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Construction of a Linkage Map for the Pink Salmon Genome 

Restoration Project 0 1 190 
Annual Report 

Studv Historv: This project was initiated under Restoration Project 96190 in March 
1996 and was continued under Restoration Projects 97 190,98 190,99 190,OO 190 and 
0 1 190. Annual reports entitled Construction of a Linkage Map for the Pink Salmon 
Genome were submitted in 1997,1998, 1999,2000 and 2001. In this annual report we 
describe Restoration Project 01 190. Twelve oral presentations reporting the results of 
this project have been given at professional meetings or university seminar series. Dr. 
Fred Allendorf gave an overview of the project at the national meeting of the American 
Fisheries Society in Dearborn, Michigan, August 1996, at the Arctic Division of the 
American Association for the Advancement of Science annual meeting in Valdez, AK, 
September 1997 and to the general public at the ASLC, November 1998. In addition, Dr. 
Allendorf presented an overview of this study at the Swedish Agricultural University, 
Umei, Sweden in January 1998 and Aarhus University, Aarhus, Denmark, in February 
1998. Kate Lindner presented an update at the semi-annual Coast-wide Salmonid 
Genetics meeting in Seattle, March 1997 as well as at the Alaska Department of Fish and 
Game in Anchorage Alaska, September 1997. Ms. Lindner also presented at the 
SALMAP meeting in Toronto Canada, September 1998. In addition, Ms. Lindner 
presented an overview of the project to several Elder Hostel groups at the ASLC in 
August 2000. Dr. Paul Spruell represented our project at United States Department of 
Agriculture (USDA) panels on aquaculture in 1997, 1998, and 1999. Dr. Spruell and Ms. 
Lindner each presented mapping results at the Plant and Animal Genome Mapping 
Meeting in San Diego, January 1999. Ms. Lindner was invited to present our findings to 
the USDA panel on mapping in aquaculture species that is held in conjunction with the 
mapping meeting each year. Dr. Spruell was invited to participate in a workshop 
sponsored by Hitachi Software and used our pink salmon linkage data to illustrate the 
advantages of fluorescent technologies to produce linkage maps. In March 1999, Kathy 
Knudsen presented an overview of the project to the Kenai High School freshman 
biology class. In May 1999, Eleanor Steinberg was awarded a National Science 
Foundation postdoctoral fellowship in Biological Informatics to work in the Allendorf 
laboratory on the pink salmon project. Undergraduates involved with parts of the project 
have also presented the results of their work. Joe Meng presented a poster on the rate of 
mutation in pink salmon at the National Conference of Undergraduate Research at the 
University of Kentucky in March 2001. In April 2001, Kristin Bott presented the results 
of her work on a sex-linked DNA marker in pink salmon at the Western Regional Honors 
Conference at Portland Pacific University, Oregon. Two journal articles are published: 
Spruell, P., K. L. Pilgrim, B. A. Greene, C. Habicht, K. L. Knudsen, K. R. Lindner, J. B. 
Olsen, G. K. Sage, J. E. Seeb, and F. W. Allendorf. 1999. Inheritance of nuclear DNA 
markers in gynogenetic haploid pink salmon. Journal of Heredity (90:289-296), and 
Lindner, K. R., J. E. Seeb, C. Habicht, E. Kretschrner, D. J. Reedy, P. Spruell, and F. W. 
Allendorf. 2000. Gene-centromere mapping of 3 12 loci in pink salmon by half-tetrad 
analysis. Genome (43:538-549). A third article will be published this year, Steinberg, 
E.K., K.R. Lindner, J. Gallea, A. Maxwell, J. Meng, F.W. Allendorf. 2002. Rates and 



patterns of microsatellite mutations in pink salmon. Molecular Biology and Evolution. 
19(7). Another manuscript (Lindner, K. R., P. Spruell, C. Habicht, K. L. Knudsen, J. E. 
Seeb, H. Zhao, and F. W. Allendorf; Estimation of chiasma interference and construction 
of a linkage map for pink salmon) is currently being prepared for submission to Genetics. 

Abstract: We have constructed a genetic linkage map for pink salmon (Oncorhynchus 
gorbuscha) and will use it to examine marine survival and fitness in pink salmon in 
Prince William Sound. We analyzed segregation of 596 DNA fragments in an odd-year 
female and 94 haploid progeny. Of these markers, 553 were assigned to one of 44 
linkage groups. We mapped 3 19 loci relative to their centromeres using gynogenetic 
diploid progeny. In August 1998, we collected gametes and tissue from 150 pink salmon 
from Likes Creek and performed single-pair matings to produce 75 families. In May 
1999, approximately 48,000 individuals were marked and released into Resurrection Bay 
from the Alaska SeaLife Center. In August 1999, we collected 68 adult pink salmon 
from Likes Creek and produced 68 families. These families were raised at the Alaska 
SeaLife Center and approximately 24,000 fry were marked and released into Resurrection 
Bay in May 2000. Only 36 returning adults from the 1998 experimental cohort were 
collected in August 2000. In August 2001,259 returning adults from the 1999 cohort 
were collected. We assigned the adult returns to family using genotype data from 10 loci. 
Initial analysis has revealed nearly random family survival and heritability of body 
length. 

Kev Words: Adaptation, fitness, gene-centromere mapping, genetics, linkage map, 
marine survival, mutation, Oncorhynchus gorbuscha, pink salmon. 

Proiect Data: We have two primary sets of data: one for the linkage map and one for the 
marine survival and fitness experiment. Data for the linkage map are the inheritance of 
DNA fragments in the haploid and gynogenetic diploid progeny of two pink salmon 
females (A95- 103 and V96- 13). Sixteen additional diploid families were tested for 
nonrandom segregation between all pair-wise combinations of 14 allozyme and three 
microsatellite loci. The haploid data set consists of 596 polymorphic DNA fragments 
loci in female A95-103 and 94 of her haploid progeny, and 123 polymorphic DNA 
fragments in female V96-13 and 90 of her haploid progeny. The diploid data set consists 
of genotypes of 70 gynogenetic diploid progeny from female A95-103 at 3 19 loci and of 
genotypes of 54 gynogenetic diploid progeny from female V96-13 at 40 loci. Data for 
the marine survival and fitness experiment are genotypes at ten PCR-based loci for 50 
families (50 parent pairs with 10 embryos each) from the 1998 experimental release. An 
additional 36-40 embryos from seven of the 1998 families were analyzed at nine 
microsatellite loci to investigate mutation rates and patterns. The parents for the 
experimental cohort produced in 1998 were genotyped at 12 additional PCR-based loci 
and 34 allozyme loci. The 1999 parents have were genotyped at 10 PCR-based loci and 
30 allozyrne loci. Their progeny, the 259 returning adult fish recovered in August 2001, 
were genotyped at the same 10 PCR-based loci and this information has been used to 
assign them to parental family. Four meristic characters, as well as body length, egg 
mass, and egg number were recorded for both sets of parents as well as the 36 marked 
adults collected in August 2000. The 259 marked adults collected in August 2001 were 



measured for body length, egg mass, and egg number. All data sets are currently recorded 
in Microsoft Excel spreadsheets. Data will be made available to individuals within the 
reasonable bounds of sharing unpublished data. For information regarding data contact 
Joe Tyburczy, Division of Biological Sciences, University of Montana, Missoula, MT 
598 12. Phone: (406) 243-6749. E-mail: joet@selway.umt.edu. 

Citation: Tyburczy, J., K. R Lindner, K. L. Knudsen, P. Spruell, and F. W. Allendorf. 
2002. Construction of a linkage map for the pink salmon genome, Exxon Valdez Oil Spill 
Restoration Project Annual Report (Restoration Project 01 190), University of Montana, 
Missoula, Montana. 
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EXECUTIVE SUMMARY 

The project to construct a genetic linkage map of the pink salmon (Oncorhynchus 
gorbuscha) genome, and to use this map to study the marine survival and fitness in this 
species, is in its seventh year. The linkage map will allow the evaluation of genetic 
impacts of the March 1 989 Exxon Valdez oil spill on pink salmon populations and will 
help to document the recovery of affected populations in Prince William Sound. A 
linkage map wi i be essential for detecting and understanding causes of reduced egg and 
embryo survival in oiled areas. In addition, the markers that are mapped and 
characterized in detail will aid other recovery efforts with pink salmon, including 
estimation of straying rates, description of stock structure, and testing for a genetic basis 
of marine survival. 

Elevated embryo mortality was detected in populations of pink salmon inhabiting oiled 
streams following the spill. These increased rates of mortality persisted through the 1993 
field season, three generations after the spill. This suggests that genetic damage may 
have occurred as a result of exposure to oil during early developmental life-stages. 

The genetic linkage map will provide the platform to address the genetic impact of the oil 
spill. The initial framework of the map used haploid progeny to avoid the difficulties 
associated with dominant markers that obscure recessive alternatives in diploids. 
Gynogenetic diploids fiom the same family were also examined to locate centromeres of 
chromosomes and facilitate the consolidation of the map. 

Gametes and tissues of pink salmon were collected fiom the Armin F. Koernig hatchery 
in August of 1995 as well as the Solomon Gulch hatchery in August 1996. Families of 
gynogenetic haploid and diploid embryos were produced in cooperation with the Alaska 
Department of Fish and Game by mixing irradiated sperm with eggs fiom individual 
females. One family (A95- 103) was chosen to be the primary reference family upon 
which initial mapping efforts were focused. 

Linkage analysis of 596 DNA markers segregating in the gynogenetic haploids produced 
a genetic map comprising 44 linkage groups covering a distance of 4550 centiMorgans. 
Assuming a minimum distance of 28 centiMorgans for linkage detection and accounting 
for all the gaps and unlinked markers the minimum distance of the pink salmon genome 
is 6472 centiMorgans. The haploid pink salmon genome consists of approximately 2.72 
million kilobase pairs, thus we estimate approximately 420 kilobase pairs per 
centiMorgan. 

Thirteen allozyme loci have been added to the map using gynogenetic diploid and normal 
diploid data. Five allozyme loci are polymorphic in female A95-103 and thus could be 
tested for nonrandom segregation using the gynogenetic diploid data. The other eight 
loci were placed on the map through classic linkage analysis of diploid pink salmon 
families. With the addition of these markers the linkage map consists of a total of 609 
markers. 



The microsatellites and genes of known fbnction added to the linkage map serve as 
landmarks, or "anchor loci" and will facilitate comparisons between maps. These loci 
allow comparison of genetic linkage of odd- and even-year pink salmon, estimation of 
recombination rates of males and females, and incorporation of data fiom other salmonid 
linkage maps. The known genes will be of particular interest during the second phase of 
this project in which we examine selective effects of the marine environment on the pink 
salmon genome. 

A complementary even-year map has been constructed. Development of this map, based 
on the segregation of loci in family V96-13, followed the same design as the odd-year 
map. This map enabled us to compare odd- and even-year pink salmon as well as add 
seven new markers to the odd-year map. This even-year map consists of 123 loci, 103 of 
which have been assigned to one of 33 linkage groups. One locus included on this map is 
a gene of known function (MHCBa2). 

We have generated a large number of markers distributed throughout the genome using 
haploid embryos and multilocus techniques. Due to their polyploid ancestry, salmonid 
genomes are large, therefore many markers will be required to span the entire genome of 
pink salmon. We have successfully created a genome map with 44 linkage groups. 
However despite the number of the markers examined, we were unable to consolidate the 
map enough to reduce the number of linkage groups to 26, the number of chromosome 
pairs in pink salmon (2N = 52). Additional markers must be mapped in order to 
consolidate the map. We have collected gene-centromere distances of 3 19 loci using 
gynogenetic diploids. Comparison of the genome maps of odd- and even-year fish has 
revealed no significant differences between them. We will submit a publication on the 
results of our mapping efforts. 

We are now focusing on the marine survival and fitness portion of the study. Two 
experimental cohorts have been produced and their returning adult progeny collected. 
Both cohorts were hatched and released from the Alaska SeaLife Center in Seward. In 
August 1998, gametes and tissue £tom 150 pink salmon from Likes Creek were collected 
and 75 single-cross families were produced. Ten embryos from each family were 
analyzed to evaluate inheritance of genetic markers. A total of 48,329 individuals from 
49 of these families were marked and released into Resurrection Bay in May, 1999. At 
the time of release, 1000 fiy from the experimental families were randomly sampled for 
genetic analysis. In August 1999, gametes and tissue fiom 68 pink salmon fiom Likes 
Creek were collected and 68 half-sibling families were produced. A total of 24,216 
f?om all 68 families were marked and released into Resurrection Bay in April 2000. A 
sample of 500 fry was collected at the time of release. 

In August 2000 we planned to collect experimental adult pink salmon as they returned to 
the fish pass at the Alaska SeaLife Center. Failure of the fish pass to attract any fish 
forced us to modify these plans. A total of 36 marked pink salmon were collected by 
seining freshwater streams in upper Resurrection Bay and fiom recreational fishermen 
responding to an incentive. Based on the collection effort and the number of fish 
collected it is our belief that a significant number of marked pink salmon returned to 



Resurrection Bay, but due to our limited resources we were unable to collect more 
returning adults. 

Though the fish pass at the Alaska SeaLife Center did attract fish 2001, probably due to 
increased water flow, it still failed to capture them. We collected fish through alternate 
means including seining nearby rivers, hook-and-line, and an incentive to recreational 
fishermen. We recovered 259 adult fish from the 1999 experimental cohort. 

We genotyped the 36 returning marked pink salmon recovered in August 2000 at nine 
microsatellite loci and two genes of known function (MHCal and GH2) and successfblly 
assigned them back to their family of origin. 

The 259 fish fiom the 1999 cohort have been genotyped at nine microsatellite loci and 
one gene of known function (GH2) which have been used to place them into families. 
Analysis based on this information has revealed nearly random family returns, and strong 
heritability of length in both males and females (0.38 and 0.41 respectively). 

Several mutations were detected at two of the nine microsatellite loci (SSA408 and 
OGOlc) in the embryos of the 1998 cohort during the analysis of the transmission of 
genetic markers used to evaluate parentage. Further analysis revealed a great deal of 
heterogeneity in microsatellite mutation rates and patterns. Mutation rate estimates 
ranged fiom 8.5~10" and 3.9~10" mutations per transmission in SSA408 and OGOl c 
respectively, to 0.0 at the other seven loci. The detection of large clusters of identical 
mutations at one locus, SSA408, indicated that the majority of mutant alleles identified 
reflected mutational events that occurred early in the differentiation of the germline. 
Evidence for a hypermutable allele at SSA408 was also detected. Genetic analysis of the 
adult progeny collected fiom the 1999 cohort has revealed similar patterns of mutation. 
Mutations were detected at both SSA408 and OGOlc at fiequencies of 1 .9x1w3 and 
1.2x10-* mutations per transmission. These rates are comparable to those found in the 
1998 cohort, and as in that cohort, no mutations were detected at the other seven 
microsatellite loci. These findings indicate that microsatellite mutation dynamics are 
complex and likely vary substantially among loci. 

The mapping portion of this project is complete. We are also on schedule with the 
marine survival and fitness experiment. We have released and collected both cohorts of 
experimental progeny. We have determined the genotypes of the parents used to generate 
both cohorts, the genotypes of returning adult progeny fiom both cohorts, as well as 
genotypes of embryos sampled from the 1998 cohort. We have also collected 
morphological data on the parents and the returning adults the 1998 cohort. 



INTRODUCTION 

The project to construct a linkage map for the pink salmon (Oncorhynchus gorbuscha) 
genome and to use this map to study marine survival and fitness of this species is in its 
seventh year. This map will provide the framework to evaluate potential impacts of the 
March 1989 Exxon Valdez oil spill on pink salmon. In addition, the mapping effort will 
produce valuable tools to improve our understanding of the fundamental population 
biology and genetics of pink salmon. Genetic markers that are mapped can be used to 
identify regions of the genome that are associated with important fitness traits, as well as 
to track population dynamics. This information will be critical for effective monitoring 
of recovery efforts of pink salmon in Prince William Sound. 

Following the 1989 oil spill in Prince William Sound, elevated embryo mortality was 
detected in populations of pink salmon inhabiting oiled streams. These increased rates of 
mortality persisted through the 1993 field season, three generations after the spill, 
suggesting that genetic damage may have occurred as a result of exposure to oil during 
early developmental life-stages (Bue et al. 1998). The consequences of the putative 
genetic damage include impaired physiological fbnction of individuals and reduced 
reproductive capacity of  pink salmon populations. 

Documenting possible effects of the spill on pink salmon requires a detailed 
understanding of this species' genome. Since the rediscovery of Mendel's principles early 
in this century genetic linkage maps have provided important information for 
understanding genetic variation in species. A genetic map plays a similar role for a 
geneticist that a geographical map plays for the explorer of new territories. For many 
years, genetic maps could only be constructed in a very few model species that were 
suitable for extensive genetic manipulation (e.g., Drosophila and mice). Recent advances 
in molecular genetics now make it possible to uncover enough genetic markers to 
construct a detailed genetic linkage map in almost any species (Postlethwait et al. 1994). 

A genetic linkage map is generated by analyzing segregation patterns of polymorphic 
genetic markers, typically within a single lineage (e.g., a mother and her progeny). By 
analyzing many polymorphic markers spread throughout the genome, segregation 
patterns of markers occurring in the same chromosomal region can be detected. 
Ultimately, if a sufficient number of linked markers are analyzed, the number of linkage 
groups identified will equal the number of chromosomes; at this point the map is 
considered to be consolidated. This is ideal because markers can then be assigned to 
chromosomes. However, a genetic map that is not completely consolidated can be used 
to address many basic questions concerning genomic and organismal evolution. 

The degree to which linkage groups are conserved over evolutionary time can be 
evaluated by comparing linkage maps from different taxa. Alternatively, if linkage 
relationships are known to be conserved, the resolution of a linkage map can be improved 
by incorporating information from linkage maps fiom closely related taxa. In fishes, 
linkage relationships are reported to persist after 300 million years of evolution (Graf 
1989), thus many loci should occupy similar chromosomal positions in closely related 



taxa. However, it is important to note that many of the dominant multilocus genetic 
markers that are widely used in map construction, such as amplified fragment length 
polymorphisms (AFLPs), are not conserved across taxa, and therefor cannot be used for 
comparisons between maps. Comparative mapping can be accomplished using dominant 
markers to determine linkage relationships of co-dominant markers that are conserved 
across taxa. These conserved markers can be used as reference points (anchor loci) for 
map comparisons. Anchor loci are typically single locus markers such as allozymes, 
microsatellites, or genes of known function. Genetic linkage maps that contain many 
anchor loci are especially usehl for evolutionary studies. 

Genes of known function are important genetic markers to include on a linkage map 
because they serve as anchor loci, and they also can be used to study interactions between 
genes and the environment. For example, the major histocompatability complex, MHC, 
has been extensively studied in vertebrates for a variety of reasons including its role in 
disease resistance or susceptibility. Various class I and class I1 MHC alleles have been 
characterized in Pacific and Atlantic salmon (Katagiri et al. 1996, Miller et al. 1996, 
Miller et al. 1997). The addition of the MHCB2al locus to the even-year linkage map is 
the frst step to understanding how MHC is organized in pink salmon. In addition, we 
will be able to test for correlation between fitness traits of returning adults and this gene 
of known function. 

Many interesting and important questions ?bout genome organization can be explored 
using a linkage map that includes various ypes of genetic markers. For example, linkage 
relationships can be evaluated to determine whether functional genes tend to cluster 
together relative to other markers. In addition, linkage assignments derived fiom genetic 
maps can be assessed to determine whether different types of markers have similar 
distributions within a genome (e.g., Spruell et al. 1999; Appendix 1). Genetic linkage 
maps also allow the possibility of identifying the sex-determining region, which can 
provide important information for population level studies. 

We have constructed a pink salmon linkage map using gynogenetic haploid and diploid 
progeny fiom an individual female (see Spruell et al. 1999; Appendix 1). This is the 
same procedure used to construct the zebrafish linkage map (Postlethwait et al. 1994). 
Our linkage map is based on segregating markers in haploid progeny from a single pink 
salmon female (A95-103) that returned to Armin F. Koernig hatchery in Prince William 
Sound in August 1995. We used the gene-centromere mapping approach (Johnson et al. 
1996) to link markers to centromeres (see Lindner et al. 2000, Appendix 2). Using a total 
of 609 markers we were able to reduce the number of linkage groups to 44, but could not 
reduce that number to equal the number of chromosome pairs in pink salmon (1n=26). 

Odd- and even-year pink salmon are reproductively isolated due to the fixed two-year life 
cycle ofthis species (Aspinwall 1974). Beacham et al. (1988) report substantial allozyme 
and morphological evidence for differentiation of alternate brood years. In addition, 
Phillips and Kapuscinski (1 988) and Phillips et al. (1 999) detected chromosomal 
rearrangements between odd- and even-year populations that occur in the same 
geographical area. Furthermore, in a recent experimental study, Gharrett et al. (1 999) 



demonstrated outbreeding depression in crosses between the two year classes. Together, 
these findings suggest that the alternate brood years are reproductively isolated and 
genetically distinct. While our primary map is based on an odd-year female (A95-103), 
we have also created a complementary map based on an even-year female (V96-13). 
Having linkage data fiom both odd- and even-year individuals made it possible to map 
more markers. Interestingly, linkage relationships are conserved between the 
reproductively isolated year classes for all markers we examined. 

A high-resolution linkage map will also allow us to re-evaluate the validity of 
assumptions about meiotic processes in salmonids. Thorgaard et al. (1 983) and Allendorf 
et al. (1986) concluded that there was a high level of chiasma interference in salmonids. 
However, this conclusion was based on the limited number of polymorphic allozyme loci 
available. It is possible that high levels of interference are not uniform and that some 
regio& of the genome may violate the assumption of complete interference. The odd- 
year map we have generated is of much finer resolution, which allows us to test for 
interference along the chromosome arm. We have used our map to test the assumption of 
uniform interference (see Lindner et al., Appendix 4). 

Previous studies in salmonids have detected differences in recombination rates among 
individuals (Sakamoto et al. 2000 and May et al. 1990). We are able to test for these 
differences in pink salmon through the analysis of markers we have already characterized 
in pink salmon. The 75 families produced for the marine survival and fitness study 
allowed us to test for sex specific differences in recombination rate and to test for 
differences in recombination rates based on chromosomal location (centromeric vs. 
telomeric). 

The pink salmon linkage map and the facilities at the Alaska SeaLife Center (ASLC) 
allow us to test questions that were previously impossible to address in salrnonids. For 
example, it is notoriously difficult to detect and measure the effects of natural selection in 
natural populations (Lewontin 1991). The most powefil method to detect natural 
selection is to compare genotype distributions in a single cohort sampled at different life 
history stages (Lynch and Walsh 2000). We have used the facilities at ASLC to produce 
the families necessary for such an experimental design. Two cohorts (1 998 and 1999) 
have been produced, marked, and released into Resurrection Bay. Over 48,000 progeny 
fiom 49 full-sibling families were released in May 1999 and over 24,000 progeny fiom 
68 half-sibling families were released in April 2000. Unfortunately, due to unexpected 
failure of the fish pass at the ASLC, collecting the returning 1998 cohort adults in the 
summer of 2000 was exceptionally difficult and only 36 individuals were recovered. As 
this sample size is too small to test for natural selection, we modified our plans for 
recovering returning fish fiom the 1999 cohort to increase the number of fish collected. 
Alternative collection methods allowed us to recover 259 returning adult salmon in the 
summer of 200 1. 

We have determined the genotype for the 259 fish from the 1999 cohort at nine 
polymorphic microsatellites and one gene of known function and used this data to 
unambiguously assign the fish to families. 



Interestingly, we detected several mutations at two of the microsatellite loci in our 
inheritance analysis. Building on this dataset has allowed us to empirically evaluate the 
rate and pattern of mutations at nine microsatellite loci in pink salmon (see Steinberg et 
al., Appendix 3). Knowledge of the underlying evolutionary dynamics of markers used 
in population studies is important for correct interpretation of patterns of variability 
detected with these markers. Our inheritance dataset revealed a great deal of 
heterogeneity in mutation rates and patterns among the nine microsatellite loci. This 
finding has direct relevance to management applications of these markers. 

In this report we update our progress on the construction of the pink salmon linkage map, 
and the marine survival and fitness experiment including analysis of the returning fish 
collected in August 2001. We include results of comparative mapping of odd- and even- 
year lineages and analysis of recombination rate differences. We also describe 
preliminary analysis of data from the 2001 returns. Finally, we have attached two 
published papers, one manuscript that has been accepted for publication describing our 
mutation analysis, and one manuscript in preparation that describes results of our 
mapping efforts. 

OBJECTIVES 

1. Develop several hundred variable DNA markers in pink salmon and test them for 
Mendelian inheritance. 

2. Construct a linkage map based upon joint segregation patterns of the DNA 
polymorphisms detected in previous objective. 

3. Map putative lesions identified in Restoration Study \191A. 

4. Test for Mendelian inheritance of markers throughout the genome in progeny of 
fish exposed to oil. Regions that show aberrant segregation ratios in progeny of 
fish exposed to oil and normal 1 : 1 ratios in fish not exposed to oil would be 
candidates for oil-induced lesions. 

5. Test for regions of the genome that are associated with traits of adaptive 
significance (e.g., marine mortality or run timing). 

6. Test whether protein markers (allozymes) are under natural selection such that 
they may not provide accurate information about the genetic structure and amount 
of gene flow among populations. 

The linkage map research was originally designed to support work with pink salmon 
under the project Oil-Related Embryo Mortalities (Restoration Study \19 1 A). The 
objective of that project was to identify germline mutations in pink salmon exposed to 
oil. Genetic damage induced by oil may either be small changes in nucleotide sequence 



(microlesions) or large-scale changes in chromosome structure (rnacrolesions). A 
detailed genetic map for pink salmon would be invaluable for interpreting the results of 
studies such as Restoration Study \191A in several ways. First, it will be possible by 
following the inheritance of any DNA lesions to determine if they are micro- or macro- 
lesions. Second, these lesions can be mapped to determine if they are randomly spread 
throughout the genome or if they occur at mutational "hot spots" that are susceptible to 
oil induced damage. However, Restoration Study \191A is no longer ongoing, and thus 
our work concentrates on objectives 1 - 2 and 5 - 6. 

METHODS 

Production of Progeny for Mapping 

In August 1995, gametes and tissues of 3 1 pink salmon were collected fiom the Prince 
William Sound Aquaculture Corporation's Armin F. Koernig (AFK) hatchery, Prince 
William Sound, Alaska. Gametes and tissues of 22 pink salmon were collected fiom the 
Valdez Fisheries Development Association's (VFDA) Solomon Gulch Hatchery, near 
Valdez, Alaska in August 1996. Both of these hatchery stocks originated fiom adult fish 
collected at several spawning sites in Prince William Sound, Alaska. We designated 
families using the first letter of their place of origin (A=AFK, V=VFDA), the year of 
reproduction, and a sequential number corresponding to the maternal parent. For 
example, family A95- 103 contains the progeny fkom female 103 collected at Arrnin F. 
Koernig hatchery in 1995. 

Gynogenetic Haploids 

Gynogenetic haploid embryos were produced by sperm inactivation as described by 
Thorgaard et al. (1983). Sperm fiom four males was pooled prior to W irradiation, then 
mixed with eggs fiom individual females. Females were numbered and their progeny 
were designated by year class and the number assigned to that female (e.g., family A95- 
103). Embryos fiom these families were incubated until just prior to hatching when they 
were collected and preserved in 95% ethanol. DNA extraction was completed on the 
haploids as previously described (Spruell et al. 1999; Appendix 1). 

Gynogenetic Diploids 

Gynogenetic diploid progeny were produced using gametes fiom the same parents used 
to produce the haploid progeny. Eggs were fertilized with sperm that had been UV 
irradiated. Diploidy was restored by applying a heat shock that causes the retention of 
the second polar body (Thorgaard et al. 1983). These diploid embryos are viable and 
were raised until they reached sufficient size (approximately 40 rnm, total length) for 
allozyme analysis. Individuals were sacrificed and tissue samples collected and fiozen at 
-80°C for allozyme analysis. In addition, the caudal peduncle and fin were collected for 
DNA extraction (Spruell et al. 1999; Appendix 1). 



Selection of Reference Families 

Family A95-103 was chosen as the reference family to generate an odd-year pink salmon 
linkage map based on the number of embryos produced and on results fiom initial 
screening of rnicrosatellites (see Allendorf et al. 1997 and Appendix 4). 

Family V96- 13 was chosen as a candidate to generate a complementary even-year 
linkage map based on an acceptable number of embryos produced in this family and 
because preliminary screening showed the mother to be heterozygous at a gene of known 
function, MHCBa2. 
Evaluation of Genetic Markers for Mapping 

Genetic markers were included on the haploid linkage map based on two criteria. First, 
fragments from loci polymorphic in the mother had to segregate in the progeny. Second, 
the segregation of each fiagment in the progeny had to be 1 : 1 as expected under simple 
Mendelian genetic models. 

Map Construction 

Linkage Analysis Software 

We used the UNIX version of MapMaker software (Lander et al. 1987) to assign 
markers segregating in haploid progeny to linkage groups. Grouping of markers was 
conducted using a minimum LOD score of 4.0 and a maximum recombination fiaction 
(9 of 0.28 (P<0.001). The linkage phase of the markers is unknown. Therefore, we 
entered the segregation pattern of each locus into the program in both possible phases. 
The Kosambi mapping hnction was used to calculate the genetic distance. 

Gene-Centromere Distances 

We estimated how far markers are located fiom their centromere (the gene-centromere 
distance) using diploid gynogens produced from females A95-103 and V96-13 
(Thorgaard et al. 1983; Allendorf et al. 1986). The details of these calculations are 
provided in Appendix 2. 

Evaluation of Recombination rates between sexes 

DNA was extracted fiom a total of 46 embryos fiom six families produced fiom the 1998 
adults collected fiom Likes Creek. Recombination rates were estimated for linked loci 
using families in which at least one parent is heterozygous at both loci. 



Marine Survival and Fitness Experiment: 1998 Cohort 

2000 returns 

Experimental adult pink salmon were expected to return to the fish pass at the ASLC. As 
a result of the failure of the fish pass to attract any fish, the experimental pink salmon had 
to be collected fiom fieshwater steams in upper Resurrection Bay in seine nets. In 
addition, 20 experimental pink salmon were turned in by recreational fisherman in 
response to a $1,000 lottery that was conducted as an incentive. 

Parentage assignment 

A11 experimental pink salmon collected were initially analyzed at four microsatellite loci 
(SSA408, OGOlc, SSA20.19-1 and SSA20.19-2 ). PCR products were electrophoresed in 
4.5% polyacrylamide gels and products were visualized on a Hitachi FMBIO fluorescent 
scanner. Allele size ladders for OGOlc and SSA408 consisting of between six and eight 
evenly spaced alleles were developed using template DNA fiom selected 1998 parents. 
Allele sizes for the return samples were determined relative to these allele ladders as well 
as a commercial size ladder (MapMarker). Comparing the sample genotype with the 
1998 parental genotypes at these four loci we were able to determine if the sample was 
actually part of our experimental population. To confirm the family assignment, PCR 
products fiom the return sample and the expected parents at the two most variable loci, 
OGOlc and SSA408, were electrophoresed side by side. 

We analyzed nine microsatellite loci and two genes of known function, GH2 and 
MHCal, in all 36 collected returns. PCR conditions and annealing temperature for these 
loci are reported in Lindner et al. (2000a). 

Meristics and Morphological measurements 

Length was measured fiom the mid-eye to fork. Meristic counts were completed for four 
paired characters, pectoral fin, pelvic fin, upper 1' gill arch, and lower 1' gill arch. 

Marine Survival and Fitness Experiment: 1999 Cohort 

Release families 

In February 2000 approximately 24,500 hatchling fry fiom 67 half-sibling families were 
pooled. All of the eggs fiom one of the original 68 families perished before hatching. In 
April 2000 we marked fry by clipping the adipose fins and subsequently released 24,216 
marked individuals into Resurrection Bay. 



2001 returns 

Through snag-hooking near the fishpass at the ASLC, seining the rivers in upper 
Resurrection Bay, and a lottery to encourage recreational fishermen to turn in marked 
fish, we collected 260 marked pink salmon. 

Parentage assignment 

We analyzed each of the 68 parents fiom the 1999 cohort at 10 PCR-based loci, including 
one duplicated locus (SSA20.19-1,2) and one gene of known function (GH2). We used 
GenePop (Raymond and Rousset 1995) to calculate the number of alleles per locus and to 
assess departures fiom expected Hardy- Weinberg proportions of genotype frequencies. 
The returning adult progeny have been analyzed at all 10 of these loci. After initial 
scoring at three microsatellite loci (OTSI, RGT6, and SSA408), fish were placed into 
families. Progeny were then run next to assigned parents for analysis of all subsequent 
loci, This allowed unambiguous family assignment of fish, and detection of any progeny 
with alleles whose lengths differ fiom that of their parents. 

Morphometric measurements 

We measured length, egg weight, total egg weight, and number of eggs as well as 
meristic characteristics for the 1999 parents. We measured length, egg weight, total egg 
weight, and number of eggs for the returning adult progeny. Meristics of the returns will 
be measured this year. 

RESULTS 

Genetic Mapping 

Linkage Map 

Results of the even- and odd-year linkage maps are detailed in Lindner et al. (Appendix 
4). We assigned 553 of the 596 DNA markers analyzed for segregation in family A95- 
103 to one of 44 linkage groups which cover a distance of 4550 cM. Given the haploid 
number of 26 chromosomes for pink salmon, our mapping efforts produced 18 extra 
linkage groups. Taking into account the extra linkage groups and 43 unassigned markers 
as well as the distance to the telomeres we estimate the size of the pink salmon genome to 
be 6472 cM. The haploid pink salmon genome is approximately 2.72 million kilobase 
pairs (kbp; Johnson et a1 1987b); thus, we estimate approximately 420 kbplcM. 

In addition, we have analyzed the segregation pattern of 123 loci in an even-year family 
V96- 13. We have assigned 102 of 123 loci to one of 33 linkage groups (Table I ,  Figure 
1). One gene of known hnction, MHCBa2 is assigned to a linkage group that consists of 
one microsatellite and two PINE loci (Figure 1). 



Gene-centromere Analysis 

Lindner et al. (2000a; Appendix 2) reports the estimated gene-centromere distance for 
3 19 loci. The data shows that amplified fiagment length polymorphisms (AFLPs) are 
significantly more centromeric than loci identified by three other techniques (allozymes, 
microsatellites, and PINES). Gene-centromere distances were also estimated for all 41 
microsatellite loci and MHCBa2 in 54 gynogenetic diploid progeny fiom family V96-13. 

The genotypes of progeny from V96- 13 at ten loci are given in Table 2; all other families 
were previously analyzed and are included for comparison. No significant differences in 
the fi-equencies of the two homozygote classes were found, indicating that lethal alleles 
were not influencing our results. The exact binomial test requires detection of six 
homozygotes for the frequencies of the two homozygous classes to be considered 
significantly different (P<0.05). Only two out of a total of 26 tests had a probability less 
than 0.05, these are not significant when corrected for the number of independent tests 
(Rice 1989). 

Comparative mapping 

Neither haploid nor gynogenetic diploid analysis identified any significant differences 
between odd (A95- 103) and even (V96- 13) year stocks of pink salmon (Table 2 & 3). 
Comparisons between the odd-year pink salmon map and other teleost maps are included 
in Appendix 4. 

Recombination rate dzfferences 

Analysis of diploid progeny fiom the 1998 cohort revealed a significant difference in 
recombination rate between females at SSA408 and OmyFGTI9 (P<0.03; Table 4). All 
other comparisons between individuals of the same sex were not significant. 

Females tend to have a higher recombination rate for loci located close to the centromere 
(SSA408/FGTI 9). However, we found no significant difference in recombination rate 
between sexes for loci located farther from the centromere (ONE1 02/ONE18 and 
ONE1 8/SSA293; Table 4). 

Marine Survival and Fitness Experiment: 1998 Cohort 

Detection of Mutations 

We have observed 16 embryos from this cohort with genotypes at two (SSA408 and 
OGOlc) of the nine microsatellite loci examined that are best explained as being the 
result of mutation events. We found 1 1 mutations in 1,300 transmissions at SSA408, and 
5 mutations in 1,278 transmissions of OGOlc, yielding mutation rate estimates of 
8 . 5 ~ 1  and 3.9~10" mutations per transmission, respectively. A large portion of the 
novel alleles detected appears to be the result of premeiotic cluster mutations at SSA408. 
Steinberg et al. (Appendix 3) provide more detailed results of this analysis. 



Sample collection 

A total of 41 marked fish were collected during August and September 2000. Of the 41 
fish collected, 16 were collected live from Resurrection river and Spring creek using a 
seine net and 25 were turned in dead by recreational fishermen. 

Sample assignment 

Each of the 41 marked fish collected was initially genotyped at four polymorphic 
microsatellite loci (OGOl c, SSA408, SSA20.19-1, and SSA20.19-2). Two of the 
samples were identified as juvenile chinook salmon marked with an adipose fin clip 
(presumably from a hatchery population). Three samples collected with degraded 
adipose fms had alleles at OGOlc and SSA408 that were not present in the 1998 parents 
and therefore were not part of our experimental population. 

All but one of the 36 marked pink salmon could be assigned unambiguously to a single 
family based on the analysis of four loci. The remaining individual could be placed in 
either of two families. After further analysis with three additional loci (OmyRGT6, 
MHCal, and OG08), we were able to place this individual in one family, LCP98-73. 
Based on these results we were able to assign 36 individuals to one of the 49 release 
families (Table 5, Figure 2). All 36 marked pink salmon identified as part of our 
experimental population were analyzed next to their assigned parents at a total of 11 PCR 
based loci (9 microsatellites, MHCal, and GH2). All initial family assignments were 
confirmed. 

Morphometric measurements 

We measured length and estimated meristic variation for the 36 adult pink salmon 
determined to be part of our experimental population. Males are slightly smaller and 
significantly more variable in length than females (P<0.025, Figure 3). The average 
number of asymmetric traits (FA) is 1.39 at the four bilateral traits. The average number 
of asymmetric characters for males (1.35) and females (1.43) is not significantly 
different. 

Marine Survival and Fitness Erperiment: 1999 Cohort 

Detection of Mutations 

We found seven fish with genotypes indicative of a mutation at the same two loci in 
which mutations were detected in embryos fiom the 1998 cohort (SSA408 and OGOlc). 
No mutations were found in the other seven loci (Table 6). One mutation was found in 
520 transmissions (260 fish) at SSA108 for a mutation rate of 2.0~10" mutations per 
transmission. Six mutations were found in 520 transmissions of OGOlc for a rate of 
1 . 2 ~ 1  0-2 mutations per transmission. 



Sample collection 

We collected 262 marked pink salmon in August and September 2001. Approximately 
two thirds (1 83) were collected at the mouth of the ASLC fish pass using snagging gear 
(Figure 4). A total of 61 marked fish were turned in by recreational fisherman in 
response to a lottery incentive for a chance to win one of two $500 prizes. The remaining 
18 fish were collected in seine nets fiom several freshwater streams in upper Resurrection 
Bay. Experimental fish were collected from six different locations (Lowell Creek, Spring 
Creek, Resurrection River, the ASLC, boat harbor, and culvert; Figure 4). We surveyed 
other freshwater streams but did not fmd any of our marked pink salmon at these sites 
(Tonsina Creek, Spruce Creek, Bear Creek and Salmon Creek). 

Sample assignment 

Parents of the 1999 cohort have been analyzed at nine microsatellite loci and one gene of 
known function (GH2). None of the loci deviate from Hardy-Weinberg expectations. 
Of 262 returning pink salmon collected, 259 were unambiguously assigned to families in 
the 1999 experimental cohort based on data from nine rnicrosatellite loci and one gene of 
known function (GH2; Table 7). The return of 259 adults constitutes a survival rate of 
0.93 percent of the 27,841 pooled fry, and 1.1 percent of the 24,500 fry released. Two 
fish were eliminated because they had unique alleles or combinations of alleles that could 
not have been produced by any possible combination of parents. One fish had alleles that 
indicated it was result of sperm contamination resulting fiom an unintentional cross 
between two parents and therefore did not belong to an experimental family. Family 
returns of the 259 fish was nearly random (Figure 5). 

Morphometric measurements 

Regression analysis revealed significant heritability of length in both males and females 
(h2=0.38, p<0.001 and h2=0.41, p<0.001, respectively; Figure 6). Egg weight exhibited a 
positive slope, which, though not significant, is suggestive of some degree of genetic 
influence (h2=0.32, p<0.10; Figure 7a). Total egg weight and number of eggs had 
slightly negative slopes indicating that there is no evidence of genetic influence (Figure 
7b,c). 

DISCUSSION 

Evaluation of Even-year Families for Mapping 

We have placed a gene of known function, MHCBa2, on the even-year linkage map. 
This gene is currently linked to two PINE loci and one of a duplicated microsatellite 
locus (STR60-2). Unfortunately, STR60-2 is not mapped on our more comprehensive 
odd-year map. Further work is necessary in order to place MHCBa2 on the odd-year 
map. 



There are two classes of MHC genes, class I and class 11. Class I MHC is involved with 
the ability of the body to recognize altered "self' cells and MHC class I1 is involved in 
recognizing foreign invaders. Studies of the organization of MHC suggest that the class I 
and I1 regions are not linked in bony fishes (Sato et al. 2000). In addition, this gene is a 
candidate for analysis in the marine survival and fitness experiment. 

Comparative mapping 

Pink salmon are unique in that they exhibit a rigid two-year life cycle that has resulted in 
two reproductively isolated odd- and even-year lineages (Aspinwell 1974). Beacham et 
al. (1988) found substantial allozyme and morphological evidence for differentiation of 
alternate brood years. In addition, Phillips and Kapuscinski (1988) and Phillips et al. 
(1 999) detected chromosomal rearrangements between odd- and even-year populations 
that occur in the same geographical area. Furthermore, in a recent experimental study, 
Gharrett et al. (1 999) demonstrated outbreeding depression in crosses between the two 
year classes. Together, these findings suggest that the alternate brood years are 
reproductively isolated and genetically distinct. 

Our genetic analysis of the odd and even-year stocks fiom Likes Creek did not detect any 
differences in recombination fraction at linked loci between year class. The comparison 
of both haploid linkage data and gene-centromere distances between odd and even-year 
classes support findings that gene order is highly conserved (Graf 1989). The similarity 
in gene order between these two year classes also supports the incorporation of results 
fkom the even-year map onto the more comprehensive odd-year map. Finer resolution 
mapping with a greater number of loci is necessary to determine the existence and 
location of any differences between these year classes. 

Of the 41 rnicrosatellite loci on the pink salmon linkage map, 27 are included on the 
rainbow trout map (Sakamoto et al. 2000). Two of these loci included on our map are 
one of a duplicated pair in pink salmon, but are only known to have a single copy in the 
rainbow trout map. It is unknown which copies are included on our map. A comparison 
of the odd year pink salmon linkage map and the rainbow trout map (Sakamoto et al. 
2000) is discussed in Appendix 4. 

Differences in recombination rates 

The analysis of recombination rates in pink salmon detected large differences between 
individuals. Sakamoto et al. (2000) suggest that this might be a result of anscestral 
tetrasomic inheritance and pseudolinkage. When homeologous chromosomes pair and 
exchange material, the resulting homologous chromosomes are less similar to each other 
.than when homologous pairing occurs (Allendorf and Danzmann 1997). Presumably 
this makes it more difficult in subsequent generations for pairing and exchanges to occur 
resulting in a lower rate of recombination in those individuals produced fiom parents in 
which multivalent pairing occurred. 



Previous studies in salmonids have detected differences in recombination rates between 
males and females (Wright et al. 1983, and Sakamoto et al. 2000). Due to large 
differences detected between individuals within each sex we compared the average 
recombination rate of females to that of males at each locus. Initial results agree with 
Sakamoto et al. (2000); females have a higher recombination rate at loci located close to 
the centromere ('y < 0.17; Table 4). Due to our small data set we are unable to draw 
conclusions for loci that are farther fi-om the centromere (y > 0.71). 

In tetraploid species such as pink salmon, it has been suggested that the difference in 
recombination rate between sexes is due to constraints imposed on crossing-over during 
multivalent pairing (Sakamoto et al. 2000). Multivalent pairing has only been reported in 
males and generally occurs in the telomeric region (Wright et al. 1983; Allendorf and 
Danzmann 1997). It has been suggested that multivalent pairing in males explains the 
tendency for males to have a higher rate of recombination than females in telomeric 
regions. Recombination in the telomeric regions of males can occur between 
homologous and homeologous chromosomes increasing the chance for exchange in that 
region. 

Mutation Analysis 

Our inheritance dataset revealed a great deal of heterogeneity in mutation rates and 
patterns among the nine microsatellite loci analyzed (Steinberg et al., Appendix 3; Figure 
6).  All mutations detected, both in embryos fiom the 1998 cohort, and returning adults 
from the 1999 cohort were at two of the nine loci (OGOl c and SSA408). These two loci 
are, by far, the most variable examined in this study, both in number of alleles and in 
length. It seems likely that the high rates of mutation at these loci are responsible for 
their high levels of genetic variation. These two loci are also the only tetranucleotide 
repeats; the other seven loci are dinucleotide repeats. All mutant alleles detected differed 
from the parental allele by four base pairs which is suggestive of addition or deletion of a 
single repeat unit. The mutation rate estimates at OGOlc and SSA408 are at the high end 
of the range of 1 to 1 o6 reported for other organisms (Dallas 1992, Weber and Wong 
1993, Schug et al. 1997). Investigation of the adult returns fi-om the 1999 cohort yielded 
similar estimates of mutation rates for both OGOlc and SSA408. 

The variability of these two loci makes them powerful tools for assigning parentage. We 
were able to unambiguously assign parentage to 35 of the 36 returning fish fiom the 1998 
cohort based on these two loci alone. However, given the high probability of mutation at 
these loci, our results indicate that it is important to use a combination of low and high 
variability markers for parentage analysis. 

Mutations at SSA308 were not distributed randomly among families, but rather tended to 
be clustered within families. This pattern of inheritance suggests that a high proportion 
of novel alleles resulted from mutations occurring early in gametogenesis. Clustering of 
mutations within single families has been shown to bias estimates of mutation rates and 
to influence basic population genetic processes such as fixation probabilities (Woodruff 
et al. 1996). Another potential source of bias we detected at SSA408 was the tendency for 



mutations to increase allele size and for particular alleles to be hypermutable. The 
variability of mutations within and among loci and among families suggests that mutation 
should not be ignored when interpreting patterns of genetic differentiation (e.g., when 
conducting stock structure analysis). Loci with a high mutation rates violate the 
customary assumption that the effect of mutation is negligible, and may be less useful in 
estimating gene flow and historical patterns of isolation because these signals will be 
obscured by the accumulation of mutations. Certainly, if data from both highly 
polymorphic and less polymorphic loci are being combined, the possibility for locus- 
specific effects should be evaluated. 

2000 returns 

In August and September 2000 no fish returned to the ALSC fish pass. We expected 
most of our returning population to detect and be drawn toward the fieshwater signal at 
the ASLC. However, due to the failure of the fish pass we were forced to survey 
fieshwater streams in upper Resurrection Bay for marked pink salmon using seine nets. 
We also relied on recreational fisherman to turn in marked pink salmon. Though we 
were able to collect 36 marked pink salmon this sample is too small to test for correlation 
between genes and fitness traits. 

One problem with the fishpass was that the amount of fieshwater the facility was 
releasing was probably inadequate for the returning adults to detect. 

2001 returns 

Increased outflow from the fish pass at the ASLC in August and September 2001 was 
likely responsible for successfully attracting fish. However, it did not actually catch any 
fish which necessitated other means of retrieving them. The 260 fish recovered is 
slightly greater than one percent of the released fiy. We have only recently completed 
genetic analysis of these fish at nine of ten loci examined in the 1999 parents. This has 
enabled us to ambiguously assign the fish into parental families, and observe trends of 
heritability of length for this cohort. 

The near random distribution of returns among families indicates that the influence of 
selection favoring some families over others is limited. The index of variability (mean 
family size divided by variance) tends toward 1 under random survival, and increases 
with deviation from random survival (as families tend to survive or perish as a unit; Crow 
and Morton, 1955). The index of variability value of 1.82 in this cohort indicates some 
departure fiom complete random survival but is much lower than the values of 4.03 and 
4.97 found by Geiger et al. (1997) in the two cohorts of pink salmon in which they were 
able to detect a significant sire effect on survival. 

The relatively high heritability of length found in both males and females (0.38 and 0.41; 
Figure 6) is similar to the values (0.4 and 0.2) found in pink salmon from Auke Creek, 
AK, released into the wild by Smoker et al. (1994). Heritability of length combined with 
random family returns suggests that, at least under the oceanic conditions this cohort 



experienced, inherited body length had little effect on marine survival. However, this 
does not address the effect of length on mating success since these fish were mated in 
captivity. 

Further work will entail completion of allozyme analysis and measurement of meristic 
characteristics on the adult returns, as well as determining the genotype and family origin 
of the 500 fi-y taken fiom the 1999 cohort at the time ofrelease. When this work is 
finished, complete analysis incorporating all of these data will be undertaken to 
investigate correlation between genetic markers and survival and frtness traits. 

CONCLUSIONS 

We have constructed odd- and even-year linkage maps that can be used to test for effects 
of regions of the genome on traits that are important to the recovery of pink salmon (e.g., 
growth and survival) and to evaluate stock structure. We have placed a gene of known 
function on the even-year map, MHCBa2. Comparisons between odd and even-year 
maps have not detected any differences in gene order. We have completed two 
successful years of marking and releasing pink salmon f?y into Resurrection Bay. A 
manuscript has been accepted for publication describing microsatellite mutation patterns 
and rates based on genotyping data fiom the 1998 experimental families. The 
experimental families fi-om 1998 and 1999 as well as the linkage map have allowed us to 
examine sex specific recombination differences and the role of gene location. Due to the 
failure of the fish pass we were able to collect only 36 returning adults fiom the 1998 
cohort. The 259 fish collected in 2001 should be sufficient to allow us to examine 
relationships between alleles and fitness traits. 
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Table 1. Summary of heterozygous loci detected in female V96- 13 and percent of loci 
linked on the even-year map. 

Number of Number of 
Percent assigned 

polymorphic markers 
to linkage group 

loci unlinked 
-- 

Microsatellites 19 6 68 

PINES 6 5 17 74 

MHCB a 2 1 0 100 
- - 

Total 8 5 23 73 



Table 2. Gynogenetic diploid genotypes at nine loci. Chi-square tests for equal numbers 
of homozygotes (1 d.E). Chi-square values in the total row tests for significant difference 
in y between families (* p < 0.05). 

Progeny Proportion 

heterozygotes 

Locus Family 11 12 22 (yl Chi-square* (df) 

O M 3 0  1 A95-103 7 54 7 0.79 0.00 

V96- 13 7 29 6 0.69 0.08 

Total 7 29 6 0.69 1.51 ( I )  

OMYFGTI9 A95-103 25 8 35 0.12 1.67 

V96- 13 16 8 19 0.19 0.26 

Total 16 8 19 0.19 1.00 (1) 

OMYRGT6 A95- 103 27 9 27 0.14 0.00 

V96- 1 3 I5 14 25 0.26 2.50 

Total 15 14 25 0.26 2.49 (1) 

ONE14 A95- 103 I 63 2 0.95 0.33 

V96- 13 2 44 2 0.92 0.00 

Total 2 44 2 0.92 0.69 (1) 

ONE 102 A95-103 10 48 10 0.7 1 0.00 

V96- 13 9 25 19 0.47 3.57 

Total 9 25 19 0.47 6.83 (1) 

OTSl A95-29 14 7 1 I 0.22 0.36 

A95- 103 30 12 26 0.18 0.29 

A95-114 17 17 22 0.30 0.64 

A95- 120 15 I I 18 0.25 0.27 

V96- 13 28 1 1  14 0.2 1 4.67 

V96- 19 19 3 0 26 0.40 1.09 

Total 123 8 8 117 0.27 I 1.37 (5) 



- - -  

Progeny Proportion 

heterozygotes 

Locus Family 11 12 22 (y) Chi-square* ( d f )  

SSA3I 1 A95-103 26 7 3 5 0.10 1.33 

V96-13 20 13 15 0.27 0.71 

Total 20 13 15 0.27 5.56 (1) 

SSA408 A95-103 23 1 1  29 0.17 0.69 

V96-13 18 10 13 0.24 0.81 

Total 18 10 13 0.24 0.74 ( 1 )  



Table 3. Comparison of the recombination fkactions (rf) calculated for loci analyzed in 
families A95-103, and V96-13. Chi-square tests for differences in rate of recombination 
between families. No comparisons were significant. 

LOCUS rf x" 



Table 4. Comparison of recombination rates between males and females. The f ~ s t  two columns indicate the loci analyzed. The 
number in parentheses is the gene-centromere distance for each locus based on segregation analysis of gynogenetic diploids in 
family A95-103 (Lindner et al. 2000a). Sex of informative parent is indicated by F = female and M = male. Recombination rates are 
averaged for each sex in the total row. Chi-square tests for differences in recombination rates between individuals; the significance 
level is reported under P. 

Sex Parental Recombinants rf X' P 

SSA408(0.17) FGTl9(0.12) F 3 8 6 0.14 
F 3 5 4 0.10 
F 23 14 0.38 6.73 0.03 

Total 96 24 0.20 
W 
OI 

M 39 5 0.1 1 
M 37 2 0.05 
M 3 4 1 0.03 
M 3 4 1 0.03 3.11 0.37 

Total 144 9 0.06 

ONE102 (0.71) ONE18 (0.86) F 3 8 4 0.10 

M 44 0 0.00 

ONE18 (0.86) SSA293 (0.97) F 46 0 0.00 

M 3 2 1 0.03 
M 46 0 0.00 1.29 0.52 

Total 7 8 1 0.01 



Table 5. Summary of marked adult pink salmon collected in August 2000 fiom 
fieshwater streams in upper Resurrection Bay. Sex is abreviated, F = female and M = 
male. Each individual was assigned to its family of origin as reported in the last column. 

Individual # Sex Date Collected Location Len*h Family # 
(mm) 

1 F 7 August Culvert 480 73 
2 M 7 August Culvert 490 46 
3 M 15 August Lowell Cr. 478 11 
4 M 15 August Harbor 478 6 1 
5 F 16 August Lowell Cr. 44 1 69 
6 M 16 August Spring Cr. 430 6 
7 F 17 August Culvert 444 27 
8 M 17 August CuIvert 473 5 0 
9 M 17 August Culvert 5 10 72 
10 M 17 August Harbor 496 23 
11 F 18 August Spring Cr. 457 63 
12 F 18 August Culvert 456 74 
13 M 18 August Spring Cr. 467 2 8 
14 M 18 August Culvert 43 5 9 
15 M 21 August Spring Cr. 437 73 
16 F 22 August Culvert 446 49 
17 F 22 August Resurrection R. 484 19 
18 F 22 August Spring Cr. 475 2 5 
19 F 22 August Resurrection R. 457 3 8 
20 M 22 August Resurrection R. 418 12 
2 1 F 23 August Resurrection R. 475 19 
22 F 24 August Culvert 45 8 15 
23 F 24 August Harbor 483 58 
24 M 24 August Harbor 447 7 
2 5 F 25 August Resurrection R. 466 75 
26 F 25 August Resurrection R. 470 75 
27 M 25 August Spring Cr. 397 53 
2 8 M 25 August Culvert 478 64 
29 M 27 August Culvert 508 2 3 
30 F 28 August Harbor 475 49 
3 1 F 28 August Resurrection R. 519 4 5 
32 M 28 August Resurrection R. 473 40 
33 M 29 August Harbor 470 4 1 
3 4 F 30 August Spring Cr. 499 45 
3 5 F 30 August Spring Cr. 470 2 1 
3 6 F 2 September Culvert 466 5 1 



Table 6.  Variability of nine microsatellite loci in wild-caught parents, including size 
range (in base pairs), number of alleles, expected heterozygosity (He), and mutation rate 
observed in progeny. 

- 

No. of Allele Size Mutation 

Locus Cohort H e  Alleles Range (bp) Rate 

OGOIc 1998 0.983 77 275-584 3.9 x 

1999 0.975 54 261-440 1 .2x10 -~  

a 
OMY301 deviates from Hardy-Weinberg proportions ( ~ ~ 0 . 0 3 )  but this difference 

was driven by a small number of homozygotes at rare alleles. 



Table 7. Summary of adult progeny recovered in 2001 from each family and parent, the number of alevins from each parent pooled 
prior to freshwater rearing, and the percentage of alevins from each parent recovered as adults. 

Progeny per family 
Fam. No. A B Dam Progeny %Survival Alevins Sire Progeny %Survival Alevins 

1 9 3 1 12 0.84 1424 101 18 1.44 1246 



Table 7. (continued) 

Progeny per family 
Fam. No. A B Dam Progeny %Survival Alevins Sire Progeny %Survival Alevins 

25 6 3 25 9 0.97 925 125 9 0.97 927 
26 3 5 26 8 0.89 904 126 8 0.89 90 1 

27 2 2 27 4 0.43 94 1 127 6 0.58 1041 
2 8 4 3 28 7 0.62 1125 128 5 0.49 1025 

29 2 0 29 2 0.59 34 1 129 7 1.07 653 

3 0 5 0 3 0 5 1.29 388 130 0 0.00 75 

3 1 1 6 3 1 7 0.93 753 131 2 0.28 706 

32 1 4 32 5 0.49 1017 132 10 0.94 1064 

3 3 1 1 33 2 0.86 23 1 133 4 1.14 3 52 
34 3 1 34 4 0.71 567 134 2 0.45 447 

Total 259 259 2784 1 259 2784 1 
Avg. 3.81 7.62 0.93 819 7.62 0.93 819 

&b 

0 



Figure 1. Genetic linkage map of pink salmon based on the inheritance of 85 polymorphic loci in one even-year 
family (V96-13). Numbem to the left indicate recombination rates (cM). Locus names are to the right. 



Figure 2. Nautical map of upper Resurrection Bay. Circles indicate where marked pink 
salmon determined to be part of our study were collected in August and September 2000. 
Arrow indicates the location of the Alaska SeaLife Center. 



Figure 3. Lengths of marked pink salmon collected fiom upper Resurrection Bay 
in August and September 2000. 
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Figure 4. Map of Resurrection Bay. Numbers indicate the location where 
experimental fish were collected in 2001 as designated below. LC designates 
Likes Creek, the location where the parents were collected. 

Map Number Location Number of fish collected 
1 Boat Harbor 2 

Culvert 
Lowell Cr. 

ASLC 
Spring Cr. 

Resurrection R. 
Unknown 4 

Total 259 



Figure 5. Number of returns in August 2001 for 67 families. 
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Figure 6. Regression of length of male progeny on mid-parent length (a) and female 
progeny length on mid-parent length (b) for 1999 cohort. 
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Inheritance of Nuclear DNA Markers in 
Gynogenetic Haploid Pink Salmon 
P. Spruell, K. L. Pilgrim, B. A. Greene, C. Habicht, K. L. Knudsen, 
K. R. Lindner, J. B. Olsen, G. K. Sage, J. E. Seeb, and F. W. Allendorf 

We describe the inheritance of 460 PCR-based loci in the polyploid-derived pink 
salmon (Oncorhynchus gorbuscha) genome using gynogenetic haploid embryos. 
We detected a length polymorphism in a growth hormone gene (GH-2) intron that 
is caused by an 81 bp insertion homologous to the 3' end of the salmonid short 
interspersed repetitive element (SINE) Smal. Such insertion polymorphisms within 
species bring into question the use of SINES as phylogenetic markers. We con- 
firmed that a microsatellite locus encodes a PCR-null allele that is responsible for 
an apparent deficit of heterozygotes in a population sample from Prince William 
Sound. Another set of microsatellite primers amplified alleles of the same molec- 
ular weight from both loci of a duplicated pair. In our analysis of several PCR-based 
multilocus techniques, we failed to detect evidence of comigrating fragments pro- 
duced by duplicated loci. Segregation analysis of PCR-based markers using gy- 
nogenetic haploid embryos ensures that the interpretation of molecular variation 
is not complicated by heterozygosity, diploidy, or gene duplication. We urge inves- 
tigators to test the inheritance of polymorphisms in salmonids prior to using them 
to measure genetic variation. 

Fishes of t h e  fam~ly Salmon~dae comprlse 
a monophyle t~c  group descended from a 
single t e t rap lo~d  ancestor (Allendorf and 
Thorgaard 1984: Behnke 1992) Salmon~ds 
have extensive gene dupllcat~on at proteln 
l o c ~  resulting from t h ~ s  polyplo~d event 
(Allendorf and Thorgaard 1984) Studies of 
DNA sequences have confirmed the pres- 
ence of many dupl~cate genes For exam- 
ple, Agellon et al. (1988) reported dupli- 
cated growth hormone genes in ralnbow 
trout (Oncorhynchus mykrss), and several 
other  hormones have been found to be en- 
coded by dupl~cated genes In Oncorhyn- 
chus specles  (H~raoka et a1 1993). In ad- 
d ~ t i o n ,  Dautlgny et a1 (1991) descr~bed the 
sequence  divergence between two ram- 
bow trout lysozyme genes 

The  polyplo~d derlved genome of sal- 
m o n ~ d s  has resulted In complex patterns 
of segregatlon and ~ n h e r ~ t a n c e  that have 
been revealed by the Investlgat~on of )so- 
zyme l o ~ ~  Only dlsomlc ~nherltance has 
been reported In females Most locl in 
males are  also lnherlted d~som~cal ly  How- 
ever, s o m e  l o c ~  show var~abie patterns of 
segregatlon In males, ranglng from d ~ s o -  
mlc ratios In some populat~ons to tetra- 
somlc ratios ~n other populat~ons (Allen- 
dorf and Danzrnann 1997) The residual 

tetrasomlc lnher~ tance  observed In males 
apparently results from a two-stage pat- 
tern of palrlng durlng male melosls In 
which homologous chromosomes palr 
first followed by homeologous palrlng 
D~slunctlon of paired chromosomes oc- 
curs  s o  that  homologs segregate at  t h e  
first rnelotlc dlvlslon In males. Recombl- 
natlon events between homeologs pro- 
duce segregatlon r a t ~ o s  approaching tet- 
rasomlc expectatlons for l o c ~  that are dls- 
tant from thelr centromere and therefore 
more likely to  be exchanged between hom- 
eologs 

The extensive gene d u p l ~ c a t ~ o n  In sal- 
monlds makes g e n e t ~ c  ~nterpretat lon o f  
molecular varlatlon more difficult than In 
dlplold specles. lsolocl (two l o c ~  that re- 
sult from a d u p l ~ c a t ~ o n  event and share al- 
leles w ~ t h  ident~cal  e lectrophoret~c m o b ~ l -  
~ t y )  are especially problemat~c and consti- 
tute approximately 25% of lsozyme mark- 
ers  In ralnbow trout (Ailendorf and 
Thorgaard 1984) Ind~viduais have four 
gene copies at ~so loc l ,  and ~t is d~fficult to  
d e t e r m ~ n e  how many coples (doses) o f  a 
particular allele are  present in an lndlv~d- 
ual In add~t lon ,  genotypes cannot be  de- 
termlned unamb~guously, and there 1s no 
way to assign observed variation to a par- 



r Materials and Methods 

Samples and Haploid Gynogenesis 
In August 1995, gametes and tissues of 31 
oink salmon were collected from the Ar- 

M U  f I t i & 2 ! U !  k . soawning sites in Prince William Sound, 

activation a s  described by Thorgaard et  
al. (1983). Sperm from four males was 
pooled prlor to  W irradiation, then m~xed  

pT7.T -- k 7 7  with the eggs from indiv~dual  females. Fe- 

Figure 1. Growth hormone pseudogene ampllficat~on products separated In a 2% agarose gel. lndiv~duals of 
known sex are ~nd~ca ted  by the symbols on the bottom left of the gel. The arrows along the bottom of the gel 
ind~cate males that were detected in lamlly 95103 

ticular locus of the pair without extensive 
experimental matings (Waples 1988). 

There are inherent difficulties in using 
t h e  polymerase chain reaction (PCR) to 
s tudy genetic variation. Preferential ampli- 
fication of alleles at a single locus because 
of priming site polymorphisms and ampli- 
fication of multiple paralogous loci are 
both potentially serious problems. Hare et 
al. (1996) encountered and discussed 
these problems in an analysis of anony- 
mous nuclear DNA markers in American 
oysters (Crassostrea virginica). These 
problems are likely to be even more seri- 
ous in organisms such as  salmonids that, 
a s  a result of their polyploid ancestry, 
have more duplicated loci. PCR primers 
designed without detailed knowledge of 
differences between paralogous loci may 
o r  may not amplify sequences from both 
loci. Moreover, even if  only one locus is 
amplified, it will be difficult to  ensure that 
homologous loci are being studied when 
comparing samples from two populations 
o r  two species. The complexities of tetra- 
somic inheritance and sex-specific recom- 
bination in salmonids further confounds 
these problems. 

The complications in interpreting mo- 
lecular variation in salmonids make lt im- 
portant to test the genetic basis of ob- 
served varlatlon with ~ n h e r ~ t a n c e  experl- 
ments Fortunately, external fer t l l~zat~on 
and well-developed culture systems make 
salmonids amenable to d ~ r e c t  analvsis of 

diploid and haploid progeny that provide 
more powerful methods of genetic analy- 
sis (Thorgaard and Allen 1987). 
. Examination of gynogenetic haploids 

provides an efficient system to test for 
Mendelian segregation and linkage with- 
out the complications associated with dip- 
loidy and heterozygosity. For example, the 
use of haploid embryos avoids the diffi- 
culties associated with' dominant PCR 
markers (those in which alleles are ex- 
pressed as  the  presence or absence of an 
amplification product) since recessive al- 
leles are  not obscured by their dominant 
alternatives (Lie et al. 1994). Haploid em- 
bryos a re  not viable; however, they d o  de- 
velop until just prior to  hatching (Stanley 
1983), providing an embryo from which a 
sufficient quantity of DNA can be isolated 
to  complete most analyses. 

In this article we describe the inheri- 
tance of a variety of PCR-based markers in 
haploid pink salmon (Oncorhynchus gor- 
buscha). These include an intron length 
polymorphism in a gene-encoding growth 
hormone, eight microsatellite loci, and 
over 400 other loci detected by the pres- 
ence or  absence of  specific fragments pro- 
duced by several techniques that amplify 
multiple fragments from a single set of 
PCR primers. We also test for the presence 
of duplicated ioci encoding fragments am- 
plified by multilocus PCR-based tech- 
niques. The primary objective of this 

inher~tance.  Gametes can be stored and study 1s to detect and describe hundreds 
m ~ x e d  together as desired to produce of genetic markers In the plnk salmon ge- 

many full-slb groups from the gametes o f  nome SO that we can eventually construct 
a s ~ n g l e  male or female In addition, meth- a linkage map that w~l l  allow us to better 
ods  of genome man~pulation are available understand the t ransmlss~on genetlcs of 
to  produce large numbers of gynogenetlc t h ~ s  polyplo~d-der~ved species 

males were numbered and their progeny 
were designated by year class and the 
number assigned to that  female (e.g., fam- 
ily 95-103). Embryos from these families 
were incubated until just prior to hatch- 
ing, when they were collected and pre- 
served in ethanol. 

Muscle o r  liver tissue was collected 
from each parent and embryos were dis- 
sected away from the egg chorion and 
yolk sac. DNA was isolated from these tis- 
sues using the Puregenea  DNA isolation 
kit (Centra Systems Inc., M~nneapolis, 
MN). The concentration of DNA was de- 
termined using a scanning spectrofluo- 
rometer. DNA extractions from haploid 
embryos yielded an average of 45.30 pg of 
DNA. 

Prior to segregation analysis, we screened 
all putative gynogenetic haploid individu- 
als to eliminate diploids that  could be pro- 
duced by the  failure of sperm inactivation. 
We first used a Y chromosome-specific 
growth hormone pseudogene (Du et al. 
1993, Forbes et al. 1994; primer sequences: 
5'-lTTCTCTACCTCTAC.4'ITCT-3' and 5'CTC- 
TGGCTACGGTACTCCA-3'; courtesy R. H. Dev- 
lin) to identify diploid males. Since haploids 
were produced by excluding the paternal 
chromosome complement, any individual 
containing a Y chromosome must be dip- 
loid. Males were identified based on the 
presence of a 143 bp  fragment that is ab- 
sent in females (Figure 1); males were 
eliminated from subsequent  analyses. Fail- 
ure of haploid induction could also pro- 
duce diploid females. To identify diploid 
females, embryos were screened with six 
nonduplicated microsatellite loci, described 
later in this article. Individuals that had 
more than one allele at any of these loci 
were excluded from inheritance analysis. 

Growth Hormone (GH) Intron 
We amplified intron C of GH--7 using pre- 
viously d e s c r ~ b e d  PCR primers and con- 
ditions (Forbes et al. 1994). PCR products 



were electrophoresed on a 2.0% agarose 
gel containing ethidium bromide in TAE 
buffer (Ausubel et al. 1989) and visualized 
with a Hitachi FMBIO-100 fluorescent im- 
ager. PCR amplification products from 
haploid individuals were purified from 
agarose gels using the GENECLEAN kit 
(BIO 101 Inc., La Jolla, CA) and sequenced 
by direct automated sequencing (Applied 
Biosystems Inc., Foster City, CA). 

Microsatellites 
Analysis using seven previously described 
microsatellite primer sets  followed t h e  
conditions reported by the  original au- 
thors with minor modifications. Primers 
and annealing temperatures are a s  fol- 
lows: Fgt-1 and Fgt4, 51°C (Sakamoto et  al. 
1994); Onep.3, 52°C (Scribner et al. 1996); 
p.Sat60, 55°C (Estoup et  al. 1993); O t s l ,  
55°C (Hedgecock DE, personal communi- 
cation); Ssa85 and Ssa197, 57°C (O'Reilly et 
al. 1996). PCR products were electropho- 
resed on a 776 denaturing polyacrylamide 
gel and visualized with a Hitachi FMBIO- 
100 fluorescent imager. 

Randomly Amplified Polymorphic DNA 
(RAPDs) 
RAPD fragments were amplified in a total 
reaction volume of 10 +I consisting of 10 
ng of genomic DNA, 6.7 mM RAPD primer 
(Operon Technology Inc., Alameda, CA), 
4.0 mM MgCI?, 0.2 mM of each dNTP, l x  
Stoffel buffer, and 0.25 U Amplitaq DNA 
polymerase Stoffel fragment (Perkin-El- 
mer, Norwalk, CT). Thermal cycling was  
performed in an MJ Research PTC-200 
DNA engine. Two cycles of higher strin- 
gency PCR were performed with the  fol- 
lowing thermal profile: denaturation at  
96°C for 5 s ,  annealing at  40°C for 20 s ,  and  
extension at  72°C for 30 s This was fol- 
lowed by 43 cycles with an annealing tem- 
perature of 36°C for 20 s and a final exten- 
sion at 72°C for 2 min. PCR products were 
electrophoresed on a 8% agarose gel con- 
tainlng ethidium bromide and visualized 
with a Hitachi FMB10-100 fluorescent im- 
ager. 

Amplified Fragment Length 
Polymorphisms (Amps) 
AFLP restr~ction/ligation and preselective 
amplification s teps were completed fol- 
lowing the Perkin-Elmer/Applied Biosys- 
terns AFLP plant mapping protocol, with 
the mod~ficatlons outlined below Thermal 
cycling was performed in an PYlJ Research 
PTC-100 DNA engine The  10 +I PCR rnis- 
ture for the selective amplification con- 
sisted of 1 5  +I of the preselective ampli- 

Table 1. Primer sequences used for paired interspersed nuclear element (FINE) PCR and references. 

Pr~rner name Sequence (5'.3') Reference 

Hp0l 5' .&Z.CC?.C7.~.,ZGCTACCCTGCC 
Hpal 3" ,4C.4GGChi'TT.:u4CCC>,C?C-TTCC 
Foki 5' CTA'ZC.&.C7;>.GCC.A.î ACG 
Smai 5'  hhCTGXGC7AC.~.GU.%G;.CC 
Tcl 5'  - - . m , - T \ . . ? m F  

2 .F. 1 4  ..---..-.- . :CTG>.CCCAC"GG 

Kido  e l  21. 1991 
Kido er nl. 199 1 
Kido e l  ni. 199 I 
KiJo er ai. 1991 
Grerne and Seeb 1997 

fication products a s  DNA template, 0.5 +I 
EcoRl selective primers, 0.5 kl kJse1 selec- 
tive primers, 2 mM MgCI2, 0.1 mM of each 
dNTP, 2X Arnplitaq PCR buffer, and 0.5 U 
Arnplitaq DNA polymerase. The following 
thermal profile was used for the selective 
amplification: initial denaturation at 96°C 
for 2 min followed, by a series of 7 cycles 
with denaturation at 96°C for 1 s ,  anneal- 
ing at 65'C for 30 s ,  extension at 72°C for 
2 min. The annealing temperature was de- 
creased by l0C/cycle for 6 cycles, resulting 
in a final annealing temperature of 59°C. 
An additional 30 cycles with an annealing 
temperature of 59°C for 30 s were also 
completed. Products were electropho- 
resed on a 7% denaturing polyacrylamide 
gel and visualized using a Hitachi FMBIO- 
100 fluorescent imager. 

Paired Interspersed Nuclear Element 
PINE) PCR 
PCR amplification of anonymous DNA frag- 
ments flanked by SINES (short inter- 
spersed elements) and the Tcl transposon 
was conducted in a total volume of 10 +I. 
Primers were designed on the basis of 
publ~shed  sequences (Table 1) Each re- 
action contained approximateiy 20 ng of 
genomic DNA, 1 p.1 l x  Perkin-Elmer PCR 
buffer, 2 5 mM MgCI,, 0 9  rnM of each 
dNTP, 0 38 pM labeled primer, and 0.5 U 
Perlun-Elmer AmpliTaq DNA polymerase 
Stoffel fragment Reactions were complet- 
ed in an MJ Research thermocycler using 
an annealing temperature of 60°C Prod- 
ucts were electrophoresed on a 4.596 de- 
naturing polyacrylam~de gel and visual- 
ized uslng a Hitachi FPYlB10-100 fluorescent 
imager 

were isolated from rainbow trout but 
named fish GT-repeat. Locus names are 
the primer pair name in uppercase and 
italics (e.g., OTSI) to make them analo- 
gous to the nomenclature for allozyme 
loci (Shaklee et al. 1990). The nomencla- 
ture for duplicated loci follows the format 
used for duplicated allozyme loci (Shaklee 
et al. 1990). For example, FGTI-I,' desig- 
nates isoloci produced by the Fgt-1 primer 
e n t  
d,.L 

We followed nomenclature used for ze- 
brafish (Brachydanio rerro) in naming l o c ~  
for R4PD markers (Johnson et a1 1996) 
The name consists of the name of the 10 
nucleotide long prlmer followed by the  ap- 
proximate size of the  amplification prod- 
uct. Thus the locus 202, 760 is amplified by 
primer A20 and results In a 760 bp ampli- 
fication product 

The nomenclature for AFLPs is consis- 
tent with Young et a1 (1998) in their de- 
scription of a rainbow trout linkage map 
The names s tar t  with the three base selec- 
tive primer extensions used to produce 
the  loci and end with the length of the 
fragment measured in base pairs (e g., 
AAA/CAT250) 

PINE l o c ~  are named using a number 
designating the end of the element from 
which the prlmer was derived (3' or 5 ) 
followed by a one-letter des~gnator  for the 
element from which the prlmer was de- 
rived I f  more than one primer was used 
during the amplification the  primers are  
placed in alphabetical order The primer 
designat~ons are followed by the length of 
the fragment For example, the locus 
5F3H250 amplifies a 250 bp  fragment using 
a primer sequence from the  5' end of  the 

Nomenclature 
A standard method for namlng microsat- Fokl SINE and the 3' end of the Hpal SINE 

ellite loci In salmonids has been informally Alleles are designated as  ' p  for the pres- 

adopted (see Olsen et a1 1996) Primers ence of a product and *a for  the absence 

are typically named af ter  the species from a product mult i f ragment  PCR-based 

which they are  derived: Ssa (Atlantic salm- techniques ( w D s ,  AFLPs, and 

on, Salrno salar) and Ots (chinook salmon, leks that differ In length a re  designated by 
Oncorhynchus t s h a ~ ~ l ~ t s c h ~ )  Some micro- a number representing their s u e  For ex- 

satellites were named prior to the advent ample, 5F3H250*270 designates an allele 

of this s tandard~zed  nomenclature. The encodlng a 270 bp fragment at a PINE 10- 
p.Sat6O primers were isolated from brown cus at which the common allele encodes 
trout (Salrno h-utta) and the Fgtl primers a 250 bp fragment 
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Sockeye G T A A G T T A C C G G G C T G A G A C A A T C C T C C A T G A T G C A C l l A G G G C  60 .......... GHZ*C446 .............................................. 60 
GHZrC527 .......... T ............................................... 60 

Sockeye ATCTCAAGTTGAACAATCGATACAACTTAGTCATPAGTTATTGGGCAAGCAGATCCCCGA 120 .................................................... GHZ*C446 ....... T 120 
GHZrC527 ....... T . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . .  1 2 0  

Sockeye TTGTCTAAACTCCATGGGT~TATATACTGTAGATAAGAAGCCAGCATCATGCATGG 180 
GHZrC446 ............................................................ 180 

............. ...................................... GHZrC527 G . . . . . . . .  180 

Sockeye TAGMTTAAATCTAGCCATGACAGGGAGTTTTAAATTGTACACTTAAAA-TCGGCAGGA 239 
GHZ*C446 .G ................................................ A . . . . . . . . .  240 
GHZ*C527 .G ................................................ A......... 240 

Sockeye AAATGTTGCTATACCTCAGTGCCTTCUCAACCACATGTCATAGTCCTTGTAAGTAA 299 
GHZ'C446 .............. A..........................T.......A....... 300 
GHZ'C.527 .............. A . . . . . . . . . . . . . . . . . . .  . . . . . .  T........A.......... 300 

Sockeye AACCCATCACTCTCTAATCGGCGGTTTCTCTACGTCTACACTGTGTCATG 359 
GHZfC446 .................. T.........................G.........A..... 360 
GHZrC527 .................. T . . . .  .................... AG.........A..... 360 

Sockeye TARA 363 
GHZ'C446 .... 364 
GHZ*C527 .... TAATA-TAATAATA-TAATAATATATGCCATTTAGCAGACGCTmATCCAAAGC 417 
Sma I TAATAATAATAATAATA-TAATATATGCCATTTAGCAGACGCTTTTATCCAAAGC 105 

Sockeye TGATATGGCATCTCAAGCTGTACAATTACAA 394 
GHZ *C4 4 6 ............................... 395 
GHZ*C5Z7 GACTTACAGTCATGTGTGCATACATAAA ............................... 476 
Sma I GACTTACAGTCATGTGTGCATACATTCT 

Sockeye CTCAACTTCATTTTCTAATAATCTGTGGTTTCTCTACATCTACACACACAG 445 
GHZ'C446 ................................................... 446 

................................................... GHZrC527 527 

SmaI 
Figure 2 .  Altgned sequences of CH.2 lntron C lrom sockeye (Devltn 1993) and plnk salmon The 81 bp Insert 
found In GH2*C5?i 1s tnd~cated by the dark bdra In the sequence The complete Smal element 1s shown below the 
sequences The reglon that corresponds to the 81 bp Insert and ~ t s  ortentatlon relative to the CHZgene 1s denoted 
by the arrow above the element The solid shaded area corresponds to the tRNX-related regton, the hatched regon 
corresponds to the tRNA-unrelated reglon and the open reglon IS the AT r ~ c h  reglon (Okada 1991) 

Results 

Growth Hormone 
The CH-2 intron C primers gave products 
of two different lengths (446 bp and 527 
bp; Figures 2 and 3). We designated the 
two alleles that produce these fragments 
as CH-2*C446 and GH-2 'C.527 according to 
the nomenclature guidelines for protein- 
coding loci in fish (Shaklee et al. 1990). Se- 
quencing revealed that this length differ- 
ence is caused by an 81 bp insert that is 
nearly identical to the 3' end of the con- 
sensus sequence of the SmaI SINE in pink 
salmon (Kido et al. 1991; Figure 2). 

Seven of the 31 adults were heterozy- 
gotes at this locus and the rema~ning 24 
were 'C446 homozygotes. Two females, 
95-105 and 95-115, were heterozygous at 
this locus; their 72 haploid progeny dis- 
played the expected 1:l  Mendelian segre- 
gation for these alleles. 

Microsatellites 
The seven microsatellite primer sets ex- 
amined were polymorphic in the 31 adult 
fish. Four microsatellite loci (FCT4. 
01VEp.3, OTSI, and pSAT60) were in Har- 
dy-Weinberg proportions in the adult fish 
(Table 2) and exhibited expected Mende- 
lian segregation (e.g., Table 3). SSA85 ex- 
hibited expected Mendelian segregation, 
but was not used in the analysis of adult 
fish because genotypes were difficult to 
score. This locus had a minimum of 12 al- 
leles in the adult fish and each alleie pro- 
duced multiple "stutter" bands (Hayashi 
1994; Litt and Luty 1989). The overlapping 
patterns of these additional products 
makes unambiguous identification of al- 
leles impossible when alleles of similar 
size are present. The alleles in the hetero- 
zygous females were sufficiently different 
in size so that there was no overlap in the 
patterns generated in haploids from a sin- 
gle female. 

One of the microsatellite primer sets 
(Fgtl) produced phenotypes that indicat- 
ed more than two alleles in diploid indi- 
viduals and more than one allele in hap- 
loids. FCTI-1.2 has prev~ously been d e  
scribed as duplicated isoloci in sockeye 
salmon (Oncorhynchus nerka; Allendorf et 
al., submitted) and rainbow trout (Young 
et al. 1998). inheritance results confirm 
that FCTI-1.2 are also isoloci in pink salm- 
on (Table 4). This is seen most clearly In 
the progeny from female 95-106 who pos- 
sessed both the *I55 and *I57 alleles. All 
37 of her progeny rece~ved both alleles. 

Figure 3. Segregatton of GH.? polyrnorphibm The lndlv~dual denoted by the ferndie symbol 1s female 95-105. the 
10 ~ndtv~duals  to the rlght are hapiold ollsprlnr: f r o ~ n  th~a  le~nale sesregatllly lor the GH.2'C.I.Ih and 'CS?;alleles thus she have been homozygous at 
~ndlcdted by the arrows both FCTI loci (-1 and -P), as ~ndicated ~n 
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Table 2. Summary of genetic variation at five rnicrusatellite loci in adult pink salmon from Prince surrounding genomic DNA. A single prim- 
William Sound. er o r  pairs of primers may be used to gen- 

Heterozygosily erate  multilocus patterns (Greene and 
Locus No. individuals No, ollrleb Observed Expected F Seeb 1997). 

A minimum of 30 fragments is amplified 
FGT-I 3 1 1 0.290 0.398 0.27 1 
ONEp3 3 1 3 0.548 0.505 -0.085 by each combination of primers (Figure 
OTSI 3 1  8 0.806 0.79 I -0.01 Y 5). We have scored 94 haploid offspring 
W M T ~ O  3 I 4 0 290 0 4 1 4  o 300 from female 95-103 w ~ t h  16 PINE prlmer 

i 
SSAi97 1 9  15 0 586 0 912 0 36 I * "  
SSA 197,  3 I 1 6  o 935 o 88.5 -0  056 c o m b ~ n a t ~ o n s  that produce a total of 131 

polymorph~c loci In S I X  cases ~t appears 
' inclulilng the nuil .~lieir that PINE fragments are segregating as  co- 
* * *  P < 001 d o m ~ n a n t  alleles that vary in length (Fig- 
F Ir the f ixdt~on Indry ( the  p r o p o r r ~ ~ ) n ~ l  ot hetero~ygore \ )  ure 5). 

Table 4. This locus was not scored in the 

/ sample of adult fish because of the  prob- 

i lems in scoring doses at isoloci (Allendorf 

i et al., submitted). 

I PCR amplification of SSA197 produced 

1 15 alleles and a highly significant excess 
of apparent homozygotes in t h e  adult fish 
(Table 2). In addition, no PCR products 
were detected in 2 of the  31 fish. The 
cause of these results became clear in the 
segregation experiments. All four single- 
banded females for which we  exarn~ned 
haplo~d progeny were actually heterozy- 
gotes for a PCR-null allele (SSA197"a) that 
produced no amplification product (Table 
5). Approximately half of t h e  progeny from 
each of these females had t h e  s a m e  frag- 
ment as  the mother, while the  other  half 
produced no PCR product (Figure 4). PCR 
products were detected at  all other  l o c ~  in 
the two adults and all haploid progeny 
that contained the  null, eliminating the 
possibility that these results were caused 
by poor-quality DNA samples. 

We reanalyzed the  genotypes at this lo- 
cus in the 31 adult fish including the  null 
allele. We assumed that all apparently ho- 
mozygous fish were heterozygotes for a 
null allele and the  two fish lacking product 
were null homozygotes (SSAI97*a/a). The  
estimated frequency of SSAI9T'a under 
these assumptions is 0.258 a n d  the ob- 
served genotypic proportions d o  not dif- 
fer from Hardy-We~nberg expectations 
(Table 2). 

Tdhle 3. Inher i tance  o1'OTSI in gjnogcnetlL 
haploid progcn!. 

Multilocus Pr imer  Se t s  
We screened 140 RAPD primers or primer 
pairs in the haploid progeny from female 
95-103. Each primer se t  produced approx- 
imately 5-8 fragments from 400 to 1500 bp. 
We detected 36 repeatable presencelab- 
sence polymorphisms amplified by 25 
RAPD primers. All of these markers dem- 
onstrated Mendelian segregation in 94 
haploid progeny from female 95-103. 

We screened 77 AFLP primer combina- 
tions in the haploid progeny from female 
95-103. Each AFLP primer combination 
produced at least 30 bands ranging from 
50 t o  600 bp. We selected 43 primer com- 
binations that amplified 284 clear poly- 
m o r p h i s m ~  that segregated in 94 progeny 
from female 95-103. Almost all of the AFLP 
polymorphisrns were presencelabsence 
differences. However, four of the polymor- 
phisms appeared to be  caused by a length 
polymorphism within a fragment. For all of 
these polymorphisms, individuals had one 
of two different-size fragments produced 
by the same primer combination. 

We used DNA sequences of salmonid- 
specific SINES and the  transposon Tcl as  
primers to generate multiple DNA frag- 
ments from a single PCR. This procedure 
is similar to the use of the human SINE 
AluI to  identify human chromosomes in 
somatic cell hybridization experiments 
(Nelson et al. 1989). Primers identical to  
one end of the element a re  oriented such 
that they initiate DNA synthesis from the 
end of the element, progressing into the 

Discussion 

The examination of haploid embryos is a 
powerful tool for segregation analysis 
(Slettan et al 1997). It allows the unambig- 
uous detection of the transmission of re-' 
cessive alleles to progeny. Similarly it al- 
lows the direct detection of PCR-null al- 
leles at microsatellite loci, such as  
SSAlST'a. Haploid progeny also facilitates 
the direct sequencing of allelic variants 
without the problems of heterozygosity 
(either known or cryptic). 

The  AFLP technique is particularly weil 
suited for use with haploid embryos. Two 
properties of AFLPs ma..imize the infor- 
mation that can be obtained from the lim- 
ited DNA available. First, many bands are 
produced per reaction and therefore more 
polymorphic loci are produced per PCR 
amplification. Second, the  selective ampli- 
fication s tep uses a subsample of the PCR 
products of the preamplification. Up to 
133 selective amplifications can be com- 
pleted from a single preamplification that 
originally used only 0.5 p.g of genomic 
DNA. This is particularly important when 
using haploids in which there is little tis- 
sue, limiting the amount of DNA available 
for analysis. Much more genomic DNA is 
needed to produce fewer bands using oth- 
er methods such as RAPDs. 

Segregation of Recessive Alleles 
The occurrence of isoloci makes the inter- 
pretation of recessive markers in salmo- 

T u h l e  -1. Inheritance III' FGTI-1.2 1>111oci in wnoyenetic haplod progen?. 



SlNEs may be  distributed independently of Tnhle  5 .  lnher i tancr  o f  SSA197 i n  gynugenetic hap lo id  progeny. 

Female Progeny pheno~ype 
Female 

Number Phenorypr 130 I 47  I 46  154 162 164 190 196 Nul l  genotype 

nids problematic. Observed segregation 
patterns may result from a pair of isoloci 
(e.g., LOCUS-1,2) that are both heterozy- 
gous for alleles associated with the pres- 
ence o r  absence of a particular fragment 
(LOCUS-I *p/a; L OCUS-2 *p/a) . In this case 
we expect  a 3:l presence-to-absence ratio 
of  t h e  fragment in haploid progeny (25% 
p/p:50% p/a:25% a/a). In addition, this 
same ratio results i f  a female is heterozy- 
gous (*p/'a) at two nonhomologous loci 
that happen to produce fragments of the 
same size. 

It is difficult to distinguish between a 1: 
1 and 3: 1 ratio for an individual fragment 
except with very large sample sizes. How- 
ever, t h e  presence of such pairs of loci 
segregating 3:l for the presence or ab- 
sence of a fragment should affect the ob- 
served segregation ratios. In the absence 
of  any such  cases, we expect our ob- 
served segregation ratios to  fit a binomial 
distribution with an expectation of 0.5 (1: 
1 segregation). The presence of markers 
segregating 3:l should result in a "shoul- 
der" in t h e  distribution at a value of 0.75. 
There is perhaps a slight excess of loci 
segregating with a value of 0.6 o r  greater 
a t  451 loci segregating from female 95-103 
(Figure 6). We conclude that fragments 
segregating 3:l represent at most a small 
fraction o f  the total fragments that we 
have examined. 

PlNEs 
SlNEs and transposons occur in high copy 
number and are believed to be ubiqui- 
tously dispersed throughout the genomes 
of many species (Okada 1991). These char- 
acteristlcs make PlNEs potentially valu- 
able tools for genomic mapping efforts. 
Unlike other multilocus techniques, the  
primers used to generate PINES are based 
on repetitive elements known to exist in 
the salmonid genome. In addition to gen- 
erating markers, the inclusion of PlNEs in 
our mapping efforts may also increase our  
understanding of SINEs and transposons 
in the salmonid genome. 

Others have used the presence or  ab- 
sence of families of SINEs or specific SlNEs 
t o  make phylogenetic inferences (Kido e t  
al. 1991; Murata et al. 1993, 1996). How- 
ever, the mechanisms of SINE amplifica- 
tion are not entirely known and evidence 
is accumulating that the genomic distri- 
bution of SINES may be more complex 
than previously believed (Spruell and 
Thorgaard 1996; Takasaki et al. 1997; 
Young et al. 1998). 

The insertion that we have described in 
intron C of CH-2 corresponds t o  the 3' end 
of the Srnal element (Figure 2). T h ~ s  result 
is consistent with the observations of 
Spruell and Thorgaard (1996) and Young 
e t  a!. (1998) who suggested that the se- 
quences corresponding to some regions of 

Figure 4 .  Seqrr~ot iur i  i ~ f  .I " 1 1 ~ 1 1 1 "  allele In11 PCR pr l~duct  is nmp l~ f i r d i  a t  .S.S:\/!i; The  individual drrioted by the 
felndle syrirboi IS lemille 9 S l l l t i  the I4 ~nti iv~duci is !o the nghr are hapir)~tl olfsl~riny Irnln this leniair. Tlie ar row 
indicates a l le le  .5',Y.~ll97~/~:' 

the  remainder of the  element. Moreover, 
this CH-2 insertion is not present in other  
Oncorhynchus species for which this in- 
tron has been sequenced (Figure 1; 0. rny- 
kos, Agellon et  al. 1988; 0 nerka, Devlin 
1993; 0 kuutch, Forbes et  al. 1994; 0. keta, 
Shen et  al. 1993). Thus  the insertion seen 
in the  CH-2*C446 allele apparently oc- 
curred after pink salmon diverged from 
other  Oncorhynchus species .  

This pink salmon-specific insertion is 
unexpected if the amplification of Smal 
and Srnal-related sequences occurred in a 
common ancestor of pink and chum (On- 
corhynchus keta) salmon as  proposed by 
Kido et al. (1991). Takasaki et al. (1997) 
also report a lack of concordance between 
the presence or  absence of specific Smal 
elements within pink and chum salmon. 
They propose several possible explana- 
tions for this phenomenon. Among these 
is the possibility of temporal differences in 
amplification w ~ t h l n  lineages. I f  this hy- 
pothesis is correct,  the  possibility of in- 
sertion polymorphisms within species 
must be addressed before these elements 
are used as  phylogenetic markers. These 
studies frequently use a single individual 
to represent an entire taxon, providing no 
possibility to detect such  polymorphisms. 

Gene Duplication 
Duplicated loci are  extremely difficult to  
use for population genetic analysis. Accu- 
rate estimation of allele frequencies at iso- 
loci requires determining the numbers of 
copies of each allele in individuals (Wa- 
ples 1988). 1soloci a t  allozymes are rou- 
tinely used for population genetic analy- 
sis. This is possible because there is a cor- 
respondence between band intensity and 
doses of an allele present in allozymes (Al- 
lendorf and Danzmann 1997; Shaklee and 
Phelps 1992). In addition. the presence of 
heteromeric isozymes and tissue specific- 
ity of many loci aid in estimating doses for 
enzymes (Waples 1988). 

It is difficult to determine how many 
doses of each allele are  present in PCR- 
based techniques because the amount of 
amplified product may not accurately re- 
flect allelic doses (Wagner et al. 1994). The  
many alleles present at most microsatei- 
lite loci will also make analysis and allele 
frequency estimation much more difficult. 
For a t e t rasom~c locus w ~ t h  n alleles, there 
are (n  + 3)!/(n - 1)4! d~fferent  genotypes 
(Hartl and Clark 1989, p 610) Thus there 
are 330 possible genotypes at OTSl wtth 
e ~ g h t  alleles May et al. (1997) recently 
suggested d method for estlmatlng doses 



Figure 5. Hpa 3' and T c l  PINE primer amplification products separated on a 4.5% polyacrylamide gel. Female 
9S103 is indicated. The two arrows along the left side of the gel indicate length polymorphisrns: top bands 1811 
182 bp. bottom bands 166116i bp. 

at microsatellite loci that may be helpful 
when working with duplicated loci. 

Perhaps the best way to deal with du- 
plicated microsatellite loci in salmonids is 
to not use them for population genetic 
analysis. There are  enough microsatellite 
markers available to  obtain a sufficient 
number of markers without using dupli- 
cated microsateilites. Approximately 2536 
of isozyme markers in rainbow trout a re  
encoded by isoloci (Allendorf and Thor- 
gaard 1984). We would expect the propor- 
tion of microsatellites encoded by isoloci 
to be somewhat less than this since their 
higher mutation rate will cause more rapid 

divergence between alleles at two loci that 
are no longer undergoing residual tetra- 
somic inheritance (Allendorf and Danz- 
mann 1997). Nevertheless, the process of 
diploidization in salmonids is incomplete 
and we would expect recombination be- 
tween homeologs to  transfer alleles be- 
tween some microsatellite loci (Allendorf 
and Danzmann 1997). 

Duplicated microsatellite loci in salmo- 
nids can be  used in many applications 
(e.g., paternity and kinshlp analysis). How- 
ever, it is critical that the inheritance of 
such  loci be tested in the population being 
investigated because of PCR null alleles 

Proportion of fragments present 

Figure 6. Distribii l ion 0l segrepatlt~il ra tn~s lor 451 lragments ~n haploid progeny i r t~rn  lemale 95.103 (solid line). 
The dashed line IS the expected b~rit,rniai d r r t r~bu t i ~ )n  w ~ t h  an espected value u l  0.5 i 1:l segregot~on). The dotted 
line is the r ~ p e c t e d  bir i~,~ninl  distribution lor 9O" i  of the lrngnlents sesregating I : i  and I()':, o i  the irngments 
segregating :]:I 

and the possibility of residual tetrasomy 
in some populations and not others (Al- 
lendorf and Danzmann 1997). 

The many nuclear DNA markers avail- 
able offer a wealth of opportunities for 
greatly improving our understanding of 
the  transmission and population genetics 
of salmonids. Nevertheless, problems in 
genetic interpretation are in some ways 
greater in the direct examination of DNA 
itself using PCR than in the study of ge- 
netic variation in proteins. Allozyme elec- 
trophoresis only detects functional genes 
s o  that pseudogenes are  not a complica- 
tion. Moreover, the tissue-specific expres- 
sion of protein loci has been used to iden- 
tify specific loci within sets of paraiogous 
loci (Ferris and Whitt 1979). For example, 
only one of the two paralogous duplicates 
of t h e  vertebrate lactate dehydrogenase B 
gene (LDH-B) in salmonids is expressed in 
liver tissue, and the product of the other 
paralogous locus predominates in heart 
tissue. This pattern of expression has 
been conserved over a long period of evo- 
lutionary time and is shared among all 
species of two of the three subfamilies of 
salmonids: Thymallinae (grayling) and Sal- 
moninae (trout, salmon, and char) (Allen- 
dorf and Thorgaard 1984). This consistent 
pattern of expression makes it easy to 
identify each of the two paralogous LDH- 
B loci in salmonids. However, there are  a n  
insufficient number of polymorphic allo- 
zymes for many applications. PCR-based 
markers are  virtually unlimited in number 
but are  amplified solely on the basis of 
DNA sequences present, therefore differ- 
entiation of pairs of paralogous loci is im- 
possible without inheritance data. 

The analysis of gynogenetic haploids is 
a powerful tool for understanding the  
transmission of genetic markers in salmo- 
nid fishes. Popuiation frequencies of PCR- 
amplified gel bands alone will not be  ade- 
quate  to understand the genetic basis and 
significance of observed variation in sal- 
monids. We urge investigators to  use in- 
heritance studies to confirm the genetic 
basis of observed polymorphisms in sal- 
monids whenever possible. 
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Gene-centromere mapping of 312 loci in pink 
salmon by half-tetrad analysis 

K.R. Lindner, J.E. Seeb, C. Habicht, K.L. Knudsen, E. Kretschmer, D.J. Reedy, 
P. Spruell, and F.W. Allendorf 

Abstract: We estimated recombination rates between 312 loci and their centromeres in gynogenetic diploid pink 
salmon (Oncorhynchi~s garbuscha) that we produced by initiating development with irradiated sperm and blocking the 
maternal second meiotic division. Amplified fragment length polymorphisms (AFLPs) were significantly more 
centromeric than loci identified by three other techniques (allozymes, microsatellites, and PCR using primer sequences 
from interspersed nuclear elements). The near absence of AFLPs in distal regions could limit their utility in construct- 
ing linkage maps. A large proportion of loci had frequency of second division segregation Cy) values approaching 1.0, 
indicating near complete crossover interference on many chromosome arms. As predicted from models of chromosomal 
evolution in salmonids based upon results with allozyme loci, all duplicated microsatellite loci that shared alleles 
(isoloci) had y values of nearly 1 .O. 

Key words: meiosis, AFLP, microsatellites, isoloci, Oncorlzynrhrcs gorblrschn. 

Resume : Les auteurs ont mesurt les taux de recombinaison entre 312 loci et leurs centromtres respectifs chez un sau- 
mon rose (Oncorhynchris gorbuscha) diplo'ide et gynoginetique qui a CtC produit en initiant le diveloppement B l'aide 
de sperme irradit et en empechant la seconde division mtiotique maternelle. Les marqueurs AFLP (,polymorphisme de 
longueur de fragments amplifies) ont montrt une localisation beaucoup plus centromtrique que ceux identifies au 
moyen de trois autres techniques (alloenzymes, microsatellites et amplification PCR avec des amorces sptcifiques de 
stquences nucltaires rtpttitives disperskes). La quasi absence de marqueurs AFLP dans les rigions distales pourrait li- 
miter leur utilitt en vue de I'ttablissement de canes gtnttiques. Une forte proportion des loci prisentait des valeurs de 
y s'approchant de 1.0 indiquant par 18 une interfkrence presque compltte des recombinaisons sur plusieurs bras chro- 
mosomiques. Tel que predit par plusieurs mod&les de l'tvolution chromosomique chez les salmonides basks sur les loci 
alloenzymatiques, tous les loci microsatellites dupiiquts qui partageaient des alltles (isoloci) montraient des valeurs de 
y s'approchant de 1,O. 

Mots c l i s  : mtiose, AFLP, microsatellites, isoloci, Oncorhynchrts gorbuschn. 

[Traduit par la RCdaction] 

Introduction 

We are currently investigating the transmission genetics of 
several hundred PCR-based markers in pink salmon 
(Oncorhynchus gorbuschai to construct a linkage map and 
to investigate chromosomal evolution following tetraploidy 
in salmonids. Half-tetrad analysis is a powerful tool for 
mapping genes and understanding chromosomal behavior 
during meiosis. Half-tetrad analysis can be performed if two 
of the four products from a single meiosis are recovered. 
Half-tetrads can be produced in many fish species by initiat- 
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ing development with UV-irradiated sperm and inhibiting 
the second meiotic division so  that the polar body is retained 
(Thorgaard et al. 1983; Johnson et al. 1996). This results in 
gynogenetic diploid individuals that receive two chromo- 
some sets from their female parent and none from their male 
parent (Thorgaard et al. 1983). This procedure allows analy- 
sis of meiosis I1 (MII) half-tetrads as  classified by Zhao and 
Speed (1998). 

All MI1 half-tetrad progeny of a heterozygous female will 
be homozygous if there are no crossovers between the locus 
and its centromere. A single crossover between the locus and 
its centromere will produce heterozygous progeny. The pro- 
portion of heterozygous progeny is a measure of the 
frequency of second div~sion segregation (J) and thus, an es- 
timate of gene-centromere distance. The  maximum value of 
Y is 0.67, unless there is chiasma interference inhibiting sub- 
sequent crossovers and resulting in y values greater than 
0.67. The presence of strong chiasma interference has been 
reported in salmonids (Thorgaard et al. 1983. Allendorf et 
al. 1986; May et al. 1989) and other fish species (Nuruse et 
al. 1988; Streisinger et al. 1986). 

Amplified fragment length polymorphism (AFLP) mark- 
ers have become very pop~ilar for constructing linkage maps 
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in a wide variety of organisms because of their relative tech- 
nical ease and reproducibility (Mueller and Wolfenbarger 
1999). The ability to use different AFLP primer combina- 
tions allows a nearly unlimited supply of markers. Neverthe- 
less, recent evidence suggests that in some species AFLPs 
tend to be clustered in centromeric regions (Keim et  al. 
1997, Qi e t  al. 1998; Alonso-Blanco et  al. 1998). Young et 
al. (1998) suggested that AFLPs are centromeric in rainbow 
trout (0. tnykiss) because they tended to cluster at the center 
of linkage groups. Clustering of AFLP markers in centro- 
meric regions would lessen their general utility for con- 
structing linkage maps. 

Salmonid fishes diverged from a single tetraploid ancestor 
approximately 25-50 million years ago (Allendorf and Waples 
1996). Residual tetrasomic inheritance still occurs at some 
loci in males, but only disomic inheritance has been reported 
in females. T h e  persistence of disomic segregation in 
females suggests that the tetrasomic ratios in males result 
from distal recombination between homeologous chromo- 
somes (Wright e t  al. 1983, Allendorf and Danzmann 1997). 
This can be  explained conceptually by a two-stage model of 
pairing in which, first, homologous chromosomes pair and 
recombine in the proximal region of the chromosome. Next, 
homeologous chromosomes pair and recombine distally. If 
the crossover nearest the centromere determines the pattern 
of disjunction (Burnharn 1962), then each gamete would receive 
one copy of each homolog, allowing continued disomic; segre- 
gation in females. 

Extensive gene duplication in salmonids has made genetic 
interpretations more complex than in species without a poly- 
ploid ancestry. Isoloci were originally described as pairs of 
duplicated allozyme loci whose allelic products have identi- 
cal eIectrophoretic mobility (Allendorf and Thorgaard et al. 
1984). It has been hypothesized that genetic divergence be- 
tween isoloci has been prevented by the chromosomal ex- 
changes between homeologs as described in the previous 
paragraph. It was predicted o n  the basis of this model that all 
isoloci should map far from their centromeres (Allendorf and 
Thorgaard 1984). Gene-centromere mapping of allozyme loci 
has supported this hypothesis (Allendorf e t  al. 1986). 

Pink salmon have a fixed two-year life cycle (Heard 
1991). This  is a shorter generation time than most other 
salmonid species, which is helpful for  genetic investigation. 
In addition, the fixed two-year cycle in pink salmon has 
resulted in nearly complete reproductive isolation between 
odd- and even-year fish. Chromosomal differences have been 
reported between odd- and even-year fish in the same geo- 
graphical area (Phillips and Kapuscinski 1988). Gharrett et 
al. (1999) have also demonstrated outbreeding depression in 
experimental crosses between the two year classes. Based on 
these results, we would expect to find differences in gene- 
centromere distances for some loci between odd- and even- 
year fish. 

In this paper, we describe the frequency of second divi- 
sion segregation of 312 loci, including nine allozyme loci, 
34 tllicrosntellite loci, 168 AFLPs, and 101 anonymous DNA 
loci flanked by paired interspersed nuclear elements (PINEs, 
S p r ~ ~ e l l  e t  al. 1999). We have previously described the Men- 
delian inheritance of these loci in gynogenetic haploid pink 
salmon ( S p n ~ e l l  et al. 1999). The primary objectives of this 
paper are to test for clustering of AFLPs near their centro- 

mere, to test for the predicted telomeric location of isoloci 
detected with microsatellite primers, and to test for differ- 
ences in gene-centromere distances in odd- and even-year 
pink salmon. 

Materials and methods 

In August 1995, gametes and tissues of 31 pink salmon were 
collected from the Prince William Sound Aquaculture Corpora- 
tion's Armin F. Koernig (AFK) hatchery, Prince William Sound, 
Alaska. Gametes and tissues of 22 pink salmon were collected 
from the Valdez Fisheries Development Association's (VFDA) Sol- 
omon Gulch Hatchery, near Valdez, Alaska in August 1996. Both 
of these hatchery stocks originated from adult fish collected at sev- 
eral spawning sites in Prince William Sound. 

Families of gynogenetic diploid individuals were produced by 
UV irradiation of the sperm and heat shock to block the second 
meiotic division as described by Thorgaard et al. (1983). Embryos 
were incubated in separate trays at 4-5°C until 7 months of age, 
when they were approximately 40 rnrn in length. Muscle, liver, 
heart, and eye tissues were sampled and frozen at -80°C until anal- 
ysis. Enzyme electrophoresis followed Aebersold et al. (1987); tis- 
sue and buffer combinations were those described in Seeb et al. 
(1999). DNA was isolated using the PuregeneT" DNA isolation kit 
(Gentra Systems Inc., Minneapolis, Minn.). 

We used n Y-chromosome-specific growth hormone pseudogene 
(Spruell et al. 1999) to screen putative gynogenetic diploid individ- 
uals to eliminate triploids that could have been produced by the 
failure of sperm inactivation. Only one half of all progeny in which 
the sperm was not inactivated would be expected to have the Y chro- 
mosome. Seven female triploids and diploids that resulted from fail- 
ure of the UV and heat shock treatment were eliminated because 
they contained alleles at allozyme or microsatellite loci that were 
not present in their mother. 

Microsatellite loci were amplified as reported by the original au- 
thors with minor modifications. Primers and annealing tempera- 
tures are listed in Table 1. The countdown PCR profile reduces the 
annealing temperature by one degree each cycle. in this case from 
58°C to 52°C or 54°C to 40°C finishing with 24 cycles at an an- 
nealing temperature of 52°C or 40°C. One primer of most pairs 
was fluorescently labeled. Products from unlabeled primers were 
fluorescently tagged by incorporating a TAMRA-labeled dUTP or 
dCTP (Perkin-Elmer) during PCR. All PCR products were electro- 
phoresed in a 7% denaturing polyacrylamide gel and visualized 
with a Hitachi FMBIO-I00 or ABI 377 fluorescent imager. 

AFLPs and PINEs were amplified as described in Spruell et al. 
(1999). One primer not described in Spruell et al. (1999) was also 
used to generate PINEs. We created a primer based on the core 
repeat of Jeffreys' minisatellite, 33.6 (TGGAGGAGGGCTGGA- 
GGAGGGCGC, Jeffreys et al. 1985). Two bases (GC) were added 
to the 3'end of this sequence in an attempt to anchor the primer at 
the 3' repeat in the tandem array. 

Females and families are designated using the first letter of their 
origin (A. AFK; V. VFDA). the year of reproduction. and a sequen- 
tial number. For example. family A95-103 contains the progeny 
from female 103 collected at Armin F. Koernip (AFK) hatchery in 
1995. Nomenclature for allozyme loci follows Shaklee et al. (1990) 
and Seeb et al. (1999). Genetic nomenclature for ~nicrosatellites, 
AFLPs. and PINES follows Spruell et al. (1999). 

Results 

Codominant loci 
The  genotypes of gynogenetic diploid progeny at 9 coda- 

minunt nllozyme and 3 1 codominant microsatellite loci are 
given in Tables 2 nnd 3. In addition, Table 3 presents the 
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Table 1. Microsatellite locus names, annealing temperatures, and references. 

Locus Annealing temperature ("C) Reference 

FGTI- 1,2* 51 (60) Sakamoto et al. (1994) 
OCL2 56 Condrey and Bentzen (1998) 
OGOIC* 60 (60) Olsen et al. (1998) 
OG02* (60) Olsen et al. (1998) 
OG03* (60) Olsen et al. (1998) 
OG04* (60) Olsen et al. (1998) 
OG05* 64 (60) Olsen et al. (1998) 
OG07-1,2 60 Olsen et al. (1998) 
OG08 56 Olsen et al. (1998) 
0 K13 54-40t Smith et al. (1998) 
OMY276-1,2 58-52' Danzmann and Ferguson (personal communication) 
OMY301 58-52' Sakamoto et al. (2000) 
OMYFGT25 58-52+ Sakamoto et al. (2000) 
OMYOGT4 58-52+ Sakamoto et al. (2000) 
OMYRGTI 58-52+ Sakarnoto et al. (2000) 
OMYRGTZ 58-52+ Sakamoto et al. (2000) 
OMYRGT6 58-52+ Sakarnoto et al. (2000) 
OMYRGT13 58-5Zt Sakanioto et al. (2000) 
OMYRGT44 58-52' Ddnzmann and Sakamoto (personal communicat~on) 
ONEp3* (52) Scrlbner et al. (1996) 
ONEp14 58-52? Scribner et al. (1996) 
ONEpl8 58-52" Scrlbner et al. (1996) 
OTSI * 55 (52) Banks et al. (1999) 
OTSI 01 * 56 (52) Small et al. (1998) 
OTS102* (52) Nelson and Beacham (personal cornrnunicat~on) 
OTS103* (58) Small et al. (1998) 
pSAT60-1,2 55 (58) Estoup et al. (1993) 
SSA20.19-1,2 58-52' Sanchez et al. (1996) 
SSA85* 57 (58) O'Reilly et al. (1996) 
SSA197* 57 (58) O'Reilly et al. (1996) 
SSA293 58-52' McConnell et al. (1995) 
SSA311 58-52? Slettan et al. (1996) 

'Ind~cates l o c ~  analyzed uslng an ABI 377 tluorescent Imager Numbers In parentheses lndlcate annedl~ng temperatures used on samples 
analyzed w ~ t h  the ABI 377 

tCountdown PCR profile as descr~bed In text 

half-tetrad genotypes for eight PINE and four AFLP loci ONEp3,  OTS1 ,  and SSA85:  P < 0.05). However, none of 
that were found to segregate as allelic polymorphisms in the these differences are significant if corrected for the 16 inde- 
length of the PCR amplicon produced by a single primer pendent simultaneous tests (Rice 1989). 
pair (Spruell et al. 1999). The frequency of heterozygotes is expected to vary ac- 

There is no evidence of differences in the frequencies of cording to the frequency of  second meiotic division segrega- 
the two homozygous classes (Tables 2 4 ) .  Unequal numbers tion CY). Gene-centromere map distances can be estimated 
of homozygous classes would be expected if one of the by ( W y ,  assuming complete interference. Seven of the 52 
homozygotes had reduced viability because of linkage to a codominant loci had .V values of 1.00, which occurs only 
recessive deleter~ous allele. There must be at least six homo- when there is exactly one crossover between the locus and 
zygotes observed before the frequencies of  the two homozy- its centrornere. This indicates extremely strong chiasma in- 
gous classes can be significantly different ( P  < 0.05) using terference on at least some chromosome arms. 
the exact binomial test; we therefore tested for differences 
between the number of homozygotes only In families In Dominant loci 
w h ~ c h  there were at least six homozygotes. Only 5 of a total Segregation analysls can be used to estimate the frequency 
of  58 possible tests had a probability less than 0.05, and of second division segregation of dominant markers if the fe- 
none 01 these are significant when corrected for the 58 ~ n d e -  male is known to be heterozygous at those loci, Otherwise, 
pendent tests (Rice 1989). the presence of a fragment in all progeny co~l ld  result elther 

There 1s 11ttle rvldence for differences in the proportion of from the female being homozygous or from a high frequency 
heterozyyotes between families (Table 2 and 3). Five loci of second divi\ion segregation. We identified 164 AFLP and 
showed a slgnlficant difference between families based on 9 3  PINE loci at which female A95-103 is heterozygous for 
contingency chi-square analysis ( O G O 2 ,  O G 0 5 :  P < 0.01; the presence or absence of a product based on haploid prog- 
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Table 2. Half-tetrad genotypes at nine allozyme loci. 

Progeny 

Locus Family Maternal genotype 11 12 22 Proportion heterozygotes ( y )  x2(d.f.)* 

AAA T3 A95- 103 100/91 5 47 7 0.80 0.33 
A95-114 100/9 1 8 43 8 0.73 0.00 
V96- 13 100/91 2 7 3 0.58 0.20 
Total 15 97 18 0.75 2.57 (2) 

sAA T4 A95-120 210/100 1 46 1 0.96 0.00 
V96-02 290/210 0 27 0 1 .OO - 
V96- 13 210/100 0 49 3 0.94 3.00 
Total 1 122 4 0.96 1.57 (2) 

ADA2 A95-103 100/90 I 5 2 I 0.96 0.00 
CKC2 A95- 103 105/100 23 16 18 0.28 0.61 
G3PDHI V96- 19 100/60 0 7 9 0 1 .OO - 
G3PDH2 V96- 19 100/90 29 16 29 0.22 0.00 
GDAl A95-103 108/100 17 23 19 0.39 0.1 1 

A95-120 118/108 11 26 12 0.53 0.04 
V96-02 108/100 6 14 10 0.47 1 .OO 
Total 34 63 4 1 0.46 2.15 (2) 

PEP51 V96- 19 138/100 22 4 16 0.10 0.95 
PEPD2 A95-103 120/100 3 49 1 0.92 1 .OO 

A95-114 120/100 3 43 2 0.90 0.20 
A95- 120 120/100 0 3 1 1 0.97 1 .OO 
V96- 13 100/80 3 47 4 0.87 0.14 
V96- 19 100/80 2 75 3 0.94 0.20 
Total 11 245 11 0.92 3.45 (4) 

*Chi-square test for equal numbers of hornozygotes (1 d.f.). Chi-square (d.f.) In the total row 1s the contingency chi-square value for differences i n  y 
between families. 

eny (Spruell et al. 1999). Seventy gynogenetic diploid prog- 
eny from female A95-103 were examined to estimate the 
frequency of second division segregation at these loci. 

To estimate the proportion of heterozygotes at these mark- 
ers, we assumed equal numbers of each homozygote class. 
This assumption is supported by the results from the codo- 
minant loci. The frequency of second division segregation 
(y) can then be estimated by 

where N, is the total number of progeny screened and N,,, is 
the observed number of recessive homozygotes. 

Female A95-103 was heterozygous for a null allele at one 
microsatellite locus (SSAI97'V64/ci, Spruell at al. 1999). Sixty- 
eight of the 70 gynogenetlc diploid progeny had the *I64 al- 
lele Cv = 0.94); this is similar to the v values est~mated with 
other females in which this locus could be treated as 
codominant (Table 3). 

Duplicated loci 
The PCR products of five rn~crosntell~te primer palrs indl- 

cated the presence of tour gene coples, consistent w ~ t h  the 
presence of duplicated l o c ~ .  The l o c ~  in three of the five du- 
plicated pars  shared the same alleles and, therefore, are 
~ s o l o c ~ .  OG07-1,2, OMYFGT276-1,2, and FGTI-1.2 Two 
primer set\ (SSA20 19 ~ n d  pSAT60) produced pattern5 con- 
s~btent wlth tour gene doses. However. the two l o c ~  In these 

pairs do not share alleles in the pink salmon that we have 
examined. 

Several of the 31 adults from the AFK hatchery had more 
than two different PCR products amplified by OG07 prim- 
ers; consistent with the same alleles occurring at both l o c ~ .  
Female A95-103 had three different PCR products: 182 bp, 
200 bp, and 226 bp. All of her haploid progeny had the *200 
allele, while the * I82 and *226 alleles segregated 1 : 1 in her 
haploid progeny (unpublished data). Thus, she was appar- 
ently homozygous *200/*200 at one locus (arbitrarily specl- 
fied OG07-I)  and heterozygous *182/*226 at the other 
(OG07-2). All 70 gynogenetic diploid progeny from this fe- 
male were heterozygous at this locus Cy = 1.00, Table 2). 

Several of the adults also had more than two different 
PCR products amplified by OMYFGT276 primers; consis- 
tent with the same alleles occurring at both loci. Female 
A95-103 had three different PCR products: 168 bp, 175 bp, 
and 188 bp. The *I68 and :"88 alleles segregated 1 : l in her 
haploid progeny, while approximately one half of her hap- 
loid progeny inher~ted the '"75 allele (unpublished data). 
Thus, she was apparently heterozygous *16S/"IS8 at one lo- 
cus (arb~trarily des~gnated OMYFGT276-I) and heterozygous 
for "175 and a null allele (+a)  at the other (OMYFGT276-2). 
Sixty-one of 64 gynogenetic d ~ p l o ~ d  progeny were heterozy- 
gous at OMYFGT276-I (y  = 0.95). Three of 60 gynogenetic 
d~ploid progeny were homozygous for the null allele at 
OMYFGT276-2. This results i n  an estimated of 0.90 uslng 
the above equation for dominant markers. 

The FGTl m~crosatellite prlrner pair has prev~ously been 
'1 mon shown to amplify two l o c ~  (FGTI-1.2) In pink 5 . 1  
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Table 3. Half-tetrad genotypes at 31 microsatellite loci. 

Progeny 

Locus 

OCL2 
OGOlc 

OG07-2 
O G 0 8  
OK13 
OMY301 
OMYFGT25 
OMYFGT276-1 
OMYOGT4 
OMYRGTI 
OMYRGT2 
OMYRGT6 
OMYRGTI 3 
OMYRGT44 
ONEp3 

ONEpl4 
ONEpI8 
OTSl 

Family 

A95-103 
A95-20 
A95- 103 
V96-20 
V96- 13 
Total 
A95-20 
V96-02 
V96- 13 
V96- 19 
V96-20 
Total 
A95-20 
V96-02 
V96- 13 
V96-20 
Total 
A95-20 
V96-02 
V96- 13 
V96-19 
Total 
A95- 103 
V96- 13 
Total 
A95- 103 
A95-103 
A95- 103 
A95- 103 
A95- 103 
A95- 103 
A95-103 
A95- 103 
A95- 103 
A95- 103 
A95- 103 
A95-103 
A95-29 
A95-114 
A95- 120 
V96- 13 
V96- 19 
Total 
A95- I03 
A95- 103 
A95-29 
A95- 103 
A95-1 14 
A95- I20 
V96- 13 
V96- 19 
Total 
A95-20 
A95- 103 
V96-02 
Total 

Maternal genotype 

127/135 
292/300 
280/312 
332/344 
444/460 

Proportion heterozygotes 6)  
0.68 
0.20 
0.24 
0.12 
0.14 
0.19 
0.59 
0.87 
0.47 
0.65 
0.59 
0.62 
0.95 
0.96 
1 .oo 
0.97 
0.97 
0.92 
1 .oo 
0.86 
0.90 
0.91 
0.00 
0.09 
0.09 
1 .oo 
1 .oo 
0.95 
0.79 
0.66 
0.95 
0.70 
0.67 
0.38 
0.14 
0.6 1 
0.73 
1 .oo 
0.93 
1 .oo 
0.96 
1 .oo 
0.98 
0.95 
0.86 
0.22 
0.18 
0.30 
0.25 
0.2 1 
0.40 
0.27 
0.33 
0.30 
0.42 
0.33 
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Table 3 (concluded). 

Progeny 

Locus Family Maternal genotype 11 12 22 Proportion heterozygotes (y)  x2(d.f.)* 

OTS102 V96-02 282/298 0 24 0 1 .OO - 
V96-19 
Total 

OTS103 V96- 13 
pSA T60- 1 A95-103 

A95- 1 14 
Total 

SSA20.19-1 A95-103 
SSit85 A95-29 

A95-103 
A95-114 
V96- 13 
V96-19 
Total 

SSA197 A95-114 
A95-120 
V96- 13 
V96- 19 
Total 

SSA293 A95- 103 
SSA311 A95-103 170/238 2 8 5 35 0.07 0.78 

*Chi-squdre test for equal numbers of homozygotes (1  d.f.) Chi-square value In the total row is contingency chl-square for d~fference In y between 
famil~es 

(Spruell et al. 1999) and sockeye salmon (Allendorf and 
Seeb 2000). Figure I shows the electropherograms of indi- 
viduals having different numbers of doses of the two alleles 
(155 bp and 157 bp) detected at this locus. We examined 
gynogenetic diploid progeny in 4 families at FGTI-I ,2  and 
arbitrarily designated the * I 5 5  allele as * I  and the * I57  al- 
lele as *2 to simplify the notation (Table 5). Females A95- 
114 (*I1 12) and A95-103 (*1222) had three copies of one 
allele and one copy of the other, so these females must be ho- 
mozygous at one locus and heterozygous at the other (Fig. l a  
and lb,  respectively). Estimates of the frequency of second 
division segregation can be made in these families at the sin- 
gle segregating locus as if it were a nonduplicated locus. 
Both families had y values of 0.90 or greater. 

Two females, A95-29 and A95-120, had the duplex geno- 
type (*II22,  Fig. lc, Allendorf and Danzmann 1997) at 
FGTI-1,2. Duplex individuals can either be homozygous at 
both loci (*I], '"2) or heterozygous at both loci (*12, "12). 
Segregation analysis of normal diploid progeny from these 
two females indicated that they were heterozygous at both 
loci (J.E. Seeb, unpublished results). Therefore, the genotype 
of each progeny in these two families ia the result of sepa- 
rate meiotic events at FCTI-I  and FCTI-2. 

All 42 gynogenetic diplo~d progeny in family A95-120 
had tlie duplex genotype. The simplest explanation of this 
result is that all progeny resulted from second division segre- 
gation at both loci, thus, .v = 84/84 = 1.00. Two of the 22 
gynogenetic progeny in family A95-39 had the triplex geno- 
type (*/222), which 1s expected to result from second divi- 
sion segregation at one of the two loci and first division 
segregation at the other locus: thus. g = 42/44 = 0.95. The 
average y at this locus in all families is 0.97. 

Two distinct loci resulted from the SSA20.19 primer pair. 
One locus (arbitrarily designated SSA20.19-I), was hetero- 
zygc-)us *77/79 in female A95-103. All gynogenetic diploid 
pro,lny were heterozygous at this locus (Table 3). The other 
locus (SSA20.19-2) was apparently homozygous for the "74 
allele in the fish described in this study, but is polymorphic 
for three alleles (*62, "72, and *74) in a population of pink 
salmon that we have examined from Likes Creek, Alaska. 
Similar results were found for the pSAT60 primers. Two 
females in this study were heterozygous, *109/113, at 
pSAT60-1 (Table 3), and hornozygous, *236/236, at pSAT60- 
2. Pink salmon from Likes Creek are polymorphic for more 
than 15 alleles (206-270 bp) at the second locus. Approxi- 
mately 60% of the gynogenetic diploid progeny were hetero- 
zygous at pSAT60-I (Table 3). 

Distribution of markers 
Figure 2 shows the distribution of y values for PINES, 

AFLPs, and microsatellites. The distribution of y values in 
PINEs and microsatellites is similar with many y values 
greater than 0.90. The few allozyme loci have a similar dis- 
tribution in that four of the nine loci have v values greater 
than 0.90 (Table 2). AFLP loci are much more proximal than 
the other classes of loci; the mean y for AFLP loci is 0.40, in 
comparison to a mean y of 0.69 for both PINEs and micro- 
satellites. 

We arbitrarily divided y-values for each class of markers 
into four regions (0-0.25, 0.26-0.50, 0.51-0.75, and 0.76- 
1.00) and used chi-square contingency analys~s to test for 
differences. The distribut~on of AFLPs is significantly differ- 
ent ( P  < 0.001) from the distribution of both PINEs &' = 
57.2, 3 d.f.) and microsatellites (x2= 24.6, 3 d.f.). The distri- 
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Fig. 1. Electropherograms for individuals with different geno- 
types at FGTl-1.2. The area under the curve at each peak (155 
bp and 157 bp) is proportional to the number of doses of each 
allele (*1 and *2, respectively). 

( c )  "1122 

butions ,of PINEs and microsatellites are not significantly 
different. The difference between AFLPs and other markers 
is primarily due to a near absence of AFLP loci with val- 
ues greater than 0.9 (Fig. 2). The significance of the differ- 
ences between AFLPs and other markers disappears if the 
0.76-1.00 class is left out of the contingency chi-square 
analysis (PINES: X' = 0.7, 2 d.f.; microsatellites: x'= 5.2, 2 
d.f.). 

Discussion 

The lack of evidence for unequal numbers of homozy- 
gotes supports our procedure for estimating y at dominant 
loci by assuming equal numbers of homozygotes. There is 
no evidence for differential survival of the two homozygous 
classes in the 58 comparisons made at codominant loci in 
which enough homozygotes were observed to detect a signif- 
icant difference. Based on the number of comparisons, i t  is 
somewhat surprising that we d ~ d  not detect deleterious reces- 
sive alleles which we expect would reduce the observed 
number of homozygotes at loci to which they are closely 
linked. Similar results have been found, however, for al- 
lozyme loci that have been examined in gynogenetic 
diploids in other salmonid species (Thorgaard et nl. 1983; 
Guyonlard 1986; Seeb and Seeb 1986; Johnson et al. 1987). 

Allendorf et al. (1986) suggested that the absence of 
evidence for recessive deleterious alleles in gynogenetic dip- 
loids may be associated with the redundancy in the salmonid 
genome because of polyploidy. 

There is little indication of differences in y-values within 
loci between families derived from odd- and even-year fe- 
males (Tables 2 and 3). There were 14 loci at which we esti- 
mated y-values in both odd- and even-year fish. We used 
Fisher's exact test to test for differences between the propor- 
tion of second-division segregation in odd- and even-year 
fish. Only one locus had a probability less than 0.05 (OG05, 
P = 0.014). This value is not significant if corrected for the 
14 independent tests (Rice 1989). 

Crossover interference 
The presence of a large number of loci with high y values 

is evidence for the presence of strong interference in the 
pink salmon genome, as has been found in other fishes 
(Thorgaard et al. 1983; Allendorf et al. 1986; Streisinger et 
al. 1986). The maximum value of y with no interference is 
0.67. In contrast to this expectation, 12 of the 34 micro- 
satellite loci have y values greater than 0.95. Similarly, 34 of 
the 101 PINE loci have y values greater than 0.95. The large 
number of loci with y values near 1.0 is the result of reduced 
recombination on the telomeric portion of chromosome arms 
due to interference. 

Comparison among species 
Numerous allozyme loci in salmonids have been mapped 

in relation to their centromeres (see review in May and 
Johnson 1993). Gene-centromere recombination data are 
available for sAAT3, sAAT 4ADA2, G3PDH1, PEPBI, and 
PEPD2 in pink salmon and other species (Table 6). 

Most loci show similar gene-centromere recombination 
rates in different species. However, PEPBI and sAAT3 do 
not map to the same location in relation to their centroinere 
in different species. For PEPBI, paired comparison between 
brook trout x Arctic char hybrids (spartic) and pink salmon 
is significant ( P  < 0.01), as is comparison between sparctic 
hybrids and rainbow x cutthroat trout hybrids ( P  < 0.01). 
For sAAT3, paired comparison between chuni salmon ( 0 .  
keta) and pink salmon is significant ( P  < 0.001), as is cornpar- 
ison between chum salmon and rainbow trout ( P  < 0.001). 

Most map distances between the same pair of loci in dif- 
ferent salmonid species have been found to be similar (May 
and Johnson 1993). Thus, a substantial proportion of the nu- 
merous chromoson~al rearrangements in salmonids appar- 
ently took the form of Robertson~an fusions and fissions. 
where entire chromosome arms were translocated intact. 
conserving linkage arrangement? among species (May and 
Johnson 1993). However. the lack of conservatiun of gene- 
centromere distance anlong sprcles suggests that other forms of 
chromosonie evolution occui~ed. potentially disrupting linkage 
associations on some cluomo5orne arms. 

Duplicated microsatellite loci 
All three pairs of microsatellite isuloci had !-values 

greater than 0.90. The telomeric location of these loci sup- 
ports the previous model for residual tetrasomic inheritance 
(Allendorf and Thorgaard 1984). All allozyme isoloci are 
telomeric as well (Allendorf et al. 1986; Johnson et nl. 
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Fig. 2. The distribution of second division segregation (y) for AFLPs, PINES, microsatellites, and all markers (including allozymes) 

0.45 0.45 
Microsatellites 0.40 

. - 0.40 
.- 0.35 8 0.35 - 0 
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Table 4. Half-tetrad genotypes at eight PINE and four AFLP codominant loci in family A95-103 

Progeny 

Locus Maternal genotype 1 1  12 22 Proportion heterozygotes ( y )  x?* 

33.6+2/5T384 354/387 7, 66 2 0.94 0.00 
5F745 7437748 3 3 0 37 0.00 0.23 
3H5T182 182/183 27 15 29 0.2 1 0.07 
5F5T217 2 17/232 0 70 0 1 .OO - 
5H5T76 76/77 27 19 22 0.28 0.5 1 
5H5T125 125/128 0 68 0 1 .OO 0.00 
5H5T224 224/249 22 27, 24 0.32 0.09 
5S5T203 203/207 3 5 5 30 0.07 0.38 
AAC/CGT157 15 7/155 2 1 23 18 0.37 0.23 
AA T/CTC2 93 2 93/2 95 15 30 20 0.46 0.7 1 
ACC/CAC328 328136 7 16 30 10 0.6 1 I .38 
AGNCTC204 204/205 2 8 13 2 6 0 19 0.07 

*Chi-\quare tr\t for zqu,ll nutnhrrs o i  h o m o ~ y g o ~ e s  ( I  d f ) 

1987). Homeologous pairing of chromosomes at distal loci 
apparently causes the exchange of alleles so that the same 
alleles will be present at both loci. 

The  gene-centromere distance for pairs of duplicated loci 
that did not share alleles varied. SSA20.19-1 had a y-value of 
1 .OO In one family; we did not map SSA20.19--7. pSAT60-I 
had an average y-value of 0.58 in two families; we  did not 
map pSAT60-2. Both prinler sets for these two pairs of du- 

plicated loci were described from species in the genus Salrno 
(5'. .scllnl- and S. tnitto, respectively) that have not shared a 
common ancestor with pink salmon or  other Oncorlzyt1c11lr.r 
species for approximately 4-5 million years (Grewe et al. 
1990). 

The  amplification of two loci with these primer sets 
reflects slow sequence divergence. Sufficient sequence simi- 
larity has been retained at both priming sites resulting in am- 
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Table 5. Half-tetrad analysls of FGT1-1,2. See text for explanation of estimation of y (proportion of second division segregation). 

Maternal genotype Progeny 

Family -1, -2 -1 -2 1111 1112 1122 1222 2222 v 
~ 9 5 - 2 9  1122 I D  m o o 20 2 o 42/44 = 0.95 
A95- 103 1222 1/2 2/2 0 0 0 69 1 69/70 = 0.99 
A95-114 1112 1/2 1/1 3 3 5 1 0 0 35139 = 0.90 
A95-120 1122 1/2 112 0 0 42 0 0 84/84 = 1 .OO 

23017-37 = 0.97 

Table 6. Frequency of second-division segregation (y) for six allozyme loci in salmonids. 

Locus Spec~es Y F N Reference 
sAA T3 Pink salmon 0.75 3 130 This paper 

Chum salmon 0.98 3 168 Seeb and Seeb (1986) 
Rainbow trout 0.66 2 67 Allendorf et al. (1986) 

sAA T4 Pink salmon 0.96 3 127 Thls paper 
Brown trout 1 .OO 2 35 Guyornard ( 1986) 
Sparctlc* 0.92 3 188 May and Johnson (1993) 
Splake4 0.94 4 119 hlay and Johnson ( 1993) 

ADA2 Pink salmon 0.96 1 54 This paper 
Cutbowt 0.96 7 113 Johnson et al. (1987) 

G3PDHl Pink salmon 1 .OO 1 79 This paper 
Sparctic* 0.92 3 157 May and Johnson (1993) 
Splake4 1 .OO 2 115 May and Johnson (1993) 
Splake4 0.96 1 29 Johnson et al. (1987) 
Rainbow trout 1 .OO 2 20 Allendorf et al. (1986) 
Char hybrid$ 0.87 2 47 Arai et al. (1991) 
Brook trout 1 .OO 1 7 Arai et al. (1991) 

PEPBl P ~ n k  salmon 0.10 1 42 Thls paper 
Cutbowt 0.12 8 152 Johnson et al. (1987) 
Sparcticr 0.26 2 148 May and Johnson (1993) 

PEPD2 Pink salmon 0.92 5 267 Thls paper 
Cutbowt 1 .OO I 12 Johnson et al. (1987) 
S!31ake4 0.90 2 42 Johnson et al. (1987) 

Note: F = number of female\, N = total number of progeny 
*Hybrid between brook trout (S(r1rciorrt~ jonfmalrs) and Arcric char (S nlplnus) 
$Hybrid between brook trout dnd IdLr [rout ( S  nn~nabc~rsh) 
'Hybrid between cutthroat [rout (011~orhv17thus clark~) and rainbow trout (0 rnyhlss) 
*Hybrid between brook trout ~ n d  Jdpdnebe char (S lerrtonlclen~~) 

plification of alleles at both loci. However, the divergence in The differences between markers can be explained in two fun- 
alleles present at these pairs of loci indicates that they are not damentally different ways. Fis t ,  the genexentromere distances 
involved in regular homeologous exchanges in pink salmon. of markers are genetic distances that may not reflect the 
T h e  absence of homeoiogo~ls  exchanges is compatible with physical location of markers. For example, there are regions 
the relatively low gene-centromere distance for pSAT60-1. of the chromosome in which recombination is suppressed. 
Although SSA20.19-1,2 is telomeric it may be located on a Markers will cluster in these regions based on linkage analy- 
chronlosome that is not involved in homeologous exchanges, sis despite being physically distributed i ~ n ~ f o r m l y .  In addl- 
or the rate of exchange is not sufficient to maintain the same tion, all markers beyond 5 0  c M  from the centromere will be 
alleles at both loci (Allendorf itnd Danzmann 1997). assigned a y of 1.0 using half-tetrad analysis if there is com- 

plete crossover interference; this will cause a clustering of 
Distribution of different marker types all distal loci. 

AFLP loci are distributed differently than the other classes Alternatively, markers may be physically arranged along 
of l o c ~  (Fig. 2). The mean y for AFLP loci is 0.40, in the chromosome in clusters. If so, the physical distance 
comparison to a mean y of 0.69 for both PINES and micro- would correspond to the spatial distribution e4timnted by 
satellites. The distribution of ?* at nine allozyme loci is similar gene-centromere distances. In this case. clustering of mark- 
to the other non-AFLP mashers w ~ t h  a mean . of 0.63 (Ta- ers would reflect that loci tend to occur in past~cular chro- 
ble 2). This is similar to the distribut~on of ? values at 25 mosomal regions. We can compare the results from various 
allozyme loci in rainbow tl.out (mean y = 0.56. Allendorf et marker types and use the results of mapping in other taxa to 
al. 1986). begin to differentiate between these two hypotheses. 
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Suppression of recombination in centromeric regions has 
been well documented. Roberts (1965) first described this 
phenomenon in Drosophiln and estimated a reduction in re- 
combination of up to 40% around the centromere. More re- 
cently, Tanksley et al. (1992) observed clustering of markers 
on a linkage map of tomato and concluded that this was due 
to a 10-fold reduction in recombination that corresponded to 
centromeric heterochromatin. This conclusion was supported 
using additional evidence from the physical map of tomato 
to locate centromeres (Ganal et al. 1989). Based on these re- 
sults, we might expect an accumulation of markers in centro- 
meric regions. 

Our data indicate a near absence of AFLPs in distal re- 
gions relative to the other marker types (Fig. 2). Linkage 
analyses in several other taxa also show a non-uniform dis- 
tribution of AFLP-based markers. Qi et al. (1998) assigned 
51% of the AFLP markers in barley to centromeric clusters. 
Similarly, Keim et al. (1997) reported a clustering of AFLP 
markers in soybean. AFLPs were also found in centromeric 
clusters in Ar~zbidopsis thaliana (Alonso-Blanco et al. 1998). 

Young et al. (1998) inferred from their haploid linkage 
map that AFLPs are centromeric in rainbow trout. This is 
based on the presence of a cluster of tightly linked AFLPs at 
the center of most of their linkage groups. This clustering in- 
cludes a much higher proportion of AFLPs than we have ob- 
served in pink salmon. However, comparisons between the 
rainbow trout map and the gene-centromere distances esti- 
mated in pink salmon must take into consideration the dif- 
ference in recombination rate between males and females. 
Their rainbow trout map was constructed using andro- 
genetically derived homozygous lines and is therefore based 
upon recombination rates in males. Our gene-centromere 
data from pink salmon estimates recombination in females. 
It has been previously reported that the recombination in 
males is lower than in females in salmonid species (May et 
al. 1989). Thus, we expect a tighter clustering of markers 
around the centromere in males than in females. 

It is possible that the distribution of AFLPs reflects a bias 
in the base composition of certain genomic regions. In both 
our study and that of Young et al. (1998) the restriction en- 
zymes EcoRI and MseI were used to generate the AFLP frag- 
ments. The recognition sites for these enzymes (GAATTC 
and TTAA, respectively) are highly biased toward A and T. 
At least some centromeric regions are also known to be >90% 
AT. 

This base pair composition bias may result in an accumu- 
lation of AFLPs near the centromeres. In  addition. Young et 
al. (1998) used an A as the first selective nucleotide on both 
primers. We also used an A on the MsrI primer, but we used 
a C on the EcoRI primer. Thus, i f  there is a centronleric bias 
in  AFLPs resulting from regional differences in geuomic 
composition, we w o ~ ~ l d  expect the AFLPs examined in min- 
bow trout to be even more biased toward AT-rich sequences. 

Young et ill. (1999) recently exnmined the distribution of 
AFLPs in soybeans and concluded that clustering wiIs asso- 
ciated with heterochromatic regions of reduced recombina- 
tion rather than a base conlposition bias. They found no 
correlntion between the percent GC in  each selective primer 
and clustering of AFLPs. In ndclition. analysis of AFLPs 
generated using EcoR1 nnd M.sr1 differed i n  distribution 
from those generated  sing P.stl and M.sPI. AFLPs produced 

using EcoRI, which is not affected by cytosine methylation, 
were highly clustered. In contrast, those produced using 
PstI, in which restriction is inhibited in methylated regions, 
were not clustered. Thus, it appears in soybeans, that the 
clustering of EcoRI-derived AFLPs can be attributed to 
regions of highly methylated heterochromatin, such as is 
found in centromeric regions. 

PINEs provide a good fit to our expectations for the distri- 
bution of loci (Fig. 2). There is a small cluster of PINE loci 
in centromeric regions, as expected if there is suppressed re- 
combination in this area. In addition, there is a large cluster 
of PINEs with y values approaching 1.0, perhaps reflecting 
the maximum distance from the centromere that can be de- 
tected using gene-centromere analysis with strong interfer- 
ence. 

We expected PINEs to most closely approximate a ran- 
dom physical location of markers due to the origin of the 
primers. We have produced PINEs using three different 
classes of repeats: SINES (HpaI, FokI, SmaI), a transposon 
( T c l ) ,  and a minisatellite (33.6, Jeffreys 1985). Each class of 
element is inserted into the genome by a different mecha- 
nism and is influenced by a different set of evolutionary con- 
straints; most of the PINE fragments that we have mapped 
were amplified by primers complementary to two different 
classes of elements. 

Greene and Seeb (1997) reported that fragments amplified 
using primers homologous to SinaI and Tcl were nearly all 
centromeric in pink salmon. However, they were unable to 
identify markers with large y values because they dld not 
have haploid segregation data from the same females. Thus, 
they could not distinguish between fragments with y values 
near 1.0 and fragments for which the female was not segre- 
gating, and could not detect the higher peak in the somewhat 
bimodal distribution of PINEs. Our results are concordant 
with Greene and Seeb (1997) if the markers with y > 0.7 are 
ignored in our data. 

It is important to identify any biases in the distribution of 
types of markers being used in the construction and consoli- 
dation of a linkage map. We have used half-tetrad analysis to 
demonstrate that using a variety of techniques provides a 
uniform coverage of the genome. However, other marker 
characteristics must also be considered when compiling the 
large number of markers needed for a linkage map. The 
AFLP technique provides many polymorphic markers and 
requires less DNA than the other techniques used; an impor- 
tant consideration for the analysis of haploid embryos 
(Spruell et al. 1999). However, the exceptional distribution 
of AFLPs appears to be common and may limit the utility of 
AFLPs for mapping distal regions of chromosonles and 
ident~fying quantitntive trn~t loc~ .  
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The tendency of microsatellites to be highly poly- this may be because of the difficulty in detecting cluster 
morphic is a major factor responsible for their popularity mutations in organisms that produce small numbers of 
as markers for ecological and evolutionary studies. Mi- offspring per generation. 
crosatellite polymorphism is generally attributed to slip- As stressed by Chambers and MacAvoy (2000), "a 
strand mispairing errors, causing the addition or deletion clear knowledge of the process of mutational change at 
of repeat ~lnits during replication (Levinson and Gutman microsatellite loci is imperative for the correct selection 
1987). Valdes, Slatkin, and Freuner (1993) found that of theoretical models upon which statistical methods can 
human microsatellite evolution appears to follow a step- be based" however, a knowledge of mutation dynamics 
wise mutation model (SMM) (Ohta and Kimura 1973). requires more information than is typically available. In 75 
Following the SMM, single repeat units are added or particular, a lack of inheritance data often precludes di- 
deleted with equal and constant probability across all rect evaluation of the markers used in population stud- 
alleles. Several statistical methods to evaluate patterns ies. However, this is not the case for many salmonid 
of microsatellite variability and differentiation that as- fishes that are commonly raised in hatcheries and for 
sume variants of the SMM have since been developed which many microsatellite markers have been developed 
(e.g., Goldste~n et al. 1995a, 199%; Slatkin 1995; Rous- (e.g., Scribner, Gust, and Fields 1996; Olsen, Bentzen, 
set 1996) and incorporated into wldely used software and Seeb 1998; Banks et al. 1999). In this paper, we 
prognms such as GENEPOP (Raymond and Rousset examine the transmission of nine microsatellite loci in 
1995). 50 families to evaluate the dynamics of microsatellite 

Although slippage during replication clearly plays mutations in pink salmon (Oncorhyncus gorbuschal. 
a key role in the overall instability of the microsatellites We raised families of pink salmon by randomly 
(reviewed by Eisen 1999), mounting evidence indicates pairing mature adults collected in Resurrection Bay, 
that microsatellite mutation dynamics are more complex Alaska. We collected embryos from each of the families 
than is reflected by the SMM. Numerous examples of after eye pigment became apparent in the embryo. We 
mutations that do not constitute single repeat unit chang- extracted DNA &om the embryos and fin clips taken 
es or those that reflect heterogeneity or bias in the mu- &om adults using the Puregene" DNA isolation kit 
tational processes of particular loci or alleles have been (Gentra Systems Inc., Minneapolis, Minn.). We ampli- 
documented (see reviews by Ellegren 2000a, 2000b and fied microsatellites using primers for salrnonid fishes de- 
Schlotterer 2000). In particular, the lengtl~, type, and veloped in other laboratories: OGOlc and O G 0 8  
n~unber of repeat units have been identified as important (Ogolc and Ogo8, Olsen, Bentzen, and Seeb 1998); 
factors contributing to the complexity of microsatellite OMY301 (Omy30lUoG, R. Danzrnann, personal com- 
evolution. munication): OMYRGT6-1,2 (OmyTRG6/I,iiTUF, N. 

Mutation events occurring early in gametogenesis Okamoto, personal communication); ONEp3 (Onep3, 
can further complicate mutation dynamics. An under- Scribner, Gust, and Fields 1996); OTSl (Otsl, Banks et 
lying assumption of many population genetics models is al. 1999); SSA20.19-1,2 (p-20.19*, Sanchez et al. 1996); 76 
that mutations occur and enter the gene pool indepen- and SSA40R (Ssa408, M. Cairney, personal communi- 
dently. However, Woodruff and Thompson (1992) found cation). We used fluorescent primers and followed the 
that as many as 20% of new mutations detected in large- PCR conditions recommended by the original authors. 
scale Drosophila screens did not occur as independent We visualized PCR products with a Hitachi FMBIO-100 
events but rather represented clusters of identical mutant or FMBIO I1 fluorescent imager after electrophoresis in 
alleles sharing a common premeiotic origin. Subse- 4.5% denatluing polyacrylamide gels. We scored alleles 
queatly, Woodruff, Huai, and Thompson (1996) have relative to commercial size standards (BioVentures, 
shown that the occurrence of premeiotic cluster muta- Inc.). 
tioils can not only bias estimates of mutation rates but For the seven loci isolated &om species other than 
can also influence basic population genetic processes piilk salmon, we determined the repeat arrays in pink 
such as fixation probabilities. Cluster mutations have salmon by sequencing at least one allele. If multiple 
been documented at microsatellite loci In only two spe- products were produced in the PCR reaction, we isolated 

74 cies: pipefishes (Sygnarlrus ypl~le ,  Jones et al. 1999) and bands in 3%-4% agarose gels. We then either purified 
green turtles (Chelotrra mydas, FitzSirnrnons 1998). and sequenced the bands or rearnplified, purified, and 

72 However, as pointed out by Ellegren (2000a, 2000b), sequenced them with both the forward and reverse prim- 
ers. We purified PCR products with Qiaquick" columns 
(Qiagen) following the supplier's protocol. Dlrect se- 

Key words microsatell~tc,  mutation, salmon, Onrorh,vncur 
gorh~rwlrn quencing of PCR products was performed by n com- 

mercial laboratory. We d ~ d  not sequence alleles from the 
Address for correspondence .and reprlnts Fred W Allcndorf. DI- 

vlslon of Biolog~cal Sclences, Un~versrty of kfonr,ana, Mlssouln. kfon- two loci that were developed From pink salmon (OGOl c 
t,mn 59812. E-mall &rw~n@ selway umt cdu and OGOX). 
.%fd R,OI Evnl I Y ( ~ )  00-000 2002 We initially genotyped parents and 10 progeny 
b 2002 hy the Socie~) to r  \ lo i rvul ,~r  Hlolugy arid E\l, luuon 1sSN 071740.18 from cach of the 50 families. Alleles present In progeny 
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that were not present in either of that individual's par- 
ents were considered to be mutants after confirming that 
correct parentage could be assigned at the other loci. 
The progenitor of the mutant allele was assumed to be 
the parental allele that was closest in size to the mutant 
allele. Because we detected multiple mutations at 
SSA408 in progeny from two of the families (98-23 and 
98-26) in the initial analysis, we analyzed all the re- 
maining embryos available from these families (38 and 
40 embryos, respectively). To increase our sample size, 
we also genotyped 36 additional progeny kom each of 
the five randomly selected families. 

OLU sequence analysis of alleles at six of the seven 
loci originally developed from other salmonids con- 
firmed that these markers comprise similar microsatel- 
lites in pink salmon (table 1). The one exception 
(OMlXGT6-1,2) is a duplicated locus that was reported 
as a CA repeat in rainbow trout (Oncorli,vnchus mvkiss, 
Sakamoto et al. 2000, table 1). In pink salmon, PCR 
amplifications using OMYRGTfi-1,2 primers consistently 
produced a smaller band that is present in all individuals 
as well as larger polymorphic bands that segregated after 
Mendelian inheritance. The polymorphic OMYRGTli-1,2 
locus in pink salmon contains a CACT repeat array, and 
the smaller monomorphic locus contains the short inter- 
rupted repeat (CA),-TA-(CA), (table 1). The flanking 
sequences of the rainbow trout CA repeat and the p u ~ k  
salmon CA and CACT repeats can be readily aligned, 
suggesting that OMYRGT6-I and OMYRGT6-2 have 
evolved two different microsatellite arrays. In the xain- 
bow trout, the two copies of 01kfYRGT6-1,2 map to dif- 
ferent linkage grouips (Sakamoto et al. 2000). However, 
whether these loci comprise different microsatellite ar- 
rays in the rainbow trout has not been determined (T. 
Sakamoto, personal communication). 

We detected mutations only at the two loci that 
have the greatest number of alleles in the parental pop- 
ulation (OGOlc and SSA408, table 1). Both these loci 
are composed of tetranucleotide repeats, whereas the 
other seven loci comprise a mixture of simple and in- 
tem~pted dinucleotide repeats (table 1). These data are 
consistent with the findings of other studies, suggesting 
that tetranucleotide repeats have higher mutation rates 
than dinucleotide repeats (Weber and Wong 1993; Lee 
et al. 1999: Ellegren 20000. 2000b). However, mutation 
rates can also depend on allele size (e.g., Schlotterer et 
al. 1998): the relative importance of repeat motif versus 
allele size on mutation rates at these nine loci is not 
known. In total, 24 of the 758 progeny analyzed had 
genotypes best explained as resulting from mutation 
events. Five of the muitations were at OGOlc and 19 
were at SSA408 (table 2). All these progeny had geno- 
types at all the other loci that were consistent with their 
parents. In addition, the second allele at the locus con- 
taining the p~itative mutation was shared with one parent 
(table 2 ) .  

At SS.4408 in the family 98-26, the 320-bp mutant 
allele was transmitted to 9 of the 50 embryos, and in 
thc family 98-23, LIIC 370-bp ln~itant allcle was trans- 
mitted to 4 of the 48 embryos (tablc 2). Thcsc clusters 
of identical mutations suggest that many novel alleles 
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Table 2 
Microsatellite Mutations Observed in Pink Salmon Families 

Sm CHANGE OF 

P A R W ~ L  G E N O ~ ~ P E S ~   MUTATION^ 
PROGENY G E N O ~ E S ~  

Dam S ~ r e  No. No. 
Locus FAMTLY alh cld alc ald hlc hid Genotypes Not Matchlng Parents (No.)  Increase Decrease 

SSA408.. . . 98-15 3341382 3221370 14 9 9 13 3341374 ( 1 )  l ( 1 )  - 
98-19 =I350 3781404 15 12 8 10 3421404 ( 1 )  1 ( 1 )  - 
98-22 3341401 3501366 4 1 1 2 3341354(1)  1 ( 1 )  - 
98-23 3261382 3661386 7 18 8 9 3261370 ( 1 )  3821370 (3)  3261362 (2 )  4 ( 1 )  2 ( 1 )  
98-26 3161404 3121450 9 12 12 S 3201450 ( 4 )  3201312 ( 5 )  9 ( 1 )  - 
98-34 3541386 3701% 12 10 6 17 3451444(1)  1 ( 1 )  - 

Total 17 (6 )  2 ( 1 )  

OGOlc . .  . . 98-44 3421350 4081174 1 1 3 3 342N78 ( 1 )  1 ( 1 )  - 
98-51 2951366 3031362 1 2 4 2 2951366 ( 1 )  1 ( 1 )  - 
98-71 2691420 3461450 8 16 10 8 4201446 ( 2 )  - - 2 ( 1 )  

alac c l d  - 
98-64 3481348 3091% 5 4 0 0 3481444 ( 1 )  - 1 ( 1 )  

Total 2 ( 2 )  3 (2) 

'The mobt likely pro_uenitor of the mutanr allele (selened on the bavls of blzc s~mi la r~ ty )  1s underllned 
'The mutant allele la rndrcated by bold-face type, and the number of each mutant yenotype observed is ~ndicared ( n ) .  
&The number in p a r e n t h ~ l s  rb the number of mutallon events inferred, abbum~ng that multiple copres of the barne mutant allele within a famrly resulted from 

a srnpie mutation event 

that appear in a population may reflect mutations that 
occurred quite early in development. In sexually repro- 
ducing animals, gametes develop fiom primordial g e m  
cells (PGCs) that differentiate kom the somatic cells 
during the first several divisions in the developing zy- 
gote. These cells eventually migrate to the area of gon- 
adial development where the germ cells are produced. 
The number of PGCs produced varies among organisms 
(see review by Matova and Cooley 2001). 

In zebrafish (Danio ren'o), researchers combining 
morphological and mRNA expression studies using 
genn line markers have recently determined that by the 
5-somite (32-cell) stage and until about the 1,000-cell 
stage, there are four PGCs (Braat et al. 1999). During 
their migration toward the gonads, the four PGCs give 
rise to a total of 20-30 cells that populate the gonad 
and differentiate into germ cells (Braat et al. 1999). If 
a mutation occurs in one of the original four PGCs (and 
there is no attrition of cell lines), approximately one out 
of eight (12.5%) of the progeny should inherit the mu- 
tant allele. If gametogenesis is similar in pink salmon, 
our findings of 9 identical mutant alleles out of the 50 
transmitted maternally (18%) in family 98-26'and 4 of 
the 46 identical mutant alleles (8.7%) transmitted pater- 
nally in family 98-23 suggest that each of these muta- 
tions likely occurred either in one of the four PGCs or 
in the subsequent one or two generations of cells that 
poptllated the gonad. 

The occurrence of clustered mutations residts in 
noniuliform distributions of novel alleles in a population 
which could influence interpretations of mutation rates 
and patterns as well as estimates of genetic population 
structure. For example, Woodruff, Huai, and Thompson 
(1996) have shown that mutant alleles that are a part of 
clusters are more likely to persist and be fixed in a pop- 
ulation than mutant alleles entering the popillation in- 
dependently. In the present study, 15 of the 24 mutant 
alleles detected at SSA408 (54%) apparently resulted 

kom premeiotic mutations. Jones et al. (1999) similarly 
found that a high proportion (40%) of new mutants ob- 
served in oioefish occurred in clusters. . . 

We estimated mutation rates by counting each mu- 
tant allele detected as one mutation, regardless of wheth- 
er the allele appeared to be part of a mutational cluster. 
However, we only included randomly selected individ- 
uals in this analysis (i.e., we eliminated the 78 additional 
progeny fiom families 98-23 and 98-26 that we analyzed 
because we had detected multiple mutations in our ini- 
tial analysis). The remaining 11 mutations in 1,300 
transmissions at SSA408 and 5 mutations in 1,278 trans- 
missions at OGOlc yield mutation rate estimates of 
0.0085 (0.0042-0.0151) and 0.0039 (0.0013-0.0091) 
mutations per gamete, respectively, with the numbers in 
parentheses being the 95% Poisson confidence intervals. 
We did not detect mutations ar any of the other seven 
loci; the upper 95% confidence limit using a Poisson 
distribution for detecting zero mutations in 1,300 trans- 
missions is 0.0028. The proportion of mutations ob- 
served varied significantly among the nine loci (contin- 
gency chi-square, P < 0.001). However, our mutation 
rate estimates for all the loci are within the range re- 
ported for other organisms (see Ellegren 2000b, table 
1 \ 
1 I .  

All the mutations detected were size changes of 
foiu bases (table 2) which is consistent with single-step 
addition or deletion mutations at both SSA408 and 
OGOlc. Determining to what degree our data reflect a 
tendency for mutations to result in size increases or de- 
creases depends on how mutations are counted. If all 
mutations are treated as single events, 17 mutations at 
SSA408 reflected size increases and two reflected size 
decreases (table 2). Similarly, two mutations detected at 
OGOlc restilted in size increases and three restilted in 
size decreases (table 2 ) .  Alternatively, treating all with- 
in-family clusters of the same mutant allele as single 
mutations that were propagated during gametogenesis 
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reduces the number of size increases at SSA40R to six 
and size decreases to one (table 2). Similarly, because 
two of the progeny in family 98-71 share the same mu- 
tation at OGOlc, the number of size decreases would 
be two rather than three (table 2). 

Is the S M M  appropriate for pink salmon microsat- 
ellites? All 11 o f  the unique mutations detected in this 
study were consistent with the addition or deletion of a 
single repeat unit, which is in accordance with the 
SMM. Furthermore, our data reflect a high incidence of 
homoplasy, as 7 of the 11 different mutant alleles de- 
tected were alleles already present in other families in 
this study (E. K. Steinberg et al., ilnpublished data). Be- 
cause SMM-based estimators assume that alleles of sbn- 
ilar sizes are related, these estimators are expected to be 
more accurate in  the presence of  size homoplasy than 
estimators that assume all mutations are independent 
and result in novel alleles (Estoup and Angers 1998). 
These findings suggest that genetlc differentiation esti- 
mators based on the SMM would be appropriate. How- 
ever, we also detected a tendency toward size increases 
in mutant alleles. Estoup and Angers (1998) recommend 
comparing results from estimators based on different ~tn- 
derlying mutational models for concordance because it 
is not clear how different types of mutational biases af- 
fect SMM-based estimators. Given our findings, we 
agree wrth this recommendation. 

The duplicated locus OMYXGT6-1,2 apparently 
comprises two different microsatellite arrays in pink 
salmon. In rainbow trout, the two copies of this dipli- 
cated locus map  to different linkage groups (Sakamoto 
et al. 2000). However, whether these loci comprise dif- 
ferent microsatellite arrays in rainbow troilt has not been 
analyzed (T. Sakarnoto, personal communication). It 
would be informative to compare the sequences of 
OMYRGT6-I and OMYRGT6-2 in  rainbow trout, as well 
a s  other salrnonid fishes, to study the evolution of these 
two divergent paralogoils microsatellite loci. Salmonid 
fishes have undergone extensive gene duplication com- 
pared with other organisms, having diverged from a tet- 
n p l o i d  ancestor approximately 25-50 MYA (Allendorf 
and Thorgaard 1984). Given the prevalence of  duplicat- 
ed  loci in salmonid fishes, these organislns may provide 
an exceptional opportunity to use comparative approach- 
es  to study the molecular evolution of microsatellites. 

In conclusion, we found evidence for heterogeneity 
in the rates and patterns of mutation among loci, sug- 
gesting that no single model will likely represent the 
complexity underlying the evolutionary dynamics of mi- 
crosatellites. Our findings add to the evidence in support 
o f  the argument made by Woodruff, Huai, and Thomp- 
son (1996) that the occurrence of premeiotic cluster rnu- 
tations may play an important role in the evolutionary 
dynamics of microsatcllites. Finally, our identification of 
duplicated microsatell~te loci comprising different repeat 
m a y s  indicates that the use of  comparative analysis to 
study mutation dynamics (e.g., Amos 1999) could be 
misleading if the dupl~cntion is not detected. 
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ABSTRACT: 

We constructed a genetic linkage map for pink salmon (Oncorhynchus 

gorbuscha) consisting of 609 polymorphic loci assigned to one of 44 linkage groups. The 

map covers 6472 cM with an average resolution of 8 cM. Gene-centromere distance for 

3 19 of these loci were estimated using gynogenetic diploid individuals. The gene- 

centromere data allow us to locate the centromere on 19 linkage groups and to determine 

the degree of interference in some linkage groups. 



INTRODUCTION: 

Salmonid fishes diverged from a single tetraploid ancestor approximately 25-50 

d o n  years ago ( AUendorf and Waples 1 996). Residual tetrasomic inheritance still 

occurs at some loci in males, but only disornic inheritance has been reported in females. 
I 

The persistence of disomic segregation in females suggests that the tetrasomic ratios in 

males result fiom distal recombination between homeologous chromosomes (Wright et al. 

1983, Allendorf and Danzmann 1997). This can be explained conceptually by a two-stage 

model of pairing in which, first, homologous chromosomes pair and recombine in the 

proximal region of the chromosome. Next, homeologous chromosomes pair and 

recombine distally. Yet, if the crossover nearest the centromere determines the pattern of 

disjunction (Burnham 1962), then each gamete would receive one copy of each homolog, 

allowing continued disomic segregation in females. 

Extensive gene duplication in salmonids has made genetic interpretations more 

complex than in species without a polyploid ancestry. Isoloci were originally described as 

pairs of duplicated allozyrne loci whose allelic products have identical electrophoretic 

mobility (Allendorf and Thorgaard et al. 1984). It has been hypothesized that genetic 

divergence between isoloci has been prevented by the chromosomal exchanges between 

homeologs as described in the previous paragraph. 

Pink salrnon have a fixed two-year Life cycle (Heard 1991). This is a shorter 

generation time than most other salmonid species which is helpfbl for genetic 

investigation. In addition, the fmed two-year cycle in pink salmon has resulted in nearly 

complete reproductive isolation between odd- and even-year fish. Chromosomal 

differences have been reported between odd- and even-year fish in the same geographical 

area (Phillips and Kapuscinski 1988). Gharrett et al. (1 999) have also demonstrated 

outbreeding depression in experimental crosses between the two year classes. Based on 

these results, we would expect to find differences in linkage distances for some loci 

between odd- and even-year fish. 

Genetic linkage maps and gene-centromere mapping have become a relatively 

common tool used to determine where loci are located relative to each other and on each 

chromosome. Detailed linkage maps exist for several fish species such as, Oncorhynchus 



mykiss, and Danio rerio. Through the comparison of linkage maps we can gain a better 

understanding of how salmonid genomes have evolved. 

In this paper we describe a genetic linage map constructed for pink salmon 

(Oncorhynchus gorbuscha). We expected this map to be large based on the duplicated 

genome in salmonids and the higher rate of recombination detected in females. Our results 

support the model that isoloci are more likely located farther out on the chromosome arm. 

MATERIALS AND METHODS: 

Samples: Gametes and tissues of 3 1 pink salmon were collected fiom the Prince 

William Sound Aquaculture Corporation's Armin F. Koernig (AFK) hatchery, Prince 

William Sound, Alaska in August 1995. Gametes and tissues of 22 pink salmon were 

collected fiom the Valdez Fisheries Development Association's (VFDA) Solomon Gulch 

Hatchery, near Valdez, Alaska in August 1996. Both of these hatchery stocks originated 

from adult fish collected at several spawning sites in Prince William Sound, Alaska. 

Haploid Gynogenesis: Families of gynogenetic haploid embryos were proc!uced 

by sperm inactivation (Thorgaard et al. 1983). Sperm fiom four males was pooled for the 

odd-year crosses, individual males were used for the even-year crosses. UV irradiated 

sperm was mixed with the eggs fkom individual females; producing 15 odd-year and 12 

even-year families . Embryos from these families were incubated until just prior to 

hatching when they were collected and preserved in ethanol. 

Muscle, liver, heart, and eye tissues were collected f?om the parents and fiozen at 

-80" C until analysis. Embryos wer.e dissected away fiom the egg chorion and yolk sack. 

DNA was isolated using the Puregene(TM) DNA isolation kit (Gentra Systems Inc.). The 

concentration of DNA was determined using a scanning spectrofluorometer. DNA 

extractions from haploid embryos yielded an average of 45.30 pg of DNA. 

Prior to segregation analysis, all putative gynogenetic haploid individuals were 

screened to eliminate diploids that could be produced by the failure of sperm inactivation. 

A Y chromosome-specific growth hormone pseudogene was used to identify diploid males 

and six single copy microsatellite loci to identify diploid females (Spruell et al. 1998). 



Diploid Gynogenesis: Families of gynogenetic diploid embryos were produced as 

described by Thorgaard et al. (1 983). Lindner et al. (2000) describes analysis of 

gynogenetic diploid progeny. 

Markers: 41 microsatellite loci were amplified as reported by the original authors 

with minor modifications. The annealing temperature and reference for 27 of these loci is 

reported in Lindner et al. (2000). An additional 14 loci were analyzed (Table 1). 

Products from unlabeled primers were fluorescently tagged by incorporating a TAMRA 

labeled dUTP or dCTP (Perkin & Elmer) during PCR. All PCR products were 

electrophoresed in a 7% denaturing polyacrylarnide gel and visualized with a Hitachi 

FMBIO-100 or ABI 377 fluorescent imager. 

Enzyme electrophoresis followed Aebersold et al. (1987); tissue and buffer 

combinations were those described in Seeb et al. (1 999). Amplified fragment length 

polymorphism (AFLPs) and Paired Interspersed Nuclear Elements (PINES) were 

amplified as described in Spruell et al. (1 999). 

Nomenclature: Females and families are designated using the first letter of their 

origin (A=Arrnin F. Koernig, V=Valdez Fisheries Development Association), the year of 

reproduction, and a sequential number. For example, family A95-103 contains the 

progeny from female 103 collected at Armin F. Koernig hatchery in 1995. Nomenclature 

for allozyme loci follows Shaklee et al. (1990) and Seeb et al. (1998). Genetic 

nomenclature for microsatellites, AFLPs, and PINEs follow Spruell et al. (1 999). 

Selection of a Reference Family: Family A95-103 was chosen as the reference 

family to generate an odd-year pink salmon linkage map based on the number of embryos 

produced and on results fiom an initial screening for polymorphic microsatellite loci. 

DNA was extracted from 150 putative haploid embryos in this family. Based on 

microsatellite and Y-linked pseudogene data we detected 29 diploid individuals and 

eliminated them from subsequent analysis. Ninety-four of the remaining 13 1 embryos 

contained sufficient DNA for extensive analysis. Seven of the 77 gynogenetic diploid 

individuals were eliminated based on the presence of alleles not present in their mother. 

Gene-centromere mapping studies were conducted on the remaining 70 individuals. 



Family V96- 1 3 was chosen to generate a complementary even-year linkage map 

based on an acceptable number of embryos produced in this family and because 

preliminary screening showed the mother to be heterozygous at a gene of known function, 

MHCBa2. DNA was extracted from 162 putative haploid embryos and tissue of 54 

gynogenetic diploid individuals. For the convenience of using 96 well microtiter plates, 

DNA is being analyzed for a subset of 95 haploid embryos and the mother. Gynogenetic 

origin was confirmed as described in Spruell et al. (1 999). We detected evidence of non- 

maternal alleles (i.e. due to incomplete sperm inactivation) in 4 of the 95 putative haploid 

embryos and none of the 54 putative gynogenetic diploids. One additional haploid embryo 

has been excluded fiom hrther analysis based on degraded DNA resulting in the 

production of poor PCR products. Currently mapping analysis of female V96- 13 is based 

on 90 haploid and 54 gynogenetic diploid individuals. 

Linkage Analysis: We used MapMaker software (Lander et al. 1987) to assign 

markers segregating in haploid progeny to M a g e  groups. Grouping of markers used a 

minimum LOD score of 4.0 and a maximum recombination fraction (9 of 0.28 (P<0.001). 

The linkage phase of the markers was unknown. Therefore, the segregation pattern of 

each locus was entered into the program in both possible phases. The Kosambi mapping 

function was used to calculate the genetic distance. The MapMaker "ripple" function was 

used to c o n f i  the best order. 

Gene-centromere distances were estimated for 3 19 polymorphic loci using 70 

gynogenetic diploid progeny from female A95- 103. In addition, gene-centromere 

distances were estimated for 40 polymorphic loci using 54 gynogenetic diploid progeny 

fiom female V96-13. Dominant markers can be used to estimate the fiequency of second 

division segregation if the female is known to be heterozygous through segregation 

analysis. Without segregation analysis, the presence of a fiagment in all progeny could 

result either from the female being homozygous or from a high fiequency of second 

division segregation. 

A program written in FoxPro computer language was developed (Weaver, pers. 

corn.) to determine linkage associations of loci for the gynogenetic diploid segregation 



data. The power to determine non-random association between loci is inversely related to 

their distance fiom the centromere. Therefore, only loci with a* 0.79 were included in 

the analysis. AU painvise comparisons of these loci were evaluated for significant non- 

random associations using the chi-square test with a cutoff of X2 = 11 .O (p<0.005). 

Interference analysis: Interference was estimated fiom gene-centromere data 

using the analysis described in Zhao and Speed (1 999). Segregation data fiom at least 

two loci in the same linkage group with y values < 1.0 are required for this analysis. 

Interference for the haploid data was estimated using the traditional method of 

analyzing the number of recombination events across three loci of known order. The 

coefficient of coincidence (cc) was calculated as the ratio of observed double 

recombinants to the expected number of double recombinants assuming no interference. 

Interference was calculated as 1 -cc. 

RESULTS: 

A95-103 haploid linkage map: We assigned 553 of the 596 markers analyzed for 

segregation in family A95- 103 to one of 44 linkage groups covering a distance of 4550 

cM (Figure 1; Tables 2 and 3). Given the haploid number of 26 chromosomes for pink 

salmon, our mapping efforts produced 18 extra linkage groups. Taking into account the 

extra linkage groups and 43 unassigned markers as well as the distance to the telomeres 

we estimate the size of the pink salmon genome to be 6472 cM. The haploid pink salmon 

genome is approximately 2.72 billion base pairs or 2.72 million kilobase pairs (kpb; 

Johnson et a1 1987b); thus, we estimate approximately 420 kbp/cM. 

Each of the 41 microsatellite loci analyzed for linkage in female A95-103 was 

assigned to one of the 44 linkage groups. Segregation analysis of four loci Fgtl-I,2, 

Ogo 7-l,2, OmyFGT2 76- l,2, and Ocll-I, 2 identified these loci as being duplicated 

(Lindner et al. 2000). OmyFGT276-1,2 and Ocll-1,2 were the only duplicated loci for 

which female A95-103 was polymorphic at both loci allowing all four loci to be mapped. 

Each locus of the duplicated pair mapped to different linkage groups, OnlyFGT276-I & -2 

linked to LGl8 and LG53; Ocll-I & -2 linked to LGl9 and LG40 respectively. In 

additional loci such as, ,d?a160-1,2, Fgf2.5-I, 2, Oki3-1,2, Fgt34-1,2, Omy008-1,2, and 



Ssa2O. 19-1,2 only one of the duplicated pair segregates in female A95-103. These loci 

were confirmed to be duplicated through segregation analysis in different pink salmon 

families (unpublished data). Additional segregation analysis identified a PCR null allele at 

Ssa197, One2, and OmyFGT2 76-2. A null allele was identified when half of the haploid 

progeny amplified the same allele present in female A95-103 and half did not amp& any 

product (Spruell et al. 1999). 

AFLPs and PINES amplified the greatest number of reproducible polymorphic loci, 

393 and 162 respectively (Table 3). A total of 5 19 of the AFLP and PINE polymorphism 

are presence 1 absence differences. In addition, ten of the AFLP polymorphism and eight 

PINE polymorphism appeared to be caused by a length polymorphism within a fragment. 

For all of these polymorphism, individuals have one of two dfierent sized fragments 

produced by the same primer combination (Spruell et a1 1999). 

We analyzed 168 AFLP and 10 1 PINE loci in gynogenetic diploid progeny at 

which female A95- 1 03 is heterozygous for the presence or absence of a product based on 

haploid progeny (Spruell et al. 1999, Lindner et al. 2000). In addition, gene-centromere 

data was collected for five allozyme loci (sAAT3, CKC2, ADA2, GDAI, and PEPD2) and 

39 rnicrosatellite loci in female A95-103. 

A total of 2 1 6 out of 3 19 loci met the gynogenetic diploid linkage analysis criteria 

discussed above. Only two of the five allozyrne loci polymorphic in female A95- 103 could 

be included with a y l0 .79  (CKC2 ~ 0 . 2 9  and GDAl y=0.35). We detected 365 non- 

random associations between pairs of loci ( X 2  L 1 1.0). Of these pairwise associations, 

28 1 confirmed linkage previously detected with the haploid data. However, 60 non- 

random associations are between loci from two different linkage groups based on the 

haploid data. There were two or more significant painvise associations between ten pairs 

of linkage groups. Two separate linkage groups based on the haploid data were 

consolidated to one linkage group, LG40, based on the gynogenetic diploid analysis. 

Linkage analysis conducted for allozyme and rnicrosatellite loci in 16 normal 

diploid plnk salmon families resulted in the addition of 11 allozyme loci to the A95-103 

haploid map. Five allozyme loci are linked to rnicrosatellite loci already placed on the map 

using the haploid data (Table 4). One allozyme locus, CKC2 is linked to two linkage 



groups. Based on the gene-centromere data fiom female A95-103 CKC2 is linked to 

three loci in LG53, OmyRGT43 (X2 = 22.03), ACG/CAA240 (X2 = 14.54), and 

ACC/CAAI 06 (X2 = 13.88). Based on the normal diploid data fiom family A95- 103 this 

locus is linked to pStr60-1,2 in LG 25 (rf = 0.348, X" 4.26; Table 4). 

V96-14 haploid linkage data: Data fiom family V96-13 was used to support 

linkage relationships in the even year map as well as to include additional loci for which 

female A95-103 did not segregate. We assigned 102 of the 123 loci analyzed for 

segregation in family V96-13 to one of 33 linkage groups. 25 of the 41 microsatellite loci 

that segregated in family V96- 13 also segregated in family A9.5- 103. Six linkage 

relationships are conserved between the two families (A95-103 and V96-13). One gene of 

known function MHCBa2 is linked to a microsatellite locus (Str60-2) and two PINE loci. 

Interference: The degree of interference was estimated in nine linkage groups 

based on both half-tetrad (gynogenetic diploid) data as well as haploid data (Table 5). 

The two methods used to estimate interference agree on the degree of interference in only 

one of the nine comparisons (LG8; Table 5). In four cases (linkage groups 27,33,34, 57) 

the estimates were very close, either high or complete interference. In three of the four 

cases (linkage groups 2, 25, and 40) when the two methods do not agree, the half-tetrad 

analysis resulted in high or complete interference and the haploid data results moderate to 

no interference. In one comparison (LG5) the half-tetrad data resulted in no interference 

and the haploid data resulted in moderate interference. 

Interference analysis of half-tetrads across six loci in LG2 results in an estimate of 

high interference. A subset of two loci from this group (RGT6 and 5H5T22-I) was 

analyzed using the half-tetrad method, and no interference was found. 

Discussion: 

-Linkage map: A total of 603 polymorphic loci have been analyzed to construct 

the pink salmon linkage map (Figure 1 ,  Table 3). Yet, the presence of extra linkage 

groups and unllnked markers indicates that more loci need to be added to consolidate the 

map. A large number of linkage groups (54%) consist of ten or fewer loci. In addition, 13 

linkage groups (33%) are composed of markers with y 2 0.46 indicating they are more 



telomeric sections of the chromosomes and need to be linked to the appropriate 

centromere. A majority of the markers mapped on our linkage map are AFLPs (Table 3) 

which have been reported to be biased toward the centromeric region (Young et al. 1998, 

Lindner et al. 2000). This may contribute to our dficulty in linking telomeric M a g e  

groups to their appropriate centromeric region. The gene-centromere data is limited in 

helping to consolidate these telomeric groups due to the lack of power to assess linkage in 

markers located far fiom the centromere. We need to place more intermediate loci on the 

map in order to consolidate these linkage groups. 

Gene-centromere data allowed us to locate the centromere on 19 linkage groups 

(y< 0.05). Of these groups the centromeres is metacentric in ten linkage groups (Figure 

1). Ref? found that # of the 26 chromosomes in pink salrnon are metacentric indicating 

the need to link chromosome arms to the appropriate centromere. Ten pairs of linkage 

groups are potentially linked to each other based on multiple non-random associations 

between pairs of loci in the gene-centromere data. If we relax the LOD to 3.0, one of 

these pairs of groups (LG34 & LG28) link to each other. However, when the haploid data 

is reanalyzed for all of these pairs of linkage groups we were unable to consolidate the 

groups without very large recombination eactions. 

The estimated size of the pink salmon genome is consistent with maps constructed 

in other fishes (Table 6). Due to the polyploid ancestry and the increased recombination 

rate in females we expect our estimate of genetic size for pink salmon to be approximately 

twice that of non-polyploid or male based maps. 

Markers: The AFLP technique is especially useful when building a map based on 

haploids for two reasons. First, many bands are produced per reaction and, therefore, 

more scoreable polymorphic loci are produced per unit effort. Second, less genornic DNA 

is required; the selective amplification step uses a sub-sample of the PCR products of the 

preamplification. Up to 133 selective amplifications can be completed fiom a single pre- 

amplification that originally used only 0.5 pg of genornic DNA. This technique allows the 

addition of many loci without the relatively large amount of DNA required for other 

techniques. 

Comparative mapping: Approximately 25-1 00MYA the salmonids shared a 



common ancestor. Through comparative mapping we can start to examine how genomes 

evolve into different species. Two of the linkage relationships in pink salmon agree with 

the results of the composite salmonid linkage map constructed by May et al. 1987. 

MDHBl-2 and F H  link to LG13 in the composite salrnonid map and both are assigned to 

LG19 in pink salmon. In addition, PEPD2 and GPIBl,2 are assigned to LG4 on the 

composite map and assigned to LG40 in pink salmon. 

Of the 35 microsatellites on the pink salmon linkage map, 25 are included on the 

rainbow trout map (Sakamoto et al. 2000). Two loci, Omy301 and Ssa197 are assigned 

to one group in both pink salmon (LG27) and rainbow trout (B). In addition, three pairs 

of loci that are linked in the pink salmon map are pseudo-linked in rainbow trout 

(Sakamoto et al. 2000). In pink salmon Ogo7-1'2 and Fgt2.5-1,2 are assigned to LG2 but 

in rainbow trout these loci are assigned to Oi and Oii, pStr60-1,2 and Otsl00 are assigned 

to LG25 in pink salmon but to Fii and Fi in rainbow trout, and Oc12-1,2 and OmyRGTl 

are assigned to LG57 in pink salmon but to LG15 and LG5 in rainbow trout. LG15 and 

LG5 are pseudolinked in the composite salrnonid map (May and Johnson 1990). These 

three pairs of loci are all located proximal to the teleomere (y 2 0.60) in pink salmon. In 

addition, four of the six loci have been identifled as duplicated in pink salmon (Ogo 7, 

pStr60-1,2, Oc12, and Fgt2.5). 

One explanation for the dEerence in linkage relationship between the two species 

is that these loci are in the process of diploidization after the ancestral chromosome 

duplication event 25- 1 OOMYA. (Allendorf and Thorgaard 1984). In rainbow trout the loci 

on homologous chromosomes have differentiated enough that the duplicate pair of these 

loci do not amplify. Yet, the primers amplify each locus Ogo7 and Fgt2.5 on one of the 

two homeologs. Due to the telomeric location of these loci and tetrasornic inheritance the 

loci on homeologous chromosomes are pseudollnked in male rainbow trout. 

Differences in recombination rate between males and females: We examine 

recombination rates between linked loci ADA2-SSA197 as well as sIDHP2-OTSI in both 

male and female pink salmon diploid families. At loci that are farther from the centromere 

(SSA 197 y = 0.94) our data agree with Sakamoto et al.; males have a higher rate of 

recombination (Table 4). However, at loci located close to the centromere (OTSI y = 



0.18) recombination rates are once again higher for males (Table 4). This does not agree 

with Sakarnoto et al. 2000. More data needs to be analyzed before we can determine sex 

specific recombination rates in pink salmon. 

Interference: This large data set allows us to take a closer look at interference 

across large sections of the pink salmon genome in multiple linkage groups. There is 

evidence of high or complete interference in five of the nine groups analyzed. This is 

consistent with previous estimates of interference in fish (Allendorfet al. 1986). 

However, there is evidence that in some linkage groups (LG5) interference may not be 

complete. In addition, results for LG2 indicate that the interference may vary within a 

linkage group. 



TABLE 1 

Microsatellite locus names, annealing temperature, and references. 

Annealing 

Locus Temperature (OC) Reference 

OMYO08 58-52" Holm & Brusgaard 1998 

OmyFGT1 9 58-52" Sakarnoto et al. 2000 

OmyFGT34 58-52" Sakamoto et al. 2000 
OmyRGTl3 56 Sakamoto et al. 2000 

ONE2 58-52" Scribner et al. 1996 

ONE1 02 58-52" Olsen et al. in press 
OTSl 00 5 6 Nelson & Beacharn 1998 
SSA408 60 Cairney & Taggart personal communication 

" Indicates a countdown PCR. 



TABLE 2 

A breakdown of linkage groups based on number of markers in each group and the 

average size in cM. 

Number of Number Average 
Markers of g;roups size (cM) 

over 50 1 457.40 



TABLE 3 

Summary of polymorphic loci detected by four different techniques. 

Num ber of Percent Percent of 
polymorphic assigned to loci 

loci linkage group codominant 
- pp -- - - - 

AFLP 393 91 2.5 
PINE 162 96 4.9 
Micro , 35 100 91.4 

Allozym es 13 100 100 

Total 603 



TABLE 4 

Summary of linkages in normal diploid families between allozyrnes and microsatellites. 

Idonnative 
Family Parent Loci 

sAAT~ - FH A14 F 8 6 0.337 9.1 2 

sAAT3 - s M D H B I , ~  A14 F 89 0.1 12 53.49 

sAAT4 - iu Str6O A104 F 2 1 0.238 5.76 

ADA2 - PGDH A120 M 56 0.125 31.50 

GDA - PEPD2 A8 
A20 
A29 

G3PDHl- PEPLT V5 

GPIBI, 2 - PEPD2 V2 

sIDHP2 - Ostl A29 
A104 

PGDH - Ssa197 A120 M 20 0.050 12.20 



TABLE 5 
Comparison of interference estimates based on half-tetrad and haploid data fiom nine 
linkage groups. The number in parenthesis corresponds to the relative amount of 
interference for each method. The half-tetrad interference estimates are grouped into 
no(O), low (1-3), moderate (4-6), high (7-9) or in some cases complete interference. The 
haploid data range is grouped into no (0), low (0.01-0.33), moderate (0.34-0.66), high 
(0.67-0.99), and complete (1 .O) interference. 

Estimated degree of 
Interference 

Linkage 
Group Hal f-tetrad Haploid 

-- 

2 High (9) Moderate (0.46) 

5 No (0) Moderate (0.47) 

8 Complete Complete (1.00) 

2 5 High (9) No (0.00) 

27 Complete High (0.67) 

33 High (8) Complete (1.00) 

3 4 High (9) Complete (1.00) 

40 High (8) Low (0.23) 

5 7 ? Complete (1.00) 




