Journal of Heredity 2008:99(5):483-490
doi:10.1093/jhered/esn038
Advance Access publication May 25, 2008

© The American Genetic Association. 2008. All rights reserved.
For permissions, please email: journals.permissions@oxfordjournals.org.

Characterization of a Chromosomal
Rearrangement Responsible for
Producing “Apparent” XY-Female
Fall-Run Chinook Salmon in California

KeviN' S. WiLLIAMSON, RUTH PHILLIPS, AND BERNIE MAY

From the National Marine Fisheries Service, Northwest Fisheries Science Center, Conservation Biology Division, 2725
Montlake Boulevard East, Seattle, WA 98112 (Williamson); the School of Biological Sciences, Washington State University,
14204 NE Salmon Creek Avenue, Vancouver, WA 98686 (Phillips); and the Genomic Variation Laboratory, Department of
Animal Science, University of California, Davis, One Shields Avenue, Davis, CA 95616 (May).

Address correspondence to KS. Williamson at the address above, or e-mail: Kevin.williamson@noaa.gov.

Abstract

Fluorescence in situ hybridization (FISH) was used to identify the X and Y chromosomes of offspring produced by normal
and “appatent” XY-female fall-run Chinook salmon (Oncorbynchus tshawytscha) from California. FISH experiments wete
petformed using probes to 2 sex-linked loci, growth hormone pseudogene (GH-W), and OtY1, as well as a probe to a sex-
linked microsatellite (Omy7INRA). Comparison of FISH staining patterns between the offspring produced by normal and
apparent XY-females revealed that the apparent XY-female examined transmitted a “Y-like” chromosome with an
attenuated OtY1 and GH-Y signal to half of its offspring. Segregation analysis of microsatellites derived from rainbow trout
(Oncorbynchus mykiss) with respect to phenotypic sex was carried out for 2 normal and 2 apparent XY-female Chinook
salmon families. Inheritance patterns of Omy7INRA wete consistent with this locus being closely linked to GH-'¥ in males
and in apparent XY-females carrying the Y-like chromosome. Another microsatellite locus (Omm1077) was closely linked
to the ptimary sex-determining locus (S£X) in males but not to GH-¥/OtY1 in apparent XY-females. The FISH analyses
suggest that apparent XY-female fall-run Chinook salmon in California are not the product of a Y chromosome to
autosome translocation. Despite the combined FISH and inheritance analyses, we were unable to differentiate between 2
alternative explanations for apparent XY-females, namely, recombination of markers between the sex chromosomes, ora Y

chromosome with a dysfunctional or missing sex-determining region.

Multiple studies have provided evidence that sex is
chromosomally determined in salmonids (Thorgaard 1977,
Thorgaard and Gall 1979; Ueda and Ojima 1984a, 1984b)
and follows a XY pattern of inheritance (Donaldson and
Hunter 1982; Allendorf and Thorgaard 1984). Identification
of the primary sex-determining locus (SZX), however, has
not been successful. Phillips et al. (2005) showed that sex
chromosomes are not conserved between Chinook salmon
and closely related coho salmon and rainbow trout
(Oncorbynchus kisutch and  Oncorhynchus myfkiss, respectively).
Either the sex chromosome pair including SZX evolved
independently in different salmonid species or a small male-
specific region including SEX has transposed or trans-
located to a different chromosome in each species (Phillips
et al. 2005). Two male-specific markers, OtY1 (Devlin et al.
1991, 1994) and growth hormone pseudogene (Du et al.
1993), are tightly linked to each other and SZX in Chinook

salmon. Both OtY1 and growth hormone pseudogene (GH-'P)
have been used to identify the Chinook salmon Y chromosome
via fluorescence in situ hybridization (FISH) assays. Stein et al.
(2001) and Phillips et al. (2005) have used FISH to locate OtY1
and GH-'P, respectively, on the short arm of the acrocenttic Y
chromosome. As is common with most fishes that have sex
chromosomes those of salmonids have a small sex-specific
region and large pseudoautosomal regions (Devlin and
Nagahama 2002). Phillips et al. (2005) demonstrated that the
rainbow trout derived microsatellite locus Omy7INRA
(Gharbi K, Guyomard R, personal communication, INRA,
France) is located in the pseudoautosomal region on the X
and Y chromosomes of Chinook salmon. The location of these
3 markers relative to SZX on the Chinook salmon Y
chromosome has not yet been clearly resolved.
Chromosomal rearrangements may disrupt associations
between genetic markers and specific phenotypic traits.
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Salmonids have experienced whole arm Robertsonian
fusions and fissions duting their evolutionary history
(Hartely 1987). Linkage analyses in several salmonid species
(Wright et al. 1983; Allendorf and Thorgaard 1984;
Danzmann et al. 2005) suggest that this has been the
predominant mode of chromosomal evolution within
salmonids. The
pseudoautosomal and are still evolving differences between
each other. It is possible that rearrangements involving the
sex chromosomes have distupted linkage between the
genetic sex markers and SEX.

Salmonid populations that appear to deviate from the
otherwise strict chromosomal determination of sex may
provide a fundamental system within which to study the
evolution of salmonid sex chromosomes. Insights learned from
this system can be applied to the understanding of sex
chromosome evolution in other taxa (Stein et al. 2001).
Incongruent genotypic and phenotypic sex has been docu-
mented in Chinook salmon in the Pacific Northwest (Nagler
et al. 2001; Devlin et al. 2005) and California (Williamson and
May 2002). “Apparent” XY-female fish (phenotypic females
that have a male genotype according to OtY1 and GH-'V) have
been identified in California Chinook salmon (Williamson and
May 2005, 2007). Cytogenetic examination of California
fall-run Chinook salmon that have incongruent genotypic
and phenotypic sex may provide insight regarding mechanisms
of sex chromosome evolution and/or how chromosomal
rearrangements disrupt relationships between genetic markers
and phenotypic traits in salmonids or other taxa.

Three genetic mechanisms have been proposed for the
observed incongruent genotypic and phenotypic sex in these
fish (Williamson and May 2005). First,a Y to X chromosome/
autosome translocation involving both SZX and Y chromo-
some markers may result in the creation of a new sex
chromosome in Chinook salmon. Although rare, XX-male
sex reversal has been documented in humans (de la Chapelle
etal. 1964; Tomomasa et al. 1999). Sex reversal in most cases
results from a Y chromosome fragment, containing the testis-
determining factor (TDF) region, exchanging with the X
chromosome (Page et al. 1987; Kolon et al. 1998). Second,
unequal crossing over may have occurred only within Y-
specific marker copies (not SEX itself). Third, a mutational
event may have occurred that functionally inactivated or
deleted SEX from the Y chromosome. For example, deletion
mutations obsetved in the human and mouse (Mus musculus)
(Gubbay et al. 1990; Jager et al. 1990, respectively) SRY gene
resultin a frameshift that presumably leads to a nonfunctional
TDF protein. Loss of TDF function by mutation or entire
deletion of SRY from the Y chromosome results in sex-
inverted (XY-female) individuals. The experimental crosses
performed by Williamson and May (2005), however, did not
identify which genetic mechanism is more likely to be
responsible for producing apparent XY-female Chinook
salmon. The development of the FISH method now provides
a potential means to detect if chromosomal rearrangements
have occurred involving the Y chromosome and an autosome.

Phillips et al. (2005) indicated 100% sex linkage for the
rainbow trout derived microsatellite Omy7INRA in a single

sex chromosomes in salmonids are
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Chinook family. This suggests that the other rainbow trout
linkage group 7 (ILG7) microsatellites (appendix to Danzmann
et al. 2005) may also be sex linked in Chinook salmon. A
contemporary linkage mapping study in Chinook salmon
using the rainbow trout LG7 markers has subsequently
confirmed that they are sex linked in Chinook (Naish K,
personal communication).

In this study, we examine evidence for a possible
Y-autosomal translocation as an explanation for incongru-
ent genotypic and phenotypic sex observed in California
Chinook salmon. We compare FISH staining patterns with
probes for Omy7INRA, OtY1, and GH-¥ and inheritance
patterns of LG7 microsatellites between the offspring of
normal and apparent XY-female fall-run Chinook salmon.
Observable linkage differences between normal and appar-
ent XY-female families may provide additional clues
regarding whether apparent XY-female fish are the result
of an intra- or interchromosomal rearrangement involving
SEX and the LG7 loci.

Methods

Gamete collection for artificial crosses, genetic screening to
detect apparent XY-female fish, breeding experiments, and
fish rearing were conducted as described in Williamson and
May (2005). Fin clips and gametes were sampled from adult
fall-run Chinook salmon at the Merced River Fish Hatchery
in November 2004. The selection criterion for sets of
gametes to be used in artificial crosses was based on the
sexual genotype of putative parents as determined by
polymerase chain reaction (PCR) assays for both GH-¥ and
OtY1 loci. Eggs from selected apparent XY-females and
normal females were separately fertilized with sperm from
different males. Fertilized eggs and hatchlings from in-
dividual families were incubated for approximately 45 days
(just before swim-up stage) in Heath trays before being
transferred to separate larger rearing tanks. Juvenile fish
were raised for another 188 days until they had grown large
enough (>12 cm fork length) so that phenotypic sex (gross
gonad morphology) could be easily determined by necropsy
and approximately 1.0 ml of whole blood could be sampled
from each individual to establish lymphocyte cultures for
FISH analysis. Fin clips, used for analysis of genotypic sex
as performed for the parents, were collected immediately
after blood was sampled from euthanized juveniles accord-
ing to the methods described in Williamson and May (2005).
Making 2 incisions in the anterior ventral portion of the
body cavity exposed the heart. The pericardial area was
irrigated with ~50 pl of sterile heparin solution (1000 U/ml;
USB Corporation, Cleveland, OH) to prevent clotting.
Blood was drawn from the dorsal vascular sinus using
a sterile 1-ml syringe loaded with a 25-gauge needle that was
previously charged with ~20 pl of heparin solution.
Separate blood samples were transferred to blood collection
vacuum tubes containing sodium heparin (Becton, Dickinson,
and Company, Franklin Lakes, NJ) and immediately
shipped overnight for FISH analysis.
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Lymphocyte cultures were established using whole blood
taken from phenotypic male and female offspring, and chro-
mosome preparations were obtained by standard methods
(Phillips et al. 2004; Phillips 2005). The Y chromosome was
cytogenetically identified using either a plasmid clone
harboring the male-specific 8-kb repeat (OtY8) that contains
the OtY1 locus (Devlin et al. 1998) or a cosmid clone
(provided by R. Devlin, Fisheries and Oceans Canada)
containing the GH-¥ locus. To avoid confusion, the OtY8
FISH probe will hereafter be referred to as the OtY1 probe
because OtY8 contains the OtY1 locus. Phillips et al. (2005)
previously isolated an Omy7INRA microsatellite containing
FISH probe. The Omy7INRA probe was obtained from
a bacterial artificial chromosome library prepared from
DNA from the Swanson rainbow trout YY clonal line (Palti
et al. 2002). Probes were labeled using nick translation with
cither Spectrum Orange (red signal; Abbott Laboratories,
Abbott, IL) or digoxigenin (green signal; F. Hoffmann-La
Roche Ltd., Basel, Switzerland). FISH analysis was
performed as described in Stein et al. (2001) with minor
modifications. Blocking repetitive sequence (Cotl DNA
prepared from rainbow trout) was added to the probe, and
the probe and chromosomal DNA were denatured at 72 °C
for 10 min. The denatured probe was added to the slide and
hybridized overnight under controlled stringency. After a series
of posthybridization washes, slides were counterstained with
4’6’ -diamidino-2-phenylindole (DAPI) and viewed under
fluorescent illumination. For digoxigenin-labeled probes,
antibodies to digoxigenin (Roche, Inc.) diluted in phosphate-
buffered saline were added to the slides after the posthybrid-
ization washes. The slides were then incubated for 45 min
before a final series of washes and application of the DAPI
counter stain. Fluorescent images were captured separately for
each fluorophor with an Olympic BX60 microscope and
Sensys digital camera and combined using Cytovision Genus
image analysis software (Applied Imaging, Inc.). Staining
intensities of each probe can be estimated using this software.

The Mendelian inheritance of rainbow trout derived
microsatellites Omm1077 (Rexroad et al. 2002), Omm1318
(Palti et al. 2002), and Omy7INRA was tested in the crosses
used for cytogenetic analysis as well as in other normal and
apparent XY-female produced families used in a previous
study (Williamson and May 2005). Alleles were amplified by
PCR assays using 15 ng of genomic DNA, 1.5, 5.0, and 2.5
mM MgCl, (Omm1077, Omm1318, and Omy7INRA,
respectively), 0.2 mM each deoxynucleoside triphosphate,
0.4 uM of each PCR primer, 0.25 units of 7ag DNA
polymerase (Promega Biosciences, San Luis Obispo, CA),
20 mM Tris (pH 8.5), and 50 mM KClI in 10 pl volumes.
The forward primer of each PCR primer pair was labeled
with a fluorescent phosphoamidite (FAM, NED, or VIC).
PTC100 thermal cyclers (M] Research, San Francisco, CA)
were programed with the following conditions: one de-
naturation cycle at 95 °C for 180 s; 40 amplification cycles of
94 °C for 30 s; 58, 54, and 59 °C annealing temperature
(Omm1077, Omm1318, and Omy7INRA, respectively) for
30 s; and 72 °C for 30 s. Final extension cycles for
Omy7INRA and the other LG7 loci were 60 °C for 20 min

and 72 °C for 10 min, respectively. Amplification products
and size standards (GeneScan 400 and 500) were resolved
on a 5.5% acrylamide—7 M urea gel and imaged by an M]
Research BaseStation (M] Research). Individual genotypes
were scored using Cartographer software as well as manually
verified for every individual genotyped.

Linkage between each locus and SZX was compared in
families produced by normal and apparent XY-female fish.
Linkage in male and apparent XY-female parents was
quantified by calculating the recombination fraction (r) of
alleles inherited in a sex-specific fashion and the phenotypic
sex of offspring in each family. Linkage in the male parent
was calculated by dividing the number of recombinant
genotypes by the total number of recombinant plus parental
genotypes observed in male, female, and apparent XY-
female (if present) offspring. Linkage in the apparent XY-
female parent was calculated by dividing the number of
recombinant genotypes by the total number of recombinant
plus parental genotypes observed in female and apparent
XY-female (if present) offspring. For the apparent XY-
female parents, recombination values can be calculated
between GH-W/OtY1 and each of the microsatellite loci
because the derived (Y*) chromosome contains GH-'Y'/
OtY1. These can be compared with recombination values
between SZX and the microsatellite loci in the male because
GH-Y is closely linked to SEX in Chinook salmon (Devlin
et al. 2001). Because one cannot tell which X chromosome
that either male or female offspring receive from their
normal female parent, recombination values between SEX
and the microsatellite loci cannot be calculated for normal
female parents in these crosses. Fisher’s exact test (Fisher
1934) as implemented in JMP-in version 4.0.3 (SAS Institute
Inc,, Cary, NC) was performed to test the statistical
significance of recombination values.

Results

Identification of Sex Chromosomes in Offspring of
Normal and Apparent XY-Female Chinook Salmon

No hybridization signals with either the Otyl or GH-¥
probes were present on the sex chromosomes (Figure 1a) of
phenotypic female offspring from the control cross of
a normal female and male Chinook salmon. The weak,
nonspecific (sex) OtY1 signal observed on a medium-sized
metacentric pair of autosomes is consistent with data
previously obtained for female Chinook salmon (Devlin
et al. 1994, 2005; Williamson and May 2002). Strong
hybridization signals for OtY1 and GH-¥ probes wete
visualized on the telomere of the short arm of the
Y chromosome of male offspring in the control cross
(Figure 1b). These results are similar to what has been
previously obsetved for OtY1 (Stein et al. 2001) and GH-¥
(Phillips et al. 2005) in male Chinook salmon.

Fluorescent staining of chromosomes of offspring
produced by the experimental cross of an apparent XY-
female and male Chinook salmon indicated different
patterns compared those observed in the control cross.
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Figure 1.
on the long arm of medium-sized metacentric chromosomes 14 (arrow). There was no detectable signal from the male-linked

GH-"Y. The subtelocentic X chromosomes can be identified by the large interstitial block of heterochromatin in the middle of the
long arm (DAPI positive band indicated by a white bar). (b) XY sex chromosomes of normal male Chinook salmon offspring from

(a) Karyotype of normal female Chinook salmon offspring from the control cross. The OtY1 (green) signal is shown

the control cross. Locations of the OtY1 (red) and GH-¥ (green) signals appear on the telomere of the small acrocentric Y
chromosome. Due to the overlap of separately acquired camera images for each probe, the combined images of probe signals
appear gold/white. (¢) Sex chromosomes of an apparent XY-female offspring from an apparent XY-female parent. The OtY1
(red) and GH-W (green) signals are present on the short arm of the X chromosome. Here, both signals are reduced in size about
75% compared with that observed in male offspring of normal female Chinook (Figure 1b). (d) Sex chromosomes of a male

offspring from an apparent XY-female parent showing the location of OtY1 (red) and GH-W (green) signals on both sex

chromosomes. The X chromosome inherited from the dam (left homolog) has reduced probe signal compared with the Y

inherited from the sire (right homolog). (e) Sex chromosomes of male offspring from apparent XY-female parent showing the

location of Omy7INRA (red) and GH-W (green) signals.

Analysis of phenotypic female offspring positive for OtY1
and GH-Y revealed reduced signals on the short arm of one
member of the sex chromosome pair (Figure 1c). The size
(area of chromosome to which probe bound) of the signal
from each probe was reduced about 75% compared with
that observed in male offspring of the normal female
Chinook (Figure 1b). A large interstitial block of hetero-
chromatin (light blue DAPI band indicated by a white bar)
located in the middle of the long arm is also appatrent on the
fluorescently stained chromosome. This band is variable in
size but usually found on both the X and Y chromosomes
(Phillips et al. 1985; Stein et al. 2001). Due to limited
throughput capacity to process samples, only 3 phenotypic
male offspring produced by the apparent XY-female parent
were examined cytogenetically. Two phenotypic male off-
spring had OtY1l and GH-Y¥ signals
chromosome (Figure 1d). The chromosome inherited from
the dam (indicated by reduced signal from each probe) and
that inherited from the sire (large signal from each probe

on each sex
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and a small DAPI band on the short and long chromosome
arms, respectively) are clearly recognizable. The third
phenotypic male offspring exhibited a fluorescent staining
pattern similar to that of male offspring produced in the
control cross (data not shown).

The Omy7INRA probe was used in tandem with GH-¥
to visualize the X and Y chromosomes of male offspring
produced in the XY-female cross. Again, 2 chromosomes
indicated signals from both probes. On both chromosomes,
the GH-¥ signal was localized to the telomerte region and
the Omy7INRA probe hybridized to the proximal portion
of the long arm (Figure 1le).

Segregation Analysis of Sex-Linked Microsatellites in
Normal and Apparent XY-Female Chinook

Segregation analysis of Omy7INRA in normal female
families revealed tight linkage with SZZX in the male parents
(Table 1). Segregation analysis of Omy7INRA in apparent
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Table I. Inheritance pattern of rainbow trout derived microsatellite loci in families produced by normal female fall-run Chinook salmon

Control cross of normal family 112 x D

Control cross of normal family 84 x B

Observed no. of

Linkage from parents

Observed no. of

Segregation analysis

Genotypes*’ progeny genotypes® r value p Genotypes* progeny genotypes” r value
Locus Parental Progeny PFGF PMGM N Female Male Female Male Parental Progeny  PFGF PMGM N Female Male Female Male
Omm1077  312/316 312/384 12 — 46 — 0.043 — <0.0001  349/404 349/345 9 — 43 — 0.023 — <0.0001
384/420 312/420 1 9 345/404 349/404 — 15
316/384 12 — 404/345 11 1
316/420 1 11 404/404 — 7
Omm1318  444/484 444/352 5 4 46 — NS — 0.83 364/368 364/null 2 24 46 — — — —
352/456  444/456 6 3 Null/null  368/null 9 11
484/352 7 7 — — —
484/456 8 6 — —
Omy7INRA  262/284 262/284 12 — 48 — 0.021 — <0.0001  292/312 292/262 — 15 46 — 0.022 — <0.0001
284/290 262/290 1 14 262/290 292/290 10 1
284/284 13 — 312/262 — 9
284/290 — 8 312/290 11 —
The total number (V) of progeny examined/family for each locus is shown. Statistical significance (nonsignificant = NS) of recombination (r) values was assessed using Fisher’s exact test (7).
“ Paternally derived alleles are in bold.
” Observed genotypes are for phenotypic female/genotypic female or male (PFGF or PFGM, respectively) and phenotypically male/genotypic male (PMGM) progeny.
Table 2. Inheritance pattern of rainbow trout derived microsatellite loci in families produced by apparent XY-female (XYF) fall-run Chinook salmon
Experimental cross of apparent XY-female family 181 x A Experimental cross of apparent XY-female family 93 x A
Observed no. of Linkage from parents Observed no. of Segregation analysis
Genotypes*’ progeny genotypes® r value [ Genotypes*’ progeny genotypes® r value P
Locus Parental Progeny @ PFGF PFGM PMGM N XYF Male XYF Male Parental Progeny PFGF PFGM PMGM N XYF Male XYF Male
Omm1077 400/424  400/392 4 8 2 62 NS 0.048 0.44 <0.0001 357/373 357/341 2 5 — 41 NS 0.073 051  <0.0001
392/404 400/404 — — 18 341/357 357/357 — — 9
424/392 9 9 — 373/341 4 5 —
424/404 — 1 11 373/357 — 3 13
Omm 1318  360/null  360,/352 4 3 11 64 NS 0.359  0.62 0.21 316/332 316/352 3 2 1 40 NS NS 0.75  1.00
352/null  360/null 5 5 4 352/396 316/396 1 3 11
Null/352 1 6 10 332/352 1 2 6
Null/null 4 5 6 332/396 4 4 2
Omy7INRA  282/280 282/284 1 17 2 64 0.065 0.047 <0.0001 <0.0001 268/320 268/262 — — 11 46 0.048 0.022 0.001 <0.0001
284/260 282/260 — 1 12 262/282 268/282 7 1 —
280/284 13 1 — 320/262 — 1 13
280/260 — — 17 320/282 — 13 —

The total number (/V) of progeny examined/family for each locus is shown. Statistical significance (nonsignificant = NS) of recombination (7) values was assessed using Fisher’s exact test (7).

“ Paternally detived alleles are in bold.

” Observed genotypes are for phenotypic female/genotypic female or male (PFGE or PEGM, respectively) and phenotypically male/genotypic male (PMGM) progeny.

BIUJOJI[BD) Ul UOW[ES 300Ul SUDNPO.4 40} JUSWSSURLIESY [BLOSOUWOIYD) € JO UONBZIUSIDBIRYD) « ‘B 3 UOSWEI||IAA



Journal of Heredity 2008:99(5)

XY-female families revealed linkage with OtY1/GH-%¥ in
both female and male parents. Just as male offspring were
more likely to receive one particular allele from the sire,
female and apparent XY-female offspring were more likely
to receive one particular allele from the XY dam (Table 2).
Very similar results were obtained for Omy7INRA in
multiple apparent XY-female families produced in separate
years. Out of 238 meioses (acrtoss 5 families), 8 recombi-
natorial events at the Omy7INRA locus within sires were
observed. Out of the 8 recombinant offspring, 8 had also
recombined at the Omm1077 locus.

Two other microsatellites, Omm1077 and Omm1318,
had consistent segregation patterns in both types of families.
Significant (P < 0.0001) male parent linkage was detected
between Omm1077 and SZX in both normal and apparent
XY-female families (Tables 1 and 2). No apparent XY-
female parent linkage was detected between either the
Omm1077 or the Omm1318 locus and GH-¥Y/OtY1 in
apparent XY-female families (Table 2). Similarly, no linkage
was detected between Omm1318 and SEX in the male
parents of either normal or apparent XY-female families.
Very similar results were obtained overall for these loci in
2 separate sampling years. The male parent for family 84 X
B was not variable for locus Omm1318 (Table 1). Hence,
this male parent could not be tested for sex linkage at
Omm1318. We do note, however, an apparent significant
result (r = 0.28, P = 0.05) for the female parent of cross
84 x B. This is not a viable test as the male is the hetero-
gametic sex. We view this result as simply a coincidence, and
the result was not included in Table 1 in order to avoid
confusion regarding how r values were calculated.

Discussion

The FISH analyses suggest that apparent XY-female fall-run
Chinook salmon in California are not the result of a Y
chromosome to autosome whole-arm translocation. The
FISH data alone, or in combination with the inheritance
data, however, do not cleatly discriminate between the other
alternative explanations for apparent XY-females, namely,
recombination of Y-specific markers between the sex
chromosomes, or a Y chromosome with a dysfunctional
or missing sex-determining region. If a chromosomal
rearrangement involving the X and Y has occurred, this
would be difficult to distinguish from a mutation because
the sex chromosomes differ only in a small region
containing OtY1 and GH-¥ in males. Degradation of the
telomere region of the Chinook salmon Y chromosome may
have resulted in the partial or whole loss of SEX. Devlin
et al. (2001) present evidence that suggests SEX is distal to
GH-¥ and OtY1 on the Y chromosome. If the sex-
determining region resided within the degraded telomere
region, it may have been partially or wholly lost from the Y
while the Y-specific markers remained. Further, telomere
degradation could also be responsible for reduced copy
number of OtY1 on the Y chromosome. The fluorescently
stained chromosome of apparent XY-female offspring
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produced by the apparent XY-female (Figure 1c) may be
due to recombination between the sex chromosomes that
have transferred to the X chromosome several of the many
hundred copies of GH-¥ and OtY1 present on the Y
chromosome (Chowen and Nagler 2005; Williamson and
May 2005). The OtY1 locus is patt of a larger 8-kb DNA
sequence (OtY8) that is present approximately 300 times
and organized as clusters of direct tandem repeats that span
a 3.7-Mb region of the Chinook salmon Y chromosome
(Devlin et al. 1998). Differentiation of the sex chromosomes
in salmonids is presumed to be limited to the region
immediately adjacent to the sex-determining locus, and the
remainder of the chromosomes remains pseudoautosomal
with sufficient homology for recombination to occur (May
et al. 1989; Allendorf et al. 1994). The pseudoautosomal
character of Chinook salmon sex chromosomes and the
high-copy number of OtY1 present the opportunity for
recombination involving the OtY1 locus to occur. Re-
combination of markers between the sex chromosomes may
also explain the relatively equal amounts of staining
observed on the 2 chromosomes of male offspring
produced by the apparent XY-female (Figure le). Yet, the
observed inheritance pattern for the sex-linked micro-
satellite Omy7INRA in apparent XY-female produced
families suggests that recombination of GH-¥ and OtY1
between the sex chromosomes may not be the sole
explanation for apparent XY-females.

It is interesting to note that the inheritance pattern of
Omy7INRA in apparent XY-female families revealed both
female and male parent linkage (Table 2). Given the large
differences in recombination rates between female and male
salmonids (Sakamoto et al. 2000; Nichols et al. 2003;
Danzmann et al. 2005), we expect, in general, reduced
recombination on the Y compared with the X. Therefore, it
is not surprising that linkage was detected in the male parent
between Omm1077 and SEX but not between Omm1077
and GH-W/OtY1 in the apparent XY-female parent.
Surprisingly, recombination rates between Omy7INRA
and SEX or GH-Y¥ were neatly as low in appatent XY-
females as was observed in male parents (Table 2). No
linkage was detected between SEX or GH-W/OtY1 and
Omm1318 suggesting that if this locus is present on the
Chinook salmon sex chromosome, it is distal to Omm1077
unlike the case in rainbow trout. According to the linkage
map of rainbow trout LG7 (appendices to Danzmann et al.
2005), Omm1077 and Omm1318 are located ~37 and ~20
map units, respectively, from Omy7INRA and presumably
further from SEX. Linkage between LG7 microsatellite loci
and GH-W/OtY1 in the apparent XY-female patent
suggests that the fluorescently stained chromosome trans-
mitted (Figure 1c) may be a Y that no longer confers genetic
information necessary for development as a phenotypic
male.

Another alternative explanation for apparent XY-female
fall Chinook includes XX /XY mosaicism. A postembryonic
mutation of SEX in the germ cells of a male Chinook
salmon could lead to the creation of an individual that is
a SEXH+/SEX— mosaic. Reproduction with a normal (XX)
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female would produce a 1:1, normal female to XY-female,
offspring sex ratio. Subsequent reproduction by the XY-
female (XY**¥7) offspring with a normal (XY) male would
in turn produce 1:1, male to female, phenotypic and 3:1,
male to female, genotypic sex ratios. Similar genotypic and
phenotypic sex ratio patterns have been observed in
offspring produced by apparent XY-female fall-run Chinook
salmon (Williamson and May 2005). Hines et al. (1997)
found evidence in humans of a somatic and germ-line
mosaicism for SRY. In this case, a postembryonic missense
mutation within SRY carried by a sexually mature male gave
rise to mosaicism for 2 distinct cell populations. Wild-type
SRY was present in the somatic cell line, whereas the
nonfunctional mutant SRY was present in the germ cell line.
Because the mutated SRY was only present in the germ line,
the male carrier was phenotypically normal. Reproduction
by the male produced 2 XY sex-reversed offspring. By itself
mosaicism is an unlikely explanation for the cause of
apparent XY-female Chinook salmon. Mosaicism is rare
whereas the incidence of apparent XY-females is moderately
high (2-33%) within California Rivers (Williamson and May
2002, 2007). Currently, available sex-specific markers for
Chinook salmon would be unable to distinguish a SEX/
SEX— mosaic from an otherwise genetically normal
individual, so the possibility of mosaicism as an explanation
for apparent XY-females cannot be overlooked.
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