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Abstract We provide mitochondrial sequence var-
iation of the invasive fish Gambusia holbrooki from
24 European populations, from Portugal to Greece.
Phylogeographic structure in Europe was compared
with genetic data from native samples (USA) and
historical records were reviewed to identify intro-
duction routes. Overall, data agree with records of
historical introductions and translocations, and indi-
cate that the most abundant haplotype throughout
Europe originated from North Carolina and corre-
sponded to the first introduction in 1921 to Spain,
being transferred to Italy in 1922 and to many
countries afterwards. Our results also show that at
least another independent introduction occurred first
in France and subsequently from France to Greece.
Haplotypes of G. affinis were not detected in our
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European sampling effort but historical records and
other data suggest that this species was introduced to
Italy in 1927 and it might be present. At the
continental scale, there is less diversity in Europe
than in North America, in agreement with the low
number of introduced fish. At the local scale, some
European populations gained diversity from multiple
introductions and from “de novo” mutations.

Keywords Invasive species - Gambusia holbrooki -
Gambusia affinis - Genetic diversity - Mosquitofish

Introduction

Beyond their negative effects, invasive species are an
underappreciated opportunity to study ecology and
evolution at unusually large spatial and temporal
scales (Rice and Sax 2005). For instance, two
paradoxes of biological invasions that should help
to improve ecological and evolutionary theories are:
(1) why do invasive exotic species colonize and
displace native species that should be better adapted
to local environments? (Sax and Brown 2000;
Allendorf and Lundquist 2003); and (2) why do
invasive species flourish despite reduced genetic
diversity in the recipient region? (Allendorf and
Lundquist 2003). To answer these questions we need
to increase our knowledge on invasive species and
assess its genetic structure and variability within the
invaded environment.
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Two closely related poeciliid species, Gambusia
holbrooki Girard, 1859 and Gambusia affinis (Baird
and Girard, 1853), are only native to the United
States and Mexico but have been introduced into
more than 50 countries (Garcia-Berthou et al. 2005)
in order to control mosquito populations and hence
malaria (Krumholz 1948). Collectively, these two
species are considered among the most invasive fish,
with well known effects in the decline and local
extinction of native amphibians and fishes (Courtenay
and Meffe 1989; Kats and Ferrer 2003; Alcaraz et al.
2008). However, the worldwide distribution of these
two species is still largely unclear (Pyke 2008), partly
because of taxonomic confusion. In the early twen-
tieth century, when mosquitofish were introduced
worldwide, they were regarded as three separate
species (with G. patruelis, which is now considered
a synonym of G. affinis), later as two subspecies of a
single species (G. affinis), and not until Wooten et al.
(1988) as two separate species. Therefore, many
records that refer to G. affinis are actually G. holbro-
oki (Haynes and Cashner 1995).

Apparently, both species were introduced to
Europe in the 1920s (Krumholz 1948) and although
mostly G. holbrooki is cited, it is unclear whether
both species are present. According to historical
records, G. holbrooki was first introduced to the
Iberian Peninsula in 1921, was then transferred to
Italy in 1922, being nowadays highly abundant in
most Mediterranean countries (see e.g. Krumholz
1948). G. affinis arrived in Italy directly from the
USA around December 1927 (Sella 1926; Anony-
mous 1927) but despite being cited, it is unclear
whether it is still present in Europe, given the above-
mentioned taxonomic problems.

Although the genetic diversity of both mosquito-
fish species has been thoroughly analyzed in the
native populations of North America (Stearns 1983;
Wooten and Lydeard 1990; Scribner and Avise 1994;
Mulvey et al. 1995) and in G. holbrooki introduced to
Australia (Congdon 1994, 1995), the only study in
Europe is Grapputo et al. (2006), performed only on
four collections from Italy and Spain. Interestingly,
founder events and population bottlenecks in early
stages of introductions, which are considered respon-
sible for the loss of diversity of many invasive
species (Allendorf and Lundquist 2003; Roman and
Darling 2007; Dlugosch and Parker 2008; Suarez and
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Tsutsui 2008), were observed in these four European
mosquitofish populations.

The main objectives of this paper are: (1) to assess
the genetic structure of mosquitofish throughout
Europe and check for the presence of G. affinis in
this continent, and (2) to compare genetic diversity
and population structure of G. holbrooki to those
found in its native range. G. affinis and G. holbrooki
show substantial geographic genetic structure in their
native range (Wooten et al. 1988; Scribner and Avise
1993), so by comparing the genetic diversity of
European and North American populations and
incorporating information from the historical records
of introductions we expect to confirm multiple
geographical origins and the routes of introduction.

Materials and methods
Collections

A total of 417 individuals of G. affinis or G. holbrooki
from 33 locations were screened for sequence varia-
tion at the cytochrome b gene of the mitochondrial
genome. Nine locations were in North America (the
native region of mosquitofish), and included 30
putative specimens of G. affinis from the Big Black
River (Mississippi drainage) kindly provided by the
Mississippi Museum of Natural Science. The remain-
ing 24 locations corresponded to introduced European
populations in Spain (9 samples), Portugal (4), France
(5), Italy (2), Hungary (1), and Greece (3) (Table 1;
Fig. 1). Further data on most of the Spanish and French
samples are given elsewhere (Benejam et al. 2009).

DNA extraction, amplification and sequencing

Total DNA extraction was performed with Chelex®
100 Resin (Biorad), similarly to the method described
by Estoup et al. (1996). Approximately 30 mg of
muscular tissue from each individual were digested
with 200 pg of proteinase K in 500 pl of Chelex 10%
at 65°C for 1 h and subsequently centrifuged at
13,000 rpm during 15 min. Primers CytBF1 (5'-ATG
GCC AAC CTA CGA AAA AC-3') and CytBR1 (5'-
GGG TAG RAC ATA ACC TAC GAA G-3') were
designed in conserved regions of cytochrome b (cytb)
gene based on GenBank sequences of Gambusia
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Table 1 Location of the studied populations (with latitude and longitude; all latitudes are north), location code (L) and haplotype

composition

Location L Country Latitude Longitude Haplotype composition h* d?

Big Black River, Mississippi 1 USA 33°23"  89°37" W 7 Holl, 22 Affl, 1 Aff4 0.4207 (0.0874) 0.0182 (0.0100)
Everglades, Florida 2 USA 25°26"  80°46' W 18 Hol7, 2 Hol8 0.1895 (0.1081) 0.0012 (0.0014)
Gainesville, Florida 3 USA 29°39’  82°21" W 20 Hol7

Florence, South Carolina 4 USA 36°1’ 79°57" W 20 Hol4

Brunswick, North Carolina 5 USA 34°17"  78°29' W 15 Holl, 1 Hol2 0.1250 (0.1064) 0.0004 (0.0007)
Pomona, New Jersey 6 USA 39°28"  74°34' W 20 Affl

Lanoka harbor, New Jersey 7 USA 39°51"  74°11' W 20 Affl

San Saba River Texas 8 USA 30°55"  99°47" W 8 Aff2, 2 Aff3 0.3556 (0.1591) 0.0023 (0.0021)
Potomac River, Washington D.C. 9 USA 38°39’  77°11" W 19 Holl, 2 Hol6 0.1810 (0.1044) 0.0006 (0.0009)
Figueira da Foz, Mondego basin 10 Portugal 40°5’ 8°45' W 10 Holl

Ribeira de Alcdgovas, Sado basin 11 Portugal 38°23' 8°9' W 10 Holl

Tapada, Tagus basin 12 Portugal 38°26' 9°7 W 10 Holl

Ribeira da Lena, Lis basin 13 Portugal 39°42" 8°50' W 9 Holl, 1 Hol6 0.2000 (0.1541) 0.0006 (0.0009)
River Millars 14 Spain 39°56'  0°03' W 10 Holl, 2° Hol3 0.3030 (0.1475) 0.0010 (0.0012)
Altea 15 Spain 38°36' 0°02' W 10 Holl

Ebro delta, Ebro basin 16 Spain 40°42"  0°49' E 10 Holl

Lake Banyoles, Ter basin 17 Spain 42°7 2°45" E 10 Holl

River Fluvia 18 Spain 42°10'  3°04' E 10 Holl

River Ter 19 Spain 42°01"  3°09’ E 10 Holl

River Segura 20 Spain 38°06" 0°39' W 10 Holl

River Jucar/Xuquer 21 Spain 39°100  0°177 W 10 Holl

Minorca 22 Spain 40°02"  3°55'E 10 Holl

Lacroix Falgarde, Garonne basin 23 France 43°31' 1°25' E 10 Hol5

Vistre, Rhone basin 24 France 43°36' 4°13'E 8 Holl, 2 Hol5 0.3556 (0.1591) 0.0012 (0.0014)
River Bourdigou 25 France 42°44’ 2°59’E 10 Holl

River Orb 26 France 43°15 3°18 E 10 Holl

Briere, Loire estuary 27 France 47°22' 2°19W 10 Holl

Coltano 28 TItaly 43°38"  10°24'E 10 Holl

Catania, Sicily 29 Italy 37°24"  15°3'E 10 Holl

Lake Héviz 30 Hungary 46°37° 17°10' E 10 Holl

Lake Pamvotis 31 Greece 39°41’ 20°52' E 5 Holl, 5 Hol5 0.5556 (0.0745) 0.0018 (0.0018)
Anthili 32 Greece 38°50' 22°27E 2 Holl, 8 Hol5 0.3556 (0.1591) 0.0012 (0.0014)
Rhodes 33 Greece 36°10' 27°59 E 10 Holl

For each locality, the number of fish for the different cyrochrome b haplotypes found in this study (see Table 2) is detailed. Haplotype
(h) and nucleotide (d) diversities are also shown (SE within parentheses)

* Only values distinct from 0 are indicated

® Both individuals were heteroplasmic, showing the Holl and the Hol3 haplotypes

genus, including both G. affinis and G. holbrooki (see
below). Amplification reactions had a final volume of
30 pl and contained 1.5 mM MgCl,, 200 pM dNTPs,
0.2 uM of each primer, 25 ng of genomic DNA and
0.3 units of Taq DNA polymerase (Ecogen S.R.L).
The thermal profile included a first denaturing step at

94°C for 5 min followed by 35 cycles at 94°C (30 s),
50°C (2 min) and 72°C (2 min). PCR products were
purified with the ExoSAP-IT® reagent (USB) and
then sequenced with the BigDye® Terminator vI.1
Cycle Sequencing kit (Applied Biosystems) with PCR
primer CytBF1. Clean sequences were obtained for a
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Fig. 1 Geographic location of Gambusia collections. See
Table 1 for details on the location codes

fragment of 309 bp from site 86 (second position in
codon 28) to site 394 (first position in codon 132) of
the cytb gene.

Sequence and population analyses

To identify mosquitofish species introduced in Europe,
European haplotypes were compared to the Gambusia
cytochrome b sequences already available in Gen-
Bank. The GenBank data set included 21 sequences of
Gambusia spp. and one outgroup species, Belonesox
belizanus, described in Lydeard et al. (1994) (GenBank
codes U18115.1,U18206.1 to U18209.1 and U18211.1
to U12228.1), three sequences of G. affinis and 3
of G. heterochir described by Davis et al. (2006)
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(GenBank codes DQ075681.1 to DQ075686.1) and
four sequences of four other Gambusia species
reported by Hrbek et al. (2007) (GenBank codes
EF017514.1 to EF017516.1 and EF017518.1). All
sequences were aligned using ClustalW Multiple
Alignment accessory application implemented in the
Bioedit software (Hall 1999) and the G. affinis
EF017514.1 sequence as reference. For all sequences,
further analyses were restricted to the aligned fragment
of 309 bp corresponding to the amplified region of this
study. G. affinis Ul8107.1 and G. melapleura
U18216.1 sequences from Lydeard et al. (1994) were,
however, shorter and only matched 268 and 307 bp,
respectively, of our aligned fragment. Genetic dis-
tances were calculated using the Tamura—Nei method
(Tamura and Nei 1993) with the number of base
substitutions per site as units and the pairwise deletion
option. The Tamura—Nei distance matrix was used to
generate a neighbor-joining (NJ) tree (Saitou and Nei
1987) to infer the evolutionary relationships among
sequences from this study and the GenBank ones (see
above). Confidence values were estimated by 1,000
bootstrap replicates (Felsenstein 1985). This evolu-
tionary sequence analysis was performed with the
MEGAA4 software (Tamura et al. 2007). In addition, a
median-joining network (Bandelt et al. 1999) involv-
ing the G. affinis and G. holbrooki haplotypes was
constructed using NETWORK 4.5.1.0 software (http://
www.fluxus-engineering.com/sharenet.htm).

Genetic variation within collections was estimated
by haplotype and nucleotide diversities (Nei 1987).
Overall diversity present in North America and in
Europe was estimated by pooling the data from each
region. Patterns of haplotype and nucleotide diversity
distribution among American and among introduced
European collections were estimated by hierarchical
analyses of molecular variance (AMOVA) of the
frequency distribution of haplotypes (Fs7) and their
Tamura—Nei pairwise divergence (Ns7) at two hier-
archical levels: within and among collections within
territories (USA or Europe). An additional AMOVA
involving native American collections of G. holbro-
oki was performed using haplotype information from
Scribner and Avise (1993). Although these authors
did not provide haplotype frequencies, we assumed
haplotype frequencies in their polymorphic collec-
tions to maximize intrapopulation diversity and to
minimize population differentiation. The real Fgr
values should be then greater than our computed
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value, which represents an underestimate of the real
divergence. However, because only 6 out of 29
collections were polymorphic in that study and
samples sizes were small (a maximum of 4 fish per
collection) our approach should not produce a strong
bias. For instance, in a polymorphic population for
two haplotypes we considered a frequency of 2:2 (for
a sample of 4 fish) that, even if not being true, it is not
far from the alternatives 3:1 or 1:3. All AMOVA
computations were performed using Arlequin 3.11
software (Excoffier et al. 2005).

Results
Phylogenetic relationships among haplotypes

Sequence analyses resolved 12 haplotypes among the
417 analyzed fish (Table 2). Four of them were
assigned to G. affinis because they clustered together
with GenBank EF0175141 (Hrbek et al. 2007) and
DQO075681.1 (Davis et al. 2006) G. affinis sequences.
The other eight haplotypes grouped, with strong
bootstrap support, with G. holbrooki GenBank
sequence U18210.1 of Lydeard et al. (1994) (Fig. 2).
Average number of nucleotide differences was 1.167
(£0.571) among G. affinis sequences and 2.000
(£0.774) among G. holbrooki. In the NI tree, G. affinis
and G. holbrooki haplotypes form monophyletic sister
groups suggesting genetic distinctiveness of the two
species. The average number of nucleotide differences
observed between G. affinis and G. hoolbroki was
15.210 £ 3.431, while the average between all Gam-
busia species was 28.116 £ 2.940. The largest values
were observed in pairwise comparisons involving any
Gambusia species and the outgroup B. belizanus
(50.872 £ 5.772).

Haplotype distributions and population diversity

Twenty-three out of 33 samples presented a single
haplotype (Table 1). Haplotypes of G. affinis and
G. holbrooki only co-occurred in the sample from the
Big Black River, although G. affinis predominated.
Haplotypes of G. affinis were only detected among
American populations, whereas all examined Euro-
pean samples presented haplotypes of G. holbrooki
(Fig. 3). The haplotype Holl was the only one found
in sampled individuals from 18 European collections.

The Hol5 haplotype was abundant in the two
continental Greek samples and in two French collec-
tions. In Lacroix Falgarde from the Garonne River
basin (France), all analyzed fish had this haplotype.
Haplotype Hol5 distinguished from Holl by a GA
transition in the first position of codon 123, gener-
ating the aminoacid change of Valine (Holl) to
Isoleucine (Hol5), with both aminoacids being non-
polar. The Hol3 haplotype was only detected in two
heteroplasmic individuals collected in the Millars
location, also carrying the Holl haplotype. These
individuals were sequenced twice to corroborate their
heteroplasmy. The nucleotide change that distin-
guished Holl and Hol3 haplotypes was a TC
transition in a first codon position generating a
change from the nonpolar Proline aminoacid (Holl)
to the polar Serine (Hol3). All the other nucleotide
changes among G. holbrooki haplotypes were tran-
sitions in the third codon position, not generating any
aminoacid change according to the standard genetic
code.

Among introduced European populations, haplo-
type diversity was high in the two continental Greek
collections (Pamvotis and Anthili) and one French
population (Table 1). In America, the highest diver-
sities were observed in the G. affinis population from
the San Saba River and in the collection from the Big
Black River in the Mississippi basin. This later
collection also had the highest nucleotide diversity
because of the co-occurrence of haplotypes of both
Gambusia species. This result was unexpected since
previous genetic analyses from the Mississippi River
basin showed pure G. affinis populations in this basin
(Scribner and Avise 1993). Our finding could be
related to an ongoing recent contact between both
species and perhaps hybridization.

Population structure

The Holl haplotype was abundant in sampled
individuals from North Carolina and Potomac River,
while the related Hol4 haplotype (Fig. 3) was the
only one detected in fish sampled from South
Carolina. The most different Hol7 haplotype
(Fig. 3) was abundant in fish from Florida (Table 1).
Consequently, a large level of population structure
was observed among American collections, with 94%
of diversity contributing to the differentiation among
collections (ST values, Table 3). This amount of
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Fig. 2 Neighbor-joining
tree showing the
evolutionary relationships
of 40 Gambusia taxa.
Bootstrap values (over
1,000 replicates) higher
than 90% are shown

Aff1

— Aff4

EF017514.1

DQ075686.1
U18107.1 G. affinis

98 ||, DQ0O75681.1

Aff2
DQ075683.1
96 ~{
Aff3 i
Hol7
9| ~Hol2
U18210.1
Hol8
— Hol5 G. holbrooki
Hol1
— Holé
— Hol3
— Hol4 |
ga— G. geiseri

—994 G. heterochir

G. hurtadoi

99 .
Q. vittata

H Other Gambusia species

G. rachowi

G. luma

Belonesox

—

0.02
population differentiation was greater than the
observed in the review of Scribner and Avise
(1993) probably because our sampling in America
was limited to a single collection from contrasting
river basins.

The Holl was the most abundant haplotype
throughout Europe (Table 1, Fig. 3) and 18 out of
24 collections showed only this haplotype. Haplotype
diversity was significantly higher in America than in
Europe (Welch’s r-test: 13157 = 14.3, P < 0.0005)
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Fig. 3 Median-joining
network involving all
Gambusia affinis and G. /
holbrooki haplotypes. For /
haplotypes detected in this
study the area of each circle
is proportional to the
number of European
collections exhibiting that
haplotype. Each bar in the
network represented one
mutational step

Hol6

Table 3 Haplotype (H)

and nucleotide (N) Territory  Diversity Total diversity  Locations ST Source
diversities (average and, parameter (SE)
between parentheses, ]
standard error) and USA H 0.6873 5 0.9382  This study
population differentiation (0.0210)
(StT) (iin Aglgrican and H 0.7917 29 0.8442  Scribner and Avise (1993)
;Z;?ﬂiisns (;]fr (g.eZZIbrooki (0.0269)
N 0.0059 5 0.9382  This study
(0.0040)
Europe H 0.2081 24 0.6490  This study
(0.0260)
N 0.0007 24 0.6490  This study
(0.0009)

but nucleotide diversity was not significantly differ-
ent (1950 = 1.27, P = 0.21). In addition, divergence
among European collections only accounted for 36%
of total diversity and mostly reflected the presence of
Hol5 in fish from some French and Greek locations
(Table 3).

Discussion
Origin of mosquitofish introduced to Europe

Although our analyses only detected G. holbrooki
throughout Europe, historical records indicate that
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both mosquitofish species were introduced. In 1921,
G. holbrooki was first introduced to Caceres (Spain)
and from there to Italy and elsewhere, whereas
G. affinis was originally introduced in Trieste (Italy)
in 1927 (Krumholz 1948). Sella (1929), the main
promoter of the first European introductions,
explained that after the introduction in 1921 of
G. holbrooki to Spain, G. affinis (referred to as
G. patruelis) were introduced in December 1927 to
ponds in Rovigno and Valle d’Istria in Italy from
collections obtained from Carbondale (Illinois), because
they were supposed to resist cold weather better
than G. holbrooki (Sella 1926; Anonymous 1927).
Moreover, a few recent papers cite simultaneously
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G. dffinis and G. holbrooki in Turkey (Ekmek¢i and
Kirankaya 2006; Innal and Erk’akan 2006), thus
apparently discarding synonymy problems. Veenvliet
(2007) identified mostly G. holbrooki but also a
single male of G. affinis among Slovenian mosqui-
tofish populations, although more recent data sug-
gests that only G. holbrooki is present (P. Veenvliet,
pers. comm.). In North America both species hybrid-
ize and G. holbrooki genotypes tend to outcompete
and even replace G. affinis ones, where they coexist
naturally or by introductions (Scribner 1993; Scribner
and Avise 1994; Walters and Freeman 2000). In our
analysis, we have not detected G. affinis and only
G. holbrooki seems to be present throughout Europe.
However, considering introduction reports and
hybridization dynamics in the USA, the existence of
G. affinis or introgressed individuals seems possible.
We urge, nevertheless, to refer to the species in
Europe as G. holbrooki in future literature, unless
gonopodium morphology (Rauchenberger 1989), fin
ray counts (Walters and Freeman 2000) or genetic
identification clearly demonstrates that it is G. affinis.

Our results also suggest several independent
introductions of G. holbrooki from at least two
American sources, partially agreeing with historical
records. All but one European populations surveyed
in this study had the haplotype Holl, abundant in
native populations of North Carolina and northward.
Although Krumholz (1948) and subsequent literature
(without citing earlier references) reported that the
1921 introduction in Spain originated from Augusta
(Georgia), Artom (1924) and Najera Angulo (1944)
stated that they came from Edenton (North Carolina).
In 1922, some fish from Spain were transferred to
Lazio in Italy and from there throughout Italy and
many countries including Germany, former Yugosla-
via, Russia, Palestine and Rhodes (Sella 1926).
Therefore, Holl, the most frequent haplotype
throughout Europe, likely corresponds to the first
introduction, which originated from North Carolina.

Some individuals in two countries (France and
Greece) corresponded to a different haplotype (Hol5),
which we have not identified in our limited sampling
from North America. This haplotype is phylogenet-
ically much closer to Holl than to Hol7, the latter
being abundant in the samples of Florida and
illustrating the distinction between G. holbrooki from
the Atlantic drainages and populations from Florida
and the Gulf coast (Wooten et al. 1988; Scribner and

Avise 1993). Although we have not yet found
historical records, distribution of haplotype Hol5 is
compatible with an independent introduction from
the Atlantic drainages of North America and a
restricted propagation through Europe. The fact that
mosquitofish in Greece was introduced from Italy and
France agrees with the presence of Holl and Hol5
haplotypes in Greek collections and suggests that
Hol5 was originally introduced to France.

Reduced genetic diversity of European
mosquitofish

We have demonstrated that G. holbrooki in Europe
displays less genetic diversity than in its native
American range. Founder events and population
bottlenecks in early stages of introductions are
considered responsible for the loss of diversity of
many invasive species (Allendorf and Lundquist
2003; Roman and Darling 2007; Suarez and Tsutsui
2008; Dlugosch and Parker 2008) and should be
expected in European mosquitofish because only 12
individuals were introduced in 1921 to Spain (Najera
Angulo 1944) and the following year 200 descen-
dants from these were transferred to Italy (Artom
1924) and were thus the basis for the spread
throughout Europe. Genetic diversity of G. holbrooki
in Italy and Spain has already been shown to be low
for nuclear markers as a consequence of the founder
event during its introduction (Grapputo et al. 2006).
In addition, haplotype diversity within native popu-
lations of G. hoolbroki was also reduced and
potentially stressed the founder events in the Euro-
pean introduction. However, some European popula-
tions showed a higher amount of diversity than native
American ones. This increased genetic diversity
within populations has also been found in several
other introduced species (Kolbe et al. 2004), resulting
from a combination of multiple local introductions of
several origins and numerous translocations from
these sites of introduction (Roman and Darling 2007).

Another less understood source of increased
genetic diversity in introduced locations are local
mutations (Lee 2002). This may be the case of
haplotype Hol3, which was restricted to heteroplas-
mic fish in the Millars locality. The nucleotide change
distinguishing this Hol3 haplotype was the only one
producing a non-conservative aminoacid substitution.
To our knowledge, this is the first reported case of
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heteroplasmy in the genus Gambusia. The presence
of this polymorphism could be explained either by no
negative effects on individual fitness or by small
population size allowing the accumulation of delete-
rious mutations (the so called Muller’s Ratchet
effect). Predicted effects of this particular substitution
with the PolyPhen tool (http://genetics.bwh.harvard.
edu/pph) are benign, probably indicating that fitness
is not affected. It is worth mentioning, however, that
the actual effects of this haplotype could be masked
because of the other heteroplasmic haplotype, Holl.

In summary, our results show that introduced
populations of invasive species often gain genetic
diversity from multiple introductions and transloca-
tions (Facon et al. 2008). Local, “de novo” mutations
could also play a role in G. holbrooki, a mechanism
that needs further study in invasive introduced species.
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