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Abstract
Invasive species are a global threat to biodiversity, and understanding their his-
tory and biology is a major goal of invasion biology. Population-genetic approaches 
allow insights into these features, as population structure is shaped by factors such 
as invasion history (number, origin and age of introductions) and life-history traits 
(e.g., mating system, dispersal capability). We compared the relative importance of 
these factors by investigating two closely related ants, Tetramorium immigrans and 
Tetramorium tsushimae, that differ in their social structure and invasion history in 
North America. We used mitochondrial DNA sequences and microsatellite alleles to 
estimate the source and number of introduction events of the two species, and com-
pared genetic structure among native and introduced populations. Genetic diversity 
of both species was strongly reduced in introduced populations, which also differed 
genetically from native populations. Genetic differentiation between ranges and the 
reduction in microsatellite diversity were more severe in the more recently introduced 
and supercolonial T. tsushimae. However, the loss of mitochondrial haplotype diver-
sity was more pronounced in T. immigrans, which has single-queen colonies and was 
introduced earlier. Tetramorium immigrans was introduced at least twice from Western 
Europe to North America and once independently to South America. Its monogyny 
might have limited genetic diversity per introduction, but new mutations and succes-
sive introductions over a long time may have added to the gene pool in the introduced 
range. Polygyny in T. tsushimae probably facilitated the simultaneous introduction of 
several queens from a Japanese population to St. Louis, USA. In addition to identify-
ing introduction pathways, our results reveal how social structure can influence the 
population-genetic consequences of founder events.
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1  |  INTRODUC TION

Modern biodiversity distributions are driven by historical biogeog-
raphy and contemporary human-mediated transport of non-native 
species. Introduced species that penetrate natural ecosystems and 
affect native organisms directly or indirectly are considered “in-
vasive” (Holway et al., 2002; Mack et al., 2000) and are of major 
concern for conservation biology (Jenkins, 1996). Management of 
invasive species can benefit from understanding the history and 
source of introductions, a strategy facilitated by genetic research 
comparing introduced and native populations. From a biogeographi-
cal point of view, invasions are colonization events, useful for testing 
population-genetic theory pertaining to founder events and their 
subsequent expansion.

Sufficient genetic diversity should be a precondition for the 
success and persistence of introduced species, particularly for ad-
aptation to variable environmental conditions in a new environment 
(Frankham, 2005a). Subsequently, successful introductions are seen 
as a “genetic paradox” because founder effects and bottlenecks re-
duce the genetic diversity of invasive populations and are suspected 
to decrease short- and long-term viability (Allendorf & Lundquist, 
2003; Frankham, 2005b). While most studies show reduced genetic 
diversity in invasive populations compared with native populations 
(Dlugosch & Parker, 2008; Hardesty et al., 2012; Tsutsui et al., 2000; 
Uller & Leimu, 2011), increased genetic diversity can also result from 
the admixture of genotypes from different populations in the native 
range (Kolbe et al., 2004). Despite large reductions in diversity, the 
success of introduced species may stem from the presence of pre-
adapted traits, purging of deleterious alleles and relief from natural 
enemies (Allendorf & Lundquist, 2003; Sakai et al., 2001).

In addition to the number and origin of introduction events, the 
age of an introduction and the organism's mating system and disper-
sal capability can shape population genetic structure. Dlugosch and 
Parker (2008) found that the relationship between genetic variation 
and the age of an introduction follows a u-shaped curve: genetic 
drift and selection initially act to reduce diversity, which eventually 
increases with population size and migration among separately in-
troduced populations. However, at least for vertebrates, such a re-
covery of genetic variability has not been confirmed (Uller & Leimu, 
2011). In social insects such as ants, mating system and dispersal 
capability can take a variety of shapes and are often linked with col-
ony structure (Hakala et al., 2019; Steiner et al., 2009; Wilson, 1971).

Many species are transported to new locations, but not all of 
them become invasive. Identifying species’ traits responsible for 
their success is a long-standing goal (Kolar & Lodge, 2001). However, 
we do not know what the mechanisms of success are for many tax-
onomic groups, and they also probably differ among taxa. In ants, 
for example, combinations of character states such as the potential 
to form supercolonies, an omnivorous diet and a preference for dis-
turbed habitats are overrepresented in many of the highly invasive 
species (Bertelsmeier et al., 2017; Holway et al., 2002; Rabitsch, 
2011; Tsutsui & Suarez, 2003). Supercoloniality describes a social 
system consisting of highly polygynous and polydomous “colonies” 

where individual workers can move freely between multiqueen nests 
(Helanterä et al., 2009). Within a supercolony, there is no aggression 
among workers, but they show high levels of aggression towards in-
dividuals from different supercolonies (Holway et al., 1998). Queens 
are usually small, mate close to or inside the nest (sometimes even 
with their brothers), and form new colonies with the help of workers 
from their maternal nest. This process, called colony budding, leads 
to high local colony densities which may promote invasion success 
(Rabitsch, 2011). The presence of numerous queens per nest also in-
creases the probability that humans transport a viable nest fragment 
(containing one or several queens) to another area (Rabitsch, 2011). 
While there are prominent examples of supercolonial invasive ants, 
such as the Argentine ant (Linepithema humile), other successful ant 
invaders do not exhibit these character states (Holway et al., 2002). 
Closely related introduced ants that vary in their social system, such 
as Tetramorium immigrans Santschi, 1927 (formerly T. caespitum) 
and Tetramorium tsushimae Emery, 1925, both introduced to North 
America, provide unique opportunities to examine how variation in 
life-history traits (i.e., queen number, dispersal mechanism) affects 
invasion dynamics. These two species, commonly known as the 
pavement ant and Japanese pavement ant, respectively, belong to 
the same species complex (Schlick-Steiner et al., 2006; Wagner et al., 
2017; but note that the relationships within the complex are not yet 
entirely clear, Wagner et al., 2018).

Being closely related, T. immigrans and T. tsushimae share a num-
ber of characteristics. For example, the two species are omnivorous 
and live in habitats with similar mean annual temperature, in par-
ticular grasslands and urban areas (Cicconardi et al., 2020; Hosoishi 
et al., 2019; Penick et al., 2015; Sanada-Morimura et al., 2006; 
Schlick-Steiner et al., 2006; Wagner et al., 2017). However, they dif-
fer in characteristics of their social system. Tetramorium immigrans 
has single-queen colonies (Cordonnier et al., 2020; Schlick-Steiner 
et al., 2006) and queens probably disperse and found new nests 
independently after nuptial flights. In contrast, T.  tsushimae is po-
lygynous and colonies can contain several hundred queens (Sanada-
Morimura et al., 2006). In its native range, T. tsushimae colonies are 
polydomous (Sanada-Morimura et al., 2006), while in its introduced 
range, they form a single supercolony and disperse through colony 
budding (Reuther, 2009).

In addition to their different life-history traits, their introduction 
events differed, which is important for a comprehensive under-
standing of their invasion genetics. Tetramorium immigrans is native 
to the Western Palaearctic and was probably introduced to North 
America in the 1800s or earlier, being first reported in Tennessee 
and Nebraska in 1895 (Brown, 1957). Currently, T.  immigrans is es-
tablished throughout large parts of North America and in some 
locations in South America (Guénard et al., 2017). Introduced pop-
ulations are primarily restricted to urban habitats, but T.  immigrans 
can also be found in natural ecosystems and is therefore classified 
as invasive (Steiner, Schlick-Steiner, et al., 2008). Tetramorium tsushi-
mae is native to Eastern Asia and was first reported from St. Louis, 
Missouri (USA), in 1988. Its introduction may have occurred in the 
1980s or earlier (Steiner et al., 2006), and it is now found in a few 
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states in the Central and Eastern United States (Guénard et al., 2017; 
Steiner et al., 2006). Where both species co-occur, T. tsushimae dis-
places T. immigrans (Steiner et al., 2006).

Diverse life-history and invasion-history characteristics are re-
flected in population and invasion genetics (Crozier & Pamilo, 1996; 
and earlier in the Introduction), which we examined in the two 
Tetramorium species using mitochondrial DNA (mtDNA) sequences 
and microsatellite alleles. We thus used key characteristics (queen 
number and dispersal mechanism as life-history traits, suspected 
number of introductions and current distribution of invasive pop-
ulations as invasion-history traits) to predict species-specific pat-
terns (see also Table S1 for an overview of the hypotheses including 
the concrete references supporting the arguments). With regard to 
these traits, we expect the following. (1) Loss of genetic diversity 
in their introduced range relative to their native range is severe in 
both species but less extreme in T.  tsushimae due to its polygyny. 
(2) Levels of inbreeding in introduced relative to native populations 
are lower in the monogynous T.  immigrans than in the polygynous 
T.  tsushimae where intranidal mating is suspected (Reuther, 2009). 
Furthermore, we propose three patterns for genetic differentiation. 
(3a) It is relatively weak in native populations of T.  immigrans, due 
to nuptial flights and independent colony foundation, compared 
with T.  tsushimae, which exhibits nest budding and of which parts 
of the native population are located on an island. (3b) Within the 
introduced range, genetic differentiation is expected to be weak in 
both species due to their relatively recent introductions, their high 
dispersal capacity (e.g., nuptial flights in T.  immigrans and human-
facilitated jump dispersal in both species), and the small invaded area 
in T. tsushimae. (3c) Between native and introduced ranges, we pre-
dict strong differentiation for both species, as only few introduction 
events are suspected. Finally, (4) we predict introduced populations 
arose from one or few introduction events from a narrow portion 
of the native range of both species, in line with an ecological niche 
modelling study (Steiner, Schlick-Steiner, et al., 2008).

2  |  MATERIAL AND METHODS

2.1  |  Sample collection and DNA extraction

We sampled 164 nests from native and introduced ranges of 
Tetramorium immigrans (36 Western Palearctic, 43 Nearctic nests and 
one Neotropical nest from Argentina; Figure S1A) and Tetramorium 
tsushimae (43 Eastern Palaearctic and 41 Nearctic nests; Figure S1B) 
resulting in similar sample sizes across species and ranges. All sam-
pled nests were also investigated in Steiner, Schlick-Steiner, et al. 
(2008), who performed ecological-niche modelling based on the dis-
tribution records. The samples were obtained through a collector 
network and stored in 96% ethanol at −20 °C. DNA of one worker 
per nest was extracted from whole animals using the GenElute 
Mammalian Genomic DNA Extraction kit (Sigma-Aldrich) and used 
for mtDNA and microsatellite analyses. Tetramorium  immigrans 
and T.  tsushimae species’ identity was ascertained using mtDNA 

sequencing and morphometrics; for T.  immigrans, additionally am-
plified fragment length polymorphism was used (Steiner, Schlick-
Steiner, et al., 2008; Wagner et al., 2017).

2.2  |  mtDNA sequencing and analyses

A 1113-bp sequence of the mitochondrial COI gene had already 
been sequenced for species delimitation and identification in earlier 
projects (Schlick-Steiner et al., 2006; Steiner et al., 2006; Steiner, 
Schlick-Steiner, et al., 2008). Haplotypes with singleton mutations 
were later confirmed by reanalysis using 1718f (Simon et al., 1994) 
or COIf (Steiner et al., 2005) as forward primer and PAT (Simon et al., 
1994) as reverse primer. Briefly, the mitochondrial COI stretch was 
PCR (polymerase chain reaction)-amplified in reaction volumes of 
10 µl with 1× Rotor-Gene probe PCR Mix (Qiagen) using 0.2 µm for-
ward and reverse primers and MilliQ water. Reactions were run on 
a UnoCycler (VWR) using cycling conditions of 95 °C for 30 s, 50 °C 
for 1  min, 72 °C for 2  min for 35 cycles with an initial denatura-
tion step at 95 °C for 3 min, and a final extension step at 72 °C for 
10 min. PCR products were purified enzymatically with 0.1 µl Exo1 
and 0.1 µl FastAP in a reaction volume of 10 µl, incubated for 15 min 
at 37 °C and for 15  min at 80 °C, and Sanger sequenced in both 
directions by a commercial provider (Eurofins). For three sequences 
showing unambiguous base state and one synonymous mutation 
each, the haplotypes were considered plausible without verifica-
tion. For nine individuals, no sufficient sequence quality could be 
obtained even after repetition. In total, 155 mtDNA sequences were 
used: 36 and 44 sequences for the native and invasive range of 
T.  immigrans, respectively, and 40 and 35 sequences for the native 
and invasive range of T. tsushimae, respectively (GenBank accession 
numbers specified in Table S2).

In addition to the main data set, fully overlapping mtDNA se-
quences of 169 individuals of T.  immigrans (Schlick-Steiner et al., 
2006; Wagner et al., 2017) and 23 individuals of T. tsushimae (Steiner 
et al., 2006) were downloaded from GenBank (see Table S3 for 
GenBank accession numbers) and three recently discovered oc-
currences of T. immigrans in Denmark (Sheard et al., 2020) were se-
quenced. The haplotypes of the three samples were identified using 
0.2 µm 1718f and PAT primers (Simon et al., 1994), 1× OneTaq reac-
tion buffer and 0.125 U OneTaq polymerase (New England Biolabs) 
in 10-µl reaction volumes. PCR, purification and sequencing were 
performed as reported above.

Haplotype networks were constructed using the minimum span-
ning method (Bandelt et al., 1999) in popart version 1.7 (http://po-
part.otago.ac.nz). The number of haplotypes per species and range 
was counted, and a ratio between the number of invasive and native 
haplotypes was calculated. Haplotype and nucleotide diversity were 
calculated in r version 3.6.1 (R Core Team, 2019) using the package 
pegas version 0.11 (Paradis, 2010). Differences between the native 
and invasive ranges were tested by Welch's t test in r.

To allow a comparison with a recent study of the North American 
populations of T. immigrans (Zhang et al., 2019), the GenBank entries 

http://popart.otago.ac.nz
http://popart.otago.ac.nz
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from that study were downloaded, and sequences were reduced to 
haplotypes using fabox version 1.5 dnacollapser (Villesen, 2007), and 
manually aligned to the invasive haplotypes used in this study. This 
resulted in a 348-bp overlapping sequence, for which the mutations 
were compared directly by eye.

2.3  |  Microsatellite genotyping and analyses

One worker per nest was genotyped at 16 microsatellite loci (51a, 
51b, 51d, 51h, 51o, 52a, 52k, 53a, 53b, 54e, 54g, 56d, 56j, 58i, 59f, 
59j; Steiner et al., 2008). PCR was done in a 5-µl reaction volume 
with 0.5  µl template DNA, 1× reaction buffer, 0.2  µl primers (the 
forward primers were fluorescently labelled), and 0.125  U MyTaq 
polymerase. Reactions were performed on an MJ thermocycler 
(Marshall Scientific) with cycling conditions of 94 °C for 30 s, 60 °C 
for 1 min, 72 °C for 45 s for 32 cycles with an initial denaturation 
step at 94 °C for 5 min and a final extension step at 68 °C for 20 min. 
Fragment analysis was carried out by INGENETIX (https://www.
ingen​etix.com/) using an ABI PRISM 310 genetic analyser (Applied 
Biosystems) and GeneScan 500-TAMRA as an internal size standard. 
The traces were processed using genescan and genotyper software 
(Applied Biosystems).

The number of alleles (Na), number of private (i.e., unique) alleles 
(Nprivate), effective number of alleles (Ne), and observed and expected 
heterozygosity (HO, HE) were calculated using genalex version 6.502 
(Peakall & Smouse, 2012). Allelic richness was computed with pop-
genreport version 3.0.4 (Adamack & Gruber, 2014). Mean squared 
distance between alleles (d2) and multilocus heterozygosity (MLH) 
were calculated manually (Coulson et al., 1998; Hansson, 2010). 
Differences between native and introduced ranges were tested by 
Welch's t test in r. Isolation by distance (IBD) was tested using a 
Mantel test with 10,000 permutations comparing geographical dis-
tance in kilometres and Cavalli-Sforza and Edwards Chord distance 
(Takezaki & Nei, 1996) between individuals using geosphere version 
1.5-10, hierfstat version 0.04-22, and ade4 version 1.7-13 (Chessel 
et al., 2004; Goudet & Jombart, 2015; Hijmans, 2019) and visual-
ized as a density plot with mass version 7.3-51.4 (Venables & Ripley, 
2002). Being an outlier in the southern hemisphere, the Argentine 
sample was excluded from this analysis.

As a nonmodel-based method, a principal coordinate analy-
sis (PCoA) was calculated from the Euclidean distances of scaled 
allele frequencies using adegenet version 2.1.1 (Jombart, 2008). 
Additionally, a discriminant analysis of principal components (DAPC) 
was calculated with adegenet. For DAPC, the native samples were 
separated into geographical regions (see Figure S1): T.  immigrans 
was separated into four groups with equal sample sizes (Western 
Europe, Central Europe, Eastern Europe and Caucasus; each n = 9); 
for T.  tsushimae, all Japanese samples were grouped (n  =  17), and 
the continental Asian samples were divided into two regions (Huang 
and Yangtse plains [n =15] and Manchuria and Korea [n =11]). DAPC 
was calculated from scaled allele frequencies with 19 and 24 prin-
cipal components for T.  immigrans and T.  tsushimae, respectively, 

accounting for 70% of the variance found in the data. For introduced 
individuals, the highest group-membership probability to the native 
clusters was calculated based on the DAPC results. Bayesian cluster 
analyses were performed separately for each species using structure 
version 2.3 (Pritchard et al., 2000) for K = 1 to 10 using an admixture 
model, 1,000,000 generations burn-in, 4,000,000 MCMC (Markov 
chain Monte Carlo) generations, and 10 replicates. Following this, 
cluster identities of all replicates were aligned with clumpp version 
1.1.2 (Jakobsson & Rosenberg, 2007) using Greedy algorithm for 
K = 2 to K = 6 and LargeKGreedy algorithm for K = 7 to K = 10 and 
500 repetitions each. Additionally, the mean group-membership 
probability across replicates was calculated. Data visualization and 
ΔK statistics (Evanno et al., 2005) were done with pophelper version 
2.3.0 (Francis, 2017).

2.4  |  Phylogenetic diversity

For phylogenetic reconstructions using mtDNA, model selections 
were performed for both species separately using jmodeltest version 
0.1.1 (Posada, 2009). Using the cumulative Akaike information crite-
rion resulted in the TPM2uf + G as the best fit for each of the two spe-
cies. The models were used in the maximum-likelihood (ML)-based 
phylogenetic reconstructions as implemented in mega-x version 
10.0.4 (Kumar et al., 2018) using the settings subtree-pruning-re-
grafting  =  extensive (SPR level 5), make initial tree =automatically 
(NJ) and branch swap filter  =  very strong. Tetramorium caespitum, 
Tetramorium capitale, and either T.  immigrans or T.  tsushimae were 
used as outgroups (GenBank accession numbers: see Table S2). 
Phylogenetic reconstructions using the microsatellite alleles scored 
were performed for the two species separately. Neighbour-joining 
(NJ) trees were created using the method neighbour in the software 
package phylip version 3.695 (http://evolu​tion.genet​ics.washi​ngton.
edu/phyli​p/). The resulting mtDNA and microsatellite phyloge-
netic trees were used to calculate the phylogenetic diversity (PD) 
and to create rarefaction curves for T.  immigrans and T.  tsushimae 
separately. Phylogenetic diversity and rarefaction curves were cre-
ated using the functions phylorare and phylocurve in r, respectively 
(Nipperess & Matsen, 2013). Differences between the native and 
introduced ranges were tested by Welch's t test in r.

3  |  RESULTS

3.1  |  mtDNA

We found 18 mtDNA haplotypes for Tetramorium immigrans 
(Figure 1): 16 in the native range and four in the introduced range 
(three in North America and one in Argentina) resulting in a ratio of 
4:16 (0.25) of invasive to native haplotypes. Within the native range, 
the greatest haplotype diversity was found in the Caucasus region. 
The most frequent haplotype in North America was also found to be 
widespread in the native range occurring from Western to Eastern 

https://www.ingenetix.com/
https://www.ingenetix.com/
http://evolution.genetics.washington.edu/phylip/
http://evolution.genetics.washington.edu/phylip/
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Europe. The other two North American haplotypes were similar to 
the most frequent, with only one mutation each. They were not 
sampled in the native range in the main data set, although the more 
widespread one of these two was found in the additional sequence 
data set in France and Italy (Table S3, Figure S2). The two com-
mon North American haplotypes and the three downloaded North 
American haplotypes from Zhang et al. (2019) had an identical 
overlapping 348-bp segment. The third North American haplotype 
found in this study had one mutation in the overlapping sequence 
segment but was sampled only once in Illinois. The haplotype pre-
sent in Argentina is only distantly related to all other haplotypes. It 
occurs also in Western Europe and was recently found in Denmark.

In Tetramorium tsushimae, we found 31 haplotypes with a ratio of 
12:21 (0.57) between invasive and native haplotypes (Figure 2). All 

invasive haplotypes are closely related, with one or two mutations 
difference to the next related haplotypes and a maximum of five 
mutations difference. Only two of the haplotypes found in North 
America were also found in the native samples. The most widespread 
one in the introduced range also occurs throughout all regions of the 
native range. The other haplotype present in both ranges was, in 
the native range, only found on the island Honshu, in Japan. None 
of the introduced haplotypes not sampled in the native range were 
detected in the additional samples (Figure S3).

Haplotype diversity, nucleotide diversity and PD were signifi-
cantly reduced in the introduced range compared with the native 
range for both species (Figures 3a–c and 4a,c; test statistics: see 
Table S4). The relative reduction of mtDNA diversity in the invasive 
range was stronger in T. immigrans compared with T. tsushimae.

F I G U R E  1  Eighteen mtDNA haplotypes of Tetramorium immigrans using a 1113-bp sequence of the COI gene: (a) distribution of 
haplotypes in the native (16 haplotypes) and invasive ranges (four haplotypes), one pie per country/state/region of similar size (see Figure 
S1), position according to the geographical centre of samples, colours are haplotypes and sizes relative to sample size, background colours 
signify geographical regions; (b) minimum spanning network. Colours correspond to haplotypes in the maps (in a). The haplotype which was 
found in Denmark is marked with an asterisk

10 samples

1 sample

Western Europe Central Europe Eastern Europe Caucasus ArgentinaNorth America

(a)

(b)

*
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3.2  |  Microsatellite data

Na, Nprivate, Ne and allelic richness were significantly reduced in the 
introduced ranges compared with native ranges for both T.  immi-
grans and T. tsushimae (Figure 3d–f; test statistics see Table S4). The 
reduction was more pronounced in T.  tsushimae; for example, the 
ratio of mean Na over loci between the invasive and native ranges 
was 12.69:21.25 (0.60) for T.  immigrans and 7.19:22.31 (0.32) for 
T. tsushimae. PD was significantly reduced in T. tsushimae but not in 
T.  immigrans (Figure 4b,d; test statistics see Table S4). In both spe-
cies, HE, HO, MLH and d2 were reduced in the invasive range relative 
to the native range (Figure 3g–i; test statistics see Table S4). In both 
species, HO was lower than HE; however, the ratio HO:HE was higher 
in T.  immigrans (native: 0.839, invasive: 0.866) than in T.  tsushimae 
(native 0.697, invasive 0.670).

Statistically significant patterns of IBD were found in the native 
and introduced range of T.  immigrans and in the native but not the 
introduced range of T. tsushimae (Figure 5; test statistics see Table 
S4). In the native ranges, genetic distances between samples and 
their correlation to the geographical distances were similar in both 
species. For both species, genetic distances were lower among intro-
duced range samples compared with the native ranges, but particu-
larly in T. tsushimae.

PCoAs revealed that North American samples formed a cluster 
separate from the native samples in both species (Figure 6a,b). This 
separation was more distinct in T. tsushimae. The Argentine sample 
lay within the native samples. In the native ranges, geographical re-
gions did not form distinct clusters. In T.  immigrans, the Caucasus 
region revealed a strong variation, and Western European samples 
plotted closely together. The variation of Western European samples 

F I G U R E  2  Thirty-one mtDNA haplotypes of Tetramorium tsushimae using a 1113-bp sequence of the COI gene: (a) distribution of 
haplotypes in the native (21 haplotypes) and invasive ranges (12 haplotypes), one pie per country/state/region of similar size (see Figure S1), 
position according to the geographical centre of samples, colours are haplotypes and sizes relative to sample size, background colours signify 
geographical regions; (b) minimum spanning network. Colours correspond to haplotypes in the maps (in a)

North America

1 sample

Huang + Yangtse Plains Manchuria + Korea Japan

10 samples

(b)

(a)
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was a subset of the Pan-European variation, which again was a sub-
set of the Caucasian variation.

Similarly, using DAPC, the native regions were only partially sep-
arated and formed overlapping clusters (Figure 6c,d). When the in-
vasive samples were plotted on the same axes, they clustered to the 
origin of coordinates. The invasive samples of T. immigrans showed 
the highest group-membership probabilities for Western Europe 
and those of T. tsushimae for Japan.

The method according to Evanno et al. (2005) proposed K = 2 to 
be the best K value in Bayesian clustering with structure for both 
T.  immigrans and T.  tsushimae (Figures S4 and S5). Nevertheless, 
we consider also higher values of K for the interpretation of fur-
ther substructure and genetic variation. In T. immigrans, Bayesian 
clustering showed a separation of European and North American 
samples, and the Argentine sample clustered with European sam-
ples (Figure 7a). At K = 2, four native samples from Spain, Italy and 
Slovenia showed slight probabilities for the North American clus-
ter. Two of the Californian samples partially clustered with native 
samples at K  =  2, but all three Californian samples formed their 
own cluster at K = 4. Probabilities for this cluster were also pres-
ent in a fraction of other North American samples and stable for 

higher K values (Figure S6). The native range differentiated into at 
least two clusters, in which the Argentine sample clustered mainly 
with Western and Central European samples. Invasive samples of 
T. tsushimae formed a homogeneous cluster, which clearly differed 
from native samples at K  =  2 (Figure 7b). Further increases in K 
detected variation in the native but not in the introduced range 
samples (Figure S7).

4  |  DISCUSSION

4.1  |  Loss of genetic diversity during introduction

A loss of diversity resulting from founder effects during introduc-
tion is observed in most invasions (Uller & Leimu, 2011) and was ex-
pected for both Tetramorium immigrans and Tetramorium tsushimae 
(Table S1). Our results revealed a reduction of mitochondrial and 
nuclear genetic diversity in T. immigrans and T. tsushimae comparable 
with that seen in other invasions (Table S5; Puillandre et al., 2008), 
including those of social insects such as the red imported fire ant 
(Solenopsis invicta; Ascunce et al., 2011; Ross & Shoemaker, 2008), 

F I G U R E  3  Various diversity measures of Tetramorium immigrans and Tetramorium tsushimae. mtDNA diversity: (a) number of haplotypes, 
(b) haplotype diversity, (c) nucleotide diversity; microsatellite diversity: (d) number of alleles (Na, black dots) and number of private alleles 
(Nprivate, grey dots), (e) effective number of alleles (Ne), (f) allelic richness, (g) expected and observed heterozygosity (HE, black dots; HO grey 
dots), (h) multilocus heterozygosity (MLH) and (i) d2. Dots represent mean values ± SD (over loci for Na, Nprivate, Ne, allelic richness, HE, HO; 
and over individuals for MLH and d2), asterisks represent significance level of Welch's t test (*p < .05, **p < .01, ***p < .001)

T. immigrans T. tsushimae

native invasive native invasive
0

5

10

15

20

N
ha

pl
ot

yp
e

(a)

*** ***
T. immigrans T. tsushimae

native invasive native invasive
0.00

0.25

0.50

0.75

1.00

H
ap

lo
ty

pe
 D

iv
er

si
ty

(b)

*** ***
T. immigrans T. tsushimae

native invasive native invasive
0.0000

0.0025

0.0050

0.0075

N
uc

le
ot

id
e 

D
iv

er
si

ty

(c)

***

***

***
***

T. immigrans T. tsushimae

native invasive native invasive
0

5

10

15

20

25

N a N private
(d)

*** ***
T. immigrans T. tsushimae

native invasive native invasive
0

5

10

15

(e)

*** ***
T. immigrans T. tsushimae

native invasive native invasive
0

10

20

A
lle

lic
 R

ic
hn

es
s

(f)

***
***

***
***

T. immigrans T. tsushimae

native invasive native invasive
0.00

0.25

0.50

0.75

H
et

er
oz

yg
os

ity

H e H o
(g)

* ***
T. immigrans T. tsushimae

native invasive native invasive
0.00

0.25

0.50

0.75

M
LH

(h)

** **
T. immigrans T. tsushimae

native invasive native invasive
0

50

100

150

d2

(i)

N
 o

f (
pr

iv
at

e)
 a

lle
le

s

E
ffe

ct
iv

e 
N

 o
f a

lle
le

s



2518  |    FLUCHER et al.

the little fire ant (Wasmannia auropunctata; Fournier et al., 2005) and 
a solitary bee (Lasioglossum leucozonium; Zayed et al., 2007).

Comparing species, the reduction in mtDNA diversity was larger 
in T. immigrans, whereas the loss of microsatellite diversity was more 
pronounced in T. tsushimae. We had expected a larger reduction in 
haplotypes in the monogynous T.  immigrans. In contrast, T.  tsushi-
mae, with up to several hundred queens in one nest could, at least 
theoretically, have been initially established with a large amount of 
genetic diversity (Table S1). The pattern of microsatellite diversity in 
T. immigrans could result from a large founding population, repeated 
introduction events or possibly the formation of new alleles after 
introduction. Microsatellite mutation rates range between 10−2 and 
10−6 mutations per locus and generation (Ellegren, 2000; Seyfert 
et al., 2008). This makes the formation of at least some new alleles 
probable for T.  immigrans, which has been established in North 
America at least since the 1800s. The appearance of a new micro-
satellite mutation has been observed in the congener T.  alpestre 
in locus 51d (Krapf et al., 2018). In contrast, mtDNA has mutation 
rates of 10−8 per site and generation (Haag-Liautard et al., 2008), 
which makes new mutations rather unlikely. The strong reduction 
of mtDNA diversity in T.  immigrans might be a consequence of the 
wide distribution of a few haplotypes in Europe (Figure 1). Thus, 
a large variety of nuclear information may well have been intro-
duced to North America by several queens of the same successful 

mitochondrial haplotypes. Furthermore, the loss of mtDNA diversity 
in T. tsushimae could have been underestimated because of uneven 
sampling density. Introduced populations of T. tsushimae occur over 
a relatively small area, resulting in higher sampling density in the in-
vasive range compared with the native range (Figure S1). The dif-
ferent results for the two marker types emphasize the importance 
of comparing several markers; similar to phylogenies affected by in-
complete lineage sorting (Pamilo & Nei, 1988), a single gene does not 
necessarily tell the whole story.

4.2  |  Inbreeding in invasive range relative to 
native range

For T.  immigrans, a monogynous and usually outbreeding species, 
only weak inbreeding was expected in the invasive range (Table S1). 
A low FIS value in a single colony even indicated the absence of in-
breeding (Zhang et al., 2019). In contrast, in polygynous species like 
T.  tsushimae, intranidal mating can be common (Seifert, 2010), and 
elevated levels of inbreeding have already been suspected in the 
invasive range of T.  tsushimae due to low heterozygosity (Reuther, 
2009). If queens within a supercolony are related, intranidal mating 
might increase the level of inbreeding (Trontti et al., 2005), which is 
more probable in an introduced population that has recently gone 

F I G U R E  4  Phylogenetic diversity rarefaction curves of mtDNA (a, c) and microsatellite (ms) (b, d) trees for (a, b) Tetramorium immigrans 
and (c, d) Tetramorium tsushimae
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through a bottleneck. Yet, in large supercolonies, where queens 
move freely among nests, intranidal mating might not necessarily 
lead to increased levels of inbreeding (Pamilo, 1985; Pedersen et al., 
2006). We found that heterozygosity was reduced in introduced 
ranges compared with native ranges of T. immigrans and T. tsushimae, 
indicating a population bottleneck (Figure 3g). The ratio HO:HE was 
similar between ranges, which suggests that the degree of inbreed-
ing is not increased in the invasive range. However, HO:HE differed 
between species—it was lower in T. tsushimae, which in general in-
dicates greater inbreeding in this species. Besides being an indica-
tor for higher levels of inbreeding, a low ratio HO:HE can also result 
from population subdivision as described by the Wahlund effect 
(Wahlund, 1928). In contrast, both MLH and d2 were lower in the 

introduced ranges of both species (Figure 3h,i), which would sup-
port that the bottleneck during introduction also increased levels of 
inbreeding, and this effect was more distinct in T. tsushimae.

4.3  |  Genetic differentiation within and across 
native and invasive ranges

Genetic differentiation is a consequence of restricted gene flow 
among populations that are isolated by geographical, ecological or 
behavioural factors. We expected weak differentiation in the na-
tive range of T. immigrans, due to independent colony foundation 
and a continuous distribution throughout Europe (Table S1). We 

F I G U R E  5  Isolation by distance using Cavalli-Sforza and Edward Chord's distance for (a) native and (b) invasive Tetramorium immigrans 
(excluding Argentina) and for (c) native and (d) invasive Tetramorium tsushimae. Asterisks represent significance level of Mantel test (ns 
p > .05, **p < .01, ***p < .001)

T. immigrans: native T. immigrans: invasive

T. tsushimae: native T. tsushimae: invasive
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found low genetic variation in Western Europe but high mitochon-
drial and microsatellite diversity in the Caucasus region (Figures 1 
and 6a). This pattern may result from a historical expansion through 
Europe from an origin in the Caucasus, a plausible scenario as the 
Caucasus was an important ice-age refuge (Hewitt, 2000). During 
range expansion, drift or selection may have reduced genetic vari-
ability from east to west. The occurrence of some geographical 

differentiation is also supported by a pattern of IBD and a rough 
west/east clustering in structure (Figures 5a and 7a). The recently 
detected occurrence in Denmark (Sheard et al., 2020; Table S2) 
might account for a current expansion from Western Europe to 
more northern locations in Europe (Figure 1) but could be lim-
ited to urbanized habitats with warmer environmental conditions 
(Gippet et al., 2017). Since T.  tsushimae spreads at least partly 

F I G U R E  6  Principal coordinate analysis of (a) Tetramorium immigrans and (b) Tetramorium tsushimae microsatellite data; discriminant 
analysis of principal components (DAPC) of native regions of (c) T. immigrans and (d) T. tsushimae; invasive samples (+) are plotted to the 
native clusters with the highest predicted group membership probability based on DAPC results. Geographical distribution of samples in 
regions are depicted in Figure S1
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via nest budding (Reuther, 2009) and the native range comprises 
mainland Asia (China, Korea and Russia) and the islands of Japan, 
we expected stronger genetic differentiation in this species (Table 
S1). An IBD pattern in Asia along with parts of Japan forming a 
separate cluster in structure confirms substantial genetic differen-
tiation in T. tsushimae (Figures 5c and 7b). However, Japan shared 
mtDNA haplotypes with the mainland, and PCoA lacked strong 

differentiation across native regions (Figures 2 and 6b), indicating 
that the island location of Japan might not represent such a strong 
barrier to gene flow as formerly anticipated.

Within the introduced ranges, genetic structure is patterned 
by the introduction history of species comprising the number, 
origin(s), and the time of introduction(s) as well as the rate of pop-
ulation growth shortly after introduction (affecting the occurrence 

F I G U R E  7  structure barplots for (a) Tetramorium immigrans and (b) Tetramorium tsushimae for K = 2 to K = 4, sorted by continents, within 
continent sorted by country/state, roughly in west–east order. The best K following Evanno et al. (2005) is identified by asterisks (see also 
Figures S4 and S5). Europe and Asia are the native ranges, North America (plus Argentina) the invasive range. Two letter abbreviations 
for countries/states are: ES = Spain, FR = France, IT = Italy, SI = Slovenia, HR = Croatia, AT = Austria, CZ = Czech Republic, HU = Hungary, 
RO = Romania, BG = Bulgaria, TR = Turkey, GR = Greece, UA = Ukraine, RU = Russia, CA = California, OR = Oregon, NV = Nevada, 
WA = Washington, ID = Idaho, UT = Utah, CO = Colorado, NM = New Mexico, NE = Nebraska, MN = Minnesota, MO = Missouri, IL = Illinois, 
WI = Wisconsin, IN = Indiana, MI = Michigan, TN = Tennessee, OH = Ohio, ON = Ontario, NY = New York, VA = Virginia, DC = District 
of Colombia, MD = Maryland, PA = Pennsylvania, NJ = New Jersey, QC = Quebec, VT = Vermont, MA = Massachusetts, AR = Argentina, 
CN = China, KR = South Korea, JP = Japan
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of genetic drift), and natural and human-mediated dispersal within 
the newly colonized area (Bélouard et al., 2019; Cristescu, 2015; 
Keller & Taylor, 2008; Peischl & Excoffier, 2015; Suarez et al., 
2001). For T. immigrans, a high dispersal capacity as well as the long 
time after its first introduction made weak genetic structuring in 
North America likely (Table S1) as was indeed found by Zhang et al. 
(2019). We also found little geographical structuring in mitochon-
drial data and PCoA (Figures 1 and 6a). Nevertheless, evidence for 
IBD and the formation of a mainly Californian cluster in structure 
reveal that the populations are not completely admixed (Figures 5b 
and 7a). Isolation of the Pacific coast population has already been 
suspected based on the absence of the social parasite Tetramorium 
atratulum (=Anergates atratulus; Ward et al., 2015) in those popula-
tions (Helms et al., 2019). The Argentine sample differed from the 
North American samples in all analyses indicating an independent 
introduction. The examined invasive range of T. tsushimae is very 
small, with a maximum distance among sampling sites of 350 km. 
Therefore, admixture of the whole population seems plausible, 
which is also supported by the absence of IBD and the formation 
of a homogeneous cluster in PCoA and structure (Figures 5d, 6b 
and 7b). However, IBD and three genetically distinct subpopula-
tions were detected by Reuther (2009) in an extended data set of 
52 invasive nests, including two nests found further east in Illinois. 
These two nests also formed one of the three subpopulations and 
thus might have shaped these differing results.

Genetic differentiation between native and invasive ranges is 
also determined by their introduction history. For both species, 
only one or a few introduction events have been suggested, and 
therefore strong differentiation was expected (Table S1). We 
found only a few shared mtDNA haplotypes between native and 
invasive samples indicating differentiation between the ranges 
(Figures 1 and 2). Yet, the mutation rate of the COI gene is low 
(Haag-Liautard et al., 2008), and consequently, the uniqueness 
of haplotypes to the invasive range is more likely to be caused 
by nonexhaustive sampling in the native range than by new mu-
tations. This is especially true in T.  tsushimae, where many hap-
lotypes were found only in the invasive range. Microsatellite 
analyses also support a genetic differentiation between ranges, 
as the invasive samples formed separate clusters with little or no 
overlap with native regions (Figures 6a,b and 7). An exception 
to this is the Argentine sample, which always clustered with the 
European samples indicating a recent introduction directly from 
Europe, which has not yet experienced genetic drift. Overall, the 
genetic distance between ranges, as seen in the PCoA, was more 
pronounced in T. tsushimae than in T. immigrans. This might be due 
to a strong founder effect as the invasive population of T.  tsu-
shimae probably originated from a single introduction event and 
experienced a complete lack of gene flow between ranges there-
after. In contrast, T. immigrans might have experienced several re-
current or independent introductions. As a result, one-way gene 
flow could have retained a higher degree of genetic similarity to 
the native range.

4.4  |  Number of introductions

Both the number of introduction events and the number of intro-
duced queens influence the amount and geographical distribution 
of genetic diversity in the invasive range. One or few introduction 
events have been proposed for T.  immigrans due to weak genetic 
structuring and also for T. tsushimae because of reduced dispersal in 
the invasive range (Table S1; Reuther, 2009; Steiner, Schlick-Steiner, 
et al., 2008; Zhang et al., 2019). In T. immigrans, we found three mi-
tochondrial haplotypes and two structure clusters in North America 
and a different haplotype and cluster in Argentina (Figures 1 and 7a). 
This suggests a minimum of two introductions to North America, 
with one of them to California and the other(s) to the Central or 
Eastern United States (the East Coast has been proposed by Marlatt, 
1898), plus an independent introduction to Argentina. However, the 
large amount of Na and allelic richness found in the invasive range 
accounts for 0.60 of the native diversity. This could stem from new 
mutations in microsatellites in the many years of establishment 
in the invasive area, polyandry and/or the cryptic introduction of 
queens with the same mtDNA haplotype. Multiple mating of queens 
as known from T.  immigrans (Cordonnier et al., 2020) can increase 
the introduced diversity; however, this might only partly explain 
the high diversity observed. Introductions of several queens of the 
same mitochondrial haplotype might also include several geographi-
cal origins in the native range, which offers a probable explanation 
for the high microsatellite diversity in North America.

Twelve haplotypes of T.  tsushimae were found in the invasive 
range, which is probably the consequence of the introduction of at 
least 12 queens (Figure 2). Nevertheless, the weak genetic differ-
entiation in the invasive range, the species’ polygyny and the sus-
pected introduction with plants for the Japanese Pavilion at the 
World's Fair in St. Louis (Steiner et al., 2006) make the introduction 
of several queens in one event plausible. To determine the number 
of introduced nests, the characterization of intranest variation might 
help to elucidate how much diversity can be found within one polyg-
ynous and polydomous colony.

4.5  |  Origin of introductions

The origin of the most widely spread invasive mtDNA haplotype of 
T. immigrans could be located in any of the European regions except 
the Caucasus (Figure 1), the second most common haplotype was 
probably introduced from France or Italy (additional samples; see 
Figure S2, Table S3). The origin of the third North American hap-
lotype remained unclear as it was not sampled in the native range. 
However, this haplotype was only found once in North America and 
could also account for a rare but not excludable mutation. The mi-
crosatellite data show only little overlap between native and inva-
sive samples (Figures 6a and 7a) indicating difficulties to infer the 
origin of introduction. Interestingly, by plotting the invasive samples 
to DAPC axes, the highest group-membership probabilities were 
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predicted for the Western European region (Figure 6c). In structure, 
also four samples from Spain, Italy and Slovenia showed small but 
noticeable probabilities for the invasive cluster (Figure 7a), sup-
porting a Western European origin of the North American T.  im-
migrans. Having a haplotype primarily found in Spain and France, 
the Argentine population was probably introduced from Western 
Europe, which is also supported by DAPC prediction. Altogether, this 
indicates that Western Europe is possibly one origin of the introduc-
tion of T. immigrans, but it might not be the only one. Where within 
the Western European region the introductions originated can only 
be speculated. Since the introduction of ants often occurs with soil 
or plants (Rabitsch, 2011), it seems probable that T.  immigrans was 
imported with potted crop plants or decorative shrubbery before 
strong regulations on transport were implemented or as stowaways 
in soil or rock ballast as used by ships until the mid-1900s, when 
using water ballast became standard practice (Carlton, 1992). As 
they lie within the suspected Western European origin, and strong 
population movements to America took place, we suggest Spain as 
a potential origin of the Argentine occurrence (in accordance with 
mtDNA) and Italy of the North American populations (in accordance 
with mtDNA and structure).

In T. tsushimae, one mtDNA haplotype probably originates from the 
island of Honshu, in Japan, and one could come from any native region 
(Figure 2). All other invasive haplotypes were not sampled in the native 
range but closely related to each other, suggesting the evolutionary 
proximity of their origins. Microsatellite data clearly did not overlap 
with native data; however, DAPC predicts Japan as the most likely ori-
gin for the invasive samples (Figures 6b,d and 7b). As we had expected 
(Table S1), our data suggest Honshu, Japan, as the most likely origin 
of invasion, which is in accordance with a distribution- and niche-
modelling approach and the presumed introduction history (Steiner 
et al., 2006; Steiner, Schlick-Steiner, et al., 2008). Yet, additional areas 
which have not been sampled cannot be ruled out as origins.

The uncertainties in predicting the geographical origin with micro-
satellite data could come from homologies due to fast marker evolu-
tion. To test this, we repeated the analyses excluding the four most 
variable markers per species (exclusion criterion: 29 or more alleles), 
which did not change the overall results (data not shown). The diffi-
culties in inferring introduction pathways with microsatellite data we 
met in this study might be due to multiple or unsampled sources or 
drift during and after introduction (Estoup & Guillemaud, 2010). The 
problem of unsampled sources becomes apparent when looking at the 
mtDNA haplotypes, of which many invasive haplotypes were not pres-
ent in the samples from the native ranges, especially in T. tsushimae. 
That an increased sampling in the native range can reveal additional 
information on the origins was shown with the additional mtDNA se-
quences of T. immigrans downloaded from GenBank (Table S3). Within 
this extended data set, several new haplotypes were found including 
one that was previously only known from the invasive range (Figure 
S2). For T. tsushimae, increasing the sampling density in the native re-
gions might lead to a successful detection of the invasive haplotypes, 
which were closely related to each other. However, the discovery of 
presently unknown occurrences might also help to understand the 

geographical distribution of native diversity. We cannot tell to what 
extent an increased sampling would have changed the microsatellite 
ordination and clustering results in these species. However, in two ex-
tensive studies of the ants Solenopsis invicta and Solenopsis geminata 
with larger sample sizes and more genetic markers, microsatellites 
demonstrated to be helpful to infer introduction histories (Ascunce 
et al., 2011; Gotzek et al., 2015). In other ant studies with similar num-
bers of markers as in this study, microsatellites were combined with 
other marker types for the reconstruction of introduction history (L. 
humile; Vogel et al., 2010), or clonal reproduction strongly reduced 
variability in the invasive range (W. auropunctata; Foucaud et al., 2010).

4.6  |  Social structure and age of introduction

Many aspects of the invasion and the resulting genetic patterns of 
T.  immigrans and T. tsushimae can be explained by their differences 
in social structure and the age of their introductions. Nevertheless, 
other species’ characteristics such as slightly different habitat pref-
erences and dietary differences might play a role in their invasion 
success, which we could not disentangle from the effects of queen 
number and colony structure. To test the robustness of our findings, 
future studies should focus on invasive ant species that harbour in-
traspecific variation in key characteristics and/or additional pairs of 
closely related species. The monogynous life form with independ-
ent colony formation and strong dispersal capacity of T.  immigrans 
and the long time since its first introduction have led to expansion 
throughout its niche in North America (Steiner, Schlick-Steiner, et al., 
2008). Several, probably independent introductions have occurred 
and added to the introduced gene pool as well as new mutations 
emerging over the time since its first introduction. However, the in-
vasive populations did not diverge strongly from the native popula-
tions, which could be an indication of gene flow maintained between 
the continents.

In contrast, T. tsushimae forms polygynous supercolonies, which 
mainly disperse through colony budding and occur in high nest 
densities. This social structure might be decisive for its strong com-
petitive ability and dominance over several species, including T. im-
migrans (Steiner et al., 2006). Though natural dispersal is limited 
through the absence of mating flights in the invasive range, trans-
port by humans permits long-distance dispersal and colonization of 
more distant areas (Reuther, 2009). By now, the possibility of expan-
sion throughout its niche in North America has not been exhausted 
(Steiner, Schlick-Steiner, et al., 2008), which might be due to the 
younger age of introduction. This could change in the future, and 
T. tsushimae could become a harmful pest, but the small, introduced 
gene pool could limit the adaptive ability to a narrower niche.

5  |  CONCLUSION

We found that the amount and distribution of genetic diversity in 
the ants Tetramorium immigrans and Tetramorium tsushimae in their 
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native and invasive ranges can be explained by a combination of life-
history traits (in particular their social structure), biogeographical 
and population genetic background, as well as the species’ unique 
invasion histories. The diversity loss during the introduction was dis-
tinct in both species, but the severity differed across marker types 
and species. The inbreeding situation compared across the native 
and invasive ranges remained uncertain. Genetic differentiation was 
weak but noticeable within the native ranges of both species and 
in the invasive range of T.  immigrans but undetectable in the inva-
sive range of T. tsushimae. However, differentiation between ranges 
was substantial, especially in T.  tsushimae. Tetramorium immigrans 
was probably introduced from Western Europe to North America in 
at least two independent events, whereas for T. tsushimae, several 
queens were probably introduced in one introduction event from 
Honshu, Japan.

This example of two congeners with different life-history traits 
shows that the invasion success of ants is influenced but not ulti-
mately determined by social structure. As even closely related 
species can differ considerably in a multitude of invasion-relevant 
aspects, our study highlights once more that the investigation of a 
wide variety of species, including less prominent ones, is needed to 
deduce overall conclusions and robust predictions in invasion biol-
ogy. These insights are urgently needed to evaluate the status of and 
advance control measures against invasive species.
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