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Abstract

Squirrels have been traded in the pet market for several decades, and numerous species have established in the wild. The
Asiatic species Callosciurus erythraeus and Callosciurus finlaysonii have been introduced into other parts of Asia, in Europe and
South America. In this study, (1) we conducted a genetic characterization of C. erythraeus introduced into Argentina and
compared them with native and introduced populations in Asia, and (2) we analyzed genetic variation among the four invasion
foci in Argentina in order to corroborate that the pathway of invasion was a single introduction event in the country and
subsequent translocations. We analyzed mitochondrial (cytochrome b, Cyt b; cytochrome oxidase ¢ subunit I, COI and
D-loop) and nuclear (recombination activating gene I, RAGI) DNA markers using the classical method (DNA barcoding gap
analysis) and also the Automatic Barcode Gap Discovery method (ABGD). The markers D-loop, COI, and RAG1 indicated
that the introduced squirrels from the different invasion foci formed a monophyletic group that, together with only one
haplotype for the D-loop and COI markers, supported the hypothesis of one introduction event into Argentina followed by
subsequent translocations. Unexpectedly, sequences from squirrels captured in Argentina were more related to C. finlaysonii
than to C. erythraeus for D-loop and Cyt b markers. However, intraspecific variation among sequences of C. erythraeus
belonging to different subspecies or collected in different regions was large and comparable with the distance to the sequences
from Argentina. The ABGD method also indicated large genetic variability within C. erythraeus and close proximity between
squirrels from Argentina and C. finlaysonii. The complex taxonomy of Callosciurus, as occurs with the sister species C. erythraeus
and C. finlaysonit, requires a thorough systematic revision. A simultaneous analysis of diagnostic morphological characters and
genetic markers is needed and will provide new insight regarding the worldwide invasion of Asiatic squirrels.

Keywords: Invasive species, Argentina, Asiatic squirrels, mitochondrial DNA, nuclear DNA

Introduction . . - .
and traded in Asia within and between nations,

The pet trade is a common pathway of introduction
of several species worldwide and it is a constant
source of individuals that may establish wild popula-
tions as a consequence of either accidental escapes or
deliberate releases (Hulme et al. 2008; Keller et al.
2011). Squirrels have been traded in both the legal
and illegal pet markets for several decades, and
numerous species have now been established in the
wild, some of which are considered invasive species
(Palmer et al. 2008; Bertolino 2009). The most fre-
quent vectors of squirrel introductions are the pet
market, private citizens and zoos (Bertolino 2009).
Several mammalian species are intensively hunted

where squirrels are sold in fresh food and pet mar-
kets (Timmins & Duckworth 2008). The tropics,
particularly the forests of South and Southeast Asia,
are hotspots of squirrel diversity; however, most stu-
dies have focused on temperate squirrel species, rais-
ing the need for further research to understand the
ecological and taxonomical complexity of tropical
squirrels (Kropowski & Nandini 2008).

Squirrels of the subfamily Callosciurinae are
native to the Indomalayan Region. The genus
Callosciurus (Sciuridae: Rodentia) occurs over a
large portion of the Indochinese and Malaysian sub-
regions and it is classified into 15 species (Corbet &
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Hill 1992). The species Callosciurus erythraeus
(Pallas, 1779) and Callosciurus finlaysonii (Horsfield,
1824) have been introduced into other parts of Asia,
Europe and South America as a result of the pet
trade (Bertolino 2009). Wild populations of C. fin-
laysonii have only been reported in Italy (Bertolino
et al. 1999), while C. erythraeus has been recorded in
Argentina, Belgium, France, Japan and the
Netherlands (Lurz et al. 2013). However, a recent
study conducted in Japan described some individuals
that were morphologically identified as C. erythraeus
but genetically closer to C. finlaysonii (Oshida et al.
2007). The authors assumed that both species have
been introduced into Japan (Oshida et al. 2007),
where a new haplotype of C. finlaysonii was described
in a subsequent study (Kuramoto et al. 2012).
Recently, Oshida et al. (2013) found that C. ery-
thraeus griseitmanus was more closely related to C.
finlaysonii than to C. erythraeus cf. hendeei, and sug-
gested that C. e. griseimanus could be considered a
distinct species; all of which reinforces the need for
further genetic studies.

In 1970, 10 squirrels were introduced close to
Lujan city, in the province of Buenos Aires
(Argentina), and founded the first population of exo-
tic squirrels in South America (Guichén & Doncaster
2008). These arboreal squirrels were morphologically
identified as C. erythraeus thai (Aprile & Chicco
1999); however, the subspecies could also correspond
to C. erythraeus atrodorsalis (Cassini & Guichén 2009).
Variation in pelage colour has been described in the
original site of introduction, in Lujan, where indivi-
duals had the typical olive brown agouti dorsal pelage
with a black stripe on the back and reddish ventral
coloration. However, squirrels with yellow-creamy
underparts and no black stripe on their backs were
also found (Cassini & Guichon 2009). Other
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populations of C. erythraeus have been introduced in
three Argentinian provinces due to its charismatic
appearance (Benitez et al. 2013). Interviews with
local residents indicated that squirrels were subse-
quently translocated from the invasion focus in
Luyjan to other locations within Argentina, where
they were established as a consequence of intentional
releases (Guichon et al. 2005; Benitez et al. 2013).

In this study, we aimed to analyze genetic variation
among the invasion foci of C. erythraeus established
in Argentina and their similarity with native and
introduced populations in Asia. Therefore, the
objectives of this study were (1) to conduct a genetic
characterization of the squirrels introduced in
Argentina using both mitochondrial and nuclear
DNA markers, and (2) to analyze genetic variation
among the invasion foci in Argentina in order to
corroborate the pathway of invasion as a single intro-
duction event and subsequent translocations into
new areas.

Materials and methods

Between February 2007 and June 2010, we obtained
tissue samples for DNA analysis of 30 individuals
captured in all known invasion foci of C. erythraeus
in Argentina: (1) 13 from Lujan, Buenos Aires pro-
vince (34°33'S, 59°07'W), (2) seven from Escobar
(34°21'S, 58°48'W), Buenos Aires province, 35 km
from Lujan, (3) five from Cafnada de Goémez (32°
48'S, 61°23'W), Santa Fe province, 290 km from
Luyjan, and (4) five from La Cumbrecita (31°53'S,
64°46'W), Coérdoba province, 610 km from Lujan
(Benitez et al. 2013) (Figure 1). Squirrels inhabit
rural and urbanized areas where they use highly
fragmented woodland patches mainly composed of
introduced tree species. In each study site, 30-50
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Figure 1. (a) Location of the area of interest in Argentina (white square) and (b) study areas in the four invasion foci located next to the
cities (black dots) of Lujan and Escobar in Buenos Aires province, Caflada de Gémez in Santa Fé province, and La Cumbrecita in Cordoba

province (lines divide provinces).
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cage traps were set at fixed points 40 m apart on tree
branches during four consecutive days. Captured
squirrels were anaesthetized subcutaneously using a
ketamine-acepromazine mixture, pelage coloration
was described, tissue samples from one ear were
preserved in 96% ethanol, and individuals were
released at the same site of capture.

We used the mitochondrial gene cyrochrome oxidase c
subunit I (COI, 650 bp) and a 500-bp fragment of the
control region (D-loop) to compare among individuals
from the different invasion foci in Argentina and with
Callosciurus sequences available in GenBank, from
both their native and introduced ranges. These two
molecular markers were chosen for their high intraspe-
cific variability, which allows evaluation of the genetic
variation of the squirrels in Argentina. To complement
the genetic characterization of these squirrels within
the genus Callosciurus, some samples were sequenced
using the mitochondrial gene cyrochrome b (Cyt b) and
the nuclear autosomic locus of the recombination acti-
vating gene 1 (RAG1). These markers are less variable
than COI and D-loop but useful for phylogenetic
approaches, and have been previously used for
Callosciurus, allowing the comparison with sequences
available in GenBank. DNA was extracted using the
salt-extraction protocol (Aljanabi & Martinez 1997).
D-loop sequences were amplified using the universal
primers Thr-1.15926: 5-CAATTCCCCGGTCT
TGTAAACC-3’ located in the neighbouring tRNA-
pro gene and DI-H16340: 5-CCTGAAG
TAGGAACCAGATG-3" (Vila et al. 1999). The Cyt
b gene was amplified using a combination of the pri-
mers LMVZ055-CGAAGCTTGATATGAAAAA
CCATCGTTG-3" (Smith & Patton 1993) and
H15910 5-GATTTTTGGTTTACAAGACCGAG-
3’ (Oshida et al. 2000). The COI gene was amplified
and sequenced in the Canadian Centre for DNA
Barcoding, Biodiversity Institute of Ontario
(University of Guelph, Guelph, Ontario) using the
cocktail primers described in Ivanova et al. (2007) as
part of a collaboration between Consejo Nacional de
Investigaciones Cientificas y Técnicas, Argentina
(CONICET) and International Barcode of Life
(IBOL). Finally, the RAGI1 gene was amplified using
primers designed by Steppan et al. (2004). Thermal
profile for all markers are detailed in the Appendix;
polymerase chain reaction (PCR) products were
examined on 1% agarose gels and both chains (forward
and reverse) were automatically sequenced in an
ABI3100 sequencer (MACROGEN, Inc. Korea).
Chromatograms were edited using the program
BIOEDIT 7.0 (Hall 1999). The sequences were
aligned using Clustal X (Thompson et al. 1997).

A molecular phylogenetic approach was used to
describe the genetic similarity of the squirrels

captured in Argentina to available sequences of the
four markers of C. erythraeus, its sister species C.
finlaysonii and the congenerics C. caniceps, C. prevos-
tii, C. orestes, C. notatus, C. nigrovittatus and C. inor-
natus (see Appendix). We also used sequences of
other squirrel genera as outgroup species. For the
D-loop marker, we sequenced 23 samples obtained
in the four invasion foci of Argentina (Lujan,
Escobar, Cafada de Gomez and La Cumbrecita)
and used 74 available sequences of the genus
Callosciurus, including sequences of C. erythraeus
from native (China and Taiwan) and introduced
(Japan) ranges, C. finlaysonii from native (Laos and
Thailand) and introduced (Japan) ranges, C. prevostit
and three species of the genus Pezaurista. For the Cyt
b marker, we sequenced samples obtained in one
invasion focus of Argentina (Cafiada de Gomez)
and used 30 sequences of Callosciurus that included
C. erythraeus from native (Vietham and Taiwan) and
introduced (Japan) ranges, C. finlaysonii from its
native range, C. prevosti, C. nigrovittatus, C. inorna-
tus, C. notatus and C. caniceps. We also included two
sequences of the species Lariscus insignis and Sciurus
lis. For the COI marker, we sequenced samples from
23 squirrels captured in the four invasion foci of
Argentina, and used 11 sequences available of C.
erythraeus from its native range (Vietnam and
China), C. prevostii, C. orestes, C. notatus and the
outgroup Dremomys rufigenis. For RAGI1, we
sequenced four samples obtained in three invasion
foci of Argentina, and used four sequences of C.
erythraeus from native ranges (China and Taiwan),
one of C. prevostii and the outgroup Sundasciurus
philippinensis. We found no available sequences of
C. finlaysonui for the markers COI and RAGI.

We conducted separate analyses for each molecular
marker and estimated appropriate substitution models
using the Akaike Information Criterion as implemen-
ted in MrAIC (Nylander 2004). The model of
sequence evolution that best fitted our sequences
data for D-loop and COI markers was HKY+G+I.
The best model of sequence evolution for Cyt b mar-
ker was TN+G and for RAG1 marker the best evolu-
tion model was HKY+G+I. We analysed three
phylogenetic reconstruction methods. First, we per-
formed maximum likelihood (ML) phylogenetic
reconstruction using TreeFinder (Jobb et al. 2004)
and calculated confidence intervals for the edges of
the ML tree using bootstrapping (Felsenstein 1985),
based on 1000 repetitions. Second, we conducted
Bayesian inference (BI) analysis using MrBayes
3.1.2 (Huelsenbeck & Ronquist 2001; Ronquist &
Huelsenbeck 2003). Four chains were run simulta-
neously (three heated, one cold) for 20,000,000 gen-
erations, with tree space sampled every 100th



generation. After a graphical analysis of the evolution
of the likelihood scores, we discarded the first
300,000 generations as burn-in. We used the remain-
ing trees to calculate the consensus tree. Third, we
performed a maximum parsimony (MP) analysis
using TNT 1.1 (Goloboff et al. 2008) and a tradi-
tional search using tree bisection reconnection (TBR)
with 1000 random sequence additions, and jacknife
support values based on 1000 replicates. For each
marker, we computed a distance matrix of the
Kimura two-parameter (K2P) model (Kimura
1980). In addition to the classical method (DNA
barcoding gaps analysis, based on K2P distances) we
explored species limits using the Automatic Barcode
Gap Discovery method (ABGD) (Puillandre et al.
2012a). This method of DNA taxonomy automati-
cally finds the distance at which a barcode gap occurs
and sorts the sequences into putative species based on
this distance (Puillandre et al. 2012a). Therefore, it is
applicable as an independent tool without an a prior:
species hypothesis, and it provides insight into
whether the taxonomic identification based on mor-
phological features has any genetic support. This
method is also advantageous in terms of computation
time and does not require an ultrametric tree that
relies heavily on the correctness of the speciation
model (Puillandre et al. 2012a). We used several
mitochondrial markers (D-loop, Cyt b and COI) to
avoid problems such as the presence of pseudogenes,
incomplete lineage sorting or introgression
(Puillandre et al. 2012b). The alignments were
uploaded to http://wwwabi.snv.jussieu.fr/public/abgd/
abgdweb.html and ABGD was run with the default
initial settings (Pmin = 0.001, Pmax = 0.1,
Steps = 10, X relative gap width = 1.5, Nb bins = 20)
and both distance models (Jukes-Cantor and
Kimura).

Results

Squirrels analyzed in this study showed high varia-
bility in pelage colour and included individuals
with a reddish ventral pelage and a black stripe
on the back, others with yellow-creamy underparts
and no black stripe on their backs, and intermedi-
ate variations such as reddish belly with yellow-
creamy or orange chest, groin and/or genital area,
and with or without a black stripe on the back
(Appendix).

We found only one haplotype by sequence align-
ment of the D-loop marker in squirrels captured in
Argentina. The ML, BI and MP phylogenetic trees
obtained had similar topologies and we therefore
only show the BI tree with the support values of the
three analyses (Figure 2). The haplotype found in
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Argentina has not been previously sampled in other
populations and was phylogenetically closer to
sequences of C. finlaysonii, particularly to the two
haplotypes sampled in Japan that had been morpho-
logically identified as C. erythraeus (Oshida et al.
2007).

Sequence alignment of the Cyt b marker com-
prised 700 bp positions. The ML, BI and MP phy-
logenetic trees obtained had similar topologies
(Figure 3). The haplotype found in Cafiada de
Gomez, Argentina, has not been described in other
populations though it was highly related to C. finlay-
sonii. C. erythraeus appeared as sister group.
However, one sequence described as C. finlaysonii
from Thailand was also included in this group.
This sequence was strangely identical to one C. ery-
thraeus cf. hendeer from Vietnam. A similar misclassi-
fication seemed to occur with a sequence of C.
caniceps from Malaysia that was grouped together
with C. migrovittatus instead of its conspecifics
(Figure 3). It must be noted that sequences of C.
erythraeus grisetmanus separated from the other
sequences of C. erythraeus that grouped with C.
finlaysonii.

For the COI marker we found only one haplotype
in the four invasion foci of Argentina, as we expected
given the lower evolution rate of the COI marker
compared with D-loop analysis. The ML, BI and
MP phylogenetic trees obtained had similar topolo-
gies (Figure 4). We obtained a non-resolved polyt-
omy among the individuals captured in Argentina in
the monophyletic group with C. erythraeus from
China, and the sequence of C. erythraeus flavimanus
from Vietnam.

For the RAG1 marker, the sequence alignment
comprised 887 bp and we found eight variable sites
in the squirrels captured in Argentina, resulting in
four haplotypes. The ML, BI and MP phylogenetic
trees obtained had similar topologies (Figure 5).
Squirrels captured in Argentina formed a monophy-
letic group; however, C. erythraeus did not form a
monophyletic group and the sequences obtained in
Taiwan were closer to the sequences from Argentina
than those from China (Figure 5).

We estimated the percent sequence divergence
amongst taxa for each marker separately and calculated
the sequence divergence within and between each spe-
cies of Callosciurus. Pairwise comparisons of
Callosciurus species for D-loop (Table I) and Cyt b
markers (Table II) indicated that the smallest percent
sequence divergence amongst species occurred
between the specimens identified as C. finlaysonii and
squirrels captured in Argentina (5.88% for D-loop;
5.39% for Cyt b). These values were two times smaller
than the divergence between C. erythraeus and
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Figure 2. Bayesian inference trees of Callosciurus genus. Tree derived from D-loop. Numbers next to branches are Bayesian posterior
probabilities, jackknife support values followed by bootstrap values, respectively. Numbers between brackets on a branch that defines a clade
correspond to the groups obtained with the Automatic Barcode Gap Discovery (ABGD) method for the marker.

C. finlaysonii; however, divergence between Cyt b
sequences from Argentina and C. erythraeus (10.96%)
and C. erythraeus grisetmanus (10.89%) was similar to
the divergence between C. erythraeus and C. erythraeus
grisesmanus (10.24%) (Table II).

For the COI gene (Table III), the smaller diver-
gence (7.34%) was between the squirrels captured in
Argentina and C. erythraeus from China, which
diverged by 8.8% from C. erythraeus flavimanus
from Vietnam. For RAGI1 (Table 1V), we found
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Figure 3. Bayesian inference trees of Callosciurus genus. Tree derived from cytochrome b (Cyt b). Numbers next to branches are Bayesian
posterior probabilities, jackknife support values followed by bootstrap values, respectively. Numbers between brackets on a branch that
defines a clade correspond to the groups obtained with the Automatic Barcode Gap Discovery (ABGD) method for the marker.

that the smaller sequence divergence (1.53%) was
between the squirrels captured in Argentina and C.
erythraeus, which diverged by 2.01% from C.
prevostii.

The ABGD method for the D-loop data set
resulted in seven groups for the recursive partition
with prior of 0.001, 0.002, 0.003, 0.005, 0.008,
0.013, 0.022; six groups with 0.036, and two with
0.6 and 0.1. The primary partition was stable on the
range of prior values with two groups (Figure 2).
When lowering the relative width of the barcoding
gap (X-value) and increasing the prior intraspecific
limit, we obtained more groups than the number of
species defined by taxonomy. We were not able to
identify a barcode gap for the D-loop data set. Using
the Cyt b dataset, we obtained one partition (i.e., no
barcoding gap) using the standard settings, though
eight groups separated when lowering the X-value to
1.1 (see Figure 3), with a prior of intraspecific diver-
gence up to 0.0215, that were similar to the number
of species defined by taxonomy. For the COI

dataset, the number of groups for the recursive parti-
tion was six with the entire prior (0.1-0.001). The
primary partition was stable on the whole range of
prior values, and in all cases we obtained the same
six groups indicated in Figure 4, that were similar to
the number of species defined by the taxonomy.

Discussion

The markers, D-loop, COI and RAGI1, used in this
study indicated that the introduced squirrels from
the different invasion foci in Argentina formed a
monophyletic group. Together with the description
of only one haplotype for D-loop and COI markers
obtained in the four foci, our results support the
information collected in interviews with local resi-
dents that indicated a single introduction event into
Argentina followed by translocations into new areas
within the country. Management decisions should
focus on these invasion pathways to prevent further
expansion (Borgnia et al. 2013). Variation in pelage
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Figure 4. Bayesian inference trees of Callosciurus genus. Tree derived from citochrome oxidase ¢ subunit I (COI). Numbers next to branches
are Bayesian posterior probabilities, jackknife support values followed by bootstrap values, respectively. Numbers between brackets on a
branch that defines a clade correspond to the groups obtained with the Automatic Barcode Gap Discovery (ABGD) method for the marker.

colour among squirrels captured in Argentina
showed no genetic support. Unexpectedly, squirrels
captured in Argentina were more related to C. fin-
laysonii than to C. erythraeus for D-loop and Cyt b
markers. However, intraspecific variation among
sequences of C. erythraeus belonging to different sub-
species or collected in different regions was large and
comparable with the distance to the sequences from
Argentina. We could not resolve the relationship
between the sequences from Argentina and C. ery-
thraeus using the COI and RAG1 markers.

The classification of the 15 species of the genus
Callosciurus is based on morphological features, and
also several subspecies have been described on the
basis of pelage variations (Moore 1961; Moore &
Tate 1965; Chakraborty 1985; Corbet & Hill 1992).
However, identification of individuals may be diffi-
cult given the large number of species and subspe-
cies, many of which closely resemble each other and
often show considerable colour variation (Moore &
Tate 1965; Chakraborty 1985; Corbet & Hill 1992).
The species C. erythraeus and C. finlaysonii have

been referred to by Timmins and Duckworth
(2008) as the C. erythraeus-C. finlaysonii complex.
High sequence divergence within C. erythraeus sup-
ports the idea that at least this species could repre-
sent a species complex (Clare et al. 2007). Regional
variation in C. finlaysonii is so extreme that it is
doubtful that all these forms constitute discrete
species (Corbet & Hill 1992), while hybrids may
occur in certain regions where both species occur
(Moore & Tate 1965; Timmins & Duckworth
2008). Genetic introgression between subspecies,
and even between species, has been reported in
other squirrels given the hybridization that fre-
quently occurs in pet markets and stores
(Wettstein et al. 1995; Good et al. 2008; Hird &
Sullivan 2009; Chang et al. 2011). Oshida et al.
(2007) and Kuramoto et al. (2012) concluded that
the squirrels introduced into Japan that had been
identified as C. erythraeus but were genetically clo-
ser to C. finlaysonii could be regarded either as C.
finlaysonii or as hybrids between both species.
However, no studies have yet evaluated whether
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Figure 5. Bayesian inference trees of Callosciurus genus. Tree derived from recombination activating gene I (RAGI). Numbers next to
branches are Bayesian posterior probabilities, jackknife support values followed by bootstrap values, respectively.

Table I. Percentage of sequence divergence (Kimura 1980) of the present classification of Callosciurus has any
Callosciurus species for the D-loop marker. genetic support.

Phylogenetic relationships among Callosciurus spe-

C. h C. C. C. . J g . . . .
eryihraeus ; . cies indicate three major lineages, one of which is

Arg. Finlaysonii  erythraeus  prevostii X R : .
characterized by mainland species (Oshida et al.
C. erythraeus 0 2011). The Indochina Peninsula lineage contains
Arg. two sublineages: caniceps-inornatus and erythraeus-fin-

C. finlaysonii 5.88 6.80 .. . . N
laysonii, which is composed by C. e. grisetmanus, C.

C. erythraeus 13.59 13.13 6.87 R ¢ )

C. prevostii 2154 21.2 20.48 3.19 erythraeus c¢f. hendeei and C. finlaysonii (Oshida et al.

2013). Interestingly, C. e. griseimanus proved to be

Table II. Percentage of sequence divergence (Kimura 1980) of Callosciurus species for the cytochrome b (Cyt b) marker.

C. erythraeus C. C.e. C. C. C. C. C. C.
Arg. erythraeus griseimanus finlaysonii  prevostii  caniceps  inornatus — Migrovittatus — notarus
C. erythraeus 0
Arg.
C. erythraeus 10.96 4.74
C.e. griseimanus 10.89 10.24 0.72
C. finlaysonii 5.39 9.85 9.7 2.46
C. prevostii 20.14 17.9 16.93 17.66 0.93
C. caniceps 18.29 17.13 16.87 16.22 18.72 0.72
C. inornatus 15.83 14.36 14.56 14.66 18.53 11.51 0
C. migrovittatus 20.96 17.8 18.51 18.61 9.46 18.58 18.41 0.57
C. noratus 17.76 16.52 17.33 16.73 17.02 17.8 18.85 16.54 1
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Table III. Percentage of sequence divergence (Kimura 1980) of Callosciurus species for the cytochrome oxidase ¢ subunit I (COI) marker.

C. erythraeus Arg. C. erythraeus C.e. flavimanus C. prevostii C. orestes C. noratus
C. erythraeus Arg. 0
C. erythraeus 7.34 0.33
C.e. flavimanus 9.63 8.8 0
C. prevostii 19.06 18.18 18.87 2.38
C. orestes 19.21 18.23 19.58 7.67 0
C. notatus 18.6 17.53 18.07 13.41 13.51 0.94

Table IV. Percentage of sequence divergence (Kimura 1980) of
Callosciurus species for the recombination activating gene I
(RAGI) marker.

C. erythraeus Arg. C. erythraeus C. prevostii

C. erythraeus Arg. 0.64
C. erythraeus 1.53 0.51
C. prevostii 2.75 2.01 0

more closely related to C. finlaysonii; however,
genetic distances among the three forms were very
similar, suggesting a polytomic phylogenetic rela-
tionship which remained unresolved (Oshida et al.
2013). Using the same Cyt b marker, we could not
resolve the relationship between these species, as in
the previous study by Oshida et al. (2013). However,
the monophyletic group formed by C. e. grisemaneus
from Vietnam was supported by our analyses (mole-
cular phylogenetic approach and ABGD method)
and was used as an independent group to estimate
genetic distances. These results indicate that certain
subspecies of C. erythraeus could be more closely
related to C. finlaysonii than to other conspecifics.

Sequence divergence indicated that the squirrels
captured in Argentina were more closely related to
C. finlaysonii, when this comparison was possible (D-
loop and Cyt b markers), than to C. erythraeus.
However, divergence between squirrels captured in
Argentina and C. erythraeus was similar to the diver-
gence between subspecies of Callosciurus (e.g.
between C. erythraeus and C. erythraeus grisetmanus
using the Cyt b marker). Sequence divergence using
the COI marker also resulted in a similar genetic
distance between the squirrels captured in
Argentina and C. erythraeus (7%) and between C.
erythraeus from China and C. erythraeus flavimanus
from Vietnam (9%).

The ABGD method was efficient when intraspe-
cific diversity for the molecular marker was lower
than the interspecific diversity, i.e. when sequences
sampled within the same species were more similar
than sequences sampled from different species. That
was the case for COI and Cyt b markers, although
with a shorter barcode gap for the latter. Squirrels
from Argentina were grouped with C. finlaysonii

using the Cyt b marker and were separated from C.
erythraeus using the COI marker. C. erythraeus was
separated into several groups with both markers,
which is consistent with the other analyses. For the
D-loop marker, the ABGD method indicated multi-
ple species hypotheses (e.g. one species split into
two, or several species merged into a single one).
Therefore, the D-loop marker was not entirely con-
sistent in defining species limits using this method
due to intra- and interspecific distance overlap. This
is a consequence of the high mutation rate for the
D-loop marker and a theoretical limitation of the
ABGD method and, more generally, of the methods
that identify species limits based on the barcode gap,
because these methods use the population mutation
rate, estimated from the data set, as the main para-
meter (Puillandre et al. 2012a).

The complex taxonomy of certain Callosciurus spe-
cies and subspecies, such as described for C.
erythraeus and C. finlaysomii, and the genetic
and morphological data reported in these last
decades require a thorough systematic revision.
Misidentification in the field cannot be discarded in
certain cases. However, identification based on
genetic data cannot be fully applied until a simulta-
neous analysis of diagnostic morphological charac-
ters and genetic markers is conducted. These studies
will provide new insight regarding Callosciurus’ status
in its native area and will aid the study of worldwide
invasion pathways of introduction.
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