linked DNA region on the Y-chromosome was approximately l/520th of the 

rainbow trout genome: 1/104 (number of chromosome arms) x 1/5 (the 

approximate size of the short arm of the Y chromosome relative to the 

average chromosome arm). Assuming that the evolution of sex chromosomes 

in brook trout are at the same stage as rainbow trout, then it is 

reasonable to presume that screening brook trout DNA with up to 100 

primers would provide a high probability of detecting a fragment(s) 

which is {are) sex-specific. 

I anticipated that the screening of 989 DAF markers would be likely 

to identify one or more in linkage with the sex-determining locus. I did 

not identify such linkage. One possible explanation is that DAF sites 

are not randomly distributed about the entire genome. Second, since it 

seems likely that the sex-determining locus is located within a region 

rich in heterochromatin (Nanda et al. 1990), it is possible that OAF 

primers may be ineffective for amplification of heterochromatin 

sequences. This seems plausible, as OAF primers are: decamers, which are 

larger than microsatellite repeats (Wright and Bentzen 1994); are not 

homologous to the canonical repeats or other repetitive DNA families 

(Singer 1982; Jeffreys et al. 1985); and do not necessary anneal to DNA 

sequences flanking repetitive DNA sequences. 

Other approaches for identification of sex-linked markers for brook 

trout are subtractive hybridization techniques (Larmar and Palmer 1984; 

Kunkel et al. 1985) and representational difference analysis (RDA) 

(Lisitsyn et al. 1993). These techniques are useful for analysis of the 

differences between two genomes and for finding probes for the sequence 

differences. Larmar and Palmer (1984) used subtractive hybridization 

techniques to isolate the Y-chromosomal region from mouse DNA and later 

Kunkel et al. {1985) applied the same techniques to clone probes for the 
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muscular dystrophy locus. However, an attempt to identify the sex

specific region in rainbow trout using subtractive hybridization did not 

succeed (Nakayama et al. 1994}. In the RDA approach, subtractive 

hybridization techniques were combined with the polymerase chain 

reaction (PCR) to amplify the amount of target DNA. The method is more 

powerful for analysis of complex genomes, such as the human genome, than 

subtractive hybridization techniques. Lisitsyn et al. (1993) applied RDA 

to isolate probes for viral sequences in human DNA. 
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Figure 2.1. Results of a DAF screening of individual and DNA mixes 
of males and females using the AU 02 primer. F = female, 

M = male, F* = mix of three females, M* = mix of three males, 
and C = negative control. 
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Figure 2.2. Results of a DAF screening of individual and DNA mixes 
of males and females using the AX 10 primer. F = female, 

M = male, F* = mix of three females, M* = mix of three males, 
and C = negative control. 
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Table 2.1. Number of DNA amplification fingerprint products and band 
sharing index among DNA mixes of male and female brook trout, Salvelinus 
fontinalis. 

Primer 

AT 01 
AT 02* 
AT 03 
AT 04 
AT 05 
AT 06 
AT 07 
AT 08 
AT 09* 
AT 10 
AT 11 
AT 12 
AT 13 
AT 14 
AT 15 
AT 16* 
AT 17 
AT 18 
AT 19 
AT 20 

AU 01 
AU 02 
AU 03 
AU 04 
AU 05 
AU 06* 
AU 07* 
AU 08 
AU 09 
AU 10* 
AU 11* 
AU 12* 
AU 13 
AU 14 
AU 15 
AU 16* 
AU 17 
AU 18* 
AU 19 
AU 20 

AV 01* 
AV 02 
AV 03 
AV 04 
AV 05 
AV 06 
AV 07* 
AV 08 
AV 09 
AV 10 

Mean no. bands (S.E.) 

14.0(0.0) 

16.0(0.0) 
17.0{0.0) 
12.0(0.58} 
12.0(0.58) 
12.0(0.0) 

7.0(0.0) 

7.0(0.0) 
10.0(0.0) 
16.0(0.0) 

5.0(0.0} 
8.0(0.0) 
8.0(0.0) 

18.0(0.0) 
16.0(0.0) 
10.0(0.0) 
14.0(0.0) 

11.0(0.0) 
18.0(0.0) 
13.0(0.0} 
12.0(0.0) 

5.0(0.0} 

15.5(0.29) 
14.3(0.67) 

21.0(0.0) 
21.0(0.0) 
14.0(0.0) 

13.0(0.0) 

20.0(0.0) 
14.0(0.0) 

12.7(0.25} 
10.0{0.0) 
10.0(0.0) 
15.5(0.29) 

7.0(0.0) 

13.0(0.33) 
6.0(0.0) 

12.0(0.0) 

Band sharing index 

1. 0 

58 

1.0 
1. 0 
0.916 
0.956 
1.0 
1. 0 

1. 0 
1. 0 
l. 0 
1. 0 
1. 0 
1. 0 

1. 0 
1. 0 
1. 0 
1. 0 

1. 0 
1. 0 
1. 0 
1. 0 
1. 0 

0.937 
0.867 

1. 0 
1. 0 
1. 0 

1.0 

1.0 
1.0 

1.0 
1.0 
1. 0 
0.967 
1.0 

0.909 
1. 0 
1. 0 



Table 2.1. (Continued). 

Primer 

AV 11 
AV 12 
AV 13 
AV 14 
AV 15 
AV 16 
AV 17 
AV 18* 
AV 19* 
AV 20* 

AW 01* 
AW 02* 
AW 03 
AW 04 
AW 05 
AW 06 
AW 07 
AW 08 
AW 09 
AW 10* 
AW 11 
AW 12 
AW 13 
AW 14 
AW 15 
AW 16* 
AW 17 
AW 18 
AW 19 
AW 20 

AX 01 
AX 02 
AX 03 
AX 04 

AX 05 
AX 06 
AX 07 
AX 08 
AX 09 
AX 10 
AX 11 
AX 12 
AX 13 
AX 14 
AX 15 
AX 16 
AX 17 
AX 18 
AX 19 
AX 20 

Mean no. bands {S.E.) 

13.0(0.0) 
10.5(0.29) 
14.7(0.33) 

9.0(0.0) 
22.0(0.0) 
20.0{0.0} 

4.0(0.0) 

3.0(0.0) 
15.0(0.0) 
13.0(0.0) 

6.0(0.0) 
14.0(0.0) 

4.0(0.0) 
12.5(0.29) 

16.0(0.0) 
9.5(.29) 

10.0(0.0) 
15.0(0.0) 

8.0(0.0) 

8.0(0.0) 
12.0(0.0) 
21.0(0.0) 
12.0(0.0) 

5.0(0.0) 
23.0(0.0) 
17.0(0.0) 

7.0(0.0) 
14.0(0.0} 

7.7(0.25) 
10.0(0.0) 

8.0(0.0) 
9.0{0.0) 

12.5(0.29) 
4.0(0.0) 

10.0(0.0) 
11.0(0.0) 
17.0(0.0) 
10.5(0.29) 
13.0(0.0) 
12.0(0.0) 
16.0(0.0) 

5.0(0.0) 
16.0(0.0) 

Band sharing index 

1. 0 
1. 0 
0.965 
1.0 
1. 0 
1.0 
1. 0 

1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
0.923 

1. 0 
0.9 
1. 0 
1.0 
1. 0 

1. 0 
1. 0 
1. 0 
1. 0 

1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
0.923 
1. 0 
1. 0 
1. 0 
1. 0 
0.909 
1. 0 
1. 0 
1. 0 
1.0 
1. 0 

*Poor resolution and/or no amplification products. 
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Table 2.2. Number of DNA amplification fingerprint products and band 
sharing index among individual brook trout (3 females and 3 males). 

Primer Means no. bands (S. E.) Band sharing index 

AT 12 16.0(0.21) 0.9566 
AT 15 8.0(0.0) 1.0 
AT 17 18.0(0.21) 0.9692 

AU 02 18.0(0.57) 0.9599 
AU 04 12.0(0.0) 1. 0 
AU 09 15.0(0.0) 1.0 

AV 02 13.0(0.73) 0.9624 
AV 05 15.6(0.4) 0.9763 
AV 08 12.2(0.2) 0.9653 
AV 11 12.2(0.75) 0.9537 

AW 07 14.0(0.0) 1.0 
AW 14 14.0(0.13) 0.9624 
AW 18 11.2(0.17) 0.9606 

AX 01 5.3(0.33) 0.9636 
AX 10 12.5(0.22) 0.9787 
-----------=-----==-==-==-------=--=-=================================== 
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CHAPTER 3 

Genome mapping of tilapia sp. 

ABSTRACT 

Screening of DNA microsatellite loci was used to construct a genomic 

map for tilapia (Oreochromis sp). A male hybrid between Oreochromis 

aureus and redo. niloticus was crossed with a female O. mossambicus to 

produce the 3-way cross mapping family. A panel of DNA samples of 2 

grandparents, 2 parents and 60 F2 individuals was screened for 

microsatellite markers with 133 primer pairs using polymerase chain 

reaction. Of the 133 microsatellite loci screened, 70 yielded 

amplification, and 22 of them exhibited polymorphism in the mapping 

family. Segregating data were analyzed using MAPMAKER 3.0 to construct 

the linkage map. The microsatellite map consists of 22 microsatellite 

loci placed into 2 linkage groups, with 17 loci remain unlinked. When 

integrated with AFLP data from collaborators at the University of 

California, Davis, the map includes 25 linkage groups with 191 loci. The 

genetic map can serve as the starting point for detection of 

quantitative loci (QTLs} and eventual marker-assisted selection in the 

synthetic tilapia strain. 

IN'l'RODOCTION 

Tilapia (Oreochromis sp.) are among the most important food fishes in 

global aquaculture. Tilapia grow rapidly, feed low on the food chain, 

and spawn readily in captivity. Already a major species group for 

aquaculture production worldwide (Pullin 1991), tilapia have become 

important in the U.S. aquaculture industry (Suffern 1980, Kingsley 

1987). Tilapia imports to the United States totalled 80 million pounds 

in 1997, and the domestic production was an estimated 19 million pounds 

in 1996 (Aquaculture Outlook 1997). The most commonly reared species of 

tilapia are Oreochromis niloticus, o. aureus, and o. mossambicus. 

The aquacultural importance of tilapia has given rise to research in 

its genetics, including research on mapping its genome. Justification 

for mapping the genome of tilapia stems from three areas of interest. 
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The first is the desire to understand genomic evolution, both among 

members of the family Cichlidae, and among vertebrates including humans. 

Fish breeders aim to identify linkage groups so that loci affecting 

economically important quantitative traits can be mapped to genetic 

markers, thus permitting marker-assisted selection. Ultimately, 

construction of a well elaborated linkage map could facilitate 

positional cloning, i.e., the detection and cloning of genes of interest 

(Beckmann and Soller 1989). 

A genomic or linkage map is a listing of chromosomes or linkage 

groups showing the relative positions of a group of genes or other 

markers on the chromosomes of a given species. A map unit, or 

centimorgan (cM), represents a length of chromosomal distance undergoing 

one percent recombination during meiosis. A genetic map can be 

constructed using data on the frequency of recombinations in the 

parental arrangements of alleles of two or more loci on a chromosome. 

Genes or markers are then grouped into different linkage groups 

depending on the level of the recombination fraction. The segregation of 

three or more loci in a linkage group permits ordering of genes on the 

map (Lewin 1987, page 30). However, double crossing over, a rare event, 

can lead to errors in map construction. 

Genetic maps have been generated in few species of fish due to lack 

of useful genetic markers and to the relatively large number of 

potential linkage groups of most species. Isozyme markers have been the 

primary tools for genetic mapping of salmonid, poeciliids, 

cyprinodontids and centrarchids (May et al. 1989, Morizot et al. 1993). 

However, the number of polymorphic loci is limited, and the detection of 

markers is laborious and time consuming. The development of rapid and 

effective DNA marker methods has facilitated the construction of genetic 

maps for zebrafish (Postlethwait et al. 1994), Xiphophorus (Kazianis et 
• al. 1996), medaka (Wada et al. 1995), and other species. 

Microsatellite DNA is comprised of tandem repeats of short, simple 

nucleotide sequences. The dinucleotide CA repeat is one of the most 

abundant microsatellite families in vertebrate genomes (Hamada et al. 
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1984). Because of their high level of polymorphism, their relatively 

even distribution throughout the genome, and narrow size range, 20 to 

300 bp, microsatellites are ideal markers for the construction of high 

resolution genetic maps (O'Reilly and Wright 1995). Specific 

microsatellite loci can be targeted, amplified and analyzed by 

polymerase chain reaction (PCR). Microsatellite DNA markers have been 

used to construct genomic maps in human and other animal species (Weber 

et al. 1990; Cheng and Crittenden 1994; Rohrer, et al. 1994). In 

salmonids, microsatellites have been used for building genetic maps and 

for population genetic studies (Morris et al. 1996; Slettan et al. 

1997). 

Primer pairs for CA dinucleotide microsatellite loci of tilapia have 

been developed (Lee and Kocher 1996) and used to prepare a preliminary 

linkage map for O. niloticus (Kocher et al. 1997). David Skibinski's 

group at University College of Swansea (UK) has developed a RAPD 

(randomly amplified polymorphic DNA) map for a O. niloticus (pers. 

cormn.) . 

A tilapia mapping project was undertaken by collaborators at the 

Israel Agricultural Research Organization, the University of California 

at Davis, and Virginia Polytechnic Institute and State University. The 

Isareli collaborator provided the family material for mapping, and the 

Ca1ifornia group constructed a genomic map comprised of AFLP DNA markers 

(Vos et al. 1995). The objective of my work reported here was to 

contribute microsatellite data to the AFLP data for construction of the 

overall genomic map. 

MATERIALS AND METHODS 

Genetic resources: An interspecific composite cross was produced in 

Israel by Gideon Hulata and his group at the Israel Agricultural 

Research Organization. A three-way cross was produced from a o. aureus x 

red O. niloticus male x O. mossambicus female. The F2 family was used 

for genetic mapping. Fins were clipped and DNA was isolated using the 

CTAB phenol/chloroform protocol of Saghai-Maroof et al. (1984) and Doyle 
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and Doyle (1987). A total of 133 tilapia microsatellite primers 

(Research Genetics, Huntsville, AL) were used to screen DNA from 60 F2 

individuals as well as DNA of their parents and grandparents. 

Marker methodology: Amplification reactions were performed in 50 mM 

KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 2.4 rnM MgC12 , 0.16 mM 

each d.NTP, 0.16 µMeach primer, 1.25 units of Taq polymerase and 20 ng 

of genomic DNA, in a final volume of 25 µl. PCR conditions was carried 

out in a Perkin-Elmer 2400 machine as follows: 95 C 1 min, 55 C 2 min, 

72 c 2 min for 35 cycles (T. Kocher, University of New Hampshire, pers. 

comm.). The PCR products were loaded on a 7% polyacrylamide 16 X 18 cm 

gel on a Hoefer-SE 600 gel system and electrophoresed at 150 V for 4 

hrs. PCR products were observed by silver staining (K. Naish, Guelph 

University, pers. comm.). Gels were fixed with 10% ethanaol and 0.5% 

acetic acid solution for 6 min, stained with 0.1% silver nitrate 

solution for 10 min, rinsed twice with distilled water, and then 

developed in an alkaline solution {1.5% sodium hydroxide, 0.1 % sodium 

borohydride and 0.15% formaldehyde) for 10 min. Data collected concerned 

the inheritance of o. aureus or o. niloticus parental alleles by 

individual in the F2 • 

Data analysis: Linkage analyis was analyzed using the microcomputer 

program, MAPMAKER (Lander et al. 1987), version 3.0 (available on the 

Internet at 

http://www.genome.wi.mit.edu/genome_software/other/mapmaker.html). 

Markers were assigned into linkage groups based on pairwise LOD scores 

of at least 3.0 using the 'group' commmand. The 'compare' command was 

used to determine the most likely order of markers within a linkage 

group. The log-likelihood of each order was compared. The order with the 

highest log-likelihood was chosen for constructing the map as presented. 

The 'map' command was used to display the genetic map distances 

estimated as Kosambi centiMorgans. 
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RESULTS 

One hundred thirty-three microsatellite primers developed for O. 

niloticus were screened across a panel of 60 DNA samples from a hybrid 

tilapia family. Seventy primers yielded amplification, and twenty-two 

primers yielded observable polymorphism (Figure 3.1, Table 3.1). The 

specific distribution pattern (SOP) for inheritance of the O. aureus and 

o. niloticus alleles in the 60 F2 individuals screened is shown in 

Table 3.2. 

The SOP data were used to construct the genetic likage map of the 3-

way cross {Figure 2). The microsatellite map consists of 22 markers, 

placed into 2 linkage groups, with the other 17 loci remaining unlinked. 

Linkage group I consists of two markers, microsatellite loci UNH123 and 

UNH189, at an estimated distance of 31.4 cM (log likelihood= -32.22). 

Linkage group II consists of three markers, with the most likely order 

being UNH130, UNH180, UNH216. Estimated distance between the respective 

markers are 7.2 cM and 17.8 cM (log likelihood= -35.46). Other possible 

orders of markers on the chromosome and their associated log likelihoods 

are UNH180, UNH130, UNH216 (log likelihood= -1.40), and UNH180, UNH216, 

UNH130 (log likelihood= -6.03). 

Specific distribution pattern of the rnicrosatellites were combined 

with the AFLP data of collaborators at University of California, Davis. 

Analysis of the combined data set left only 5 rnicrosatellite unlinked; 

UNH129, UNH 149, UNH 162, UNH174, and UNH213. There are 25 linkage 

groups totalling 191 loci. Tilapia have 22 chromosome pairs, so clearly, 

some linkage groups will yet prove to reside on the same chromosomes. 

The smallest linkage group has 2 markers, and the largest 16. The orders 

of the markers in the respective linkage group still is under analysis 

(J. Agresti, University of California at Davis, pers. comm.). 

DISCUSSION 

At the outset, I expected most of Oxeochromis niloticus primer pairs 

developed by Lee and Kocher (1996) to support amplification of hybrid 
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tilapia DNA, and to support observation of high levels of polymorphism. 

However, many primers pairs did not support amplification, and many loci 

proved monomorphic. 

One possible explanation for lack of amplification is that the same 

PCR conditions were used for all primer pairs. It is possible that each 

primer pair requires different temperature profiles for the 

amplification. Second, a sequence mismatch for the targeted site of 

either primer of a pair can interfere with annealing, and therefore, 

amplification. That sequences flanking a microsatellite array may differ 

among species is not surprising, though the observed frequency of no 

amplification was not expected. One explanation is as follows. 

Microsatellites frequently occur within or near a larger repetitive DNA 

array. PCR primers targeted at microsatellite loci included in larger 

repetitive elements may either produce multiple accessory bands, low 

product yields, or lack of amplification due to a high probability of a 

sequence mismatch, as seen in Atlantic salmon (O'Reilly and Wright 1995; 

Morris et al. 1996). I observed all of these outcomes in my results. 

Observation of monomorphism at many microsatellite loci also needs 

explanation. In their development of the microsatellite DNA markers, Lee 

and Kocher (1996) isolated 133 CA-bearing clones, representing 42% of 

the sequenced clones from 318 positive clones. These loci carried more 

than 15 CA repeats and had enough sequence flanking the repeat to allow 

the design of amplification primers. These probably were among the 

shorter of the microsatellite arrays, since they were contained entirely 

on the cloned DNA fragments. Longer microsatellite repeat arrays, 

however, are more likely to prove variable, as they are more likely to 

undergo replication slippage or unequal crossing over at meiosis 

(Levinson and Gutman 1987). It is possible that the unsequenced positive 

clones with short flanking sequences or longer array of repeats may 

include more variable loci. 

To construct the genetic map of tilapia, Kosambi 1 s map function (Liu 

1998) was used to convert recombination fraction into map distance. For 

a short chromosome segment without double crossover, map distance can be 
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obtained by swraning recombination fractions between adjacent marker 

loci. However, for a longer chromosome segment, the chance of double 

crossover is high. Since the recombination fractions are not additive, 

use of mapping functions to estimate map distances are more accurate 

(Liu 1998). Two co:rranonly used map functions are Haldane's and Kosambi's. 

Haldane's map function (Liu 1998) can be used only when crossover 

interference is ignored. In situations where crossover interference 

exists, Kosambi's map function is more appropriate (Liu 1998). 

The tilapia genetic map developed in the overall study contains 191 

markers in 25 linkage groups (J. Agresti, University of California, 

Davis, pers. co:rran.). Approaches to further elaborate the map might 

include the following. Screening of an additional family, perhaps from 

the three-way cross of (O. aureus x O. mossambicus) x O. niloticus, with 

the dinucleotide microsatellite primers should reveal more 

polymorphisms. Because o. niloticus DNA almost always will support 

annealing of the PCR primers developed by Lee and Kocher (1996}, more of 

the microsatellite markers will be amplified. Second, in this 

experiment, I did not use some potentially useful information because I 

did not score the inheritance of O. mossa.mbicus alleles among the F2 

individuals. Third, screening of the F2 families with other types of 

markers, e.g., tri- or tetra- nucleotide microsatellite primers, or 

additional AFLPs, should also further elaborate the map. 

The initial phase of the collaborative BARD project is to develop a 

linkage map of the tilapia genome. One objective of the BARD project was 

to develop new synthetic stocks of tilapia which are tolerant to cold 

temperature or saline environments using an approach commonly used in 

plant breeding, that of constructing a composite population from 

resource lines and extracting out new useful variation (Jensen 1988). 

Genetic differences in cold and salinity tolerance have been found in 

hybrid tilapia (Khater and Smitherman 1988; Behrends et al. 1990; 

Watanabe et al. 1985). One aspect of the BARD project was to identify 

quantitative loci associated with cold and salinity tolerance as an aid 

to the breeding of cold or salinity tolerant tilapias. The genetic 

linkage map helps provide the basis for QTL detection and MAS, to be 
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pursued as described in chapter 1 and in the summary and synthesis 

section. 
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Figure 3.1. PCR-amplified microsatellite alleles from 19 individuals 
at microsatellite locus UNH 180. 
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Figure 3.2 Microsatellite linkage map of tilapia. 
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Table 3.1. Results of screening of the panel of DNA samples from the 
three-way tilapia hybrid cross with microsatellite markers from 0. 
niloticus (Lee and Kocher 1996). Microsatellites proving useful for 
mapping purposes are marked with an asterisk. 

Microsat Expected size (bp) Amplification? polymorphism? 

UNH101 191 yes no 
102 145 yes no 
103 193 yes no 
104 138 yes no 
105 129 yes no 
106 134 yes no 
107 163 yes no 
108* 136 yes yes 
109 177 yes no 
110 192 yes no 
111 194 yes no 
112 199 yes no 
113 195 no no 
114 144 no no 
115* 149 yes yes 
116 193 yes no 
117 168 yes no 
118* 167 yes yes 
119 158 yes no 
120 160 no no 
121 230 no no 
122 215 no no 
123* 197 yes yes 
124 160 no no 
125 156 no no 
126 197 no no 
127 130 yes no 
128 176 yes no 
129* 193 yes yes 
130* 191 yes yes 
131 194 no no 
132* 113 yes yes 
133 202 no no 
134 173 yes no 
135 257 yes no 
136 173 yes no 
137 118 no no 
138* 196 yes yes 
139 191 yes no 
140 166 yes no 
141 159 no no 
142 170 yes no 
143 213 no no 
144 142 yes no 
145 162 yes no 
146 122 no no 
147 198 no no 
148 161 no no 
149* 156 yes yes 
150 131 no no 
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Table 3 . 1. (Continued). 

Microsat Expected size (bp) Amplification? Polymorphism? 

no no 
152 190 no no 
153 194 no no 
154 124 yes no 
155 172 no no 
156 188 yes no 
157 152 no no 
158 191 no no 
159 238 no no 
160* 200 yes yes 
161 196 no no 
162* 195 yes yes 
163 196 yes no 
164 192 no no 
165 193 no no 
166 190 yes no 
167 171 no no 
168 138 no no 
169 139 no no 
170 147 no no 
171 188 no no 
172* 180 yes yes 
173 174 no yes 
174* 170 yes yes 
175 199 yes no 
176 152 yes no 
177 200 no no 
178* 144 yes yes 
179 188 no no 
180* 155 yes yes 
181 185 yes no 
182 157 yes no 
183 196 yes no 
184 183 yes no 
185 152 yes no 
186 178 no no 
187* 174 yes yes 
188 184 no no 
189* 187 yes yes 
190 167 yes no 
191 153 no no 
192* 139 yes yes 
193 N/A no no 
194 195 yes no 
195 165 no no 
196 188 no no 
197 191 no no 
198 160 yes no 
199 182 no no 
200 159 no no 
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Table 3.1. ( Continued) . 

Microsat Expected size (bp) Amplification? Polymorphism? 

UNH201 198 no no 
202 158 no no 
203 103 no no 
204 161 no no 
205 115 no no 
206 201 yes no 
207 138 yes no 
208 100 no no 
209 179 yes no 
210 185 no no 
211 112 yes no 
212* 167 yes yes 
213* 194 yes yes 
214* 165 yes yes 
215 124 no no 
216* 124 yes yes 
217 174 no no 
218 198 no no 
219 117 no no 
220 193 yes no 
221 165 no no 
222 180 yes no 
223 189 no no 
224 169 no no 
225 210 no no 
226 199 yes no 
227 188 yes no 
228 200 no no 
229 152 no no 
230 181 no no 
231 176 yes no 
232 173 yes no 
233 173 no no 

-===-==-====================================-===-===-==-=============== 
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Table 3.2 Specific distribution pattern data for inheritance of 

microsatellite alleles in a three-way cross mapping family. Data are for 

22 markers and 60 individuals of the mapping family. a= allele from 0. 

aureus, h = allele from o. niloticus. 

Microsat 1 Individual 60 

UNH108 

UNH115 

UNH118 

UNH123 

UNH129 

UNH130 

UNH132 

UNH138 

UNH149 

UNH160 

UNH162 

UNH172 

UNH174 

UNH178 

UNH180 

UNH187 

UNH189 

UNH192 

UNH212 

UNH213 

UNH214 

UNH216 
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SUMMARY AND SYNTHESIS 

The goals of this dissertation research were to promote understanding 

of how QTL detection and MAS might be applied in fishes and to 

contribute to QTL detection in species of aquaculture interest. 

A literature review and synthesis was conducted to identify 

experimental designs applicable to marker assisted breeding of fishes. 

Development of a collection of appropriate genetic markers will prove a 

key aspect of experimental design for QTL detection. Markers proving 

useful for linkage analysis should have high polymorphism information 

content (PIC) (Botstein et al. 1980). The usefulness of a collection of 

markers also depends on their even distribution throughout the genome. 

Among genetic markers, microsatellites seem to be ideal markers for QTL 

detection in fish. High levels of polymorphism of microsatellite loci 

were detected in some key fish species, ranging from 14-92% in Atlantic 

cod Gadus morhua (Brooker et al. 1994), and 28-91% in Atlantic salmon 

Salmo salar (McConnell et al. 1995). Dinucleotide repeats of (GT) are 

abundant in fish genomes, reported to occur, on average, every 7 kb in 

Atlantic cod (Brooker et al. 1994), and 11-56 kb in Atlantic salmon 

{McConnell et al. 1995). 

One important step in a program for marker-assisted genetic 

improvement of fish stocks is choosing the best mating strategies for 

genomic mapping and QTL detection experiments. Among powerful 

experimental designs, crosses between species or inbred lines was 

suggested as the statistically most powerful design for QTL mapping in 

fish (Poompuang and Hallerman, 1997). Compared to most farm animals and 

many other fishes, tilapias provide an attractive system for MAS because 

interspecific crosses are viable and reproductively competent. 

Experimental power differs between the backcross and the F2 generations 

of crosses between inbred lines. Depending on whether there is dominance 

at the quantitative trait locus, the F2 design requires fewer offspring 

for equivalent power than the backcross design for detecting a 

difference of quantitative trait expression between marker classes 

(Soller et al. 1976). For example, if Type I error= 0.05, Type II 
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error= 0.10, and the proportionate effect of the quantitative locus= 

0.282, then the number of offspring required for the F2 design= 1050, 

and for the backcross design= 2100. For QTL detection experiments using 

non-inbred segregating populations, e.g., full-sib and half-sib 

experimental designs, the total number of progeny required for a given 

power will be four times as many as for a cross between inbred lines 

(Soller 1990). 

Conventional production of inbred lines is not practical in certain 

species of aquacultured fish due to inbreeding depression. Biotechnology 

may prove useful in such a context, because it provides an alternative 

approach to production of inbred lines via chromosome set manipulation, 

e.g., gynogenesis and androgenesis (reviewed by Tave 1993}. The 

techniques involve the destruction of genetic material from one of the 

parents. The exact timing and duration of temperature or pressure shock 

relative to meiosis or mitosis also are critical. To generate 

gynogenetic fish, eggs are fertilized with UV-irradiated sperm; the 

shock can be applied during meiosis to prevent the extrusion of the 

second polar body or during mitosis to prevent the first cleavage. 

Androgenetic fish are produced by the fertilization of UV-irradiated 

eggs with normal sperm; the shock is applied during mitosis. Gynogens 

contain only genetic material from the mother. Genetic material of 

androgens are from the father only. Mitotic gynogens and androgens are 

homozygous at all loci and have inbreeding of 100%. I suggest that 

crosses between gynogens and androgens can be used as an alternative 

breeding strategy for QTL detection and MAS. 

Marker-based selection can prove useful for genetic improvement of 

aquaculture stocks, especially when traits of interest are difficult to 

evaluate. Classical selection based on phenotype is not effective for 

certain traits, e.g., carcass quality, feed efficiency, disease 

resistance, and climatic adaptation because scoring of the trait is 

lethal or because expression of the quantitative loci (QTL) controlling 

the trait is strongly affected by environmental factors. Marker-based 

selection of individuals carrying favorable QTL alleles can be more 

precise than selection based on phenotype alone since the individuals' 
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genotypes are not affected by environmental factors (Soller 1994}. 

Further, selection can be carried out at an early age, reducing cost of 

rearing large groups of potential broodstock. 

Marker-assisted selection can be applied effectively as a tool in an 

introgression program. Desired genes from a resource stock are 

introgressed to production stock, followed by backcrosses to the 

production stock (Soller 1994). For example, genetically marked salinity 

tolerance genes of O. mossambicus could be introgressed into o. 
niloticus. Depending on the number of stocks to be crossed, the program 

would require two to several generations to develop a synthetic 

population. QTL detection would increase our understanding of the 

genetic architecture of the trait. MAS would allow selection of 

individuals carrying the desired genes without the need for performance 

testing each generation. 

I attempted to illustrate use of QTL detection method by using a 

variant of RAPD (randomly amplified polymorphic DNA) methodology to seek 

a marker linked to the sex determining locus in brook trout. DAF (DNA 

amplification fingerprinting) seemed attractive, because it is rapid, 

cost-effective, and more repeatable than RAPD methodology. I screened 

DNA samples of brook trout with 100 decamer primers. However, I did not 

identify the sex-linked marker. Screening DNA mixes of brook trout with 

on the order of hundreds more primers should provide a high probability 

of detecting a sex-specific band. A RA.PD marker linked to sex 

determination in pistachio nut, Pistacia vera, was identified (Hormaza 

et al. 1994) after a total of 700 decamer primers were used to screened 

bulked DNA samples of males and females. An alternative approach for 

identification of sex-linked marker in brook trout is subtractive 

hybridization (Larmar and Palmer 1994; Kunkel et al. 1985). However, the 

method is time-consuming and technically demanding. Devlin et al. (1991) 

used subtractive hybridization methodologies to clone a sex-linked DNA 

fragment of chinook salmon. The techniques involved employing a large 

excess of sheared DNA from a single female to remove the non-sex 

specific sequences from a small amount of male DNA. The hybridization 

mixture was extracted and cloned into phagemid vector. Clones were 

79 



picked and hybridized to Southern blots containing genomic DNA of males 

and fem.ales and a probe with the male-specific DNA fragment was 

identified. 

To design a robust genomic mapping experiment, we need to consider 

mating design, genetic marker type and sample size. The statistical 

power of the mapping experiment to detect linkage at a given 

recombination fraction depends on the number of progeny screened (Liu 

1998). For example, to achieve statistical power= 0.90, with a 

hypothetical recombination fraction (8)= 0.2, N = 55 for the backcross 

design, and N = 47 for the F2 design with codominant markers (Liu 1998, 

page 190). 

I contributed to construction of a genetic map for tilapia, 

Oreochromis sp. The tilapia mapping project was undertaken by 

collaborators at the Israel Agricultural Research Organization, the 

University of California at Davis, and Virginia Polytechnic Institute 

and State University. The microsatellite map constructed at Virginia 

Tech consists of 22 microsatellite loci placed into 2 linkage groups, 

with 17 loci remaining unlinked. Incorporation of my data with AFLP data 

at University of California, Davis, supported construction of a map with 

approximately 200 genetic markers (B. May, University of California, 

Davis, pers. comm.). 

To increase precision of the map, more individuals must be screened 

for better estimation of recombination frequency and, hence, separation 

on the chromosome. Expansion of the number of markers on the tilapia 

genomic map can be carried out by genotyping new polymorphic markers on 

the standard reference families, or by generating and screening new 

mapping families. With a well-defined map, QTL detection and mapping of 

QTLs to genetic markers can be achieved. A genetic linkage map useful 

for QTL detection should cover a majority of the genome and have markers 

within 5-20 centiMorgan intervals (Kashi et al. 1986). A denser map 

would be preferable because the chance of a false positive, i.e., 

falsely concluding that QTL is p~esent on the chromosome segment of 

interest, would be minimized (Lander and Bostein 1989). 
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