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Letter

Comparative Genome Analysis of the Primary
Sex-Determining Locus in Salmonid Fishes

Rachael A. Woram,' Karim Gharbi,'? Takashi Sakamoto,* Bjorn Hoyheim,*
Lars-Erik Holm,> Kerry Naish,® Colin McGowan,” Moira M. Ferguson,’ Ruth B.
Phillips,® Jake Stein,® René Guyomard,” Margaret Cairney,” John B. Taggart,’
Richard Powell,’® William Davidson,” and Roy G. Danzmann'-"’

"Department of Zoology, University of Guelph, Guelph, Ontario, Canada N1G 2W1; ?Laboratory of Fish Genetics, INRA,
78352 Jouy-en-Josas Cedex, France; >Tokyo University of Fisheries, Minato, Tokyo 108-8477, Japan; *Norwegian School of
Veterinary Science, Ullevdlsveien 72, Oslo, Norway; *Danish Institute of Agricultural Sciences, DK-8830 Tjele, Denmark;
¢School of Aquatic & Fishery Sciences, University of Washington, Seattle, Washington 98105, USA; “Faculty of Science,
Simon Fraser University, Burnaby, British Columbia, Canada V5A 156; 8NIEHS Marine and Freshwater Biomedical Sciences
Center, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53204, USA; ®Institute of Aquaculture, University of
Stirling, Stirling, Scotland, UK; '°Department of Microbiology, National University of Ireland, Galway, Ireland

We compared the Y-chromosome linkage maps for four salmonid species (Arctic charr, Salvelinus alpinus; Atlantic
salmon, Salmo salar; brown trout, Salmo trutta; and rainbow trout, Oncorhynchus mykiss) and a putative Y-linked
marker from lake trout (Salvelinus namaycush). These species represent the three major genera within the
subfamily Salmoninae of the Salmonidae. The data clearly demonstrate that different Y-chromosomes have
evolved in each of the species. Arrangements of markers proximal to the sex-determining locus are preserved on
homologous, but different, autosomal linkage groups across the four species studied in detail. This indicates that
a small region of DNA has been involved in the rearrangement of the sex-determining region. Placement of the
sex-determining region appears telomeric in brown trout, Atlantic salmon, and Arctic charr, whereas an
intercalary location for SEX may exist in rainbow trout. Three hypotheses are proposed to account for the
relocation: translocation of a small chromosome arm; transposition of the sex-determining gene; or differential
activation of a primary sex-determining gene region among the species.

The important developmental process of sex determination in
vertebrates involves considerable evolutionary plasticity (for
review, see Bull 1983). Accordingly, sex-determination path-
ways harbor substantial differences both between and within
classes (for review, see Marshall-Graves and Shetty 2001). For
example, the male development switch in placental mammals
is controlled by SRY, a single dominant gene on the Y-
chromosome (Gubbay et al. 1990; Sinclair et al. 1990), with
no sex-specific orthologs in monotremes, birds, reptiles, am-
phibians, and fish (for review, see Baroiller and Guiguen 2001;
Clinton and Haines 2001; Marshall-Graves and Shetty 2001;
Pieau et al. 2001; Schmid and Steinlein 2001). Although vari-
ous environmental and genetic signals may initiate the regu-
latory cascade, vertebrate sex-determining pathways may
converge to one ancestral biochemical pathway (Koopman
2001; Marshall-Graves and Shetty 2001). Current data indi-
cate that certain sex-determination-regulatory genes have
evolved rapidly, yet others are fairly conserved (Marin and
Baker 1998). An illustrative example is the recent recruitment
of SRY as a sex-determination switch in placental mammals.
SRY is a member of a group of High Mobility Group (HMG)
Box bearing genes (SOX genes) that have major regulatory
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roles in transcription. SRY is likely derived from the SOX3
gene (Bowles et al. 2000) found on the X-chromosome of
therian mammals. It has been proposed that SOX3 and SRY
interact with SOX9 for testis differentiation (Graves 1998).
Fish as a group encompass a wide range of sex-
determination patterns from environmental mechanisms
(e.g., temperature or group dynamics), through primary ge-
netic sex determination modulated by environmental factors,
to strict genetic sex determination (for review, see Chourrout
1988; Baroiller and Guiguen 2001). Genetic sex determina-
tion may involve a variety of mechanisms including poly-
genic inheritance, male or female heterogamety, multiple sex
chromosomes, and autosomal factors (for reviews, see Price
1984; Devlin and Nagahama 2002). Alternative mechanisms
(e.g., male and female heterogamety) may occur among
closely related species (e.g., tilapia, Oreochromis spp.) or even
among populations of the same species (e.g., platyfish, Xi-
phophorus maculatus), reflecting recent changes in sex deter-
mination. Also in contrast to higher vertebrates, only a few
species have evolved morphologically distinguishable sex
chromosomes (for review, see Becak 1983). Surprisingly, we
have yet to witness elucidation of the sex-determination
mechanisms involved in genome model species (i.e., ze-
brafish, Danio rerio; and pufferfish, Fugu rubripes). Further-
more, aside from the medaka, (Oryzias latipes), there has been
no characterization of a major sex-determining gene in teleost
fish. In medaka, the sex-determining gene DMY shares phy-
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logenetic affinities to DMRT1 and may have arisen from an
ancestral duplication event with this gene (Matsuda et al. 2002).

Male heterogamety has long been accepted as a general
rule in salmonid fish, although sex chromosomes still await
identification in most species (for review, see Phillips and Rdb
2001). Primary evidence for male heterogamety is derived
from analysis of sex ratios in the progeny of hormonally sex-
reversed individuals. For example, sex-reversed females of
rainbow trout (Oncorhynchus mykiss), chinook salmon (On-
corhynchus tshawytscha), coho salmon (Oncorhynchus Kisutch),
and Atlantic salmon (Salmo salar) produce all female progeny
when crossed with normal females, indicating that females
are homogametic XX (Johnstone et al. 1979; Hunter et al.
1982, 1983; Johnstone and Youngson 1984). Subsequent
characterization of sex-linked markers has also provided sup-
port for male heterogamety in Arctic charr (Salvelinus alpinus),
lake trout (Salvelinus namaycush), masu salmon (Oncorhynchus
masou), pink salmon (Oncorhynchus gorbuscha), chum salmon
(Oncorhynchus keta), brown trout (Salmo trutta), rainbow trout
(0. mykiss), coho salmon (O. kisutch), and chinook salmon (O.
tshawytscha; May et al. 1989; Du et al. 1993; Forbes et al. 1994;
Prodohl et al. 1994; Young et al. 1998; Nakayama et al. 1999;
Sakamoto et al. 2000; Devlin et al. 2001; Zhang et al. 2001;
Stein et al. 2002).

Heteromorphic sex chromosomes have been detected in
only a handful of species (for review, see Hartley 1987; Phill-
ips and Rab 2001). The largest pair of submetacentrics have
been identified as the sex chromosomes in lake trout and
brook trout (Salvelinus fontinalis) based on an X-specific het-
erochromatic block at the end of the short arm (Phillips and
Thssen 1985; Phillips et al. 2002). In sockeye salmon (On-
corhynchus nerka), a male-specific Robertsonian translocation
has been reported, presumably resulting from a Y-autosome
fusion (Fukuoka 1972; Thorgaard 1978). Size differences in a
homologous pair of chromosomes between the sexes have
also been observed in the short arm of a small subtelocentric
pair in rainbow trout (Thorgaard 1977). Interestingly, males
lacking this heteromorphic condition have been observed in
rainbow trout (Thorgaard 1983) and sockeye salmon
(Fukuoka 1972), which indicates that chromosome rearrange-
ments differentiating the sex chromosomes are still in the
process of fixation. Sex-specific probes now facilitate identifi-
cation of sex chromosomes using fluorescent in situ hybrid-
ization (FISH) techniques (Reed et al. 1995; Moran et al. 1996;
Iturra et al. 1998, 2001; Phillips 2001; Phillips et al. 2001,
2002; Stein et al. 2001). Altogether, current cytogenetic data
support the view that salmonid species represent early stages
of sex chromosome differentiation (Phillips et al. 2001). Con-
sistent with this is the viability and fertility of YY males
(Chevassus 1988; Onozato 1989), suggesting that X- and Y-
chromosomes still share a similar repertoire of functional genes.

Linkage data indicate that there is a lack of conservation
regarding the sex-determining locus across salmonids. An
early study conducted by May et al. (1989) in the genus
Salvelinus found that sex-linked allozyme markers in Arctic
charr were not linked to the phenotypic sex-determining lo-
cus (thereafter denoted as SEX) in lake trout and brook trout.
Similar results were subsequently reported in other genera: A
growth hormone marker was shown to be sex-linked in coho
salmon, chinook salmon, and masu salmon, but sex linkage
was not conserved in amago salmon (Oncorhynchus rhodurus)
and rainbow trout (Forbes et al. 1994; Nakayama et al. 1999;
Zhang et al. 2001). Similarly, a minisatellite locus shown to be
in tight linkage with SEX in brown trout by Prodoéhl et al.

(1994) was mapped to an autosomal pair in Atlantic salmon
(Taggart et al. 1995). Interspecific disruption of sex linkage is
surprising because extensive conservation of linkage arrange-
ments has been observed for biochemical (Johnson et al.
1987) and microsatellite (Gharbi 2001) loci. We report the
comparative mapping of sex-linkage groups in rainbow trout,
Atlantic salmon, brown trout, Arctic charr, and lake trout us-
ing molecular markers. Our results confirm and extend pre-
liminary observations indicating that the sex-determining lo-
cus is not conserved with respect to synteny with identified
homologous chromosome sets among these various species.

RESULTS

Sex Linkage of Molecular Markers

Gene mapping in Arctic charr (data not shown) identified 12
sex-linked markers including two amplified fragment length
polymorphisms (AFLP), nine microsatellite loci, and one func-
tional gene, with SEX located at the distal end of linkage
group AC4 (Fig. 1). The microsatellite markers Ssa72NVH and
Ots500NWEFSC were not unequivocally localized to the map
because genotypic data were only obtained for approximately
half of the mapping progeny. Both parents were heterozygous
for the same pair of alleles in the mapping families used. Con-
sequently, these markers are not shown in the figure. The
brown trout linkage map (data not shown) includes seven
sex-linked microsatellite markers on linkage group BT28 (Fig.
1). The relative position of SEX and OmyRTSTUF at the distal
end of the sex-linkage group could not be determined unam-
biguously because markers were informative in different fami-
lies. Therefore, the terminal location of SEX remains tentative
in this species. SEX was located distally on linkage group AS1
in Atlantic salmon using 3 and 15 AFLP and VNTR markers,
respectively (Fig. 1). Sakamoto et al. (2000) previously re-
ported two microsatellite markers (OmyFGT19TUF and
OmyRGT28TUF) linked to SEX in rainbow trout. We identi-
fied two additional sex-linked microsatellite markers
(Ots517NWEFSC and SsalNVH) and six AFLP markers. Recom-
bination among the microsatellite and AFLP markers in this
linkage group strongly supported a more intercalary location
for the SEX locus in this species (Fig. 1) compared with the
other three species.

Microsatellite Comparative Mapping of

Sex-Linkage Groups

A microsatellite marker (Yp136) isolated from the lake trout
Y-chromosome (Stein et al. 2002) was tested for sex linkage in
Arctic charr. Yp136 showed no evidence of linkage with SEX
and mapped to linkage group AC18 (data not shown). Two of
the microsatellite markers (Omy6DIAS and Ssa209NVH) lo-
cated on AC4 were polymorphic in the male parent of lake
trout cross 2. Neither marker was linked to the sex-
determining locus. These markers were also unlinked to each
other at an LOD = 3.0 threshold. Omy6DIAS was also poly-
morphic for the male parent in lake trout cross 1, but the
female parent was also heterozygous for the same two alleles.
Consequently, the informative number of meioses scored in
the mapping progeny was too small to accurately assess link-
age affinities.

The putative Y-chromosome of Arctic charr (AC4) incor-
porated markers from linkage groups BT2, BT7, and BT17 in
brown trout; AS2, AS10, and AS25 in Atlantic salmon; and
RTK, RTE, and RT15 in rainbow trout (Table 1). The rainbow
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Figure 1 Genetic map of the sex linkage groups in Arctic charr (AC4), brown trout (BT28), Atlantic salmon (AS1), and rainbow trout (RT18)
generated from male parents. Estimates of map distances between markers are indicated in centiMorgans.

trout sex-linkage chromosome also demonstrated mosaic af-
finities to linkage groups in the other species, possessing
markers that mapped to AC5 and AC27 in Arctic charr, and
BT13 and BT22 in brown trout (Table 1). However, the avail-
able evidence indicates that RT18 only localizes to AS9 in
Atlantic salmon based on homologies detected with SsalNVH
in males (Table 1) and Ssa96NVH in female mapping parents
(data not shown). In contrast, the sex chromosome of brown
trout was completely syntenic with RTB markers in rainbow
trout, and possibly AS8 in Atlantic salmon, although more
cross-priming markers need to be examined to confirm this.
In addition, the distal region of BT28 from SEX appears syn-
tenic with AC7 (based on shared affinities with Omy301UoG,
Omy10INRA, and Ssa197DU in Atlantic salmon and rainbow
trout and the conserved marker order detected among these
species; data not shown), whereas the proximal region of the
linkage group may be syntenic with either AC1 or AC13 be-
cause OmyFGT27TUF is duplicated in Arctic charr (Table 1).
The sex-linkage group of Atlantic salmon also demonstrated a
high degree of synteny with linkage groups in brown trout
(syntenic with BT1 and BT11 markers) and rainbow trout
(syntenic with RT2 and RTS markers; Table 1). In rainbow
trout, the localization of syntenic blocks was confounded by
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the fact that 4 of the 7 cross-priming markers (i.e.,
Omy11INRA, Str4INRA, Onel8ASC, and OmyFGT8TUF)
showed duplicate expression in rainbow trout. However, the
fact that the three single-copy markers (i.e., SallUoG,
Onel02ADFG, and Ssa406UoS) examined mapped to either
RTS5 or RT2 allowed us to tentatively assign the syntenic
blocks to these two rainbow trout linkage groups. Also several
markers are syntenic between BT1 and RT2 (data not shown),
supporting the mosaic arrangements detected in the AS1 link-
age group. Unfortunately, none of the polymorphic markers
detected in the male Atlantic salmon mapping parents were
informative in the male Arctic charr mapping parents.

DISCUSSION

Position of the Sex-Determining Locus on

the Y-Chromosome

With the exception of rainbow trout, genetic maps of the
other salmonid species studied indicate that SEX occurs at the
end of the Y linkage group (Fig. 1). Although distal ends of
linkage groups do not necessarily coincide with telomeric re-
gions of chromosomes, recombination between SEX and
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Table 1. Homologous Marker Locations Among Four Different Species of Salmonid Fishes

Homologous chromosome location

Sex
chromosome Marker BT AS RT

AC4 Ssa72NVH — AS10 RTK
SSOSL32/i — BT2 RTE
Omy6DIAS — RT15
Ssa16NUIG — BT7 AS2 RT15
Ssa76NVH — AS25
Ssa5NVH — BT17 AS10

BT28 OmyRT5TUF — RTB
OmyFGT27TUF AC1, AC13 — RTB
OmyFGT2TUF — RTB
Omy301UoG AC7 — AS8 RTB
Omy10INRA AC7, AC27 — RTB
Omy325UoG AC7 — RTB
Ssa197DU — AS8 RTB

AS1 Omy11/iiINRA BT1° — RT2?
SallUoG — RT2
Ssa4/iiNVH BT112 —
One102ADFG — RTS5
Ssa406UoS BT11 — RT5
Str4/iiINRA BT112 — RT5?
One18/iiASC BT11° — RT5?
OmyFGT8/iiTUF BT112 — RT5?

RT18 Ots517NWFSC AC5 —
OmyFGT19TUF AC27 BT13 —
OmyRGT28TUF —
SsalNVH UNA BT22 AS9 —

(AC) Arctic charr, (BT) brown trout, (AS) Atlantic salmon, (RT) rainbow trout, (UNA) unassigned marker. Missing
marker assignments indicate that the marker either did not amplify in the species indicated or was monomorphic in

the mapping parents tested.

#Duplicated markers were assigned based on single-copy markers shared between homologous linkage groups.

other markers (Fig. 1) may be indicative of a more terminal
placement. According to Wright Jr. et al.’s (1983) model of
chromosome pairing in male salmonids, only the telomeric
regions of homologously paired multivalents may experience
recombination. Furthermore, increased male recombination
distances toward the end of several linkage groups in rainbow
trout (Sakamoto et al. 2000) and brown trout (Gharbi 2001)
indicate that higher recombination in telomeric regions may
represent a common trend in male meiosis (Gharbi 2001). In
rainbow trout, the sex-determining factor has been mapped
close to putative centromeric markers (Allendorf et al. 1994;
Sakamoto et al. 2000). For example, SEX maps close to
OmyFGT19TUF (~1%-2% recombination across several rain-
bow trout families descended from two males in each of two
unrelated hatchery strains), and gynogenetic gene-
centromere distances with this marker are ~2 cM (Sakamoto et
al. 2000). Thus, given the close proximity of OmyFGT19TUF
to the centromere, the data may be supportive of an interca-
lary location for SEX on the chromosomes of rainbow trout, at
least in the strains surveyed by Sakamoto et al. (2000). Given
the lack of recombination across male chromosomes, how-
ever, further characterization of the sex linkage groups by
other methods is required. Direct evidence for the location of
SEX from fluorescent in situ hybridization of DNA probes has
presently been inconclusive because none of the published
studies used probes shown to contain the sex-determining
factor (Iturra et al. 1998, 2001; Phillips 2001; Phillips et al.
2001, 2002; Stein et al. 2001).

Homologies Among Y-Chromosomes

The Arctic charr sex-linkage group demonstrates the greatest
variability in its affinities to the linkage groupings found in
other species examined. This may be indicative of a greater
phylogenetic divergence of this species compared with the
two Salmo species and rainbow trout. Unfortunately, too few
homologous markers were examined in lake trout to permit
even a cursory assessment with this species. Also, caution
must still be exercised in the interpretation of the observed
linkage group affinities because the linkage maps in all these
species are still largely incomplete. In addition, because male
salmonids demonstrate the phenomenon of pseudolinkage
(Wright Jr. et al. 1983), it is possible for markers from two
separate linkage groups to appear physically linked as a con-
sequence of the ancient homologous chromosome pairings
that can occur in male salmonids. This phenomenon often
results in an apparent linkage of telomeric markers from dif-
ferent linkage groups. Because many of the markers demon-
strating tight linkage in the male Arctic charr mapping par-
ents show large recombination distances in the female par-
ents (Fig. 2), AC4 may represent a pseudolinked group.
Similarly, in Atlantic salmon, the female parents from fami-
lies Br5 and Br6 show separate linkage groupings for the same
syntenic markers that are tightly linked in the male parents
(Figs. 1 and 2). In Atlantic salmon, however, all the markers in
the male map with the exception of Ssa406UoS and SEX show
a low level of recombination with one another, indicating an
intercalary location of these markers on one linkage group.
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Figure 2 Genetic map of the sex-linkage groups in Arctic charr (AC4), brown trout (BT28), Atlantic salmon (AS1), and rainbow trout (RT18)
generated from female parents. Vertically aligned linkage groups represent chromosome segments linked in the male map (see text). Estimates of

map distances between markers are indicated in centiMorgans.

Although gene-centromere distances have not been assessed
for this linkage group it is likely that these separate linkage
groupings in the female parents may represent different meta-
centric chromosome arms. It is also possible that they repre-
sent separate chromosome segment domains spanning a re-
gion of chromosome arm fusions, because Atlantic salmon are
known to have undergone multiple arm fusions that have
reduced the fundamental number of chromosome arms in
their karyotype (Hartley 1987). Consistent with either inter-
pretation is the fact that the separate linkage group segments
detected in the Atlantic salmon females appear to be homolo-
gous to two separate linkage groups in rainbow trout (i.e., RT2
and RTS) and brown trout (i.e., BT1 and BT11; Table 1; Fig. 2).

Mechanisms for the Disruption of Sex Linkage

Comparative mapping of sex-linked microsatellite markers
clearly demonstrates that Arctic charr, brown trout, Atlantic
salmon, and rainbow trout have evolved different sex chro-
mosomes. In addition, limited linkage data indicate that sex
chromosomes are not conserved between Arctic charr and
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lake trout. Occurrence of alternative Y-chromosomes among
salmonid species is in accordance with emerging patterns
from chromosome painting showing that sex chromosome
probes generally cross-hybridize to autosomes (Phillips et al.
2001). However, a few species may still share a common Y-
chromosome, as recently evidenced from fluorescent in situ
hybridization in the closely related lake trout and brook trout
(Phillips et al. 2002). Although we confirm previous findings
of a general lack of conservation for sex linkage among sal-
monid species (see above), our results extend knowledge to
include the fact that arrangements of markers proximal to the
sex-determining locus are preserved on homologous, yet au-
tosomal, linkage groups (Table 1). Therefore, a small segment
of DNA must be involved in relocation of the sex-determining
region.

Differential inactivation of a duplicated SEX locus on
salmonid homologs may be a possible explanation for our
results; however, the present evidence does not support this
interpretation. Although the homologies for RT18 and BT28
are unknown, AS1 shows homology to AS6 and AS12, whereas
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AC4 shows homology to AC25 and AC28 (data not shown).
None of the markers on these ancestrally duplicated linkage
groups show homology to the sex-linkage groups of the other
species studied. This hypothesis cannot be entirely dis-
counted, however, as RTS and RT15 are homologous in rain-
bow trout (Sakamoto et al. 2000), which may imply a poten-
tial homologous affinity between AC4 and AS1. This interpre-
tation is confounded by the fact that we cannot be certain at
present which copy of an ancestrally duplicated pair is being
expressed in another species.

We believe that there are three possible models that may
explain the observed differences in Y linkage, and that these
mechanisms are not necessarily mutually exclusive. First, the
chromosomes of salmonid species are believed to have under-
gone a series of Robertsonian translocations throughout evo-
lutionary time, resulting in a fairly constant number of chro-
mosome arms and a wide variety of diploid numbers across
the family (for review, see Phillips and Rab 2001). Robertso-
nian rearrangement involving the sex chromosome has been
reported in at least one species (Thorgaard 1978). If the sex-
determining region is being rearranged during a whole arm
translocation during or after speciation, we would expect the
chromosome arm bearing the sex locus to be conserved,
whereas the region across the centromere would be different
(May et al. 1989). This indicates that the sex-determining re-
gion must fall on a relatively small chromosome arm within
the genome (i.e., present lack of detectable conserved mark-
ers). Although rainbow trout, coho salmon, and chinook
salmon do exhibit sex chromosomes with a short chromo-
some arm (Thorgaard 1977; Iturra et al. 2001; Stein et al.
2001), chromosome arms carrying the sex-determining factor
in lake trout (Phillips and Ihssen 1985), brook trout (Phillips
et al. 2002), and sockeye salmon (Thorgaard 1978) are prob-
ably too large to fit into this model. Translocation of a shorter
chromosome segment, however, may still account for the lack
of common sex-linked markers.

Second, it is also possible that the sex-determining re-
gion has been transposing throughout the genome without
relocating adjacent markers, thus causing disruption of sex
linkage across species. A similar mechanism of transposition
has been postulated in the black fly (Megaselia scalaris), in
which a Maleness factor is moved at a low rate from one chro-
mosome to another while closely linked markers remain in
their original position (Traut and Willhoeft 1990; Traut 1994),
and transposition of active Y genes from autosomal sources
has been reported in humans (Lahn and Page 1999).

Third, it is also possible that salmonids have evolved
different sex-determining genes. Given the multiplicity of dif-
ferent sex-determining or sex-associated genes that have been
identified in vertebrates, it possible that differential muta-
tions to ancestral genes within the sex-determining suite of
genes (e.g., SOX-family, DMRT1, or TDF gene mutations) may
result in the acquisition of new locations for the primary sex-
determining region among species (Marshall-Graves 2002).
Unless common sex-linked markers are identified between
species with divergent sex chromosomes, the question may
remain open until sequence characterization of the sex-
determining genes.

METHODS
Mapping Families

Source material for this study was reference families used for
genome-wide mapping projects in our laboratories. Rainbow

trout families were backcross pedigrees between phenotypi-
cally divergent strains previously referred to as lot 25 (Jackson
et al. 1998) and lot 44 (Sakamoto et al. 1999). Details for Arctic
charr, brown trout, and Atlantic salmon pedigrees will be pro-
vided in forthcoming reports on the present map status in
these species. Briefly, Arctic charr families were backcross ma-
terial between two Canadian aquaculture strains (Nauyuk and
Fraser) originating from the Rockwood Aquaculture Research
Station near Gunton, Manitoba. Two crosses were performed:
a Nauyuk X Fraser F; female was crossed to a Fraser strain
male to produce family 2 (n = 48); conversely, a
Nauyuk X Fraser F, male was crossed to a Fraser strain female
to produce family 3 (n = 48). Brown trout families were back-
crosses between evolutionary lineages (for review, see Ber-
natchez 2001). Two Mediterranean (Reverotte stream,
France) X Atlantic (Gournay hatchery, France) F; males were
crossed to Atlantic dams to produce families 12 (n = 45) and
15 (n=45). Two additional pedigrees, 14 (n=48) and 17
(n = 48), were generated by mating marmoratus (Pellice
stream, Italy) X Atlantic F; males into Atlantic females. The
two Atlantic salmon families (Br5 and Br6; n =48 in both
cases) were outcrosses involving four parents sampled from a
large natural population (River Tay, Scotland). Two lake trout
crosses were made between unrelated fish from the Manitou
strain that were maintained at the former Maple Research
Station (Ontario Ministry of Natural Resources). The offspring
were reared at this facility until they could be sexed. Sex was
unambiguously determined by internal examination of ovary
or testis development in Arctic charr family 3, brown trout
families 14 and 17, rainbow trout lot 44, Atlantic salmon
families Br5 and Br6, and both lake trout families. Phenotypic
sex was used as the marker for SEX in the linkage analysis.

Marker Analysis

Because of the collaborative nature of this study, different
protocols were used to analyze microsatellite polymorphism.
Genomic DNA was phenol-extracted from fin, gill, liver, or
muscle tissue as outlined in Taggart et al. (1992), Estoup et al.
(1993), and Bardakci and Skibinski (1994). Polymerase chain
reaction, electrophoresis, and DNA fragment visualization of
microsatellite markers were performed using radioactive or
fluorescent end-labeled primers as described in Sakamoto et
al. (1996), Estoup et al. (1998), and Sakamoto et al. (1999).
Alternatively, PCR was carried out in 11-uL reaction volumes
with direct incorporation of fluorescently labeled deoxy-
nucleotide triphosphate. The PCR reaction mixture contained
30 ng of genomic DNA, 1 X PCR buffer (20 mM Tris-HCI, 50
mM KCl at pH 8.4; GIBCO BRL), 136 uM each dNTP (Roche
Diagnostics), 0.9 uyM Tamra-dCTP (Applied Biosystems), 1.4
mM MgCl, (GIBCO BRL), 0.09 mg/mL BSA (GIBCO BRL), 0.04
puM each primer, and 0.2 U of Taq DNA polymerase (GIBCO
BRL). The PCR temperature profile consisted of an initial de-
naturing step of 95°C for 5 min; 36 cycles of 95°C for 30 sec,
1 min at a specific annealing temperature, and 72°C for 1 min;
and a final extension step of 72°C for 10 min. PCR products
were subsequently separated on a 6% polyacrylamide dena-
turing gel (7 M urea), and DNA fragments were visualized
by scanning with a fluorescent imaging system (Hitachi
FMBIOII).

AFLP analysis was performed as described by Vos et al.
(19995) with some modifications. The two restriction enzymes
used were EcoRI and Msel. Fragments were amplified by PCR
in a MJ Research PTC-100 or PTC-200 with the following tem-
perature profile: 94°C for 2 min; 9 cycles of 94°C for 20 sec,
66°C for 20 sec (0.5°C per cycle), 72°C for 2 min; 19 cycles of
94°C for 20 sec, 56°C for 30 sec, 72°C for 2 min; and 60°C for
30 min. EcoRI primers were labeled with the single-isomer
fluorescein dye TET (Applied Biosystems), and amplified frag-
ments were separated on a 6% polyacrylamide denaturing gel
(7 M urea) using a Model SA gel electrophoresis unit (GIBCO
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BRL), and visualized with a fluorescent imaging system (Hi-
tachi FMBIO). The lane standard 350-TAMRA (Applied Biosys-
tems) was included on each gel, and AFLP band size in base
pairs was determined by comparison with the lane standard
using FMBIO Analysis 8.0. Minisatellite DNA polymorphisms
were detected on Southern blots of Hae I1I-digested genomic
DNA using isotopically labeled (*2P) single-locus minisatellite
probes as described by Taggart et al. (1995).

A single nucleotide polymorphism (SNP) was detected in
the second intron of the metallothionein B gene using het-
eroduplex analysis (HA) as described by White et al. (1992).
The Primers for PCR amplification were 5'-GCATGCACCAGT
TGTAAGAAA-3" and 5'-TCACTGACAACAGCTGGTATC-3'.
Amplification was carried out using a temperature profile of
one cycle at 95°C for 5 min followed by 30 cycles at 95°C for
45 sec, 55°C for 45 sec, and 72°C for 45 sec. PCR products were
labeled by incorporation of [*?P]dCTP during amplification.
To drive the formation of heteroduplexes, PCR products were
heated to 95°C for 5 min then cooled to 20°C over a period of
1 h. Products were separated according to size and conforma-
tion by subjecting them to electrophoresis through a 10% low
cross-link (37.5:1) native polyacrylamide gel in TBE buffer and
10% glycerol for 16 h at a constant power of 3 W. Gels were
30 cm long and 0.4 mm thick. They were dried onto filter
paper, and products were visualized using autoradiography.

Linkage Analysis

Linkage analysis was primarily conducted using LINKMFEX
version 1.5 (see http://www.uoguelph.ca/~rdanzman/
software/LINKMFEX). All linkage maps reported here have
been constructed using sex-specific data (i.e., data generated
from the female or male parent) and a minimum LOD score
of 4.0 to assign markers to linkage groups. The linear order
of markers within linkage groups was assisted with both
LINKMFEX (module MAPORD) and CARTHAGENE version
0.5 (see http://www-bia.inra.fr/T/CarthaGene). Because re-
combination is largely repressed along salmonid chromo-
somes during male meiosis (e.g., Sakamoto et al. 2000), link-
age maps derived from the male parent are inherently error-
prone. Admittedly, a few genotyping errors may alter the
order of closely spaced markers in such a way that linkage-
group architecture should be regarded as tentative unless fe-
male data provide better support. Tentatively ordered linkage
groups were printed out with MAPCHART (Voorrips 2002)
using recombination fractions as estimates of map distances
to account for the high level of interference in salmonid spe-
cies (e.g., Thorgaard et al. 1983; Guyomard 1986).

Genetic Nomenclature

Naming of microsatellite markers follows the convention out-
lined by Jackson et al. (1998). Species abbreviations, common
names, and lab affiliations are outlined in Sakamoto et al.
(2000) with the following additions: NWFSC (Northwest Fish-
eries Science Center) and UoS (University of Stirling). Atlantic
salmon single-locus minisatellite nomenclature follows Tag-
gart et al. (1995). The naming of AFLP loci follows the con-
vention in which the three-base selective primer extensions
used to produce the loci are listed first, followed by the base
pair size of the locus (Young et al. 1998). For example, AAG/
CAA334 indicates the three nucleotides (AAG) for the EcoRI
primer and the three nucleotides (CAA) for the Msel primer
amplified a product at 334 bp. Genes are identified with an
italicized code referring to the gene name. The institution
where the gene polymorphism was identified is listed in pa-
rentheses following the gene code.

Linkage groups have been identified in rainbow trout
with either a number or a letter (Sakamoto et al. 2000). Link-
age groups for Arctic charr, Atlantic salmon, and brown trout
have been numbered arbitrarily. In this report, linkage groups
are identified by a two-letter code referring to the species (AC,
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Arctic charr; AS, Atlantic salmon; BT, brown trout; RT, rain-
bow trout), followed by their present numerical or alphabeti-
cal code.
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