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Female pseudohermaphroditism is characterized by gonads consistent with chromosomal sex combined with

ambiguous, masculinized external genitalia. Recognized in many mammals, this condition results from fetal

exposure to androgens that can be embryonic, maternal, or environmental in origin. Female pseudohermaphrodite

black and brown bears (Ursus americanus and U. arctos) from Alberta, Canada, and polar bears (U. maritimus)
from Svalbard, Norway, have been identified. Recent population surveys in Nunavut, Canada, led to the

discovery of 11 additional female pseudohermaphrodite polar bears. Each bear was screened for the presence of

sex-determining region-Y (Sry) and amelogenin-Y (AMELY) genes as indicators of Y-chromosome DNA. One

bear possessed both genes, implying that trisomy or a chromosomal rearrangement may account for her virilized

phenotype. Preliminary data suggested that Sry was also present in the other 10 bears; further testing disproved

that result, revealed an important source of error when using polymerase chain reaction (PCR) to screen for the

Sry gene, and led to the development of new amelogenin primers that provide superior sex information for bears.

Ultimately, these extensive screens also supported the conclusion that 10 of 11 morphologically abnormal

individuals may possess no genuine male-specific DNA. Therefore, nongenetic mechanisms such as maternal

tumors, freemartinism, or endocrinological effects of environmental contaminants may also influence the

development of the female pseudohermaphrodite phenotype in Nunavut polar bears.

Key words: amelogenin, female pseudohermaphrodite, Gulf of Boothia, M’Clintock Channel, molecular sex test, Nunavut,

polar bear, Ursus maritimus, Sry, Y chromosome

Female pseudohermaphroditism is characterized by gonads

consistent with chromosomal sex (i.e., ovaries and an XX

genotype) combined with ambiguous, masculinized external

genitalia (Polani 1981). In humans, male pseudohermaphrodit-

ism results from mutation in any of several single genes, whole

chromosomal abnormalities or rearrangements, or the influence

of environmental agents. Female pseudohermaphroditism is

less common and is usually attributed to fetal exposure to

embryonic, maternal, or environmental androgens (Polani

1981).

Although less studied, pseudohermaphroditism has also been

observed in other mammals, including rhesus monkeys

(Macaca mulatta—Phoenix and Chambers 1982; Wilen et al.

1977); rats and mice (Rattus norvegicus and Mus musculus—
Ikadai et al. 1988; Murphy and O’Shaughnessy 1991); sheep

(Ovis aries—Smith et al. 2000; Verberckmoes et al. 2002);

goats (Capra hircus—Just et al. 1994; Pailhoux et al. 1994;

Yadav et al. 1993); horses (Equus caballus—Bouters et al.

1975; Milliken et al. 1995); bison (Bison bison—Lott et al.

1993); cattle (Bos taurus—Cribiu et al. 1989); dogs (Canis
lupus familiaris—Nemzek et al. 1992; Peter et al. 1993); hyenas

(Crocuta crocuta—Glickman et al. 1992; Yalcinkaya et al.

1993); and black, brown, and polar bears (Ursus americanus,
U. arctos, and U. maritimus—Cattet 1988; Wiig et al. 1998).

Among 4 female pseudohermaphrodite black bears, virilism

(development of male secondary sex characteristics) ranged

from mild clitoral hypertrophy to replacement of the clitoris and

vulva with a large, penis-like structure containing urethra and

baculum. This latter individual was accompanied by cubs, was

lactating, and bore placental scars. Mating and parturition were
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therefore assumed to have occurred through the urethra, the

only external opening, which was internally connected to the

vagina (Cattet 1988).

Female pseudohermaphrodite polar bears were first recog-

nized in Svalbard, Norway, by Wiig et al. (1998). In 1999 and

2000, we identified 11 females with similar phenotypes in the

Gulf of Boothia and M’Clintock Channel populations of

Nunavut, Canada (Fig. 1). Wiig et al. (1998) did not find male

DNA in Svalbard, Norway, pseudohermaphrodites; however,

chromosomal abnormalities have been observed in virilized

females of other species (Bouters et al. 1975; Cattet 1988;

Verberckmoes et al. 2002).

To determine whether Nunavut, Canada, pseudohermaphro-

dite polar bears possess Y-chromosome DNA, we tested for the

presence of male-specific markers Sry (the testis determining

factor—Berta et al. 1990; Koopman et al. 1991; Sinclair et al.

1990) and AMELY (Y-chromosome variant of the pseudo-

autosomal tooth enamel gene amelogenin—Ennis and Gallagher

1994; Gibson et al. 1992). Amelogenin results were always

consistent on replication, whereas recovery of Sry-sized frag-

ments varied between trials. This variability prompted further

investigation into the reliability of DNA-based sex-testing

methods and refinement of techniques for assessing sex in bears

with unknown or ambiguous genders.

MATERIALS AND METHODS

Field methods.—During ongoing field studies of polar bear popu-

lations in Nunavut, Canada, in the Gulf of Boothia (708N, 918W) and

M’Clintock Channel (728N, 1028W), we observed a number of

females displaying apparent virilism in the form of hypertrophic

clitorides. This phenotype was first seen in 1999; in 2000, all females

handled were checked for genital abnormalities. Polar bears were

anesthetized by darting from a helicopter with tiletamine/zolazepam as

described elsewhere (Zoletil, Virbac Australia, Peakhurst, Australia—

Stirling et al. 1989). Capture location, standard morphometric body

measurements, and blood and tissue samples were collected for all

bears. New captures were assigned unique identifying numbers on lip

tattoos and ear tags. Experienced field workers recognized pseudo-

hermaphroditism in bears displaying an external vaginal opening

and an obviously enlarged clitoris, as originally described by Wiig

et al. (1998).

Screens using polymerase chain reaction (PCR).—Tissue or blood

samples from pseudohermaphrodite and normal individuals were

collected during field studies of wild, live bears. Eleven female

pseudohermaphrodites were observed, all U. maritimus. Samples from

2 normal male and 5 normal female Canadian black, brown, and polar

bears were used as controls. These 21 normal individuals were

originally sampled by other workers for independent population

genetic studies; for some bears, only extracted DNA was available

because tissue samples had been previously exhausted.

All samples were stored at �808C before extraction (DNeasy tissue

kits, QIAGEN, Hilden, Germany). Amplifications were performed in

a total volume of 15 ll using a thermocycler (Perkin Elmer 9600,

Wellesley, Massachusetts); fluorescently labeled products were diluted

and mixed with an in-lane size standard for isolation and visualization

on a DNA sequencer (377 DNA sequencer, Applied Biosystems Inc.,

Foster City, California; 4.5% denaturing polyacrylamide gels, run at

2.3 kV for 3 h). Genescan 3.1 and Genotyper 2.0 software was used to

determine fragment sizes and to measure peak heights (Applied

Biosystems Inc). Detailed descriptions of reaction mix and cycling

conditions for all PCR-based screens are provided in Appendix I.

FIG. 1.—Capture locations of female pseudohermaphrodite polar bears in the Gulf of Boothia (708N, 918W) and M’Clintock Channel (728N,

1028W) populations of Nunavut, Canada.
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PCR-based screens: pseudohermaphrodites.—Presence of AMELY
was assessed in all 11 pseudohermaphrodites using PCR with primers

SE47 and SE48 (Gibson et al. 1992). These primers were designed to

amplify exon 5 of AMELY and AMELX (the longer X chromosome

variant of the amelogenin gene) from domestic cattle (Ennis and

Gallagher 1994) but are also informative for most bears (Yamamoto

et al. 2002; M. Proctor, pers. comm.).

We tested for the presence of the Sry gene using SRY41F and

SRY121R primers designed to amplify its conserved high-mobility

group (HMG) box (Taberlet et al. 1993). Reactions were multiplexed

with primers for the pseudoautosomal, zinc finger protein genes, Zfx–
Zfy, as a control for PCR failure, following the method described

by Woods et al. (1999).

During initial screens, a fragment appearing to be Sry was observed
in all female pseudohermaphrodites. When samples were retested

under more stringent conditions, this band was observed in only 1

individual. We therefore suspected that the Sry primers were cross-

amplifying a different gene in females, hereafter called pseudoSry.
PCR-based screens: characterization of pseudoSry amplification in

normal bears.—To determine when primers SRY41F and SRY121R

cross-amplify an Sry-sized fragment from females (pseudoSry), we
performed series of PCR reactions under varying conditions

(Appendix I). The 21 known, phenotypically normal individuals

described above and the pseudohermaphrodite Bear 1 were included in

these screens. Due to limited material, some bears could not be tested

under all conditions. We also tested for the presence of AMELY in

all phenotypically normal controls.

Sequencing: Sry and pseudoSry.—We sequenced Sry-sized products
from all pseudohermaphrodites and normal control bears (32 bears

total). Template (a PCR product derived from genomic DNA for direct

sequencing) was amplified using conditions that most consistently

produced pseudoSry in females. Reaction products were electro-

phoresed on 12% nondenaturing polyacrylamide gels at 80 V for 22 h.

Gels were stained with ethidium bromide and target bands excised

with a razor. Sufficient material for sequencing could not be recovered

from these gel slices when the Qiaex II kit (QIAGEN) was used

according to manufacturer’s directions. Higher yields were obtained

by combining the Qiaex II protocol with the Qiaquick protocol

(QIAGEN, see Appendix I).

Both strands of each fragment were sequenced using the amplifying

primers and a dRhodamine sequencing kit (Applied Biosystems Inc.),

then visualized on a 377 DNA sequencer. Data were analyzed using

Sequencing Analysis 2.1.1 and Sequence Navigator 1.0 software

(Applied Biosystems Inc.).

Primer design: amelogenin-based sexing of carnivores.—Samples

were obtained from 2 known male and 2 known female black bears,

brown bears, polar bears, wolves (Canis lupus), arctic foxes (Alopex
lagopus), Canada lynx (Lynx canadensis), and Weddell seals

(Leptonychotes weddellii). Samples of 1 known male and 1 known

female were obtained from badgers (Taxidea taxus), otters (Lontra
canadensis), and wolverines (Gulo gulo).
Amelogenin exon 5 was amplified using primers SE47 and SE48

with 59 M13 universal extensions. We observed a single band in all

female bears, 2 bands in all male bears, and single bands in males and

females of all other species. Purification, sequencing, and analysis of

all fragments followed methods described above with 1 exception:

dRhodamine sequencing reactions used M13 universal primers.

Sequences for all species were aligned using the bovine AMELX
sequence as a reference (Genbank accession number S44231—Gibson

et al. 1992). We observed conserved sequence blocks flanking the

ursine AMELY deletion; Oligo 4.0 software (Molecular Biology

Insights, Cascade, Colorado) was used to design several sets of

primers that would anneal to these regions. We tested various

combinations of new primers and new primers paired with bovine

primers SE47 or SE48 for PCR amplification of sex-specific products.

Best results in determining sex for bears were obtained using

primers CST1834, CCGTCCAGCCACAGCCTCACCAG; CST1836,

TTCCAGCCCCAGCCCGTCCAG; CST1837, GCTTCCAGAGG

CAGGTCAGGA; and the following PCR conditions for DNA from

tissue: 0.16 lmol each primer, 0.2 mmol deoxynucleotide triphos-

phates (dNTPs), 1.5 mmol magnesium chloride (MgCl2), 1� PCR

buffer (50 mmol KCl, 10 mmol Tris-HCl, pH 8.8, 0.1% Triton X100),

0.144 U Taq, and 0.6 ng genomic DNA (total volume 15 ll). Cycling
conditions were 948C, 1 min (948C, 30 s; 588C, 20 s; 728C, 5 s) for 3

cycles; (948C, 15 s; 588C, 20 s; 728C, 1 s) for 27 cycles; 728C, 30 min.

Hair samples from 40 bears (collected previously by M. Proctor for

an independent, noninvasive remote-censusing project) that could not

be sexed using bovine primers were screened under the following

conditions: 0.16 lmol primer CST1834, 0.24 lmol each of primers

CST1836 and CST1837, 0.2 mmol dNTPs, 1.5 mmol MgCl2, 1� PCR

buffer, 1.44 U Taq (i.e., a 10-fold increase), and 0.25 ng genomic

DNA. Three additional cycles (30 compared with 27 cycles above)

were performed.

RESULTS

Pseudohermaphrodite polar bear phenotype.—Eleven polar

bears with unusual genitals were captured in M’Clintock

Channel and the Gulf of Boothia, Nunavut, Canada, in 1999

and 2000 (Fig. 1). Phenotype consisted of an unusually large

clitoris, similar to that observed by Wiig et al. (1998). In the

most extreme case, Bear 1, the clitoris was approximately 10

mm long by 7.5 mm wide, resembling a small penis. Field data

were insufficient for statistical size comparisons of normal and

pseudohermaphrodite clitorides.

Bears ranged in age from yearlings to approximately 28

years. Three pseudohermaphrodites were lactating and captured

with 2 cubs each. One set of twins was male; 2 were multisex,

with females displaying the pseudohermaphrodite phenotype.

Bear 1 (field number X2818, 28 years of age) was captured in

1975, 1999, and 2000. She was accompanied by an adult male

in 1975 but was never observed with cubs.

Pseudohermaphrodite genotype.—Pseudohermaphrodites car-

ried gene AMELX alone, as expected for normal females, except

for Bear 1, which carried both AMELX and AMELY. Initial tests
for Sry genotype suggested that all pseudohermaphrodites

carried Sry because a fragment approximately the size of the

Sry target band was observed for each individual (Fig. 2).

However, the fragment amplified from pseudohermaphrodites

was, on average, estimated to be 0.4 bases smaller than the Sry
band from known males. Using a 377 DNA sequencer, normal

variation in estimated size among identical amplification

products on a single gel is within 0.2–0.3 bases. PCR product

from pseudohermaphrodite Bear 1 appeared the same size as

product from known male controls (Fig. 2).

When the pseudohermaphrodites were screened under more

stringent conditions (Appendix I), all bears tested as normal

females except Bear 1, which was consistently positive for an

Sry-sized fragment. Known males tested under the same

conditions were also consistently positive for Sry.We therefore

suspected that, excepting Bear 1, the pseudohermaphrodites did

162 JOURNAL OF MAMMALOGY Vol. 86, No. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/86/1/160/2373383 by guest on 19 April 2024



not contain Y-chromosome DNA and that primers SRY41F

and SRY121R were cross-amplifying another gene fragment of

similar length under permissive reaction conditions (presum-

ably due to mispriming at a comparable binding site). This

fragment was designated pseudoSry.
Characterization of pseudoSry amplification.—Sry and

PseudoSry amplification in normal bears and in Bear 1 was

assessed under a wide range of conditions (Appendix I). In

all cases, results for Bear 1 were identical to those of

phenotypically normal males. All control bears possessed

amelogenin genotypes consistent with phenotypic sex; how-

ever, due to limited material, some normal bears could not be

tested for Sry or pseudoSry amplification under all conditions.

Results for normal bears were most accurate when

combining 25 cycles with 0.288 U of Taq. Under these

conditions, Zfx–Zfy (controls for PCR failure, see ‘‘Materials

and Methods’’) was amplified from all individuals, Sry was

amplified from all known males, and pseudoSry amplification

was observed in only 1 female. In this normal black bear,

relative peak height of pseudoSry was approximately 90,

whereas relative peak height of the Zfx–Zfy control fragment

was 1640. Given this imbalance, the pseudoSry fragment might

not be recognized as a product, and the individual would likely

be scored correctly in general sex-testing situations. (Detailed

results for all tests are given in Appendix I.)

Identification of pseudoSry.—Despite repeated attempts, we

were unable to obtain reliable gene sequences for every

individual. However, sequence data were obtained for at least 1

representative of each sex and species class (Genbank

accession numbers AY179736–AY179745) but should be

considered preliminary (improved sequences may be attainable

using cloning techniques).

Sequences from male bears and Bear 1 were most similar to

Sry of giant panda (Ailuropoda melanoleuca, Genbank

accession number AF461117—Zhou et al. 1998). Average

pairwise divergence between sequences from males and

females was 18%. Several pseudoSry variants were observed

among normal and pseudohermaphrodite females and showed

greatest homology to rat Sox11 (Genbank accession number

NM053349—Kuhlbrodt et al. 1998), giant panda Sox11
(Genbank accession number AF016375—Zhou et al. 1998),

or giant panda Sry. This variation may be due to truncation of

some sequences or may imply that several different genes in the

Sox family were amplified from different individuals.

FIG. 2.—Initial sex determination of pseudohermaphrodite polar bears from Nunavut, Canada, using sex-determining region Y (Sry) gene and
an automated DNA sequencer (Applied Biosystems Inc., Foster City, California). Size of zinc finger protein, (Zfx–Zfy) gene control bands (128.69
bases, indicated beneath each peak) were always consistent between bears; size of the putative Sry fragment (peaks approximately 118 bases)

varied between individuals. Size variation is detectable by differing positions on the gel (using an automated sequencer, this is indicated by

number of laser scans, an analogue of distance migrated when using agarose gels) and by fragment size, assigned based on relative position of

within-lane standard bands (not shown). Variation in fragment size might not be detected under normal laboratory conditions but likely reflects

sequence variations between Sry and pseudoSry.
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Use of amelogenin as a molecular sex test.—Primers

designed from domestic cattle will amplify the amelogenin

gene of Japanese black bears (U. thibetanus japonicus—
Yamamoto et al. 2002) and most North American bears.

However, in approximately 10% of brown and polar bears, no

product can be obtained (e.g., in 1 data set, 60 of 800 unknown

brown bears could not be sexed with these primers—M. Proctor,

pers. comm.). Furthermore, in all other carnivores tested using

these primers, a single, sex-unspecific fragment was observed.

Carnivore-specific amelogenin primers would therefore be

useful for sexing a wider range of species and individuals.

We sequenced AMELX and AMELY from black, brown, and

polar bears and single bands amplified from 7 other carnivore

species (Fig. 3). Average pairwise sequence divergence across

all carnivores was 3%. Sex-specific substitutions indicated for

wolves, arctic foxes, and otters in Fig. 3 reflect apparent

sequence polymorphisms, suggesting amplification of both

AMELX and AMELY sequences from males of these species.

Our sequences showed greatest identity with bovine AMELX;
average pairwise divergence between carnivore and bovine

sequences was 8%.

We designed several sets of primers in conserved regions

flanking the ursine AMELY deletion and the b-helix sequence

repeat region (Fig. 3). No combination of primers or ampli-

fication conditions resulted in size differentiated, sex-specific

products in nonursine carnivores.

Best results for bears were obtained with a multiplex of 3

primers, CST1834, 1836, and 1837; CST1834 and 1837

amplified AMELX, preferentially; and CST1836 and 1837

amplified AMELY (data not shown). Amplification patterns

FIG. 3.—Amelogenin exon 5 sequence in carnivores. Sex is indicated in brackets, M denoting male, F denoting female. For bears, sex is

followed by X or Y to indicate chromosomal origin of the gene. Multiple sequences recovered from different individuals in a sex and species

category are indicated by lowercase letters following sex. Dots equal identical bases, dashes represent indels. Vertical lines flank the sequence

repeat region, and the repeat motif is underlined. Underlining at the ends of the sequence indicates the original bovine primers. Ursid primers CST

1836 and CST 1834 overlap upstream of the AMELY deletion; CST 1836 is underlined; CST 1834 is indicated in lowercase letters. Annealing

position of CST 1837 is underlined downstream of the AMELY deletion.
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obtained with bovine and ursine primers are shown in Fig. 4

(Table 1 indicates peak sizes across carnivores). Additional

low-intensity peaks amplified with ursine primers most likely

reflect nonspecific binding to the b-helix repeat region of the

gene. We could not eliminate these peaks without compromis-

ing amplification of the target bands, and we could not obtain

sufficient template to verify their identity through sequencing.

Because relative peak height was low and fragment size did not

overlap with the target bands, this cross-amplification did not

interfere with sexing. Furthermore, the ursine primers were

equally applicable to all 3 North American bear species,

allowed accurate sexing of known bears, and provided sex

information for bears that did not respond to bovine primers.

They were also effective for sexing of hair samples collected

using noninvasive techniques (data not shown).

DISCUSSION

Reliability of molecular sex-testing methods.—Molecular

sex-identification techniques provide invaluable information for

a range of applications: determining the sex of a fetus before

morphological differentiation (Lambert et al. 2000; Pollevick

et al. 1992); clarifying sex in species that are morphologically

cryptic or difficult to observe (Gowans et al. 2000); assessing

sex ratios in wild populations via remote-censusing population

surveys (Woods et al. 1999); identifying donors of forensic

samples (Stacks and White 1996; Wilson and White 1998); and

FIG. 4.—Use of AMELX and AMELY for sex testing in polar bears from Nunavut, Canada. Lanes 1–2 are fragments obtained using Ennis and

Gallagher’s cattle primers (1994); lanes 3–4 show products from the same individuals using bear-specific primers developed here. Results shown

are also representative of amplification patterns for North American black and brown bears. Apparent fragment size relative to within-lane standard

is indicated below each peak; circled values to the right of each peak indicate absolute length in bases (see Table 1).
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verifying harvest reports in managed populations (Amstrup

et al. 1993; Schliebe et al. 1999). All of these applications as-

sume that molecular methods are highly accurate; data presented

here suggest this assumption may not always be justified.

Sry is a natural target for DNA-based sexing techniques. It is

Y chromosome–specific and the single locus that initiates

development of male sex in mammals (Koopman et al. 1991;

Sinclair et al. 1990). The Y chromosome in general and Sry
specifically are highly variable among species; primers capable

of amplifying Sry from a number of species must be targeted

towards its conserved HMG-box (Graves 2002; Taberlet et al.

1993). However, the HMG-box is also conserved between Sry
and other members of the Sox gene family (Sry-like HMG-box

containing genes—Graves 2002).

At least 1 of these Sox genes can be amplified using primers

designed for Sry. Cross-amplification has been observed by

other researchers but was not considered problematic in

previously published studies (mountain lions—Ernest et al.

2000; brown bears—Taberlet et al. 1993; Woods et al. 1999).

Our data indicate that cross-amplification could be a significant

source of error and may be undetectable by previously

published sex-screening protocols (Fig. 2).

In large-scale population genetic studies or noninvasive

population inventories (e.g., Paetkau 2003), verifying the

identity of each PCR product by Southern blotting or sequenc-

ing rapidly becomes impractical. Therefore, it is important to

determine the conditions under which PCR primers are specific

for the fragment of interest. For Sry-based sex testing, we

suggest a maximum of 25 amplification cycles, combined with

the lowest Taq concentration that produces consistently detect-

able PCR control bands (in this study, Zfx–Zfy). Labs employing

Sry are also advised to validate their procedures by screening

a statistically defensible number of known individuals.

However, because incidence and strength of pseudoSry
amplification were affected by use of 2 different, identical

model thermocyclers (Appendix I), we encourage development

of other, more accurate methods of molecular sex testing.

As a genetic marker for sex, the amelogenin locus has several

advantages over Sry. It is pseudoautosomal, providing an

inherent internal control, but with size variation that is male-

specific (Gibson et al. 1992; Lau et al. 1989). Furthermore,

amelogenin does not belong to a gene family (Lau et al. 1989),

thus reducing the risk of cross-amplification to other loci. Bear-

specific primers developed here were accurate on all known

bears tested and supplied sex information for samples, including

hairs, that could not be assessed using the original method.

Unfortunately, sex-specific size variation may not be present

in the amelogenin gene of other carnivore species. In mice,

amelogenin is found on the X chromosome alone (Chapman

et al. 1991); in marsupials and monotremes, it is autosomal

(Watson et al. 1992); chromosomal location has not been

determined for any carnivore. If the gene is pseudoautosomal

in these species, our data suggest that sex-specific size varia-

tion of the 5th exon (Ennis and Gallagher 1994) does not exist

(Fig. 3). Given that deletions characterizing AMELY lie within

the b-helix repeat region of the gene, they may have arisen

independently in several lineages. Cloning amelogenin from

several carnivore species would clarify this issue and, perhaps,

suggest other regions of the gene that would facilitate size-based

sex identification.

The bear-specific amelogenin primers presented here may

represent the most convenient and reliable molecular sex test

currently available for ursids. Another method recently

proposed by Shaw et al. (2003) exploits size variation in an

intron of the Zfx–Zfy genes; their primers bind to conserved

flanking sequences and are, therefore, applicable to a range of

species. PCR products thus obtained vary from 800 to 1,300 bp

and may not be recoverable from low-quantity or poor-quality

DNA samples. However, sequencing of this intron and design

of species-specific primers that target smaller fragments may be

more efficient than de novo cloning of the amelogenin gene for

the same purpose.

Pseudohermaphroditism in Nunavut, Canada, polar bears:
genetic mechanisms.—Female pseudohermaphroditism arises

from fetal exposure to androgens (Polani 1981; Yalcinkaya

et al. 1993). The source of the androgens, whether genetic or

environmentally induced, fetal or maternal, is less understood.

We will explore a number of possibilities with respect to

female pseudohermaphrodite polar bears in Nunavut, Canada.

The presence of male DNA in a female fetus is the most

obvious source of virilizing hormones and can lead to full sex

reversal (Koopman et al. 1991). Pseudohermaphrodites in

Svalbard, Norway, were Sry negative (Wiig et al. 1998). Ten of

11 pseudohermaphrodites in Nunavut, Canada, were also Sry-
and AMELY-negative, suggesting the absence of Y-chromo-

some DNA in these individuals. However, amplification

patterns for pseudohermaphrodite Bear 1 were identical to

those of normal male bears under all testing conditions. It

is unclear whether this result is due to translocation of

Y-chromosome DNA to another chromosome or whether it

reflects the XXY trisomy characteristic of Klinefelter’s

syndrome in humans. However, given that male development

in Klinefelter’s syndrome is normally greater than that observed

here, a chromosomal rearrangement seems more probable.

Close correspondence between the phenotype of Bear 1 and

other pseudohermaphrodites also suggests that an alternative—

feminization of a genetic male individual—is unlikely.

TABLE 1.—Amelogenin fragment length (bases) amplified from

carnivores using cattle and bear-specific primers. Total sample size (n)
includes equal numbers of males and females.

Species (n)

Cattle primers Bear primers

Male Female Male Female

Black bear (4) 189, 243 243 126, 169 169

Brown bear (4) 189, 243 243 126, 169 169

Polar bear (4) 189, 243 243 126, 169 169

Wolf (4) 216 216

Arctic fox (4) 216 216

Lynx (4) 216 216

Badger (2) 216 216

Otter (2) 216 216

Wolverine (2) 216 216

Weddell seal (4) 189 189
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Bear 1, captured in 3 different years, was always in excellent

physical condition but never found with cubs; this observation

is very unusual. Furthermore, limited endocrine testing

performed on Bear 1 suggests her androgen levels may be

consistent with those of a normal male (E. Cummings, pers.

comm.). The presence of a possibly infertile, and thus

noncontributing, female in the M’Clintock Channel polar bear

population may be particularly important because this pop-

ulation is considered seriously depleted due to recent, former

harvesting. Significance of this result could be further addressed

given an accurate estimate of the frequency of pseudohermaph-

roditism from chromosomal abnormality in this population.

The 10 Nunavut, Canada, pseudohermaphrodites negative

for male DNA may possess genetic abnormalities undetectable

by assays used here. The presence of a functional Sry gene

initiates male development; however, most genes active later in

the differentiation pathway (downstream genes), including

many genes involved in spermatogenesis, are located on the X

chromosome or the autosomes (Graves 2000; Graves and

Delbridge 2001). A mutation affecting function or regulation of

this type of gene could increase sensitivity of the developing

fetus to maternal androgens or increase the concentration of

maternal androgens during pregnancy (Yalcinkaya et al. 1993).

As the phenotype does not seem to affect reproduction, such

a predisposition may not cause strong adverse selection.

Pseudohermaphroditism in Nunavut, Canada, polar bears:
alternative inherent mechanisms.—Adrenal or ovarian tumors

may be a potential source of increased maternal androgens

during pregnancy (Polani 1981). However, it seems unlikely

that this condition would be frequent enough to account for the

relatively large number of pseudohermaphrodites observed in

Nunavut, Canada.

In contrast, freemartinism is a possible explanation. Free-

martins arise when the placentas of mixed-sex twins fuse,

allowing androgens from the male sibling to pass to the female

(Benirschke 1981). Two mixed litters were captured here; the

female of each displayed the pseudohermaphrodite phenotype.

However, because both mothers were pseudohermaphrodites,

this hypothesis requires us to assume that these females were

also mixed-sex twins. Wiig et al. (1998) considered free-

martinism improbable in Svalbard, Norway, pseudohermaph-

rodites, partially because freemartins are usually sterile

(Benirschke, 1981). Although this effect may contribute to

the incidence of Nunavut, Canada, pseudohermaphroditism,

it seems likely that other mechanisms are also at work.

Pseudohermaphroditism in Nunavut, Canada, polar bears:
environmentally induced mechanisms.—Cattet (1988) andWiig

et al. (1998) suggest that environmental pollutants acting via the

mother may also virilize bear fetuses. Identity of such

compounds and mechanism of their action is not currently clear.

In polar bears, pseudohermaphroditism might result from

endocrinological effects of organochlorines such as polychlori-

nated biphenyls (PCBs). Because the energy source for prenatal

polar bears is maternal lipids, significant exposure to lipophilic

contaminants occurs during fetal development (Polischuk 1999).

Unfortunately, it is difficult to assess the relationship

between extent of organochlorine exposure and incidence of

pseudohermaphroditism among distinct polar bear populations.

Data on the frequency of pseudohermaphrodites in Nunavut,

Canada, are inadequate for comparison to Svalbard, Norway,

bears. Further, published accounts of organochlorine levels in

polar bears from different regions must be evaluated carefully

because factors such as season and nutritional status can

dramatically influence results (Polischuk et al. 2002).

Pseudohermaphroditism has also been observed in 4 black

bears and 1 brown bear with the most extreme phenotype of any

ursid in a black bear from Alberta, Canada (Cattet 1988). Black

and brown bears, due to differing geographic ranges and shorter

food chains, should not be influenced by organochlorine

contamination to the extent of their arctic cousins. However,

it remains possible that a different type of contaminant, more

ubiquitous in distribution and still unidentified, could contribute

to abnormal phenotypes in these species.

Conclusions.—Ten of 11 female pseudohermaphrodite polar

bears observed in Nunavut, Canada, did not possess Sry or

AMELY and, hence, may not contain male-specific DNA.

Therefore, mechanisms such as freemartinism and the potential

androgenic effects of environmental pollution are likely to

contribute to the development of this abnormality. However, in

at least 1 case, a chromosomal abnormality has resulted in

a similar pseudohermaphrodite phenotype. The application of

reliable, molecular sex-testing methods to such individuals may

yet increase our understanding of normal and abnormal sexual

development in wild living mammals.
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APPENDIX I

Further molecular methods

(Please note that subheadings used here correspond to relevant

sections of the ‘‘Materials and Methods.’’)

PCR-based screens: pseudohermaphrodites.—Reaction mixes for

initial amelogenin screening contained 0.08 lmol each of primers

SE47 and SE48; 0.2 mmol dNTPs; 2 mmol MgCl2; 1� PCR buffer;

0.5 U Taq; and 1 ng DNA. Cycling conditions were 948C, 1 min;

(948C, 30 s; 548C, 20 s; 728C, 5 s) for 3 cycles; (948C, 15 s; 548C, 20

s; 728C, 1 s) for 33 cycles; 728C, 30 min.

Initial reaction mixes for Sry included 0.21 lmol of each primer;

0.16 mmol dNTPs; 2 mmol MgCl2; 1� PCR buffer; 1.44 U Taq; and 1

ng DNA. Cycling conditions were 948C, 1 min; (948C, 30 s; 548C, 20

s; 728C, 5 s) for 3 cycles; (948C, 15 s; 548C, 20 s; 728C, 1 s) for 33

cycles. All samples were then retested using more stringent

amplification (0.11 lmol of each primer; 0.16 mmol dNTPs; 2 mmol

MgCl2; 1� PCR buffer; 0.144 U Taq; and 1 ng DNA) and cycling

conditions of 948C, 1 min; (948C, 30 s; 548C, 20 s; 728C, 5 s) for 3

cycles; (948C, 15 s; 548C, 20 s; 728C, 1 s) for 25 cycles.

PCR-based screens: Sry series analysis.—Twenty-one normal bears

(see ‘‘Materials and Methods’’) and pseudohermaphrodite Bear 1 were

tested for Sry–pseudoSry amplification under a wide range of

conditions. We describe below only those factors that varied from

initial Sry testing conditions outlined in the preceding subsection.

Number of cycles refers to the number of times the 3rd phase of the

PCR program (948C, 15 s; 548C, 20 s; 728C, 1 s) was repeated. Unless

otherwise noted, Sry was successfully amplified from all male bears.

DNA concentration tests were performed using 0.5, 1, or 2 ng of

genomic DNA; 2 mmol MgCl2; 1.44 U Taq; 25 cycles; and an

annealing temperature of 548C. No pseudoSry amplification was

observed under any conditions.

The role of magnesium concentration on pseudoSry amplification

was assessed using 0.5 ng DNA; 1, 1.5, 2, or 2.5 mmol MgCl2; 0.288

or 1.44 U Taq; 33 cycles; and an annealing temperature of 548C.

Incidence of pseudoSry increased with increasing Taq concentration

and peak height with increasing magnesium concentration. Under the

most stringent conditions, amplification was observed in 4 out of 13

females. Average peak height of pseudoSry was similar to that of Zfx–
Zfy in females but consistently less than Sry peak heights in males.

Cycle number and Taq concentration analysis included 0.5 ng

DNA; 2 mmol MgCl2; 0.228, 1.44, or 7.2 U Taq; 25, 27, 29, 31, or 33

cycles; and an annealing temperature of 548C. PseudoSry amplified

weakly from 1 female black bear under the most stringent con-

ditions. Incidence and peak height of pseudoSry increased with

both cycle number and Taq concentration. With few exceptions,

peak height of pseudoSry was less than that of Zfx–Zfy in females

and Sry in males.

We surveyed the effect of annealing temperature and Taq

concentration using 0.5 ng DNA; 2 mmol MgCl2; 0.288, 1.44, or

7.2 U Taq; 33 cycles; and annealing temperatures of 598C, 618C,

628C, 648C, or 698C. No temperature permitted amplification of Zfx–
Zfy in females and amplification of Sry in males without permitting

pseudoSry amplification in at least 1 female. Incidence of pseudoSry
also varied with the use of 2 different, identical model thermocyclers.

Finally, we tested whether pseudoSry would be amplified by

AmpliTaq Gold (Applied Biosystems Inc.) using the following

conditions: 0.5 ng DNA; 2 mmol MgCl2; 0.375, 0.75, or 1.875 U of

AmpliTaq; 25 or 33 cycles; and an annealing temperature of 548C

(cycling program also included an initial 10 min, 598C activation).

PseudoSry was amplified using 33 cycles or with higher concen-

trations of AmpliTaq than recommended by the manufacturer.

Sequencing: Sry and pseudoSry.—Initial efforts to purify template

DNA from acrylamide gels employed the Qiaex II purification system

(QIAGEN); however, sufficient material for sequencing could not be

recovered using the manufacturer’s directions. Superior results were

obtained by combining the Qiaex II protocol and the Qiaquick

(QIAGEN) protocol for purification of DNA from agarose gels. Three

gel volumes of diffusion buffer (1 mM EDTA, pH 8.0, 0.1% SDS, 0.5

M ammonium acetate, 10 mM magnesium acetate) were added to each

whole gel slice for overnight incubation at 558C. Supernatant was

removed to a clean tube, and 3 volumes of Qiaquick buffer QG were

added. The remainder of the Qiaquick protocol was performed without

modification.
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