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Abstract

Asexual reproduction is particularly common among introduced species, probably

because it helps to overcome the negative effects associated with low population den-

sities during colonization. The ant Cerapachys biroi has been introduced to tropical

and subtropical islands around the world since the beginning of the last century. In

this species, workers can reproduce via thelytokous parthenogenesis. Here, we use

genetic markers to reconstruct the history of anthropogenic introductions of C. biroi,
and to address the prevalence of female parthenogenesis in introduced and native pop-

ulations. We show that at least four genetically distinct lineages have been introduced

from continental Asia and have led to the species’ circumtropical establishment. Our

analyses demonstrate that asexual reproduction dominates in the introduced range and

is also common in the native range. Given that C. biroi is the only dorylomorph ant

that has successfully become established outside of its native range, this unusual mode

of reproduction probably facilitated the species’ worldwide spread. On the other hand,

the rare occurrence of haploid males and at least one clear case of sexual recombina-

tion in the introduced range show that C. biroi has not lost the potential for sex.

Finally, we show that thelytoky in C. biroi probably has a genetic rather than an infec-

tious origin, and that automixis with central fusion is the most likely underlying cyto-

logical mechanism. This is in accordance with what is known for other thelytokous

eusocial Hymenoptera.
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Introduction

The rise of anthropogenic environmental change and

global commerce has led to the spread and establish-

ment of an increasing number of plant and animal spe-

cies worldwide. While many have no noticeable

negative impact, others profoundly affect the composi-

tion of native ecosystems and are severe agricultural

pests or human health hazards. In the United States

alone, the annual damage caused by invasive species

has been estimated at nearly $120 billion (Pimentel et al.

2005). Although it has been a long-standing goal to

predict which species are particularly likely to become

introduced and established (Kolar & Lodge 2001; Sakai

et al. 2001; Suarez et al. 2005), little overall consensus

has been achieved and different factors might be impor-

tant in different taxonomic groups (Kolar & Lodge

2001; Peacock & Worner 2008). One major initial hurdle

that all colonizing species have to overcome, however,

is the negative effects associated with low population

densities, including inbreeding depression and the

inability to find mates (Allee effects; Leung et al. 2004;

Taylor & Hastings 2005). Allee effects should be miti-

gated especially in organisms that have the capacity to

reproduce asexually, and comparative evidence

suggests that parthenogens are indeed especially com-

mon among successful invaders (Niemelä & Mattson
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1996; Kolar & Lodge 2001; Sakai et al. 2001; Peacock &

Worner 2008). Moreover, disturbed environments with

reduced pathogen/parasite pressure might lessen selec-

tion for sex (Hoffmann et al. 2008), and the large popu-

lation sizes achieved by some introduced species may

reduce selection for sex further (Normark & Johnson

2011).

Among animals, ants are among the most destructive

invasive species globally, displacing native ants and

profoundly affecting other organisms and the interac-

tions between them, thereby disrupting local ecosys-

tems (Holway et al. 2002; Lach & Hooper-Bùi 2010). At

the same time, many introduced ant species have no

obvious negative ecological effects. Our current knowl-

edge of the biology and spread of introduced ants is

based on only a few well-studied species with large

colony sizes, generalist diets and devastating ecological

effects, that is, those that are of immediate economic

concern (Suarez et al. 2010). To uncover general factors

that determine the introduction potential and global

introduction routes of ants, it is therefore important to

take a comparative approach and study additional

introduced species (Suarez et al. 2010), especially those

that differ in life history from the ‘classic’ invasive

species. Based on the information currently available,

several ecological attributes are thought to correlate

with an increased likelihood of successful establish-

ment, including ground nesting, a general diet, polygy-

nous (multiqueen) colonies and unicoloniality (Holway

et al. 2002; Suarez et al. 2005, 2010; Krushelnycky et al.

2010). Over the past decade, it has also become appar-

ent that thelytokous parthenogenesis, the production of

female offspring by unmated females, is particularly

common among introduced ants, while it is rare among

ants in general. Thelytoky is well documented for only

13 of more than 13 000 described ant species (Gotoh

et al. 2012; Wenseleers & van Oystaeyen 2011). How-

ever, at least seven of these are among the c. 200 ant

species with established introduced populations: the lit-

tle fire ant (Wasmannia auropunctata; Fournier et al. 2005;

Foucaud et al. 2010; Rey et al. 2011), the longhorn crazy

ant (Paratrechina longicornis; Pearcy et al. 2011), the yel-

low crazy ant (Anoplolepis gracilipes; Drescher et al.

2007), Pyramica membranifera (Ito et al. 2010), Vollenhovia

emeryi (Ohkawara et al. 2006), Monomorium triviale

(Gotoh et al. 2012) and Cerapachys biroi (Tsuji & Yamau-

chi 1995; Ravary & Jaisson 2004). Other parthenogenetic

ants, like Mycocepurus smithii, Platythyrea punctata and

Pristomyrmex punctatus, are currently not considered

introduced but have unusually broad distributional

ranges and are highly efficient colonizers (Rabeling

et al. 2011; Seal et al. 2011).

The ant C. biroi has both high introductive potential

and the capacity to reproduce parthenogenetically. The

species belongs to the dorylomorph clade of ants, which

contains close to 600 described species, including the

infamous army ants (Brady 2003; Brady et al. 2006;

Moreau et al. 2006). C. biroi is thought to occur natively

from northern India and Nepal to southern China and

Vietnam (Wetterer et al. 2012). Since the beginning of

the 19th century, the species has become established on

tropical and subtropical islands around the world as

the only known introduced species in the entire

dorylomorph clade (Wetterer et al. 2012; Fig. 1). In the

Fig. 1 Global distribution of the parthenogenetic ant Cerapachys biroi showing samples used in this study. Samples from the intro-

duced range are colour-coded according to mitochondrial haplotype. The putative native range is hatched black. The numbers of

colonies sampled are given in parentheses; the second number gives the number of individuals sampled if different from the number

of colonies.

© 2012 Blackwell Publishing Ltd

5222 D. J . C . KRONAUER, N. E . P IERCE and L. KELLER



introduced range, colonies are typically found in

disturbed habitat such as parks and agricultural land-

scapes. Colonies are cryptic to the human observer,

strictly subterranean and relatively small, usually

containing only a few hundred individuals. The species

has a specialized diet, raiding the nests of other ants to

feed on their brood. This general biology, which is

strikingly different from other well-studied introduced

ants, makes C. biroi a particularly interesting study sys-

tem in a comparative context. C. biroi is also the only

dorylomorph known to be capable to reproduce by

thelytokous parthenogenesis (Tsuji & Yamauchi 1995;

Ravary & Jaisson 2004). Inseminated queens have never

been found in this species, and when transferred to the

laboratory, all workers in a colony have the capacity to

lay unfertilized diploid eggs that again develop into

workers (Tsuji & Yamauchi 1995; Ravary & Jaisson

2004). However, behavioural observations alone, espe-

cially under laboratory conditions, are insufficient to

determine whether and to what extent a lineage

engages in sex (Schurko et al. 2008). This problem is

exacerbated in cryptic and rarely collected species like

C. biroi. The role of asexual reproduction in the species’

biology is therefore currently unknown.

To assess the geographical origin of introduced popu-

lations and the prevalence of parthenogenetic reproduc-

tion during the worldwide spread of C. biroi, we

conducted a global phylogenetic and population genetic

analysis of the species using mitochondrial and nuclear

DNA sequences, as well as 30 newly developed micro-

satellite loci. We also transferred live field colonies to

the laboratory to investigate whether workers were able

to produce functional males. To assess the overall

importance of asexual vs. sexual reproduction in intro-

duced populations, we tested for several genetic corre-

lates of asexuality (Schurko et al. 2008). We then used

the microsatellite data to assign individuals to multilo-

cus genotypes (MLGs) and to estimate the probability

that recurrent MLGs (represented by individuals that

are genetically identical over all assayed loci) are

derived independently via sexual reproduction. MLGs

were then grouped into multilocus lineages (MLLs, i.e.

genotypes that are slightly different but derived from

the same sexual reproduction event; Arnaud-Haond

et al. 2007). The microsatellite markers were also used

to distinguish between potentially functional haploid

males vs. diploid males, which are sterile in most

Hymenoptera (van Wilgenburg et al. 2006; Heimpel &

de Boer 2008). We tested whether parthenogenesis

could be induced by symbiotic microorganisms, as is

the case in many solitary Hymenoptera (Mateo Leach

et al. 2009; Kageyama et al. 2012), using next generation

sequencing to screen for candidate bacteria like Cardini-

um, Rickettsia and Wolbachia. Finally, the combined data

enabled us to infer the likely cytological mechanism

underlying parthenogenesis in C. biroi, in other words,

to distinguish between apomixis (absence of meiosis)

and different forms of automixis, during which differ-

ent meiotic products fuse to restore diploidy.

Materials and methods

Samples

A total of 102 Cerapachys biroi workers from 85 colonies,

and 55 males from 19 colonies, as well as one Cerapa-

chys edentata outgroup specimen were used in this

study [Table S1, Supporting Information; additional

samples were used for the analysis of bacterial symbio-

nts (see below)]. All workers were directly collected

from field colonies, while males originated from labora-

tory colonies. We included worker samples from seven

populations in the prospective native range as well as

17 introduced island populations around the world

(Fig. 1, Table S1, Supporting Information). DNA quality

for two specimens was low and allowed only for the

sequencing of a mitochondrial DNA mini-barcode. All

remaining C. biroi samples (100 workers and 55 males)

were successfully genotyped at 30 novel microsatellite

loci (Table S2, Supporting Information), and one speci-

men per colony (83 workers total) was sequenced for

two mitochondrial gene fragments (1233 bp total; see

below). Samples included in the final phylogenetic anal-

ysis (10 C. biroi specimens and one outgroup specimen)

were also sequenced for three nuclear gene fragments

(1465 bp total) in addition to mitochondrial DNA (Table

S3, Supporting Information). Initial exploratory

sequencing of 28 specimens from the introduced range

revealed minimal sequence variation at the focal

nuclear genes (Table S4, Supporting Information), and

we therefore included only one representative from

each of the four mitochondrial haplotypes from the

introduced range in our final phylogenetic analysis.

Molecular protocols

DNA extraction. For most samples, genomic DNA was

extracted from whole specimens in a final volume of

100 lL using the Qiagen DNeasy Blood & Tissue kit. Older

specimens and specimens stored under poor conditions

were extracted using Qiagen’s QIAamp DNAMicro Kit.

DNA sequencing. We used the following primers for PCR

and DNA sequencing: (i) cytochrome oxidase I (COI): LCO

1490 (Folmer et al. 1994)/HCO 2198 (Folmer et al. 1994; 50°
C annealing temperature, 40 amplification cycles); (ii) cyto-

chrome oxidase II (COII): AntLeu (5′ AATATGGCAGAT-

TAGTGCAATGAA 3′)/Barbara (Simon et al. 1994; 48°C
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annealing temperature, 40 amplification cycles); (iii) wing-

less (Wg): wg578F (Ward&Downie 2005)/wg1032R (Abou-

heif & Wray 2002; 55°C annealing temperature, 40

amplification cycles); (iv) elongation factor 1a (EF1a):
F2-557F (Brady et al. 2006)/F2-1118R (Brady et al. 2006; 50°
C annealing temperature, 38 amplification cycles); (v) long

wavelength rhodopsin (LR): LR143F (Ward & Downie 2005)/

LR639ER (Ward & Downie 2005; 50°C annealing tempera-

ture, 38 amplification cycles). PCRwas performed in a total

volume of 25 lL containing 1 U QIAGEN Taq DNA Poly-

merase, 19 buffer, 1 mM MgCl2, 0.25 mM of each dNTP,

0.8 lM of each primer and 2 lLDNA template.

DNA was degraded to such an extent in two samples

(Cbi5 and Cbi49) that regular PCR amplification of entire

fragments was impossible. For these samples, we therefore

designed a primer (CbiMiniR: 5′ AGAAGATTATAA

TAAAAGCATGWCT 3′) to amplify a 130-bp mini-

barcode fragment of COI in combination with primer LCO

1490. PCR was performed with 45°C annealing tempera-

ture and 50 amplification cycles in a total volume of 25 lL
containing 3 U AccuStart Taq DNA Polymerase HiFi,

19 buffer, 2.4 mM MgSO4, 0.25 mM of each dNTP, 0.8 lM
of each primer and 10 lL DNA template.

PCR products were sequenced by a commercial facility

(Macrogen, South Korea). All PCR products were sequenced

in both directions and sequences contained no ambiguous

base calling. Sample details and GenBank accession numbers

are given in Table S3 (Supporting Information).

Microsatellite genotyping. Microsatellite repeats and their

flanking regions were identified from genomic reads

obtained from Roche 454 shotgun sequencing libraries.

PCR primers were designed using the software Primer3-

Plus (Untergasser et al. 2007). Microsatellite PCRs were

performed in a total volume of 10 lL containing 0.5 U

QIAGEN Taq DNA Polymerase, 19 buffer, 2 mM MgCl2,

0.25 mM of each dNTP and 0.25 lM of each primer. After

an initial denaturation step of 3 min at 95°C, samples were

subject to 45 cycles of 30 s at 95°C, 30 s at 55°C and 30 s at

72°C, followed by a final extension step of 15 min at 72°C.
Fluorescent-labelled PCR products were analysed on a

3730xl DNA Analyzer (Applied Biosystems), and allele

calling was performed with Peak Scanner Software v1.0

(Applied Biosystems). Samples with ambiguous genotypes

were genotyped repeatedly until all worker and male sam-

ples reported in this study were confidently scored for all

30 microsatellite loci. Details and GenBank accession num-

bers for individual microsatellite markers are given in

Table S2 (Supporting Information).

Analysis of DNA sequence data

We first removed all sequences of tRNA-Leu (which

directly precedes COII) from the alignment because

homology could not be established unambiguously for

several sites. The data set was then divided into three

partitions: (i) first and second codon positions of mito-

chondrial DNA; (ii) third positions of mitochondrial

DNA; (iii) nuclear positions. Nuclear sequences were not

partitioned further given the low level of sequence diver-

gence in the data set. Best fit models of sequence evolu-

tion were selected for each partition in the program

jModelTest 0.1.1 (Guindon & Gascuel 2003; Posada 2008)

using the Akaike information criterion. Only a subset of

models compatible with the program MrBayes v3.1.2

(Huelsenbeck & Ronquist 2001; Ronquist & Huelsenbeck

2003) was considered (by specifying three substitution

schemes in jModelTest). The following models were

chosen for the respective data partitions: (i) GTR + I + G;

(ii) GTR + G and (iii) HKY + G. Partitioned Bayesian

analysis of phylogenetic relationships was conducted in

the program MrBayes. Two independent analyses were

conducted to assure convergence of Markov chain Monte

Carlo runs. In each case, one cold and three heated

chains were run in parallel for 20 9 106 generations and

parameters were sampled every 500 generations, result-

ing in a total of 40 001 trees from each analysis. Average

standard deviations of split frequencies were consistently

<0.01 after 2 9 106 generations, indicating that indepen-

dent runs had converged. The first 4000 trees from each

run were therefore discarded as burn-in. Based on the

remaining sample of 72 002 trees from both runs com-

bined, all potential scale reduction factors for model

parameters were � 1.001, which indicates that the

MCMC algorithm was effectively sampling the posterior

probability distribution. We then computed a consensus

phylogram with posterior probabilities based on these

samples in MrBayes.

A partitioned maximum likelihood bootstrap analysis

was conducted in the program GARLI 2.0 (Zwickl

2006). We set the number of generations without topol-

ogy improvement required for termination to 10 000

and disabled the collapsing of zero length branches.

Otherwise, we used default parameter settings and

conducted a bootstrap analysis with 1000 replicates. We

computed a consensus phylogram with bootstrap

proportions from the GARLI run in MrBayes. For the

two samples for which only a mini-barcode was avail-

able, all remaining characters in the alignment were

coded as missing. C. edentata (Ced1) was used as the

outgroup in all phylogenetic analyses. This species is

closely related to C. biroi (M. Borowiec, personal com-

munication).

Inference of asexuality

To detect signatures of asexual reproduction, we used a

multicriteria approach following Halkett et al. (2005)
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and Arnaud-Haond et al. (2007). This approach tests for

the following manifestations of asexual reproduction in

population genetic data: (i) occurrence of repeated

MLGs; (ii) linkage disequilibrium (LD) between

different nuclear markers, and between nuclear and

mitochondrial markers; and (iii) deviations from Hardy

–Weinberg expectations under random mating. The

following analyses were performed on the worker

genotypes only.

The program MLGsim2.0 (http://www.rug.nl/fmns-

research/theobio/downloads), an updated version of

MLGsim (Stenberg et al. 2003), was used to group indi-

vidual microsatellite genotypes into repeatedly sampled

MLGs (recurrent MLGs; i.e. genotypes that are perfectly

identical over all loci). The same program was then

used to test whether recurrent MLGs were a result of

asexual reproduction, or whether they could be

explained by insufficient discriminative power of our

genetic markers. MLGsim2.0 estimates the probability

(Psex) for each recurrent MLG that the number of

observed copies would be found in a population based

on the observed allele frequency and assuming random

mating as the null hypothesis. MLGsim2.0 was also

used to simulate 1000 populations under random

mating with allele frequencies and sample sizes based

on our respective data set. Our observed Psex values

were then tested against the resulting distribution of

simulated Psex values to determine statistical signifi-

cance. We conducted the analysis on samples from the

introduced range first at the global scale and then sepa-

rately for each geographical region (Asia, Indian Ocean

and the West Indies; the Pacific samples from American

Samoa were not analysed separately given the small

sample size). Despite the potential geographical sub-

structure, these higher geographical levels of analysis

were chosen based on the initial observation that recur-

rent MLGs occurred across different islands and even

geographical regions (see below). We also conducted

the analysis in MLGsim2.0 on the scale of single popu-

lations for the two islands with the largest sample sizes:

Okinawa and St. Croix.

The program FSTAT 2.9.3 (Goudet 1995) was used to

calculate the inbreeding coefficient (FIS; Weir & Cocker-

ham 1984) at each locus for each level of geographical

sampling (see above). A significant heterozygote deficit

or excess [deviations from Hardy–Weinberg Equilib-

rium (HWE)] was determined for each locus by testing

for significant deviations of FIS from zero. FSTAT was

also used to test for genotypic disequilibrium between

all pairs of microsatellite loci within each level of

geographical sampling. Both analyses were conducted

with and without recurrent MLGs.

The program GenClone 2.0 (Arnaud-Haond & Belkhir

2007) was then used to compute genetic pairwise

distances between MLGs as the number of allele

differences (‘allele distances’). A neighbour-joining tree

for all samples was computed in the program MEGA

5.03 (Tamura et al. 2011) based on the GenClone dis-

tance matrix. The same distance matrix was also used

to construct a minimum spanning network for the sam-

ples from the introduced range in the program HapStar

(Teacher & Griffiths 2011). The genetic grouping of

specimens based on multilocus microsatellite genotypes

was then compared to the grouping based on mitochon-

drial haplotypes. Under strictly asexual reproduction,

there should be a perfect congruence between the

groupings obtained by these two sets of markers

(Halkett et al. 2005).

Small differences between MLGs can arise through

mutation or recombination events during parthenoge-

netic reproduction, rather than through sexual repro-

duction. It is therefore important to determine which

groups of MLGs are likely descendent from the same

sexual reproduction event [i.e. belong to the same asex-

ual, or multilocus lineage (MLL)]. We grouped highly

similar MLGs into MLLs following the approach out-

lined in Arnaud-Haond et al. (2007). Because the

Okinawa population had the largest sample size among

the study populations and the largest range of allelic

distances between MLGs, we used this population to

define a threshold value for allele distances between

MLGs that were inferred to belong to the same MLL.

First, we plotted pairwise microsatellite allele distances

between all MLGs using the program GenClone 2.0.

This revealed a strong and distinct peak of very small

genetic distances (1–5 alleles across 30 diploid loci; Fig.

S2, Supporting Information), indicating MLGs that are

derived from the same sexual reproduction event and

differ only due to mutations, partial loss of heterozy-

gosity due to recombination during parthenogenetic

reproduction or genotyping errors. We then used the

Psex statistics on the set of identical loci between MLGs

with four or five microsatellite allele differences (calcu-

lated in MLGsim2.0) to estimate the probability that

these genotypes were derived from independent sexual

reproduction events.

To further test for asexual reproduction within our

inferred MLLs, we used FSTAT 2.9.3 to calculate FIS and

test for significant deviations from zero for each locus

within each MLL with more than two individuals

(MLL1, MLL4 and MLL6). Finally, we inspected the

genotypes from each MLL with more than two individu-

als to determine whether there were loci exhibiting a

fixed heterozygous genotype. Such a pattern with some

loci being fixed for heterozygous genotypes is only

expected under strictly asexual reproduction within

MLLs, based on a cytological mechanism that retains

heterozygosity over large parts of the genome.

© 2012 Blackwell Publishing Ltd
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Bacterial diversity

To assess whether thelytokous parthenogenesis in

C. biroi could be caused by bacterial infections, we

extracted genomic DNA from two pools of samples.

Pools 1 and 2 each contained 15 young workers (five

each from three different colonies) from asexual

lineages MLL6 and MLL1, respectively. Prior to DNA

extraction, samples were surface sterilized by washing

in 10% bleach for c. 30 s and rinsed in 95% ethanol to

remove residual bleach before DNA extraction. The

tissue was ruptured by bead-beating for two minutes.

Following lysozyme and Proteinase K digestion, DNA

was extracted using a modified phenol/chloroform

protocol. Genomic DNA was sent to a commercial

facility (Research and Testing Laboratory, Lubbock,

TX, USA) for FLX 454 pyrosequencing of a fragment

that spans the variable regions V1–V3 of the bacterial 16S

rRNA gene. Sequencing reads were initially analysed

with the QIIME (Caporaso et al. 2010) core analyses

script (core_qiime_analyses.py) using default parame-

ters. After excluding all sequences with read length

<200 bp and sequences with ambiguous base reads, 4219

reads from Pool 1 and 4593 reads from Pool 2 were

included in the analysis. OTU tables were summarized at

different taxonomic levels using a second QIIME script

(summarize.taxa.py).

Results

Geographical origin of introduced populations

To reconstruct the geographical origin of introduced

C. biroi populations, we conducted a phylogeographical

analysis of samples from the native and introduced

range. All samples from the introduced range were

closely related and nested deeply within the samples

from the putative native range. The introduced sam-

ples were most closely related to samples from Nepal

and adjacent Uttarakhand in northern India, while

samples from China and Vietnam were more distantly

related (Fig. 2).

Reproductive mode and history of introduction

Introduced populations. Only four distinct mitochondrial

haplotypes were found among samples from the intro-

duced range (Figs 1 and 3). The high levels of pairwise

sequence divergence among all mitochondrial haplo-

types (1.6–3.2%) clearly demonstrate that these represent

at least four genetically distinct lineages that have been

introduced from the native range, rather than differences

that accumulated after introduction (assuming on the

order of 100 years since first introduction and a rate of

sequence divergence for mitochondrial genes of c. 2% per

million years).

A first inspection of the microsatellite data revealed

clear deviations from the expected distribution of geno-

types in panmictic populations with sexual reproduc-

tion (see Table 1 for an example of representative

genotypes from Okinawa). In particular, many MLGs

occurred repeatedly within populations, and at several

loci, all individuals with the same mitochondrial haplo-

type were also heterozygous for the same pair of alleles,

a pattern that can only be explained by asexual repro-

duction (Halkett et al. 2005; Arnaud-Haond et al. 2007).

A total of 52 MLGs (MLGs perfectly identical over all

30 loci) were detected among the 79 workers that were

each collected from a different nest in the introduced

range. Recurrent MLGs comprised individuals from up

to eight different colonies from up to four different

populations. The possibility that individuals belonging

to recurrent MLGs had originated from independent

sexual reproduction events was discarded in all cases,

indicating that these individuals had been parthenoge-

netically produced (Table 2).

Fig. 2 Bayesian phylogram of Cerapachys biroi samples from the

native and introduced range based on two mitochondrial and

three nuclear gene fragments. Numbers at nodes indicate Baye-

sian posterior probabilities/ML bootstrap support values. The

red box denotes samples from the introduced range. Samples

for which only a mitochondrial mini-barcode was available are

labelled with blue stars. The outgroup is depicted in grey.

© 2012 Blackwell Publishing Ltd

5226 D. J . C . KRONAUER, N. E . P IERCE and L. KELLER



The Okinawa population was used to estimate the

maximum allele distance between MLGs to be consid-

ered as being asexually derived from a single original

genotype (i.e. belonging to the same multilocus lineage

(MLL); see above). This analysis revealed that MLGs

with up to five microsatellite allele differences over the

30 loci had very low probabilities (P < 0.001) of being

derived from independent sexual reproduction events

(Arnaud-Haond et al. 2007). A difference at five micro-

satellite alleles was therefore used as the threshold

value to group MLGs from Okinawa into the same vs.

different MLLs. Further inspection of the microsatellite

genotype data from the global introduced range in the

light of the minimum spanning network (Fig. 3)

revealed that this threshold corresponded well to sub-

networks, defined as groups of MLGs in which all

genotypes were connected by one or two steps. The

only exception was the largest subnetwork 4, which

included MLGs with up to nine allelic differences.

These larger differences within this particular subnet-

work were not apparent in the data from Okinawa,

because only one MLG from subnetwork four was

represented among the Okinawa samples. Most impor-

tantly, genetic differences among all MLGs within

subnetworks could always be explained by mutations

at a single allele at most, while all other genetic differ-

ences could be accounted for by losses of heterozygos-

ity at one or more microsatellite loci, which is often a

consequence of parthenogenetic reproduction (Pearcy

et al. 2006; Stenberg & Saura 2009; Kellner & Heinze

2011; Rey et al. 2011). By contrast, subnetworks (groups

of MLGs connected by more than two steps) always dif-

fered by two or more mutations or, alternatively, were

separated by sexual reproduction events. We therefore

defined a MLL as a group of MLGs that form a subnet-

work in which all genotypes can be connected with no

more than two steps.

According to this definition, the 52 MLGs clustered

into eight asexual lineages (MLLs), each of which goes

back to a single sexual reproduction event (Figs 3 and

S1, Supporting Information). Significant heterozygote

excess was detected at 11 of 12 variable loci (92%) in

MLL1 (22 individuals) and at 13 of 18 variable loci

(72%) in MLL4 (46 individuals). No significant

Fig. 3 Minimum spanning network of Cerapachys biroi microsatellite allelic distances from the introduced range. Each node represents

one step in the network. Connections representing sexual reproduction events (three or more steps) are displayed as thick hatched

lines. Connections representing size mutations of single microsatellite alleles are displayed as dotted lines, while those representing

losses of heterozygosity at a single locus are displayed as solid lines. Different asexual lineages [multilocus lineages (MLLs)] are indi-

cated by numbered stars. Ancestral multilocus genotypes (MLGs, in red) are heterozygous for all loci that show some level of hetero-

zygosity within the respective MLL. Background shading represents the mitochondrial haplotypes of the respective samples.
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heterozygote excess was detected in MLL6, most likely

reflecting the small sample size (eight individuals). A

large proportion of loci were in fact fixed for a particu-

lar heterozygous allelic combination within each MLL.

In MLL1, five of 12 variable loci (42%) were fixed for a

heterozygous genotype, and the same was true for

seven of 18 variable loci (39%) in MLL4 and 19 of 20

variable loci (95%) in MLL6. This pattern can only be

explained by asexual reproduction within MLLs.

In populations where a single asexual lineage domi-

nates (West Indies, St. Croix, and Indian Ocean), the

vast majority of variable loci had significant heterozy-

gote excess (Table 3). In populations containing several

asexual lineages (Global, Asia, and Okinawa), the

majority of the variable loci had either significant het-

erozygote excess or significant heterozygote deficit

(Table 3). All populations showed significant LD at

most pairs of loci (Table 3). The geographical level of

analysis did not affect the results qualitatively (Table 3).

Microsatellite-based genetic groupings also showed per-

fect congruence with the four mitochondrial haplotypes T
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6Table 2 The probability (Psex) that recurrent multilocus geno-

types (MLGs) from the introduced range of Cerapachys biroi are

derived from independent sexual reproduction events. The

geographical distribution and sample size for each population

are given for each MLG. Psex was estimated at three geographi-

cal levels (‘global’, ‘regional’ and ‘local’; see main text for

details). Psex local was only estimated for samples from Oki-

nawa and St. Croix, the two populations with the largest sam-

ple sizes. All Psex values are statistically significant at P < 0.001

MLG Distribution (N)

Psex

global

Psex

regional

Psex

local

11 Okinawa (7) 0 0 0

12 Taiwan (2) <1E�14 <1E�14 –

15 Okinawa (3) 0 0 0

16 Okinawa (5) 0 0 <1E�14

17 Okinawa (2) <1E�14 <1E�14 0

18 Okinawa (2) <1E�14 <1E�14 0

26 Okinawa (2) 0 <1E�14 <1E�14

36 St. Croix (5) <1E�14 0 0

37 Aride Is. (2) 0 <1E�7 –

39 Réunion (1),

Silhouette Is. (1)

<1E�14 <1E�7 –

41 Guadeloupe (1),

St. Croix (3)

<1E�14 <1E�14 <1E�7

Mauritius (2),

Réunion (2)

0 –

42 St. Croix (2) <1E�14 <1E�7 <1E�7

44 St. Croix (2) <1E�14 <1E�7 <1E�7

45 St. Croix (2) 0 <1E�7 <1E�7

46 Providenciales (1),

St. Croix (1)

<1E�14 <1E�7 –

48 Silhouette Is. (2) 0 <1E�7 –

52 Praslin Is. (2) <1E�14 <1E�7 –
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(Figs 3 and S1, Supporting Information), suggesting that

both genomes are transmitted as a unit.

Three of the eight MLLs were represented by multi-

ple colonies (MLL1, 21 colonies; MLL4, 46 colonies; and

MLL6, eight colonies). Three MLLs (MLL2, MLL3 and

MLL5) were only represented by a single colony each.

The genotype of a second individual from each of those

three colonies revealed that nestmate workers had iden-

tical or highly similar MLGs (Figs 3 and S1, Supporting

Information), indicating that parthenogenetic reproduc-

tion also occurred in these nests. The single colony from

American Samoa, which had a unique mitochondrial

haplotype (Fig. 1), was unusual in that each of the two

individuals analysed belonged to a unique MLL (MLL7

and MLL8 in Figs 3 and S1, Supporting Information).

However, without additional samples from American

Samoa, it is impossible to infer whether this was due to

ongoing sexual reproduction or not.

A comparison among the eight MLLs from the intro-

duced range also suggested that some lineages arose

from sexual reproduction between other introduced

MLLs. For example, the multilocus genotype of MLL3

was fully consistent with a single reproduction event

between MLL1 and MLL4. The mitochondrial haplotype

of MLL3 was also identical to that of MLL1, indicating

that MLL3 almost certainly arose from an F1 female

produced by sexual reproduction between an MLL1

female and an MLL4 male. Interestingly, MLL3 has only

been found on Taiwan where both MLL1 and MLL4

also occur (Table S1, Supporting Information), suggest-

ing that MLL3 arose after the introduction of C. biroi on

this island. Similarly straightforward scenarios were not

apparent for the origin of the other lineages.

The vast majority (87%) of genetic differences between

MLGs within MLLs represent transitions from heterozy-

gosity to homozygosity at different microsatellite loci

(Fig. 3). Loss of heterozygosity is often a consequence of

parthenogenetic reproduction (Pearcy et al. 2006; Sten-

berg & Saura 2009; Kellner & Heinze 2011; Rey et al.

2011), and we therefore designated those MLGs that

were heterozygous at all variable loci within a given

MLL as ancestral (Fig. 3). In both MLL1 (MLG15,

MLG16 and MLG17) and MLL4 (MLG41), the ancestral

MLGs were also those that had the most replicates

(Table 2). While the ancestral MLGs of MLL1 were only

found on Okinawa, the ancestral MLG of MLL4 had the

widest geographical distribution of any MLG, occurring

on Guadeloupe, St. Croix, Mauritius and Réunion

(Table 2; see also Table S1, Supporting Information). In

contrast to losses of heterozygosity, size mutations (inser-

tions/deletions) of microsatellite alleles were rare. One

new size variant at a single allele across all loci arose by

mutation within MLL6 and MLL4, while five new size

variants arose by mutation within MLL1. Of the latter,

four occurred at a single allele at a single locus, which

appeared to have exceptionally high mutation rates.

Native populations. In contrast to introduced popula-

tions, colonies from the putative native range showed

high diversity at mitochondrial haplotypes (six different

haplotypes among six colonies and no overlap with

introduced haplotypes; range of sequence divergence:

10.1–19.5%). Our sample size from native populations is

limited, which precludes definitive conclusions with

respect to reproductive mode. However, we were able

to genotype a total of 17 individuals from four colonies

for the 30 microsatellite markers (two of the six native

colonies were only represented by a single poorly pre-

served specimen each, which did not yield sufficient

DNA for microsatellite genotyping). Using the same

approach as for introduced populations, this suggested

that parthenogenetic reproduction is also common in

the native range of C. biroi. A single MLG (MLG3 in

Fig. S1, Supporting Information) was found among five

workers from a colony from Vietnam, which implies

strict parthenogenetic reproduction. Of the six workers

from a colony from China, five belonged to a single

MLG (MLG4), also implying parthenogenesis. The

genotype of the sixth worker (MLG5) differed from

MLG4 by one allele at each of nine loci. Given that

MLG5 and MLG4 share at least one allele at each locus,

it is possible that one of the two MLGs represents a

case of sexual reproduction between the other MLG

and a third, unknown genotype. The genotypes of two

workers from a colony from Uttarakhand, India, were

identical, while that of a third worker differed by a sin-

gle allele (MLGs 1 and 2), clearly suggesting partheno-

genesis. Finally, the three workers from a colony from

Jammu, India, differed in their genotypes by two to 14

alleles (MLGs 54, 55, 56), perhaps as a result of a mix

between parthenogenesis and sexual reproduction.

Male production

Live colonies from three introduced asexual lineages

(MLLs 1, 4 and 6 in Figs 3 and S1, Supporting Informa-

tion) were kept in the laboratory for c. 3 years. All three

asexual lineages produced adult males at very low

frequencies (55 adult males collected in total: 41 from

MLL1, nine from MLL4 and five from MLL6). Microsat-

ellite genotyping revealed that 50 males (91%) had a

single allele at all thirty loci. Given the high levels of

heterozygosity in diploid workers of the same asexual

lineages, we conclude that these males were haploid

and probably functional (van Wilgenburg et al. 2006;

Heimpel & de Boer 2008). The remaining five males

(9%; all from MLL1) were heterozygous at several loci

and therefore diploid and potentially sterile.
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Symbiotic microorganisms

We obtained 4219 and 4593 bacterial reads from pools of

genomic DNA extracted from MLL6 and MLL1 workers,

respectively. In both cases, Actinobacteria (mainly Ac-

tinomycetales) accounted for more than half of the reads,

followed by b-Proteobacteria, c-Proteobacteria, a-Proteo-
bacteria and Bacilli (Fig. 4). No evidence was found for

bacteria that are known to induce parthenogenesis in

Hymenoptera (Cardinium, Rickettsia and Wolbachia).

Discussion

History of introduction

Cerapachys biroi has spread around the world as a conse-

quence of human commerce at least since the beginning

of the last century (reviewed in Wetterer et al. 2012).

Four distinct mitochondrial haplotypes were found in

our global data set from the introduced range (Fig. 1),

and each was strictly associated with a group of closely

related nuclear microsatellite genotypes (Fig. 3). This

implies that at least four independent genetic lineages

have been introduced from the native range. When

compared to samples from the putative native range of

the species in northern India, Nepal, Vietnam and

China, it appears that the four introduced genetic lin-

eages are all closely related phylogenetically (Fig. 2).

Among the samples available for this study, they are

more closely related to specimens from northern India

(Uttarakhand) and Nepal than to samples from Vietnam

or China (Fig. 2). However, the high levels of genetic

divergence between samples from the native range raise

the possibility of the existence of cryptic species.

Improved sampling and a better understanding of the

geographical distribution of genetic diversity are

required to reliably infer the original source of the

introduced populations.

Of the four introduced mitochondrial haplotypes, two

were found on only a single island (haplotype C on

Okinawa and haplotype D on American Samoa), while

the other two (A and B) have achieved wider distribu-

tion (Fig. 1). Haplotype A was found on four different

islands in Asia, and haplotype B was found around the

world in the Caribbean (three islands), the Indian

Ocean (nine islands) and Asia (two islands). Given the

prevalence of parthenogenetic reproduction (see below)

and the resulting limited genetic variation within intro-

duced populations, it is challenging to infer the original

point of introduction for the two widespread genetic

lines. However, it is noteworthy that ancestral MLGs

within the haplotype A clade were only found on

Okinawa, suggesting Okinawa as a potential source of

secondary introductions. On the other hand, the ances-

tral MLG within the haplotype B clade was found on

different islands in the Caribbean and Indian Ocean,

suggesting an original point of introduction outside of

Asia. This view is based on the data presented here and

might change as additional samples become available

for study.

Taken together, this shows that the global spread of

C. biroi has involved a combination of genetically dis-

tinct lineages being introduced from the native range,

probably into different parts of the world, as well as

secondary introductions within the introduced range

via long-distance dispersal. Given the absence of

winged queens and the strictly subterranean lifestyle,

such dispersal is almost certainly human mediated in

C. biroi and might occur when transported soil contains

colony fragments. This overall pattern of a limited num-

ber of independent introductions followed by further

expansion within the introduced range has been previ-

ously reported for other ants (Suarez et al. 2010). The

fire ant Solenopsis invicta, for example, was introduced

from northern Argentina into the southern US at the

beginning of the last century. The global distribution of

the species today can be traced back to several later

introductions stemming from the original introduced

range (Ascunce et al. 2011). The little fire ant, Wasman-

nia auropunctata, has been repeatedly introduced from

its native South America to the Caribbean, from where

it has then been spread globally (Foucaud et al. 2010).

Finally, invasive Argentine ant (Linepithema humile)

populations from different continents can be strikingly

similar genetically, also suggesting a common introduc-

tion route (Brandt et al. 2009; Vogel et al. 2010). Thus,

this general pattern observed in the ‘classical’ intro-

duced ants also holds for C. biroi, despite the striking

differences in general biology.

The prevalence of asexuality

Our genetic data show that C. biroi reproduces almost

exclusively asexually in the introduced range. Most

Others
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Fig. 4 Box plot of bacterial classes associated with samples

from two Cerapachys biroi asexual lineages (MLL6 and MLL1).
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strikingly, many individuals shared identical genotypes

over 30 microsatellite loci, clearly showing that those

individuals are of asexual origin (Table 2). We also find

pronounced deviations from HWE and strong LD at all

levels of analysis (Table 3). This is expected under asex-

ual reproduction, which results in significant deviations

from HWE and in nonrandom associations between

loci, creating the impression of physical linkage across

the genome (Halkett et al. 2005; Arnaud-Haond et al.

2007). All MLGs from the introduced range could be

grouped into only eight asexual lineages (Figs 3 and S1,

Supporting Information). Within MLLs, or in popula-

tions where a single MLL dominates, we observe

heterozygote excess at the majority of variable loci. This

is because a large proportion of loci are either fixed for

a given heterozygous genotype, or losses of heterozy-

gosity are rare. In populations with multiple MLLs, we

observe both variable loci with heterozygote excess and

deficit. In this case, the loci with heterozygote deficit

result from different homozygous states being fixed in

the different MLLs. The perfect phylogenetic congru-

ence between mitochondrial and nuclear DNA also

implies a general lack of sexual reproduction (Figs 3

and S1, Supporting Information).

According to our genetic data, asexual reproduction

is also prevalent in the native range of the species. This

suggests that asexuality in C. biroi is not a consequence

of anthropogenic dispersal, but a trait already present

in native populations. The overall lifestyle of C. biroi as

a specialized subterranean ant predator is rather typical

for dorylomorph ants in general (Kronauer 2009) and

the genus Cerapachys in particular (Hölldobler 1982).

However, the species’ unique biology with queenless

colonies in which all individuals reproduce by thelytok-

ous parthenogenesis, sets it apart from all other species

in this clade for which life histories have been described

(Tsuji & Yamauchi 1995; Ravary & Jaisson 2004). As a

consequence, any colony fragment, when transferred

to a new habitat, can potentially act as a founding prop-

agule for a new population. This peculiar mode of

reproduction has therefore most likely contributed to

the emergence of C. biroi as the only introduced

dorylomorph ant.

Interestingly, our results demonstrate that the potential

for sexual reproduction has not been lost completely.

Clear evidence for a sexual reproduction event in the

introduced range was found in MLL3 from Taiwan. Fur-

thermore, the rare occurrence of potentially functional

males in laboratory reared colonies also supports the

conclusion that sexual reproduction has not been lost

completely in these lineages. The cooccurrence of inde-

pendently derived MLGs in the colony from American

Samoa and two colonies from the native range also sug-

gests more recent sexual reproduction. However, without

larger sample sizes from these populations, we cannot

rule out the alternative possibility that the sampled colo-

nies consisted of a mix of ‘ancient’ asexual lines. Overall,

our findings highlight the fact that behavioural observa-

tions alone are not sufficient to infer absence of sexual

reproduction, even in extreme cases like C. biroi, where

queens have never been found.

Causes and cytological mechanisms of parthenogenesis

In Hymenoptera, thelytokous parthenogenesis can be

either caused by nuclear genes or induced by cytoplas-

mic agents, most commonly symbiotic bacteria (Mateo

Leach et al. 2009). While thelytoky induced by Cardini-

um, Rickettsia or Wolbachia bacteria is particularly

common among solitary wasps (Mateo Leach et al.

2009; Kageyama et al. 2012), no case of microorganism-

induced thelytoky is known from ants (Grasso et al.

2000; Wenseleers & Billen 2000; Himler et al. 2009). Our

screen of bacteria associated with C. biroi did not detect

any of these candidates or any other bacteria that

appeared like plausible causal agents for parthenoge-

netic reproduction. In fact, the majority of bacteria asso-

ciated with C. biroi are actinomycetes, which are known

as common symbionts of other ants (Ishak et al. 2011),

but are not known to induce thelytoky. We therefore

conclude that thelytoky in C. biroi is not caused by

microorganisms and probably has a nuclear genetic

basis, as is the case in honeybees, some solitary wasps

and probably other ants (Lattorff et al. 2005; Mateo

Leach et al. 2009; Sandrock & Vorburger 2011).

Thelytokous parthenogenesis can have a variety of

underlying cytological mechanisms (Stenberg & Saura

2009). First, parthenogenesis can be apomictic (mitotic)

or automictic (meiotic). In C. biroi, the occurrence of

haploid males, which are clearly derived meiotically,

indicates that meiosis is functional and therefore makes

automixis more likely as the mechanism underlying

thelytoky (Kellner & Heinze 2011). In automictic parthe-

nogenesis, the original chromosome number is restored

after meiosis by one of several mechanisms, in which

different meiotic products fuse. The different potential

cytological mechanisms can be distinguished by their

genetic consequences, that is, the rate at which hetero-

zygosity is lost in the offspring (Stenberg & Saura

2009). All thelytokous social Hymenoptera that have

been studied in sufficient detail reproduce by automixis

with central fusion (Lattorff et al. 2005; Pearcy et al.

2006; Kellner & Heinze 2011; Rey et al. 2011). This

mechanism retains heterozygosity, especially if recombi-

nation rates during meiosis are low (Lattorff et al. 2005;

Pearcy et al. 2006; Stenberg & Saura 2009; Kellner &

Heinze 2011; Rey et al. 2011). However, automixis with

terminal fusion or gamete duplication are alternative
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mechanisms known from solitary Hymenoptera, and

both lead to the rapid loss of heterozygosity (Mateo

Leach et al. 2009). The persistence of heterozygosity in

the introduced range of C. biroi, despite the virtual lack

of sex, allows us to exclude both these latter potential

mechanisms and, together with the occurrence of hap-

loid males, suggests that thelytoky is indeed due to

automixis with central fusion. However, additional

work is needed to definitively distinguish between apo-

mixis and automixis with central fusion, and to deter-

mine the precise cytological mechanism at work.
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