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The western pygmy possum Cercartetus concinnus
Gould (Marsupialia: Burramyidae) has a broad but
disjunct distribution across southern Australia (Fig.
1) and is listed as common across its range, except in
New South Wales (NSW) where it is endangered (NSW
Scientific Committee 1997; Carthew 2004; Kavanagh
2004; van der Ree et al. 2004). Wakefield (1963, 1970)
classified C. concinnus as two subspecies based on two
morphological features: size and coat colour. Wakefield
(1963) assigned the Western Australian population to C.
¢. concinnus based on greater length and lighter colour,
and the shorter, darker ‘eastern’ population, covering
South Australia (SA), Victoria, and NSW, to C. ¢. minor.
Some debate has occurred as to whether C. concinnus
represents a single taxon across its range (Osborne
2001; Osborne and Christidis 2002). The recovery plan
for C. concinnus in NSW suggested that the disjunct
population, recently discovered in the southwest area
of NSW, also may be genetically distinct from the

nearby Victorian populations (NSW National Parks and
Wildlife Service 2001). Osborne and Christidis (2002)
recently investigated the systematics and biogeography
of the genus Cercartetus and found <1% divergence in
mitochondrial DNA (mtDNA) between a population
in Western Australia (WA) and one in NSW. They
suggested this finding did not support the hypothesis of
two distinct subspecies. However, this conclusion was
based on a sample size of three specimens and data were
insufficient to test the possibility that the subspecies
represented phylogeographically distinct lineages.

Measuring isolation, or more specifically
connectivity between populations, is particularly
difficult using the methods traditionally utilised by
ecologists (Moritz 1995). Advances in population
genetics,  particularly molecular  phylogenetics,
combined with biogeographical data, are providing
unique insights into historical and current measures
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Fig. 1. Distribution of Cercartetus concinnus showing the two disjunct ranges in Western Australia and south-eastern
Australia (amended from Smith 1995) and sample locations of C. concinnus () and outgroup taxon C. nanus (E);

numbers follow those given in Tables 1 and 3.

of migration or gene flow (Hewitt 2001). Moritz
(1994; 1995; 1999) sought to redefine the concept of
‘Evolutionarily Significant Units’ (ESU), first discussed
by Ryder (1986), in order to meet a wide variety of
conservation objectives (Moritz 1994). The underlying
principle of an ESU is that the population or populations
under consideration should be historically isolated and
thus likely to be genetically distinct (Moritz 1994) or
evolving independently (Moritz 1999). Additional
to the ESU concept, Moritz (1994) proposed another
conservation unit, the ‘Management Unit’ (MU),
which focuses on short-term management to address
current populations (e.g. functionally independent
populations, such as those isolated by distance or
geographic barriers). Moritz (1994) defined MUs as the
ideal units for monitoring populations and their specific
demographics, and stressed that both ESUs and MUs are
equally important for conservation management. Since
then, various molecular studies have been conducted
with the aim of defining conservation units within and
among populations of threatened species (e.g. Macrotis
lagotis, Moritz et al. 1997; Dasyurus maculatus,
Firestone et al. 1999; Phascogale spp., Spencer et al.
2001; Petaurus australis, Brown et al. 2006). In this
study we examined the phylogeographic structure of C.
concinnus to investigate further the taxonomic status of
populations in southern Australia.

MATERIALS AND METHODS

Samples and DNA extractions

Tissue samples of 2 wild-caught C. concinnus
individuals from Innes National Park, Yorke Peninsula,
SA (Pestell and Petit 2007), and 15 specimens from the
Australian Biological Tissue Collection (ABTC, South

Australian Museum) were used for genetic analyses.
A previous phylogenetic study of the Burramyoidea
(Osborne 2001) revealed that C. nanus (eastern
pygmy possum) is a sister species to C. concinnus;
therefore, a specimen of C. nanus from the ABTC was
used as an outgroup for the phylogenetic analyses of
C. concinnus populations. Collection locations and
voucher numbers for each sample are listed in Table 1.
DNA was extracted from ear notches stored in a saline
alcohol solution (1:1) (for the Innes N.P. population)
and from frozen liver or heart (0.2 g) samples using
the animal tissue protocol of the Puregene kit (Gentra
Systems, Inc.).

Polymerase chain reaction

amplification

(PCR)

PCR-amplification and sequencing of the NADH
dehydrogenase subunit 4 (hereafter ND4) gene (~900
base pairs (bp)) was carried out using a truncated
version of the primers ND4 and Leu (Arevalo et al.
1994): mt10812H: 5°-TGA CTA CCA AAA GCT CAT
GTA GAA GC-3’ and mtl11769L: 5°-TTT TAC TTG
GAT TTG CAC CA-3’. These primers have been
successfully used to amplify the ND4 region from a
range of marsupials (Brown et al. 2006) and reptiles
(M246; Adams et al. 2003; S. Cooper, unpublished
data).

PCR amplifications were carried out in 25-
pL reaction volumes consisting of nuclease-free
water, 10X reaction buffer (Applied Biosystems),
4 mM MgCl,, 0.8 mM dNTPs, 0.2 mM each of
both primers, 0.5 units of enzyme AmpliTaq Gold
(Applied Biosystems), and DNA (~25-200 ng).
The PCR reactions were amplified in an Eppendorf
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Location Tissue Code No. GenBank No.
C. concinnus
1 Innes National Park, SA M35 EU364631
2 Innes National Park, SA F58 EU364632
3 0.7 km NNE Mt. Monster, SA ABTC37625 EU364633
4 Gum Lagoon, Coorong National Park, SA ABTC 7692 EU364634
5 Collie, WA ABTC 7699 EU364635
6 Inila Rock Waters, SA ABTC26979 EU364636
7 19.4 km SE Robe, SA ABTC37740 EU364637
8 Blackwood Dam, Gawler Ranges, SA ABTC27073 EU364638
9 Nullarbor, SA ABTC 7635 EU364639
10 Kangaroo Island, SA ABTC33369 EU364640
11 Pt. Lincoln, SA ABTC27605 EU364641
12 Padthaway, SA ABTC27526 EU364642
13 Madura, WA ABTC 7647 EU364643
14 Toolinna Cove, WA ABTC 7734 EU364644
15 45 km NW Ooldea, SA ABTC74703 EU364645
16 Eyre, WA ABTC 7736 EU364646
17 Kelly Hill Conservation Park, SA ABTC64441 EU364647
C. nanus
18 Coonawarra, SA ABTC37658 EU364648

Table 1. Localities and specimens of Cercartetus concinnus (n=17) and C. nanus (n=1) used in this study

Mastercycler thermal cycler with the following
parameters: (i) one cycle at 94°C x 9 min, 52°C x
45 s, 72°C x 60 s; (ii) 34 cycles at 94°C x 45 s, 48°C
x 45 s, 72°C x 60 s; (iii) one cycle at 72°C x 6 min.
All PCR products were to be used for sequencing
and were purified using either the PCR Clean-up or
UltraClean™ GelSpin™ DNA Purification Kit (MO
BIO Laboratories Inc.) using procedures specified by
the manufacturer.

Sequence reactions and analyses

PCR products were sequenced for both strands using the
BigDye™ terminator cycle sequencing ready reaction
kit (Applied Biosystems Inc.) and primers M245 and
M246 using procedures specified by the manufacturer.
The sequencing reactions were purified using Clean
SEQ™ magnetic beads (Agencourt Biosciences
Corporation) and sequenced on a 3700 DNA Analyzer.
Sequences were edited using SeqEd (version 1.0.3,
Applied Biosystems Inc.) and character changes were
plotted using MacClade version 3.07 (Maddison and
Maddison 1992). Sequenced data were submitted to
GenBank (accession numbers given in Table 1).

Phylogenetic analyses

Aligned sequences were input into the phylogenetic
program PAUP* beta-test version 4.0b10 (Swofford
2002) and phylogenetic analyses were carried out using
three approaches, distance using Neighbour Joining
(NJ), Maximum Parsimony (MP) and Maximum
Likelihood (ML). Concordance of trees from each of
the different methods and bootstrap proportions were
used to examine the robustness of nodes. A series of

hierarchical likelihood ratio tests carried out using the
program MODELTEST (Posada and Crandall 1998)
selected the TrN model (Tamura and Nei 1993) as the
most appropriate nucleotide substitution model to use in
distance and maximum likelihood analyses. Minimum
length phylogenetic trees were generated using MP
and the heuristic search option (random-stepwise
addition with 100 replicates, TBR branch swapping
and character state optimisation using the DELTRAN
option), with consensus trees (50% majority rule) being
computed if more than one equally parsimonious tree
was found. The NJ tree was constructed using the
TrN model (Tamura and Nei 1993) with substitution
parameters estimated using ML. Maximum likelihood
analyses were conducted using a heuristic search (TBR
branch swapping and random stepwise addition) by
estimating substitution parameters under the TrN
model, using empirical base frequencies and assuming
an equal rate of evolution at each site (as per the
selected MODELTEST model). All trees were rooted
using C. nanus as the outgroup. The robustness of the
tree topology for MP, NJ and ML analyses was assessed
using the bootstrap (Felsenstein 1985) option in PAUP
with 1000 pseudoreplicates for MP and NJ analyses
and 500 pseudoreplicates for ML analyses, using the
heuristic search option. A haplotype network was also
constructed using the statistical parsimony approach
as implemented in the program TCS (Version 1.13)
(Clement et al. 2000).

Demographic analyses

For all demographic analyses, the ND4 sequences were
trimmed to 788 bp to remove regions of the sequence
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that were uncertain in a number of taxa. To test whether
the ND4 data conformed to neutral expectations and
demographic equilibrium, Tajima’s (1989) D and Fu’s
(1997) Fs tests were calculated using Arlequin 3.11
(Excoffier et al. 2005). The latter test is particularly
sensitive to the effect of demographic expansion, which
generally leads to large negative Fs statistics. The
statistical significance of these statistics was tested by
generating random samples under the hypothesis of
selective neutrality and population equilibrium, using
coalescent simulations with 10,000 permutations.
Mismatch distributions were also computed using
Arlequin, and the empirical distributions were compared
with the null distributions based on a demographic
expansion model (DEM) and a spatial expansion model
(SEM) by the generalised least-squares approach
(Schneider and Excoffier 1999). The former analysis
failed to converge and so we present data from mismatch
analysis under the SEM only.

RESULTS

mtDNA variation

Approximately 819 bp of sequence from the ND4
gene were obtained from the 17 Cercartetus concinnus
individuals. Excluding the outgroup, nine variable sites
were found (1.1%), of which eight were phylogenetically
informative (Table 2). This sequence variation produced
eight different haplotypes (~ 50% haplotype diversity),
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six in SA, including two separate haplotypes for the
two individuals sequenced from Innes National Park
(Ii and Iii), and two in WA (WA and NU). Levels of
sequence divergence ranged between 0% and 0.75%
for intraspecific comparisons, and between 16.73%
and 17.30% for interspecific comparisons; the highest
intraspecific divergence (0.75%) was between the
haplotypes from the Eyre Peninsula (EPii) and Kangaroo
Island (KI) and EPii and the Coorong (SE) (Table 3).
The average sequence divergence (nucleotide diversity)
among all populations was 0.34%; the average sequence
divergence between C. concinnus and C. nanus was
17.03%.

MP, ML and NJ analyses produced trees with similar
overall tree topology showing little phylogeographic
structure. MP analyses produced 49 equally most-
parsimonious trees of length 125 steps. The strict
consensus MP and NI trees (not shown) show the
presence of two clades, one comprising haplotypes
from KI and WA, and a second comprising haplotypes
from a number of SA sites from the Eyre Peninsula and
Nullarbor region, each of which is only weakly supported
(< 64% bootstrap support). ML analyses produced a
single tree with a log likelihood value of 1546.8 (Fig.
2). Estimated rate parameters under the TrN model
(Tamura and Nei 1993) were as follows: Transitions A-
G =4.81, C-T = 14.33, Transversions: A-T, C-G, A-C,
T-G = 1.0. The tree also contains the two clades referred
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Table 2. Sequence variation among Cercartetus concinnus showing eight mitochondrial DNA (mtDNA) ND4 haplotypes detected
among 17 individuals using TrN distance measure. The eight haplotypes are indicated by letters on the right of the sequence
and comprise the region (e.g. EP = Eyre Peninsula) where the haplotype appears to be rooted. Variable positions only are shown,
indicated by numbers at the top. A dot (.) indicates no change from the top sequence; letters indicate nucleotide substitutions and
question marks indicate lack of sequence data to confirm substitutions.
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Fig. 3. TCS tree of ND4 mtDNA haplotypes of C. concinnus
showing relationships among the nine haplotypes identified
through phylogenetic analyses. Small circles indicate
haplotypes that are predicted, but were not sequenced in the
current sample; shading indicates that samples from both
western and eastern populations share the same haplotype.
From this tree, the root is shown at the haplotype NU from
Collie in WA. Haplotype names are as identified in Table 2.

squared deviations (SSD = 0.014) was marginally
significantly different from the simulated SSD under a
spatial expansion model (p < 0.05). In contrast, a value
0f 0.0624 was obtained for Harpending’s ragged index,
which was not significantly different to that obtained by
simulation under the expansion model (p = 0.11).

DISCUSSION
Phylogenetic relationships

The western pygmy possum is currently recognised as
a single species, although some debate has occurred
as to the presence of two subspecies (Wakefield 1963;
Flannery 1994; Strahan 1995; Osborne 2001; Osborne
and Christidis 2002). Wakefield (1963) described two
subspecies, C. €. concinnus in south-western Australia
and C. ¢. minor for south-eastern Australia, based on
slight morphological changes and a disjunct range from
west to east, a distinction supported by Flannery (1994).
The mtDNA sequence data of this study support the
findings of Osborne (2001) that C. concinnus consists
of a single taxonomic group (i.e. molecular evidence
does not support the subspecific status suggested by
differences in morphology). This conclusion is based
on the lack of phylogeographic structure produced
from phylogenetic analyses, which is indicative of
recent genetic connectivity (Jerry et al. 1998), and the
low (< 1%) sequence divergence found. The presence
of phylogeographic structure would be indicated by
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reciprocal monophyly of mtDNA haplotypes in different
geographic regions (e.g. populations showing long-term
isolation, and would be expected if the species was
made up of one or more subspecies (distinct genetic
lineages)). Sequence variation between south-eastern
haplotypes and south-western haplotypes was very low
(e.g. Padthaway SA and Toolinna Cove WA = 0.24%).
We found greater divergence between the south-
eastern haplotypes and the Eyre Peninsula haplotypes
(e.g. Coorong SA and Gawler Ranges SA = 0.75%).
Demographic analyses using Fu’s (1997) Fs statistic
and mismatch analyses also provided some potential
evidence of population expansion by pygmy possums
over their range from WA to south-east SA. However,
greater sample sizes from a wider variety of populations
and additional nuclear loci are required in order to
confirm whether there is clear evidence for population
expansion. Furthermore, three of the samples sequenced
are from localities outside of the published distribution
gap (9, 13 and 15), and may indicate that the gap in
distribution is an effect of poor sampling in that area
rather than an actual break in distribution. However,
McKenzie and Robinson (1987) in their biological
survey of the Nullarbor plain and surrounding area
in 1984 did not record any C. concinnus within the
distributional gap between WA and SA. Targeted
surveys in the region should address this issue.

Given the high sequence divergence between C.
concinnus and C. nanus (>16%), and assuming the
standard 2% divergence per million years (Brown et al.
1979; Avise et al. 1987), it would seem that these two
species diverged approximately 8 million years before
present (BP) (late Miocene). Osborne (2001) also
found relatively high (ca. 18-23%) sequence divergence
amongst the Cercartetus species using the ND2 mtDNA
region. This degree of divergence is greater than the
divergence observed between some possum genera, e.g.
Spilocuscus and Phalanger, ca. 14—18% (Osborne 2001),
leading Osborne to question the validity of recognising
each Cercartetus species under the same genus, despite
the apparent monophyly of the species. However, genera
are generally assigned based on morphological changes,
and do not automatically reflect genetic divergence (e.g.
Wakefield 1963; Cooper et al. 2000).

Biogeography and conservation

Sequence divergence among the populations sampled
was very low (0-0.75%), even among spatially disjunct
populations (e.g. Kangaroo Is. and southern Western
Australia). The lack of genetic variation is reflected
in the topologies from bootstrapped neighbour-joining
and maximum parsimony analysis, which embedded
all haplotypes within one monophyletic group. Based
on these data, there is no evidence that the populations
examined represent Evolutionarily Significant Units
(ESU; Moritz 1994), defined as populations showing
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reciprocal monophyly for mtDNA and significant allele
frequency divergence at nuclear loci. The small sample
size of this study precludes any further assessment of
the species in relation to ESUs or management units
(MUs). Many C. concinnus populations are now
potentially isolated because of either sea level rises (e.g.
Kangaroo Island vs. mainland) or habitat fragmentation
(e.g. Innes National Park on the Yorke Peninsula). It
is likely that these populations would show genetic
variation in allele frequencies because of this isolation
and could be considered as separate MUs; C. concinnus
would, therefore, seem to represent a single ESU with a
number of MUs (sensu Moritz et al. 1997).

Fossil remains of C. concinnus have been found
in various locations between the Western Australian
and south-eastern Australian population ranges, most
notably those of recent geological age in the Nullarbor,
between the two ranges (Lundelius 1957; G. Medlin,
pers. comm.). Williams (1980) provided a catalogue of
Pleistocene vertebrate fossils of South Australia known
at that time, and interestingly, C. concinnus was not
recorded from a site of Holocene age at Innes National
Park (Pondalowie Bay 34°14’S, 136°50°E). The only
other record described by Williams (1980) was from
Emu Four-Hole, comprising sub-fossil to modern
deposits, near Mt Taylor in the southwest of Kangaroo
Island (35°59°S, 136°54’E). This work was further
amended by Reed and Bourne (2000), who recorded
fossil C. concinnus in the same deposit as C. nanus
and C. lepidus at Wet Cave in the Naracoorte Caves
World Heritage Area. This deposit is described as late
Pleistocene to Holocene in age (Reed and Bourne 2000),
more specifically covering a period from recent times to
approximately 45 000 y BP (G. Medlin, pers. comm.).
Furthermore, subfossil records of C. concinnus from
the South Australian Museum include material from
sinkholes in the Eyre Peninsula, a record from Shell
Beach at Innes National Park, and Warbla Cave in far-
western SA (Harris 2006). These records indicate that C.
concinnus has been relatively widespread for a long time.
The moderation of climate associated with interglacial
maxima and related expansion of suitable vegetation
communities may have allowed C. concinnus to expand
its range west before the sea level rose and isolated
Kangaroo Island (Belperio and Flint 1999). Pleistocene
glaciations are known to play a role in speciation, either
by promoting genetic diversity among allopatric glacial
refugia and post-glacial recolonisation, or by inhibiting
divergence through extensive mixing of populations
during interglacial expansions (Knowles 2001).

Other species of similar distribution to C. concinnus
include the fat-tailed dunnart, S. crassicaudata (Morton
1995), and the sleepy lizard, Tiliqua rugosa (Cogger
2000), both of which show significant phylogeographic
structure (Cooper et al. 2000, S. Cooper, unpublished
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data). The factors affecting these species, proposed to
be a combination of water barriers in the Murray basin
and climatic changes associated with ice ages, should
theoretically be the same as those influencing the
distribution of C. concinnus. However, we did not find
evidence to support this theory, reflected in the lack of
phylogeographic structure of C. concinnus relative to that
found in both T. rugosa and S. crassicaudata. Identical
haplotypes at Innes National Park and Padthaway, and
recently discovered populations of C. concinnus in
NSW, suggest a relatively recent expansion across the
Murray River, and that the isolation of this species may
be linked to the more distant divergence of C. concinnus
from C. nanus. An earlier fragmentation event, such
as an inland sea of Miocene age, may have disrupted
the range of the ancestral Cercartetus, resulting in the
relatively high divergence between C. nanus and C.
concinnus. The mobility and gene flow patterns of C.
concinnus are not well known or understood; therefore,
it is difficult to attribute the lack of phylogeographic
structure to any one factor. Further investigation into
the phylogeography of Cercartetus species is required
in order to understand historic patterns of isolation.

The lack of molecular variation resulting from this
study should not be used as the sole basis for designating
conservation value of any population of western pygmy
possums, because other traits, such as physiological or
behavioural characteristics, may be acting in tandem
with genetic variation (Pearman 2001). Management
of C. concinnus as discrete genetic units in all insular
populations should focus on maintaining effective
population sizes, and where possible or practical,
retaining or restoring vegetation corridors to assist
gene flow between local populations. Maintenance of
the microevolutionary processes that lead to or replace
phenotypic diversity is an important management
consideration (Moritz 1999).

Future research

Although this study indicates that C. concinnus
represents a single monophyletic group across its
range, the populations are likely to remain isolated
in the future because of anthropogenic influences.
Therefore, future research into the population genetics
of this species should focus on historical and current
gene flow and demographics in order for biologists and
conservation managers to make genetically informed
decisions relating to the conservation of all insular
populations. The TCS haplotype network analysis
of this study appeared to root current populations
in Western Australia, indicating a relatively recent
historical connection between populations across
southern Australia that until recently were connected.
Alternatively, the Western Australian populations
may have represented a refugial population at the last
glacial maximum, when other populations may have
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been lost because of climatic extremes. Theoretically,
populations that have recolonised previously glaciated
areas should exhibit limited phylogeographic structure
(Knowles 2001). If this theory were applied to C.
concinnus, the lack of phylogeographic structure found
by phylogenetic analyses would support the suggestion
of a refugial WA population. It would be beneficial for
future management of the species to investigate further
this possibility.
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