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Introgressive hybridization has traditionally been regarded as
rare in many vertebrate groups, including mammals. Despite
a propensity to hybridize in captivity, introgression has rarely
been reported between wild sympatric macropodid marsu-
pials. Here we investigate sympatric populations of western
(Macropus fuliginosus) and eastern (Macropus giganteus)
grey kangaroos through 12 autosomal microsatellite loci and
626 bp of the hypervariable mitochondrial DNA (mtDNA)
control region. M. fuliginosus and M. giganteus within the
region of sympatry corresponded, both genetically and
morphologically, to their respective species elsewhere in
their distributions. Of the 223 grey kangaroos examined,
7.6% displayed evidence of introgression, although no F1

hybrids were detected. In contrast to captive studies, there
was no evidence for unidirectional hybridization in sympatric
grey kangaroos. However, a higher portion of M. giganteus
backcrosses existed within the sample compared with
M. fuliginosus. Hybridization in grey kangaroos is reflec-
tive of occasional breakdowns in species boundaries,
occurring throughout the region and potentially associ-
ated with variable conditions and dramatic reductions in
densities. Such rare hybridization events allow populations to
incorporate novel diversity while still retaining species
integrity.
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Introduction

The inability to successfully hybridize and produce
fertile offspring forms the basis of the biological species
concept (Dobzanhsky, 1937; Mayr, 1940). However, when
speciation occurs allopatrically, reproductive isolation
may remain incomplete, allowing hybridization and the
subsequent introgression of genes to occur upon sec-
ondary contact (Dowling and Secor, 1997). Although the
evolutionary consequences of hybridization can be
deleterious, causing sterility or reduced fertility of
offspring or resulting in a loss of genetic integrity and
homogenization of gene pools (Rhymer and Simberloff,
1996), in some circumstances it may be beneficial by
allowing the incorporation of novel genetic diversity and
promoting adaptation to new environments or even
speciation (Dowling and Secor, 1997; Martinsen et al.,
2001; Salzburger et al., 2002; Smith et al., 2003). Although
initially considered rare and usually deleterious among
mammals, hybridization has been identified, to varying
degrees, in various wild eutherian mammal taxa includ-
ing cetaceans (Willis et al., 2004), seals (Lancaster et al.,
2006; Kingston and Gwilliam, 2007), canids (Vila et al.,

2003; Verardi et al., 2006), felids (Pierpaoli et al., 2003;
Lecis et al., 2006), leporids (Thulin et al., 2006; Melo-
Ferreira et al., 2007), martens (Kyle et al., 2003) and
squirrels (Ermakov et al., 2006; Spiridonova et al., 2006).
However, despite many macropodid marsupial species
readily hybridizing in captivity (Close and Lowry,
1990), relatively few instances of natural hybridization
have been reported in marsupials, with the exception
of several parapatric rock-wallaby species (Briscoe et al.,
1982; Eldridge et al., 1991; Eldridge and Close, 1992;
Bee and Close, 1993). Therefore, increasing our under-
standing of the occurrence and frequency of hybridiza-
tion across various mammalian taxa will provide
greater insights into its evolutionary and ecological
importance.

Among large macropodids, a putative wild hybrid has
only been reported between the eastern grey kangaroo,
Macropus giganteus, and the western grey kangaroo,
Macropus fuliginosus (Coulson and Coulson, 2001).
Although the origins of these two species lie in the
eastern (M. giganteus) and western (M. fuliginosus) sides
of continental Australia (Oliver et al., 1979; Mead et al.,
1985), both species currently occur sympatrically over
B0.68 million km2 of eastern Australia (Figure 1,
Caughley et al., 1984). The relative densities of the two
species vary across this region, with the densities of each
species decreasing towards the extremities of their
respective ranges. Despite morphological similarities,
numerous species-specific features are present (Caughley
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et al., 1984). For example, the pelage of M. fuliginosus is
darker and more chocolate brown than the grey pelage of
M. giganteus (for more details, see Coulson and Coulson,
2001). Furthermore, despite some differences in habitat
preferences, with M. giganteus preferring more open
woodland and M. fuliginosus denser heath (Coulson,
1990), both species use open grasslands and are often
observed in large heterogeneous groups in areas of
sympatry (Coulson, 1990, 1999).

Captive-based studies indicate that with no
chromosomal differences (Hayman and Martin, 1969;
Hayman, 1990), successful hybridization between grey
kangaroos may occur despite differences in several
reproductive traits such as gestation length and the
timing and length of the oestrus cycle (Kirsch and Poole,
1972; Poole and Catling, 1974). However, hybridization
appears unidirectional, with the only F1s produced
resulting from matings betweenM. giganteus females and
M. fuliginosus males, the reciprocal never occurred (Poole
and Catling, 1974). Of the resultant offspring, F1 females
were fertile while males (following Haldane’s rule, 1922)
appeared sterile, with only primary spermatocytes
present in the testes (Poole and Catling, 1974). Female
F1 hybrids successfully bred with males of both species,
but it was not until the third-generation backcross that
spermatogenesis and sperm were present in male
offspring (Kirsch and Poole, 1972; Poole and Catling,
1974). F1 hybrids show reproductive and morphological
traits intermediate to the parental species, whereas
backcrosses were more difficult to distinguish, typically
appearing similar to the species to which the hybrid
is backcrossed (Kirsch and Poole, 1972; Poole and
Catling, 1974).

Previous molecular studies of sympatric grey kangaroo
populations detected no evidence of hybridization
(Kirsch and Poole, 1972). However, the separation of
the species, based on the presence of an unshared
polymorphism and no fixed differences at a single locus
(transferrin), limited even the number of captive bred
backcrosses that could be detected (6/14; Kirsch and
Poole, 1972). Since then, the sensitivity of molecular
genetic and statistical techniques available for investigat-
ing introgression have substantially improved (Pritchard
et al., 2000; Anderson and Thompson, 2002; Manel et al.,
2005 and references therein); although the accuracy of
these techniques differs (Randi and Lucchini, 2002) and
an increased likelihood of detecting hybrids potentially
generates false positives. However, clustering algorithms
such as those used in STRUCTURE (Pritchard et al., 2000)
and NEWHYBRIDS (Anderson and Thompson, 2002)
have explicit predictions for hybrid genotypes, thus
minimizing false positives associated with earlier assign-
ment approaches.
Although hybridization of macropodid marsupials in

captivity has been relatively well examined, there has
been comparatively little examination of hybridization
and introgression in wild sympatric populations. Yet,
this information could provide insights into the impor-
tance of hybridization in marsupial species, as well as in
mammals in general. In this study, we examined 12
autosomal microsatellite loci and mitochondrial DNA
(mtDNA) to investigate two naturally sympatric species
of grey kangaroo. The aim of this study was to ascertain
the extent of introgression in these sympatric macro-
podid populations and test captive study predictions
that hybridization is unidirectional.

Figure 1 Distribution of eastern (dark shading) and western (light shading) grey kangaroos in Australia, showing their distributional overlap
(hatched). The inset shows the zone of sympatry and the areas where samples were collected. The main sampling sites include Hillston
(n¼ 166) and Bourke (n¼ 30). Further grey kangaroo samples were obtained from a: Charleville (n¼ 3); b: Mungallala (n¼ 1);
c: Cunnamulla (n¼ 2); d: Bollen (n¼ 1); e: Nyngan (n¼ 3); f: Mullengudgery (n¼ 4); g: Trangie (n¼ 1); h: West Wyalong (n¼ 1); i: Jerilderie
(n¼ 1); j: Finley (n¼ 1); and k: Hattah Lakes (n¼ 9). The sampling sites for representative samples for each species (both n¼ 20), located
outside the region of sympatry are also shown (black circle¼western grey kangaroo sampling site, white circle¼ eastern grey kangaroo
sampling site). Diamonds indicate the sites where hybrid genotypes were located (see text for numbers).
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Materials and methods

Sample collection
Skin, liver or kidney tissue samples were collected from
223 grey kangaroos from across the region of sympatry
(Figure 1). Two sites from outside the region of sympatry
(B300 km away) were also sampled to provide a
representative sample of each species. A total of 20
individuals of M. fuliginosus were obtained from South
Australia, whereas 20 M. giganteus samples were
obtained from New South Wales (Figure 1). The
morphological species was recorded for all samples,
including the representative samples. All samples were
adult to sub-adult with no pouch young sampled and
were obtained through the commercial kangaroo harvest
and from researchers. In the field, samples were
preserved in either 20% dimethyl sulfoxide–NaCl2
solution (Kilpatrick, 2002) or 80% ethanol. DNA extrac-
tion was performed according to Sigg et al. (2005).

Microsatellite amplification and screening
Twelve polymorphic macropodid loci were examined;
of them, seven loci were identified in the tammar
wallaby (Macropus eugenii; T3-1T, T4-2, T19-1, T31-1,
T32-1, T46-5 and IL5; Hawken et al., 1999; Zenger and
Cooper, 2001a), four from the eastern grey kangaroo
(M. giganteus; G16-1, G20-2, G26-4 and G31-1; Zenger and
Cooper, 2001b) and Pa595 from the allied rock wallaby
(Petrogale assimilis; Spencer et al., 1995). Amplification
was through PCR in 10ml reaction volumes containing
100–200 ng of genomic DNA; 2.5mM MgCl2 (2.0mM

MgCl2 for IL5); 16mM (NHa)2SO4; 67mM Tris HCl (pH
8.8); 0.1% Tween 20; 200mM of each dCTP, dGTP and
dTTP; 20 mM of dATP, 0.05 ml of dATP at 1000Cimmol�1

(Perkin-Elmer, Glen Waverley, Victoria, Australia); 10mM
of each primer; and 0.5U of Taq polymerase (Bioline,
Alexandria, New South Wales, Australia). PCR amplifi-
cation was carried out in an MJ Research (Watertown,
MA, USA) PCT-100 thermocycler, with an initial 94 1C
denaturation for 3min, followed by ‘touchdown’ cycles
of 94 1C denaturation for 30 s, annealing temperatures of
60 1C, decreasing by 2 1C increments at each cycle to
50 1C for 45 s each followed by an extension step of 72 1C
for 60 s. On completion of the last touchdown cycle,
another 30 cycles with a 50 1C annealing temperature
were performed, with a final extension step of 72 1C
for 5min. Amplified products were resolved on a 6%
denaturing polyacrylamide gel (Sequa-gel 6; GeneWorks,
Hindmarsh, South Australia, Australia), with a standard
DNA size reference marker (T7 polymerase; Amersham,
Rydalmere, New South Wales, Australia) and visualized
by autoradiography according to Taylor et al. (1994).

mtDNA amplification and screening
To assess the maternal lineage of an individual, a 626-bp
segment of the mtDNA control region, from the tRNA
proline gene to the end of the central control conserved
region, was amplified using the marsupial-specific
primers 15999L (50-ACCATCACCCAAAGCTGA-30) and
16498R (50-CCTGAAGTAGGAACCAGTAG-30) accord-
ing to Fumagalli et al. (1999). Single-strand conforma-
tional polymorphism was performed on amplified PCR
products to identify haplotypes and to assess variation
(Sunnucks et al., 2000). Three separate individuals for

each of the unique haplotypes identified were sequenced
to ensure the sequence identity of the unique haplotypes.
New PCR products in 50 ml reaction volumes and devoid
of 33P were amplified as previously described, purified
and sequenced using BigDye termination and resol-
ved on an ABI 3730xl automated sequencer (Applied
Biosystems, Seocho-Gu, Seoul, Korea; performed at the
Macrogen Sequencing Facility, South Korea).

Genetic diversity and differentiation
MICROSATELLITE TOOLKIT EXCEL ADD-IN (Park,
2001) was used to assess both observed and expected
heterozygosity (Ho & He) and the number of alleles (A)
for both representative samples of M. fuliginosus and M.
giganteus. GENEPOP version 3.4 (Raymond and Rousset,
1995) was used to test for linkage disequilibrium and
deviations from Hardy–Weinberg equilibrium across all
locus population combinations and globally for each of
the two representative species groups. The Bonferroni
correction was used to adjust the significance levels
across multiple tests (Rice, 1989). FSTAT version 2.9.3.2
(Goudet, 2000) was used to estimate the divergence
between the two representative species groups and
between morphological groups within the sympatric
region computing pairwise FST (Weir and Cockerham,
1984) and RST (Slatkin, 1995). Differentiation between the
two representative species groups was also assessed by
analysis of molecular variance (AMOVA) as implemen-
ted by GENALEX 6 (Peakall and Smouse, 2006) using FST
and RST. The number of private alleles, those not shared
by the two representative species groups, was deter-
mined by rarefaction using the program HPRARE 1.0
(Kalinowski, 2005).

The mtDNA control region sequence was aligned in
MEGA 3.1 (Kumar et al., 2004) using the Clustal W
algorithm (Higgins et al., 1994). The number of poly-
morphic sites (S), nucleotide diversity (p) and the
number of pairwise differences (dA) were determined
using MEGA. The extent of sequence differentiation was
assessed by AMOVA in Arlequin (Schneider et al., 2000),
which was also used to calculate the Kimura 2 parameter
genetic distance between representative samples of
M. fuliginosus and M. giganteus. To visualize the
differences between all the haplotypes identified within
the region of sympatry and the representative samples a
neighbour joining tree was created in MEGA, with
support for the branching topology evaluated using
1000 bootstrap replicates.

Distinguishing hybrid and pure genotypes: simulation

study
To determine appropriate cutoff values for distinguish-
ing hybrid and pure genotypes in our study system
based on the 12 microsatellites, 500 simulated represen-
tative individuals for each species as well as 500
simulated F1 hybrids were generated in HYBRIDLAB
version 1.0 (Nielsen et al., 2006), using the representative
allopatric samples of M. fuliginosus and M. giganteus as
parental populations. Q-values of allopatric and simu-
lated representative M. fuliginosus and M. giganteus
ranged between 0.92 and 0.98 to their respective species
clusters in STRUCTURE 2.1 (Pritchard et al., 2000),
whereas simulated F1 hybrids ranged between 0.3 and
0.7 (see the Results section). On the basis of these ranges
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and those of similar studies (Flamand et al., 2003; Vaha
and Primmer, 2005; Lancaster et al., 2006), a threshold of
0.9 was used to distinguish between pure and hybrid
individuals in STRUCTURE (that is, o0.9 indicates
putative hybrid; separation into hybrid categories was
not feasible; see the Results section). In NEWHYBRIDS
(Anderson and Thompson, 2002), assignment probabil-
ities of allopatric and simulated representative M.
fuliginosus and M. giganteus to their respective species
categories ranged between 0.77 and 1.00, whereas the
assignment of simulated F1 hybrids to the F1 category
ranged between 0.35 and 1.00. Thus, the category with
the highest posterior probability (typically 40.5; Vaha
and Primmer, 2005) was assigned to an individual, with
definitive assignments indicating probabilities exceeding
0.75. All hybrid categories were considered both sepa-
rately and collectively when assigning individuals as
hybrids in NEWHYBRIDS.

To determine the most appropriate clustering algo-
rithm, NEWHYBRIDS or STRUCTURE, and associated
settings, for the detection of backcross hybrids in our
study system, the 500 simulated representative indivi-
duals for each species and 500 simulated F1 hybrids were
used to generate 500 first-, second- and third-generation
backcrosses for each species (using HYBRIDLAB; see
Supplementary Material). As the frequency of hybridiza-
tion influences the accuracy of assignment (Vaha and
Primmer, 2005), multiple simulated data sets containing
variable proportions of hybrid genotypes from each
hybrid category were also generated to assess how this
variation could influence our results and choice of
method (see Supplementary Material).

Detecting hybrids in sympatric grey kangaroos
The results of the simulation study showed the highest
proportion of correct assignments occurred in NEW-
HYBRIDS using a hybrid genotype frequency class (xg)
of 0.35 for backcross categories (optimized settings; see
Supplementary Material). When the number of simu-
lated hybrids was reduced (that is, rare hybridization;
see Supplementary Material), the proportion of correct
assignments in optimized NEWHYBRIDS remained
higher relative to STRUCTURE and default NEW-
HYBRIDS (see Supplementary Material). Therefore, as
hybridization in our study system was potentially low
(Kirsch and Poole, 1972), this method was chosen to
examine the empirical microsatellite data set. However,
as 5.2% of the simulated first-generation backcrosses
were incorrectly assigned to the F1 category using this
method, the empirical data set was also examined using
both the default NEWHYBRIDS and STRUCTURE to
determine the presence or absence of F1 hybrids within
the wild sample.

For all data sets, STRUCTURE was run using the
following settings: admixed ancestry, correlated allele
frequencies, a burn-in period of 50 000 and run length of
106, with alpha (a) checked to ensure that burn-in and
run lengths were adequate. When estimating K, which
was examined from 1–6, lnP(X/K) (Pritchard et al., 2000)
was taken into consideration, with five iterations for each
value. NEWHYBRIDS was run using both the default
(see Anderson and Thompson, 2002) and optimized
settings (see Supplementary Material), with a burn-in
period of 50 000 and run length of 106 iterations. No

a priori information on individual cluster membership
was provided for any analyses, rather the representative
allopatric individuals for each species were included in
each analysis. Finally, to visualize the similarity between
the individuals and putative hybrids from the empirical
microsatellite data, a principle component analysis
(PCA) was carried out in MVSP version 3.1 (Kovach,
1999), using pairwise genetic distances calculated in
GENALEX 6.
Evidence of mtDNA introgression was assessed by

comparing the microsatellite genetic identity with the
mtDNA haplotype. Hybrid status was assigned where
the microsatellite data indicated evidence of introgres-
sion at nuclear loci and/or where the species identity
indicated by the microsatellite and mtDNA data sets
differed, indicating mtDNA introgression. Finally, the
genetic identities were compared with the phenotypic
data set to assess the correlation between the phenotypic
and genetic species within the region of sympatry.

Results

Genetic diversity and differentiation in grey kangaroos
All of the 12 microsatellite loci examined were poly-
morphic, displaying between 3 and 49 alleles per locus
(Table 1). However, T4-2 was found to be monomorphic
across all individuals from the geographic range where
only M. fuliginosus phenotypes were observed (Table 1).
There was no evidence of linkage disequilibrium
between loci (P40.05) and all loci appear to be in
Hardy–Weinberg equilibrium (P40.001) in the represen-
tative allopatric samples for each species. The majority of
loci displayed unique alleles or marked shifts in allelic
frequency (Table 1), with 43 and 78 private alleles (44 and
59%) present in the representative allopatric samples of
M. fuliginosus and M. giganteus, respectively (Table 2).
Six unique mtDNA control region haplotypes were

identified in the representative samples for both
M. fuliginosus (GenBank accession numbers EF555400 and
EF555409–EF555413) and M. giganteus (GenBank accession
numbers AF443127, AF443145–AF443148, AF443154 and
AF443162). Overall 95 segregating sites were identified in
the 626-bp of mtDNA control region sequence, 32 of which
distinguish the two representative species groups. Sub-
stantial differences exist between representative samples
of M. giganteus and M. fuliginosus, both in terms of
microsatellite (FST¼ 0.18, RST¼ 0.53) and mtDNA
(FST¼ 0.14±0.02) genetic distances (Figure 2). AMOVA
showed the microsatellite variability was partitioned
among the two representative species groups (P¼ 0.0001)
as was mtDNA variation (P¼ 0.05). No significant differ-
ences in FST existed between populations inside and
outside the region of sympatry for either phenotypic M.
giganteus (FST¼ 0.02) or M. fuliginosus (FST¼ 0.05).

Distinguishing pure and hybrids genotypes in the

simulated data set
All representative individuals were correctly assigned to
their respective species categories in (default) NEW-
HYBRIDS, with the assignment probabilities averaging
0.974 (range: 0.802–1.000) and 0.985 (range: 0.845–1.00) in
allopatric M. fuliginosus and M. giganteus, respectively
(and ranging between 0.766 and 1.00 in 1000 simulated
pure individuals). Thus, individuals were assigned to the
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category with the highest posterior probability and
definitive assignments indicated probabilities exceeding
0.75. The pattern of assignment showed that the vast
majority (81.8%) of simulated backcrosses were defini-
tively assigned to a single category using theses values
(see Supplementary Material; Supplementary Figure S1).
Generations of backcrossing could not be consistently
distinguished based on the probability of assignment.

In STRUCTURE, K¼ 2 corresponding to the two
morphological/geographical species, with all other
values of K deemed highly improbable (P¼ 0.9999;
Pritchard et al., 2000). Representative allopatric
M. fuliginosus and M. giganteus displayed a high poster-
ior probability of assignment to their respective species
groups, with mean values of 0.967 (range: 0.917–0.980)
and 0.970 (range: 0.939–0.980), respectively. The same
means (with similar ranges) were observed in the 1000
simulated representative individuals. On the basis of the
range of Q-values in the representative samples, a
threshold of 0.90 was used to distinguish between pure
and hybrid individuals in STRUCTURE (i.e. o0.9
indicates putative hybrid). Consistently distinguishing
between hybrid categories in STRUCTURE was not
possible, because of overlapping Q-values for simulated
F1 hybrids (ranging between 0.3 and 0.7, averaging
0.497) and simulated backcrosses (ranging from 0.42 to
0.98, averaging 0.86).

Hybridization in wild sympatric grey kangaroos
Of the 223 kangaroo samples collected from the region
of sympatry, 117 were designated as phenotypically
M. giganteus, whereas 106 were phenotypically M.
fuliginosus, no instances of ambiguity were noted. These
two phenotypic groups largely corresponded to the two
genetic clusters evident in the ordination plot (Figure 3).
Furthermore, each sympatric genetic/phenotypic group
clustered with the representative allopatric samples for
their phenotypic species. However, 15 individuals
clustered with the opposing phenotypic group to which
they were genetically assigned (Figure 3). Although two
different groups were apparent within the plot, several
individuals were distributed in the intermediate region
and potentially represent hybrids (Figure 3).

Analysis of the empirical data through optimised
NEWHYBRIDS showed that a total of 17 grey kangaroos
exhibited evidence of introgression, although no F1
hybrids were identified (Table 3). Of the 17 grey
kangaroos, 14 were identified asM. giganteus backcrosses
(9 definitively), whereas 3 were identified as M.
fuliginosus backcrosses (1 definitively; Table 3). Neither
STRUCTURE nor NEWHYBRIDS (default) identified
additional hybrids (Table 3). Overall, 11 (9 M. giganteus
and 2 M. fuliginosus) of the 17 backcrosses were detected
using default NEWHYBRIDS (Table 3). In STRUCTURE,
3 (2 M. giganteus and 1 M. fuliginosus) of the 17

Table 1 Genetic variation in eastern (n¼ 20) and western (n¼ 20) grey kangaroos outside the sympatric zone using 12 microsatellite loci

Locus Allelic range No. of alleles Expected heterozygosity Observed heterozygosity

Eastern grey Western grey Eastern grey Western grey Eastern grey Western grey Eastern grey Western grey

G16-1 160–184 146–166 13 9 0.89 0.72 0.79 0.68
G20-2 143–157 147–163 8 9 0.85 0.85 0.89 0.79
G26-4 255–371 227–423 23 26 0.94 0.94 0.86 0.91
G31-1 116–138 120–142 12 12 0.87 0.84 0.88 0.68
T3-1T 149–293 189–245 28 14 0.93 0.91 0.90 0.96
T4-2 120–122 118 2 1 0.19 NA 0.13 NA
T19-1 115–175 147–190 14 11 0.88 0.86 0.89 0.71
T31-1 118–146 110–138 13 10 0.85 0.84 0.76 0.91
T32-1 153–183 147–163 15 9 0.90 0.81 0.82 0.83
T46-5 139–175 131–179 7 10 0.79 0.83 0.70 0.82
IL5 138–172 118–126 14 5 0.79 0.73 0.76 0.56
Pa595 184–256 160–228 16 13 0.93 0.91 0.91 0.76

Abbreviation: NA, not applicable.

Table 2 Genetic diversity indices for microsatellite and mtDNA variation within eastern and western grey kangaroos, outside the zone of
sympatry

Genetic marker Genetic
diversity indices

Western grey kangaroo
(Macropus fuliginosus)

Eastern grey kangaroo
(Macropus giganteus)

Microsatellite Sample size 20 20
No. of alleles per locus (±s.d. across loci) 7.83 (±3.36) 11.00 (±4.69)
No. of private alleles (no. of alleles) 43 (98) 78 (132)
He (±s.d. across loci) 0.74 (±0.07) 0.81 (±0.06)
Ho (±s.d. across loci) 0.71 (±0.03) 0.77 (±0.03)
FIS 0.044 0.048

mtDNA Sample size 20 20
Haplotypes 6 6
Polymorphic sites 12 41
Nucleotide diversity (±s.d.) 0.006 (±0.002) 0.015 (±0.002)
Average pairwise differences 5.4 20

Abbreviations: He, expected heterozygosity; Ho, observed heterozygosity; mt DNA, mitochondrial DNA.
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backcrosses were identified as hybrid (o0.90; most likely
backcrosses Q-value 0.7–0.9; Table 3). Two of the three
hybrids identified by STRUCTURE were also detected
using default NEWHYBRIDS. Further examination of the
genotypes showed that all the hybrid individuals
identified possessed a combination of alleles, which
were not shared by the representative allopatric species

groups (see Supplementary Table S1). Furthermore, those
individuals identified by both programs and/or with a
high probability possessed a larger number of potentially
introgressed alleles (see Supplementary Table S1). The
assignment of the remaining individuals by all three
methods was consistent with the phenotypic classifica-
tion, with the exception of 11 individuals, all previously
identified in the PCA (Figure 3). The remaining four
individuals identified by the PCA (Figure 3) were
identified as M. giganteus backcrosses by the clustering
algorithms, but classified as M. fuliginosus based on
phenotype (Table 3). In general, the identified hybrids
appear to occur either at the edges of the two clusters or
in the intermediate region of the two groups in the PCA
(Figure 3). Finally, the representative allopatric samples
for both species were assigned to the corresponding
phenotypic species from the region of sympatry.
Overall 36 unique mtDNA control region haplotypes

were evident among the grey kangaroos within the
region of sympatry (GenBank accession numbers
EF555400, EF555409–EF555413, EF555426–EF555436,
AF443127, AF443145–AF443151, AF443154, AF443162
and EF555437–EF555443). In total, 13 and 23 unique
haplotypes were identified among phenotypic M. fuligi-
nosus and M. giganteus, respectively, and clustered with
their respective representative samples (Figure 2). There
was no evidence of geographic structuring among
haplotypes of either species. Comparisons between the
mtDNA and microsatellite data revealed that all except
one individual possessed haplotypes consistent with the
species or backcross category to which they were
genetically assigned (Table 3). The exception, Individual
43, identified as a M. giganteus backcross showed
evidence of introgressed alleles at both microsatellite
loci and mtDNA (Table 3). Several of the identified
hybrids shared mtDNA haplotypes, with nine haplo-
types identified among the M. giganteus backcrosses and
two of the three M. fuliginosus backcrosses sharing a
single haplotype (Table 3).
The geographic location of the putative hybrids

was spread across our sampling sites (Figure 1). Not
surprisingly, 10 of the hybrids were identified at Hillston,
our primary sampling site. Further individuals were
located at Cunnamulla (n¼ 2), Charleville (n¼ 1), Bourke
(n¼ 2), Finley (n¼ 1) and Hattah Lakes (n¼ 1).

Discussion

A total of 7.6% of grey kangaroos sampled from the
region of sympatry displayed evidence of introgression.
Although no F1 hybrids were identified, 14 M. giganteus
backcrosses and 3 M. fuliginosus backcrosses were
detected. In addition to introgression at nuclear micro-
satellite loci, a single individual also exhibited introgres-
sion of mtDNA. The two phenotypic groups apparent
within the region of sympatry corresponded (in 95% of
individuals) to the two clusters identified by genetic
analyses. Furthermore, the two phenotypic/genetic
groups within the region of sympatry corresponded to
representative allopatric samples of M. giganteus and
M. fuliginosus from elsewhere in the distribution. Five
of the M. giganteus backcrosses identified by genetic
analyses were classified as M. fuliginosus based on
overall phenotype. Geographically, hybrids were located
throughout the region of sympatry.

Figure 2 Neighbour-joining tree of grey kangaroo mitochondrial
DNA control region haplotypes, showing the differentiation
between representative samples of eastern grey (white circles,
n¼ 20) and western grey (solid circles, n¼ 20). Haplotypes from the
region of sympatry are shown as diamonds. Open diamonds
represent pure individuals, whereas hybrids (identified through the
clustering algorithms) are represented by closed diamonds.
Haplotypes shared by both hybrids and non-hybrids are indicated
by half-closed diamonds. Values at nodes indicate statistical
support from 1000 bootstrap replicates.
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The results of this study confirm previous investiga-
tions (Kirsch and Poole, 1972) reporting the presence of
two morphological groups within the region of sympatry
corresponding, both phenotypically and genetically, to
M. fuliginosus and M. giganteus from elsewhere in their

respective ranges. M. giganteus and M. fuliginosus are
clearly divergent species with a high percentage of
private alleles and significant differences in RST and FST
reflective of the prolonged period of separation and
independent evolutionary histories. Furthermore, the

Figure 3 Scores of individual grey kangaroo microsatellite genotypes plotted on the first three axes of a principle component analysis,
cumulatively explaining 37.3% of the total genetic variation (27.0, 5.3 and 5.0% on x, y and z axes, respectively). Phenotypically eastern grey
(open circles) and western grey (open diamonds) kangaroos from the region of sympatry form two distinct clusters. However, several
individuals fall at the outer edge of the clusters or in the space between them. Representative allopatric eastern grey (closed circles) and
western grey (closed diamonds) are also shown.

Table 3 The phenotypes, mtDNA haplotypes and assignment probabilities for potential hybrid individuals from the region of sympatry
identified either by NEWHYBRIDS or STRUCTURE

Sample ID Phenotype mtDNA haplotype NEWHYBRIDS STRUCTURE

Category (0.5) (0.35) EGK WGK

7 WGK EGK N24 EGKBX 0.26 (0.27) 0.70 (0.70) 0.97 0.03
9 EGK ? WGKBX 0.18 (0.37) 0.53 (0.60) 0.11 0.89
23 EGK EGK N6 EGKBX 0.64 (0.66) 0.95 (0.96) 0.95 0.05
29 EGK ? EGKBX 0.88 (0.93) 0.97 (0.98) 0.95 0.05
32 EGK EGK N27 EGKBX 0.60 (0.60) 0.96 (0.96) 0.98 0.02
39 EGK EGK S27 EGKBX 0.53 (0.53) 0.90 (0.91) 0.98 0.02
43 EGK WGK H10 EGKBX 0.14 (0.14) 0.63 (0.63) 0.99 0.01
53 WGK WGK H11 WGKBX 0.57 (0.80) 0.87 (0.93) 0.14 0.86
58 WGK EGK S28 EGKBX 0.80 (0.85) 0.95 (0.95) 0.92 0.08
59 WGK EGK S28 EGKBX 0.80 (0.85) 0.98 (1.00) 0.91 0.09
73 EGK EGK S29 EGKBX 0.21 (0.21) 0.70 (0.70) 0.98 0.02
95 WGK EGK S30 EGKBX 0.60 (0.63) 0.87 (0.88) 0.96 0.04
107 WGK WGK H11 WGKBX 0.35 (0.45) 0.69 (0.72) 0.01 0.99
129 EGK EGK S31 EGKBX 0.55 (0.55) 0.88 (0.88) 0.98 0.02
142 EGK EGK S29 EGKBX 0.19 (0.20) 0.68 (0.68) 0.97 0.03
154 EGK EGK S31 EGKBX 0.49 (0.50) 0.82 (0.83) 0.99 0.01
172 EGK EGK S32 EGKBX 0.23 (0.23) 0.55 (0.55) 0.89 0.11

Abbreviations: EGK, eastern grey kangaroo; EGKBX, EGK backcross; mt DNA, mitochondrial DNA; WGK, western grey kangaroo; WGKBX,
WGK backcross.
The posterior probabilities to the two groups corresponding to EGK and WGK are shown for STRUCTURE and the probability of assignment
to the listed category (that is, EGKBX and WGKBX) using either the default (0.5) or adjusted (0.35) hybrid frequency classes for
NEWHYBRIDS. Numbers in brackets indicate the probability when all hybrid categories were considered together. ? indicates mtDNA
haplotypes failed to amplify.
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levels of sequence divergence in the mtDNA control
region (0.14±0.02) is similar to that observed among
other macropodid species (Eldridge et al., 2001).

The results of this study are in contrast with the
previous investigations by Kirsch and Poole (1972),
which failed to detect evidence of natural hybridization.
However, their detection of hybridization was limited as
an unshared polymorphism (and no fixed differences) at
a single locus (transferrin) was the only genetic marker
available. This proved insufficient to detect the low level
of hybridization identified in this study, and was also
limited in its ability to detect known first-generation
captive backcrosses (6/14; Kirsch and Poole, 1972).
Although, the apparent absence of F1 hybrid genotypes
in our data set initially appears paradoxical, similar
results have previously been reported (Goodman et al.,
1999). If hybridization events are rare, then a higher
proportion of backcrosses in the population is not
unexpected given a single female F1 may produce
multiple backcross offspring in her lifetime (Goodman
et al., 1999). Furthermore, multiple generations may exist
within the sample, even though only adults were
sampled.

Captive studies in grey kangaroos indicate the
presence of several potential pre-zygotic barriers to
reproduction between M. giganteus and M. fuliginosus.
Physical differences in the structure of the cloacal
eminence as well as the production of species-specific
odours by females may allow for species recognition
(Kirsch and Poole, 1972). These characteristic differences
are potentially among the features that result in the
unidirectional hybridization observed in captivity, with
male M. giganteus frequently failing to recognize female
M. fuliginosus in oestrus. Therefore, the introgression of
mtDNA from M. giganteus to M. fuliginosus populations
could be anticipated as similar cross-species transmis-
sion of mtDNA has been reported in other mammals (Lu
et al., 2001; Ward et al., 2001). Yet, we found no evidence
of broad-scale introgression of mtDNA, with only a
single individual displaying mtDNA introgression,

In contrast to captive predictions, our results indicate
natural hybridization occurs in both directions. Further-
more, despite the difficulties observed in captive
M. giganteus males successfully identifying F1 hybrids
and M. fuliginosus females in oestrus, a larger proportion
of M. giganteus backcrosses were identified in the wild.
However, captive M. giganteus males, successful mated
with F1 hybrid females when they were housed with
female M. giganteus (Kirsch and Poole, 1972), a situation
similar to the wild (Arnold et al., 1990, 1992). The
differences between the predictions based on captivity
indicate that, just as captive breeding may prove difficult
in some species, the lack of successful matings between
M. fuliginosus female and M. giganteus male kangaroos
after 12 years of captive trials (Kirsch and Poole, 1972;
Poole and Catling, 1974) does not necessarily preclude
the occurrence and potential success of such matings in
the wild. Furthermore, breeding and hybridization under
captive conditions may be largely dictated by individual
preferences. Thus, limitations on the numbers of
individuals tested in captive trials may also influence
the result, particularly as natural hybridization appears
to be a rare event.

Although we have found that species barriers are
incomplete in grey kangaroos and secondary contact

has resulted in some introgression, the absence of F1
hybrids and the limited introgression detected through-
out the region of sympatry indicate the occurrence of
occasional genetic leakage rather than a discreet hybrid
zone. In grey kangaroos, secondary contact may
reinforce species recognition and reproductive barriers,
rather than facilitate the homogenization of gene pools or
other deleterious consequences. Alternatively, these
occasional breakdowns in the species barriers may
enable the transfer of novel genetic material, potentially
allowing adaptation to new niches, without the loss of a
species’ genetic integrity. Although the use of 12
microsatellite loci and mtDNA enabled the detection of
low-frequency hybridization, a larger number of loci will
be required for further investigation into the extent and
consequences of low-frequency hybridization. Further-
more, selection against hybrid individuals may mean
the frequency of hybridization events is higher than
indicated in this study, as only adults were examined
and juvenile hybrid offspring may, for various reasons
including a reduction in fitness, not have survived to
maturity.
The relative densities of the two species appear to vary

across the sympatric region, with the densities of each
species decreasing towards the extremities of the
respective distributions. Our results do not indicate
hybrids cluster in a specific geographic region instead
hybrids occur throughout the region of sympatry,
indicating relative densities are unlikely to significantly
influence the frequency of hybridization. However, the
variable environmental conditions resulting in fluctua-
tions in density and mate availability in natural popula-
tions are another potential factor influence the frequency
of hybridization (Seehausen, 2004). The region of grey
kangaroo sympatry is prone to fluctuations in rainfall,
resulting in dramatic fluctuations in densities of
both species, with reductions of up to 40% observed
(Caughley et al., 1985; Robertson, 1986). Cohabitation on
feeding grounds and the formation of heterogeneous
groups (Coulson, 1999), coupled with low numbers, may
lead to a breakdown in species recognition.
Despite phenotypic similarities, several diagnostic

morphological traits, including coloration, distinguish
the two species (Caughley et al., 1984; Coulson and
Coulson, 2001). Within the region of sympatry, these
morphological differences allowed the separation of
kangaroos into two phenotypic species, which corre-
sponded genetically to M. giganteus and M. fuliginosus,
despite some apparent misclassification (5%). Although
captive-bred hybrids typically display intermediate
morphological features, backcrosses appeared most
similar to the backcrossing species (Kirsch and Poole,
1972). However, although the majority (76%) of sympa-
tric kangaroos genetically identified as backcrosses
appeared indistinguishable phenotypically from pure
individuals, our results indicate the potential introgres-
sion of western grey morphological traits (most likely
coloration) into sympatric eastern grey kangaroo popula-
tions. On the basis of the results of this study, we suggest
that the previously reported putative hybrid (Coulson
and Coulson, 2001), which possessed several western
grey traits, including facial coloration but was predomi-
nately eastern grey in appearance, more likely represents
a backcrossed individual, rather than F1. This result
highlights the potential for the introgression of other
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novel traits, including those associated with reproduc-
tion, into M. giganteus populations, which have not been
examined but may enhanced adaptation to the variable
environmental conditions.

Breakdowns in species recognition and subsequent
hybridization have been associated with adaptation to
new environmental conditions (Dowling and Secor, 1997;
Barton, 2001; Seehausen, 2004), particularly where one or
both species have recently invaded a new area (Martin-
sen et al., 2001; Salzburger et al., 2002). It has been
hypothesized that both M. giganteus and M. fuliginosus
colonized the region of sympatry relatively recently (in
the last 50 000 years; Oliver et al., 1979) and their
distributions continue to expand (Shepherd, 1982). As
F1 hybrids typically display morphological and repro-
ductive features intermediate of the two species (Kirsch
and Poole, 1972), even rare hybridization may allow the
introgression of novel genetic material and traits, which
could potentially allow a more rapid adaptation to the
conditions. Certainly, given M. fuliginosus inhabits arid
southern Australia, including the Nullarbor Plain, the
potential introgression of M. fuliginosus genes and
associated traits into sympatric M. giganteus populations,
which inhabit somewhat less arid regions elsewhere in
the range, presents interesting possibilities for the
potential impacts of even rare hybridization which
require continued investigation.

Intriguingly, the breakdown in species recognition
between sympatric species of grey kangaroo identified
in this study corresponds to hybridization between
the usually species-specific nematodes, which parasitize
them (Chilton et al., 1997). This observation not only
highlights the apparent co-speciation of hosts and
parasites (Hafner et al., 1994; Hafner and Page, 1995)
but also suggests that host hybridization may lead to
altered host/parasite interactions and the opportunity
for genetic exchange among parasites within grey
kangaroos from the sympatric region. Further investiga-
tion of these observations may provide insights into
host/parasite interactions and the history of genetic
exchange within the region of sympatry.

Conclusion

In this study, we have shown that recently developed
molecular genetic and statistical techniques show the
presence of previously undetectable levels of introgres-
sion between M. fuliginosus and M. giganteus. Despite
unidirectional hybridization in captivity, a low level of
introgressive hybridization in both directions is evident
in natural populations, reflective of occasional genetic
leakage rather than the presence of a discreet hybrid
zone. Introgression was evident throughout the region,
and is potentially associated with dramatic reductions in
densities resulting from variable environmental condi-
tions. An increased knowledge of the nature and
frequency of hybridization is essential to our under-
standing of the evolutionary processes, as rare hybridi-
zation events potentially allow populations to
incorporate novel alleles and to maintain diversity while
still retaining species integrity.
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