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Hybridization in isolated populations can lead either to hybrid
breakdown and extinction or in some cases to speciation. The basis
of hybrid breakdown lies in genetic incompatibilities between
diverged genomes. In social Hymenoptera, the consequences of
hybridization can differ from those in other animals because of
haplodiploidy and sociality. Selection pressures differ between sexes
because males are haploid and females are diploid. Furthermore,
sociality and group living may allow survival of hybrid genotypes. We
show that hybridization in Formica ants has resulted in a stable sit-
uation in which the males form two highly divergent gene pools
whereas all the females are hybrids. This causes an exceptional sit-
uation with large-scale differences between male and female
genomes. The genotype differences indicate strong transmission
ratio distortion depending on offspring sex, whereby the mother
transmits some alleles exclusively to her daughters and other alleles
exclusively to her sons. The genetic differences between the sexes
and the apparent lack of multilocus hybrid genotypes in males can be
explained by recessive incompatibilities which cause the elimination
of hybrid males because of their haploid genome. Alternatively, dif-
ferentiation between sexes could be created by prezygotic segrega-
tion into male-forming and female-forming gametes in diploid
females. Differentiation between sexes is stable and maintained
throughout generations. The present study shows a unique outcome
of hybridization and demonstrates that hybridization has the poten-
tial of generating evolutionary novelties in animals.

Haldane’s rule | hybrid speciation | hybridization | Hymenoptera | sex-
specific allele transmission

H ybridization between two species often has negative con-
sequences that result in reduced fertility or viability (1-3). A
common consequence is transmission ratio distortion (TRD) whereby
genetic incompatibilities, either nuclear or cytonuclear, cause allelic
segregation to depart from the Mendelian 1:1 ratio (4). Occasionally,
hybridization can lead to hybrid vigor in which a hybrid offspring
performs well. Yet, recombination and allelic segregation can lead to
hybrid breakdown in the next generation. When hybridization is
successful, it can contribute to adaptation and speciation (5). Intro-
gression may transfer adaptations from one species into another (6) or
hybridization may lead to new evolutionary lineages (7). The for-
mation of new species by hybridization has been widely documented in
plants (8), but evidence of homoploid hybrid speciation (i.e., for-
mation of a hybrid lineage without a change in chromosome number)
in animals is lacking. Recently, hybridization has been recognized as a
potentially creative evolutionary process by which new species and
evolutionary novelties can also arise in animals (9-12).
Consequences of hybridization in ants can differ from those in
other animals because of haplodiploidy and sociality. Social insects
live in colonies and display division of labor in reproduction. Only
a small percentage of the individuals within a nest reproduce
whereas others, the workers, take care of a range of tasks and do
not usually produce any offspring. Because of this, sterility of
hybrid workers would have no or a minimal fitness cost on the
colony level (13). In fact, hybridization may even be an advantage
in social insects provided that the workers show hybrid vigor. In
haplodiploid Hymenoptera, males arise from unfertilized eggs and
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are haploid whereas females, both queens and workers, are diploid
and produced biparentally. Allospecific mating is thus not neces-
sarily an evolutionary dead end for a queen, because she can still
produce nonhybrid males by laying unfertilized eggs (13). Even
though F1 hybrid workers commonly occur in ants (14), there are
few or no records on fertile hybrid queens or males (15).

We studied the genetic consequences of hybridization in a wood
ant population originating from an ancient hybridization event.
We report a unique outcome of hybridization in animals and show,
by using 17 microsatellite markers and 81 amplified fragment
length polymorphism (AFLP) loci, that hybridization in Formica
ants has resulted in a stable situation with large-scale genetic dif-
ferences between male and female genomes within a species. We
hypothesize that the genetic differentiation between sexes has
arisen because of genetic incompatibilities resulting from hybrid-
ization and that differentiation is maintained by sex-specific
allele transmission.

Results

Population Is a Hybrid Between Two Wood Ant Species. The dis-
criminant analysis shows that all of the workers and gynes (newly
produced sexual females) in the study population are morphologi-
cally intermediate between the species Formica aquilonia and For-
mica polyctena (Fig. S1). Cross-validation in the data set including
the reference material rejects only 3.8% and 1.3% of the classi-
fications of workers and gynes, respectively, but there was no
rejection in the material from the study population. The morpho-
logical data thus indicate a hybrid identity of our study population.
Both F. aquilonia and F. polyctena are known to have highly poly-
gynous nests (i.e., nests with many queens), and accordingly several
tens of reproductive queens within single nests were observed in the
study population. Only one mitochondrial haplotype was obtained
from queens (n = 3), males (n = 9), and workers (n = 8) of the study
population, and it was identical to that of F. polyctena.

Population Consists of Two Genetic Groups. New reproductive indi-
viduals, gynes and males, are produced once per year in the spring.
We found that the pair-wise AFLP differences among the haploid
males (n = 97) had a bimodal distribution with peaks at d values of
0.26 and 0.37, corresponding to 21 and 30 differences, respectively
(Fig. S2). Bayesian mixture analysis performed by BAPS software
found that the best partitioning of the data were two clusters.
Almost half of the AFLP markers (38 of 81) showed a diagnostic
difference between the two genetic groups. Twenty-four alleles were
diagnosticfor one group and 14 for the other. An allele was classified
as diagnostic if it was missing in one group and the frequency
exceeded 10% in the other. The two genetic groups are hereon
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referred to as groups W and R. The distribution of pair-wise AFLP
differences (Fig. S2) showed that group W had significantly less
variation than group R. The mean pair-wise distances within group
W (d = 0.26, SD = 0.05), within group R (d = 0.33, SD = 0.06), and
between the groups (d = 0.40, SD = 0.06) all differed significantly
from each other (¢ test, using the number of individuals as sample
size,inall comparisons t > 6, P < 0.01). Next, microsatellites (17 loci)
from the same individuals were genotyped. The genetic difference
between groups W and R was further demonstrated by the micro-
satellites as almost half of the alleles (13 alleles in both W and R
groups of the total of 55) were specific and thus diagnostic to either
group. Accordingly, the best partitioning of male microsatellite
genotypes by mixture analysis was two genetic groups, which were
identical to the W and R groups formed as described earlier.

We genotyped diploid gynes (n = 95) to compare them to the
males. As there were two genetic groups among males, we also
divided the gyne microsatellite genotypes in two clusters with
BAPS. The groups thus obtained were identical with those formed
by another Bayesian clustering program, Structure. Computing
the AK statistic for Structure results indicates that the most likely
number of genetic groups is two in the gyne data. When comparing
the two female groups to the groups found in males, gynes of one
cluster are clearly assigned to the male group W [likelihood ratio
(LR) ranging from 18.7 to 46.5] and those of the other cluster to
the male group R (LR ranging from 0.3 to —22.1; Fig. S3). Thus,
two genetic groups (R and W) were also formed from the gynes.
Whereas AK statistic indicated two genetic clusters in the gyne
data, BAPS suggested that the optimal number is four by dividing
the W gynes further into three subgroups. It is not evident whether
these subgroups are biologically relevant or caused by departures
from the expected Hardy-Weinberg genotype frequencies. Diag-
nostic alleles were also found in the W and R females. However,
alleles diagnostic to the male groups were not all diagnostic in the
females. The female groups differed from each other also at the
AFLP loci, even though the differences were less clear because of
the dominant nature of AFLP markers.

Combining the two sexes, approximately one third of all of the
markers were diagnostic and specific to one of the genetic groups,
namely 25 AFLP loci and 19 microsatellite alleles (Table 1 and
Table S1). Furthermore, several other alleles showed significant
frequency differences between the groups. Group W consisted of
62 males and 70 females and group R 35 males and 25 females. The
result was consistent in both microsatellite and AFLP markers
genotyped from the same individuals. Group R was less frequent in
the population and always coexisted in the same nests with group
W. The worker genotypes in the population were similar to the
gynes, as they could be classified into the two groups and had the
same diagnostic alleles.

We next genotyped old reproductive queens and the contents of
their spermathecae (i.e., the sperm of their mates) with the nine

most informative microsatellite loci to establish if mating had
taken place between or within groups. The results indicated that
the two groups and their genetic characteristics are stable, as the
old reproductive queens showed the same characteristics as the
newly produced daughters (i.e., new gynes and workers). The old
reproductive queens were divided into the two groups with the
same diagnostic alleles as the newly produced gynes. The 56 old
queens had mated with at least 77 males in total. This is a minimum
estimate, because it is based on the spermathecal content and the
maximal detectable mating number equals the largest number of
alleles present at any locus. The male alleles inferred from the
spermathecae showed that the haplotypes of the mates matched
the R and W genotypes, and that a clear majority of matings had
taken place within the groups. Based on the alleles that were
diagnostic to the two male groups, only five of the inferred matings
(6.5%) had occurred between the two groups.

Both Groups Have Genetic Differences Between Sexes. The most
striking finding was that both genetic groups W and R had large
genetic differences between the sexes. The males represented two
highly diverged gene pools (Da= 0.39; from microsatellites),
whereas the females, even though clearly separating into two
groups, were to some extent intermediate between the male gene
pools. The distance between the two female groups was D= 0.16.
In addition, the females had many alleles which the males in their
group lacked. Bayesian admixture analysis of the microsatellite data
showed that, on average, 8% of the W group female genome had
come from the gene pool of the R group (as defined by the R males)
and, on average, 36% of the R group female genome had come from
the W group (as defined by the W males; Fig. 1). Within a group,
genetic differences between the sexes arise because the females are
admixed and carry alleles originating from the other group.

Segregation of Alleles Is Not Random. The microsatellite alleles
could be divided into four categories based on their occurrence in
the two genetic groups and sexes (Table 1 and Tables S1 and S2).
Individual genotypes were examined to infer the transmission and
origin of different allele types. The first allele category included
the diagnostic alleles (35% of all the alleles) mentioned earlier
(Table 1). Eleven alleles (20%) were specific to group R. All these
alleles were only observed as heterozygotes in the R females, on
average 4.1 alleles per single female (SD = 1.6). The expected
number of such diagnostic alleles in a haploid male should equal
that in a random gamete produced by a female. Yet, the number
per single R male (mean = 4.7; SD = 1.2) was significantly larger
than expected in the randomly produced gametes (P < 10~° based
on 1 million randomly sampled haploid genomes from the female
genotype pool) and even larger than in an average diploid female.
If mating within a group and segregation of alleles were random,
many homozygous females would also be expected but were not

Table 1. The number of alleles in different categories and their occurrence in the two groups

(W and R) and sexes (gynes and males)

Mean number per individual

Allele category Total no. of alleles W males W females R females R males
Diagnostic to W 8 33 4.1 — —
Diagnostic to R 11 — — 4.1 4.7
Admixed from W to R 5 2.0 5.0 3.0 —
Admixed from R to W 3 — 0.8 2.6 0.9
Female-specific 3 0.0 0.9 1.2 —
Shared 24 1.5 23.0 22.8 1.3

The numbers of alleles per individual were calculated over the microsatellite loci. A dash indicates that no
allele was observed and 0.0 indicates that the number of observed alleles was less than 0.05 per individual.
“Shared” refers to alleles observed in gynes and males of both groups even though there were frequency
differences. One rare allele was omitted as it could not be classified.
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Fig. 1. Admixture results showing introgression in females. The males were
used to define the two gene pools (W and R) and the admixture proportions
were estimated for each gyne (n = 95) and old queen (Q; n = 23) by using the
Bayesian method implemented in BAPS. Each individual is represented by a
vertical bar. The black part indicates the fraction of the genome originating
from the W gene pool and the white part the fraction from the R gene pool.

observed. The situation in group W was somewhat similar but not
identical. There were eight alleles (15%) diagnostic to group W.
An average male carried 3.3 such alleles (SD = 1.3) and a female
4.2 (SD = 1.5). Again, the number of these alleles observed per
single male was 51gn1ﬁcantly larger than per haploid genome within
the females (P < 107°). For seven of these W-diagnostic alleles,
some homozygous females were found, but the frequencies of
these alleles were always smaller in the females (mean = 0.28) than
in the males (mean = 0.44; sign test, P ~ 0.016).

The second category included admixed alleles (15% of all), i.e.,
alleles that were shared by the two female groups but were missing
from the males of one group (Table 1). The alleles that were not
found in a male group always existed only as heterozygotes in the
females of that group, whereas homozygous females existed in the
other group. Yet, the frequency of such heterozygous females could
be high. For example, the five microsatellite alleles that were missing
from R males had an average frequency of 0.30 in R females (sig-
nificant frequency differences between the sexes for each allele, P <
0.01). Particularly, all of the R females were heterozygous for an
allele, Fe13'%, that was not found in R males (P = 10~7). Likewise,
three alleles that were missing from W males had frequencies
ranging from 0.07 to 0.18 in W females (P < 0.02 for each).

The third category was formed by the female-specific alleles
(5%; Table 1). Three microsatellite alleles and three additional
AFLP alleles were shared by the two female groups with fre-
quencies ranging from 0.08 to 0.38, but were missing from the
males. Four of these alleles were completely absent from all of the
males and two were carried only by an occasional male (frequency
of 0.01-0.02 in the males; difference between the sexes, P < 1.5 X
10~*; Table S3). For example, more than half the R females were
heterozygous for the allele Fe7°°, which was never observed in any
male. The remaining 44% of the alleles made up the fourth cat-
egory with alleles shared by the genetic groups and the sexes, even
though there could be frequency differences.

Discussion

Our results demonstrate that the females in the study population
did not represent the same gene pools as the males of their
respective group, but all of the females had a hybrid background
both morphologically and genetically. They were not simple F1
hybrids, as the admixture analysis indicated that the two male gene
pools were unequally represented in the female genomes. Fur-
thermore, individual female genotypes did not agree with the
expected frequencies of F1 hybrids, as the females were at the
same time homozygous for some alleles of their own group and
heterozygous for alleles originating from the other group. The two
groups and both sexes shared the same mtDNA haplotype, which
means that the males also had the same maternal origin and must
have an old hybrid background, even though this was not seen in
the present-day data. Our conclusions on possible hybrid males are
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restricted because the males were initially used to define the two
gene pools. However, the large genetic difference between the
male gene pools shows that recent introgression between them has
been limited. There are only a few known examples showing that
ant hybrids can develop into queens (15), and our results present a
unique case in which hybrid females regularly become queens.
Normally, hybrid female ants develop into workers whether
hybridization is local and sporadic (13, 14) or widespread and
systematic as in the Pogonomyrmex harvester ants (16).

The comparison of male and female genotypes within groups W
and R suggests TRD, which strongly depends on the sex of the off-
spring. TRD is a common consequence of hybridization (4), but sex-
specific TRD is unusual. There are three arguments supporting the
conclusion that a Formica queen transmits some alleles exclusively
to her daughters and other alleles exclusively to her sons (Fig. 2). (i)
Females were largely or exclusively heterozygous for alleles that
were specific to their own genetic group, even though these alleles
were common in the males. The frequencies of such alleles among
the females were approximately half of those among the males of the
same group. It thus seems that the females had inherited these
alleles from their fathers and transmitted them to their sons. (i)
Females were frequently heterozygous for alleles that had appa-
rently been introgressed from the other genetic group (our second
category of alleles). Yet, these females seemed to transfer these
alleles only to their daughters as the alleles were not found among
the males of that group. (iii ) There were several alleles that existed in
females of both groups but were never detected in any males. These
alleles obviously always existed in a heterozygous condition in the
females and seem to be transmitted only from mothers to daughters.
All three points contribute to an overall excess of heterozygotes in
females compared with the Hardy-Weinberg expectations. Such an
excesswas detected at 15 of 16 variable lociin group Rand at 13 of 16
loci in W (exact test, P < 0.011).

Our finding raises immediately questions concerning the origin
and maintenance of the two genetic groups and the genetic differ-
ences between the sexes within a group. Genetic distance between
the two male groupswas D4 = 0.39. Assuming that the females have
received the paternal haploid genome from a male of their own
group, as was evident in most cases of the spermathecal analysis, the
allele frequencies among the newly produced males also represent

‘90 x @°

JANS

Q OXQ

‘e O@°

Fig. 2. Hypothesized model of allele transmission. The mother transmits her
maternally inherited alleles (white circle) exclusively to her daughters and
the paternally inherited alleles (black circle) to her sons. This sex-specific
transmission could arise either from strong postzygotic selection eliminating
incompatible genotypes or prezygotic segregation of alleles into female-
forming and male-forming gametes.
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the frequencies among the fathers in the previous generation. The
gyne genotypes can thus be used to estimate the allele frequencies
among the maternal gametes. Based on these estimates (Table S4),
the maternal contributions in R and W females were genetically
closer to each other (D4 = 0.08) than either was to the male gene
pool of their own group (Da = 0.34 within R and D4 = 0.16 within
W). It is thus logical to conclude that the unusual segregation pat-
terns within the groups descend from an ancestral hybrid pop-
ulation, and the common ancestry is still seen as the genetic
similarity in that part of the genome that is transmitted along the
female lineages (i.e., from mothers to daughters). This scheme
suggests differences between maternally and paternally inherited
haploid genomes. The maternally inherited haploid genome is
admixed and contains some parts originating from the W group and
some from the R group (Fig. 3). Consequently, an allele that is found
only in the maternally transmitted haploid genome and not in the
paternal counterpart (and vice versa) can exist only in a hetero-
zygous condition in females of that genetic group. The following
questions arise: How do the paternally and maternally received
haploid genomes segregate and do they recombine?

There was some indication of recombination between the
postulated maternal and paternal haploid genomes. Six loci (three
microsatellites and three AFLPs) had female-specific alleles,
which thus must be associated with the maternally transmitted
haploid genome. At two of these loci altogether, three allelic
copies were found in males, two of them in the same male. That
male also had an intermediate position in the AFLP analysis with
an about equal distance to the W and R males. It is likely that the
male was a recombinant between the maternal and paternal
genomes in group W as all its diagnostic alleles were of type W.

Despite possible recombination, the system is stable as similar
genotypic patterns characterized successive generations (old queens
and the sperm in their spermathecae as well as newly produced
sexuals and workers). The two genetic groups stay separate from
each other as current-day mating happens mainly within the groups.
The spermathecal analysis showed a small fraction of mating
between the groups, but it is not known if these result in fertile
offspring. Furthermore, genetic differences between the sexes were
observed in the same population already two decades earlier in a
study of six allozyme loci (17). In that study, three allozyme loci (Me,
Pgk, Gpi) had alarge fraction of heterozygous queens (36-54%), yet
the less frequent alleles were completely missing from newly pro-
duced males (131 males) and had very low frequencies (0.3-3%)
among the fathers inferred from mother-offspring analyses. Two
other enzyme loci (Pep, Est) also showed large allele frequency
differences between the sexes, the allele frequency in the queens
being clearly smaller than in the males (0.11 vs. 0.23) or larger (0.48
vs. 0.19). The sixth enzyme locus (Pgrn) showed significant TRD.

wWd o WeQ RO
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Fig. 3. Schematic presentation of male (haploid) and female (diploid)
genotypes in groups R and W. Loci within each haploid genome are repre-
sented by rectangles and the color codes indicate the hypothesized origin of
alleles. Different allele categories are indicated by letters: a, shared by var-
ious haploid genomes (gray); b, diagnostic to group W (red); ¢, admixed from
W to R females (red); d, admixed from R to W females (blue); e, diagnostic to
group R (blue); f, female specific (yellow). A diploid female genome consists
of a paternal component (similar to males in that group) and maternal
component (similar in the two female groups).

-~ 0O Q o T Q©

7374 | www.pnas.org/cgi/doi/10.1073/pnas.0912409107

These observations fit the patterns detected in our present data and
show that segregation distortion and genetic differences between
the sexes have stayed in the population for decades.

What mechanisms then explain the unusual pattern of allele
transmission and the lack of hybrid features in males and their per-
sistence in females? The observed pattern could result from strong
postzygotic selection eliminating incompatible genotype combina-
tions (1-3), or alternatively prezygotic segregation could separate
paternally and maternally inherited chromosomes into different
eggs, the former producing haploid sons and the latter new females
after having been fertilized. Strong selection against hybrid males
could create large-scale differentiation between sexes, because
recessive incompatibilities can be masked in diploid heterozygous
females but not in haploid males. Consequently the hybrid males die,
but females can survive. The fact that alleles missing from males were
always heterozygous in females of the same group is in agreement
with the incompatibility hypothesis. In addition to selection against
hybrid males, strong heterosis is required for maintenance of hybrid
features in females. If the allelic combinations within and between
loci were produced at random, selection would be required to
eliminate a large proportion of offspring (e.g., 89% of R males and
37% of W males) to produce the observed genotype patterns (Table
S5). It should be noted that selection against unfit genotypes cannot
alone explain why many of the putatively ancestral group-specific
alleles did not exist as homozygotes in females.

Another alternative is that hybridization has led to the for-
mation of two independently segregating allelic sets: the maternal
set consisting of alleles transmitted from mothers exclusively to
daughters and the paternal set consisting of alleles transmitted
from mothers exclusively to sons. If maternal and paternal allelic
sets segregate at the prezygotic level and are transmitted to the
offspring as blocks with low recombination, the number of segre-
gating genotype combinations and the required mortality are
smaller. When the eggs with the paternal set remain unfertilized
and develop into sons and those with the maternal set are fertilized
and produce daughters, the females remain hybrids and the male
groups separate. Two independently segregating allelic sets could
be created because of chromosomal rearrangements. Chromoso-
mal rearrangements can contribute to speciation by reducing
recombination (18) and have been documented between and
within species. In Oenothera primroses, several reciprocal trans-
locations have led to formation of two chromosome sets that are
inherited as blocks, one block through microspores and the other
one through megaspores (19). The system has resulted in a stable
genome-wide heterozygosity, a condition that characterizes the
diploid females in our data as well. It has also been shown that
genomic imprinting can lead to TRD (20). Furthermore, these
phenomena are associated with kin conflicts, and imprinting is
predicted to be particularly strong in male haploid Hymenoptera
(21). Imprinting could provide a potential mechanism for dis-
tinction of maternal and paternal chromosome sets as has been
suggested for the primrose case (22).

Stable differences between male and female genomes in a sex-
ually reproducing animal are unique. The closest resemblance to
such sex differences can be found in little fire ants (Wasmannia
auropunctata), which demonstrate a similar outcome but a different
underlying mechanism. In little fire ants, both females and males
reproduce clonally, causing systematic differentiation between male
and female genomes (23, 24). Similar situation is also found in the
ant Vollenhovia emeryi (25). These examples, together with the
current study of Formica ants, demonstrate the flexibility of the
reproductive system in male haploid social insects (26).

In addition to the hypothesized transmission patterns, it is of
considerable interest that the population has two genetically dif-
ferent groups coexisting in the same nests. Two coexisting lineages
of hybrid origin are also known in Pogonomyrmex harvester ants.
There the queens and males represent normal Mendelian pop-
ulations of pure lineages whereas workers are hybrids between the
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lineages (27, 28). The situation in Formica ants is fundamentally
different with evident introgression in females but not in males.
The coexistence of the two genetic groups in the same Formica
colonies also complicates the genetic conflicts predicted by the kin
selection theory (29) and raises questions concerning recognition
of the lineages and potential for nepotism (30, 31).

Our findings have important implications for the genetic back-
ground of reproductive isolation and thus for speciation. If hybrid
sterility and inviability are caused by accumulation of comple-
mentary genes (32), severity of incompatibilities and the number
of genes involved are expected to increase faster than linearly with
time (33). Still, evidence for this snowball effect is lacking (34). The
mtDNA sequences of F. aquilonia and F. polyctena differ by only
1.3% (35), but one half of the nuclear markers (AFLP and
microsatellites) show diagnostic differences between the two male
groups despite the hybrid nature of the females. If this differ-
entiation reflects genetic incompatibilities, a large fraction of the
genome must be involved. Thus, our data suggest that gene flow
has multiple barriers that are scattered throughout the genome.

According to the Haldane’s rule, the heterogametic sex (i.e., XY
or ZW) is likely to suffer more from genetic incompatibilities (36).
Recently, Koevoets and Beukeboom (37) extended the Haldane’s
rule to haplodiploid organisms, suggesting that the incompatibilities
affect the hemizygous (i.e., haploid) sex. Thus, the negative effect of
hybridization in ants would be strongest in the haploid males and
would be seen on the scale of the entire genome. This is exactly what
was observed in our study population, in which genetic differ-
entiation was by far largest between the two male gene pools dem-
onstrating the extended Haldane’s rule in a natural population. If the
Formica females with apparent and complex hybrid characteristics
represent viable, independently evolving units, the results also call
for reconsideration of the importance of hybridization in speciation.

Materials and Methods

Sampling. Samples were collected from a population situated in Tvarminne,
Southern Finland, at a time period between 2004 and 2008 (Table S6). The
population is located in a 10-ha area in a small cape in a coastal area. New
reproductives, gynes (n = 95) and males (n = 97), were collected for genetic
analyses as pupae from four nests in spring 2004. They were brought to the
laboratory to eclose. Workers (n = 134) were collected as adults from all 24
nests of the population in spring 2005. Old reproductive queens from two
nests were collected in 2007 (n = 23) and from seven nests in 2008 (n = 50).
Workers (n = 54) and gynes (n = 18) were collected for morphometric analyses
in spring 2007. The reference material for morphological identification
included samples from the entire Palaearctic range, in total 410 workers from
74 F. aquilonia nests and from 50 F. polyctena nests, and 29 queens of each
species. Voucher specimens are deposited in the entomological collection of
the Senckenberg Museum of Natural History in Gorlitz, Germany.
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Genotyping. DNA was extracted with the DNAeasy Tissue Kit (Qiagen) using
the manufacturer’s protocol designed for insects. Seventeen microsatellite
markers, 81 variable AFLPs, and a 690-bp fragment of the mitochondrial
cytochrome b sequence were used. Microsatellite loci used were FE7, FE38,
FE13, FE19, FE37, FE17, FE42, FE51 (38); FL12, FL20, FL21, FL29 (39); and FY10,
FY12, FY13, FY15, FY3 (40). Loci were amplified by PCR as described in the
original reports with only small modifications. Annealing temperature and
magnesium concentration were optimized for each locus individually
(available upon request). AFLP reactions were conducted with AFLP Plant
Mapping Kit supplied by Perkin-Elmer (Applied Biosystems) using 16 of all 64
possible primer combinations and the protocol designed for small genomes
as described by the manufacturer. Cytochrome b PCR amplification was
performed with primers Cyt-Fe-F (41) and CB11449 (42) and, in addition to
these, sequenced with primers CB11059 (42) and CB11178 (42) as described
previously (42). Genotypes were resolved by gel or capillary electrophoresis
(ABI Prism 377 DNA sequencer or 3730 DNA Analyzer, Applied Biosystems)
and scored with Genotyper or Genemapper v. 4.0 software (Applied Bio-
systems). Phenotypes at one allozyme locus (Gpi) were resolved by hori-
zontal starch gel electrophoresis as described previously (17) and recorded
with a digital camera.

Morphotyping. Morphological identification of gynes and workers was carried
out by discriminant analysis of 25 and 16 quantitative phenotypic characters,
respectively, recorded by direct high-resolution stereomicroscopy as an
extension of the methods used by Seifert (43). Confidence of clustering was
confirmed by leave-one-out cross-validation (44).

Genetic Data Analysis. The basic analyses (e.g., allele frequencies) of the
microsatellite data were done by the program GENEPOP (45). Bayesian clus-
tering of genotypes was carried out by the mixture analysis using BAPS soft-
ware (46) and in some cases Structure (47) and the AK method (48). The
Bayesian clustering algorithms were run with k ranging from 1 to 10 and in
Structure admixture model with correlated allele frequencies (10 runs for each
k, burn-in 20,000 and run length 80,000) was used. The assignment of gynes
into groups W and Ris based on microsatellites and was done by calculating for
each female the likelihood (Lyw and Lg) that its genotype arises from the
respective gene pool as defined by the males. The likelihood was calculated as
a probability that the female’s multilocus genotype derives from the allele
frequencies of either of the gene pools. Frequency of 0.02 was used for missing
alleles. The LR was calculated as In(Lw/Lg). The admixture analysis was carried
out in BAPS by allowing the male allele frequencies define the parental
populations. The genetic distances were estimated from the microsatellite
data as the Nei D, (49) and the SEs were obtained by jackknifing over the loci.
Other statistical tests involved t test, exact tests, and comparisons against a
simulated distribution.
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