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Hybridization is not a mere reproductive dead end but has been
suggested to play a central role in speciation, for example, by
introducing adaptive genetic variation. Our previous study un-
covered a unique consequence of hybridization in Formica ants. In
a population including two isolated but partially introgressed ge-
netic groups, the females have an apparent hybrid background,
whereas the males do not. This situation results in large-scale differ-
ences between male and female genomes that are stable through-
out generations. Here, we compare genotypes from different
developmental stages to investigate how sex-specific introgression
and genetic differences between sexes are maintained. We show
that strong selection rather than sex-dependent transmission main-
tains the genetic differences between sexes. All genotype combina-
tions are produced and observed in the eggs of both sexes, but the
alleles acquired through hybridization disappear from the haploid
males during development from egg to adult as their frequencies
drop toward zero. However, the same introgressed alleles increase
in frequency and are favored when heterozygous in the females.
Genotypes eliminated from males most likely represent incompati-
bilities arising from hybridization. Our results show an unusual sit-
uation of opposite selection, where introgression is favored in
diploid females but selected against in haploid males. This finding
suggests that introgressed genomic regions harbor both fitness-en-
hancing and -reducing elements. Our work highlights the complex
consequences of hybridization and provides a rare opportunity to
observe natural selection in real time in nature.
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Recent studies suggest hybridization in animals to be more
common than previously thought and play a role in both

speciation and adaptation (1–3). Toward the end of the specia-
tion process, hybridization commonly leads to inviability and
reduced fertility because of incompatible epistatic interactions
between genes from different species (4–6). Alternatively, it can
result in adaptive introgression of genetic material across the
species boundary, where fitness-enhancing gene complexes are
transferred from one taxon into another (2, 3).
Ants offer unique opportunities to study the process of speci-

ation. Because of sociality and haplodiploidy, some of the con-
sequences of hybridization in ants differ from those in other
species. Ants are haplodiploid, as the females (queens and
workers) develop through normal sexual reproduction and are
diploid, whereas the males develop from unfertilized eggs and are
haploid. Therefore, even if a female mates with a male of another
species, her haploid sons are not hybrids (7). Furthermore, hap-
loid sons of a hybrid female reveal both recessive and dominant
hybrid incompatibilities genome-wide. Haploid male hybrids lack
the intact genome of both parental species and thus, face the in-
compatibility problems seen in F2 hybrids or backcrossed indi-
viduals of a diploid species (8, 9). These findings are in accordance
with Haldane’s rule, which suggests that the effect of hybrid in-
compatibilities is strongest in not only the heterogametic but also,
the hemizygous (haploid) sex (10). In previously described cases of
ant hybridization, the workers are hybrids, but reproductive indi-
viduals are produced by mating within a pure line or a species as,

for example, in the Pogonomyrmex harvester ants (11) and Sol-
enopsis fire ants (12). Another system (dubbed social hybrido-
genesis) has been described in Cataglyphis desert ants, where new
queens are produced parthenogenetically, whereas workers are
hybrids between two genetic lineages (13).
Our earlier study based on a population sample of adults

revealed yet another exceptional example of hybridization in
ants. The population has a history of hybridization between the
mound-building wood ants Formica aquilonia and Formica pol-
yctena (9), which has resulted in two genetic groups (R and W)
that occupy the same nests and both have diagnostic alleles of
their own (Fig. 1). The past history of hybridization has led to
introgression of alleles between the groups in such a way that
alleles present in one genetic group are also found in the diploid
individuals (i.e., females) but not the haploid males of the other
genetic group (Fig. 1). In other words, the females (both workers
and queens) are apparent hybrids, but the males are not.
The parental species of this hybrid population belong to the

recently speciated Formica rufa group. At the European scale,
F. polyctena is a southern species, whereas F. aquilonia has a bor-
eoalpine distribution occurring in northern and mountainous areas.
Their distributions overlap in southern Finland, where our study
population is also located. Hybridization may readily take place in
their sympatric populations, and the ants are taxonomically difficult
to identify (14). Therefore, finding pure parental populations for
comparative purposes is difficult. Furthermore, both F. polyctena
and F. aquilonia form large supercolonies, a single nest containing
many and up to hundreds of queens. The parental species can show
large genetic differences within a species even locally because of
founder effects and restricted dispersal (15).
Introgression into females but not into males is compatible with

Haldane’s rule and has resulted in large-scale genetic differences be-
tween sexes within the two groups, R andW, of the hybrid population.

Significance

Hybridization in animals has commonly been considered rare. In
contrast, recent studies suggest hybridization to play a central
role in both speciation and adaptation. This work highlights
a complex process resulting from hybridization; exchange of
genomic regions between species in Formica wood ants is at the
same time selected for and against, leading to an intragenomic
conflict and extremely strong natural selection. The results sug-
gest that the genomic regions acquired through hybridization
harbor both incompatibilities and adaptive genetic variation. Our
study has implications for the genomic architecture of speciation
and argues for incorporating adaptive introgression into the
current models of genomic divergence.
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Mating and sexual reproductionwithin a group shouldwipe out such
genetic differences within a few generations. The intriguing question
thus remains: how are genetic differences between the sexes within
the genetic groups created and maintained? Here, we will test two
hypotheses that were proposed to explain the situation (9).
The selection hypothesis predicts that the genetic differences

between male and female genomes result from strong postzygotic
selection eliminating incompatible genotype combinations. Strong
selection against hybrid males could create large-scale differentia-
tion between sexes, because recessive incompatibilities can be
masked in diploid heterozygous females but not haploid males.
Consequently, the hybrid males die, but females can survive. The
observed genotype frequencies in the adult ants suggest that se-
lection should be very strong and eliminate even most of the off-
spring genotypes depending on the genetic group and the sex (9).
The segregation hypothesis proposes that hybridization has led

to the formation of two independently segregating allelic sets, one
of which is always transmitted from the mother queens to their
sons and the other one is always transmitted to daughters (as if
females would be of type XY and males would be of type Y).
When the allelic set transmitted to future daughters (X) is fertil-
ized by sperm carrying the paternal complement (Y), the females
remain hybrids, and differentiation between sexes is maintained.
Two independently segregating allelic sets could be created by
chromosomal rearrangements, which can contribute to hybrid in-
compatibilities and reproductive isolation (16, 17).

Results
Alleles Segregate to Eggs at Random. To test the segregation hy-
pothesis, we established 70 laboratory colonies, each headed by
a single old queen (i.e., egg-laying queen from a colony) collected
from the field in early spring. The queens were later genotyped;
44 queens belonged to the group W, and 24 queens belonged to
group R. Two queens could not be included in either group, be-
cause they lacked diagnostic alleles (Table S1). We further geno-
typed the spermathecal content of each queen and 10–15 eggs per
queen to study mating patterns and the segregation of the alleles
from heterozygous queens. Under the segregation hypothesis, we
expected that some alleles enter preferentially into unfertilized
haploid (male) and others enter preferentially into fertilized diploid
(female) eggs (as specified in Table S2). In detail, the alleles that
are present in males and only as heterozygotes in adult females of
the same genetic group were expected to be transmitted to haploid
male eggs. Conversely, the alleles that were found as heterozygotes
in females but not at all (or only exceptionally) in adult males were
expected to be transmitted to diploid eggs (details in ref. 9).
Specifically, 19 alleles (6 alleles in group W, 10 alleles in group

R, and 3 alleles in both groups) should segregate differentially into

the haploid and diploid eggs based on the adult genotypes of our
previous study (9). We tested whether segregation of these alleles
to eggs departs from random by using a one-sided test, where the
counterhypothesis is the sex-specific distortion indicated in Table
S2. The probabilities combined over families showed no significant
overall departure from random segregation for any of the alleles
(all P values > 0.1) (Table S2). In fact, the observed bias, if any, was
opposite to that predicted by the segregation hypothesis (Table S3).
We also combined the probabilities over loci for each family to see
if any of the queens showed a systematic segregation distortion
(Table S4). Two significant departures from random segregation (at
the level P < 0.05) were observed for 59 queens with informative
brood, but none of the tests remained significant when correcting
for multiple testing. Thus, a queen transmits her alleles at equal
probabilities to both diploid (female) and haploid (male) eggs.
The family data of double heterozygous queens were also used

to test for linkage of the loci. After correcting for multiple tests,
none of the pairwise locus comparisons showed a significant
departure from random combination of alleles (Table S5). The
estimated proportion of putative recombinant eggs under the set
assumption was close to 50%, which was expected under the null
hypothesis (Table S5). Thus, the loci can be considered to be
unlinked and segregate to eggs independently of each other.
Based on these results, we can reject the segregation hypothesis.

Two Genetic Groups and Gene Flow Between Them.Next, we inferred
the mating type for each of 68 old queens (i.e., whether mating is
within or between the two genetic groups). Combining the in-
formation from the spermathecae and eggs indicated that at least
19 queens had mated with two males. We detected only one clear
case of mating between the two genetic groups, where all 13
diploid eggs of an R queen had been fertilized by a single W male
and alleles in the spermatheca matched those in the eggs (SI Text).
In conclusion, only 1 of 68 queens had mated with a male from the
other genetic group, or 1 of 87 matings was between the groups W
and R. Thus, these data indicate less potential gene flow between
the groups than previously estimated (9).
The population samples included some diploid individuals that

carried diagnostic alleles of both genetic groups and were likely
hybrids produced by mating between the groups R and W. They
were mostly found in one laboratory culture that had at least 20
old queens collected from a single nest, with the frequency of
putative hybrids among the offspring being 87.5% (42 of 48
worker larvae and pupae). Otherwise, the proportion of such
hybrids in the field samples was 7.3% (7 of 96) among the adult
workers sampled in 1996 and 1.5% (13 of 863; 6 larvae, 5 pupae,
and 2 adult workers) in the diploid females sampled between
2004 and 2011, but none of them were adult queens. No haploid
males carried diagnostic alleles from both groups, meaning that
we did not observe any males that would have been produced by
a queen that is an F1 hybrid between the two groups. In con-
clusion, although the groups R and W have a hybrid history, our
data suggest that current gene flow between the groups is low.

Genotypic Selection Within a Genetic Group. Our data indicate that
mothers transmit alleles equally to both haploid male and diploid
female eggs, thus rejecting the segregation hypothesis. According to
the selection hypothesis, genetic differences between sexes could be
maintained if the alleles that have been introgressed from the other
genetic group are eliminated from males at a later developmental
stage. If this elimination happened, adult males would not carry such
introgressed alleles, and females could have them only as heterozy-
gous. To test the selection hypothesis, we estimated allele and ge-
notype frequencies in larvae (n = 252), pupae (n = 242), adults (i.e.,
workers, young queens, and males; n = 413), and actual repro-
ductives (i.e., old queens and spermathecae; n = 155) to infer pos-
sible selective changes between the different developmental stages.
Haploid male eggs carried introgressed alleles with high fre-

quencies, but they disappeared during development already at
early stages (Figs. 2 and 3, Table 1, and Tables S6 and S7). The
frequency of every introgressed allele clearly declined in males

Group Group R W
female female malemale

1.

2.
3.

4.

Fig. 1. Schematic representation of the male (haploid) and the female (dip-
loid) genomes in the two genetic groups (R and W) of the hybrid ant pop-
ulation. Red rectangles represent genome areas originating from the R group,
and blue rectangles represents genome areas originating from the W group.
Allele categories are (1) allele diagnostic to W, (2) allele introgressed from W
to R, (3) allele introgressed from R to W, and (4) allele diagnostic to R. In-
trogression is apparent in the females of both groups but not in the males.
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from egg/larval stage to adults (including the reproductives) from
0.09–0.42 to zero in R males (five alleles) (Fig. 2B and Table S6) or
from 0.19–0.23 to close to zero in W males (two alleles) (Fig. 3B
and Table S6). The number of introgressed alleles per haploid
male dropped significantly from 0.77 in eggs to 0 in adult R males
(Table 1) and from 0.33 to 0.05 in W males (Table S7). Variation
among the developmental stages was significant in both genetic
groups. Because the eggs laid by a single queen do not provide
independent data points, the tests were done by selecting randomly
one haploid egg from those genotyped from each queen and re-
peating the resampling 1,000 times. All of the tests were significant
in both genetic groups at the 5% level.
The fraction of haploid males carrying any introgressed alleles

dropped from 60% in eggs (n = 23) to 1% in adult males (n = 100)
and 0% in reproductive males (n = 27) in the R group and from
29% (n = 151) to 9% (n = 128) and 5% (n = 60) in the W group.
Based on these frequencies, the introgressed alleles (or linked ge-
nomic sequences) are lethal in the R group, and more than one-
half of the haploid eggs are apparently lost. Likewise, the fitness (w)
of males with introgressed alleles is 0.13 in the W group (compared
with fitness = 1 for other males) to cause a frequency change from
x0 = 0.29 to x1 = 0.05 (w = [x1(1 − x0)]/[(1 − x1)x0]) (SI Text).
Diploid females also experienced selection, because genotypes

present at the egg stage were absent in adults (9). Based on our
earlier study, five alleles diagnostic for the R group are present
only as heterozygotes in adult R females. Both R males and
females transmit these alleles to diploid eggs, and homozygotes
are formed. The number of such homozygous loci per diploid
female showed significant variation among the developmental
stages (Table 1), with all of the resampled (i.e., one diploid egg
per mother) χ2 values being significant at least at the 5% level.
R eggs had, on average, 0.74 loci homozygous for a diagnostic
allele. The corresponding number was 0.12–0.33 in adults and
0.0 in old queens (Table 1), and developmental stages differed
significantly from each other (χ2 = 49.7, df = 8, P < 0.0001)

(SI Text). All five R-diagnostic alleles showed a decline in the
frequency of homozygous diploid females from the egg/larval
stage to adults (Fig. 2E and Tables S8 and S9) in the R group.
Genotypes heterozygous for these same alleles did not show such
declines (Fig. 2F), but the overall frequencies of diagnostic
alleles in females declined (Fig. 2C). Thus, alleles diagnostic for
the R group behave as recessive deleterious alleles, because
homozygotes are progressively lost during development.
In W females, the frequencies of diagnostic alleles were lower

than in R. Thus, there were fewer homozygous eggs to begin with
and also less elimination. There is also significant variation among
the developmental stages in W group (SI Text), and three of four
diagnostic alleles show a decline in the frequency of homozygotes
from the egg/larval stage to adults (Fig. 3E and Tables S8 and S9),
although the decline is not as steep as in group R. In both R and
W groups, the frequencies of diagnostic alleles decrease in both
workers and queens (Table 1 and Tables S7 and S10).
While diagnostic homozygotes decline, the proportion of het-

erozygous females increases. These changes did not, however,
affect all heterozygous genotypes equally. The number of loci
heterozygous for introgressed alleles per female increased in the R
group (Fig. 4A, Table 1, and Tables S11 and S12), with the de-
velopmental stages differing significantly from each other
(χ2 = 102.0, df = 12, P < 0.0001). All old queens (n = 24) and
72% of the other diploid females (n = 149) in group R had at
least two loci heterozygous for introgressed alleles. The pro-
portion of such individuals in the R eggs (n = 215) was 30%.
Thus, selection seems to favor females heterozygous for foreign
alleles (i.e., hybrid females). The trends in W females were not as
strong as in R females (Fig. 4B). However, the average number
of homozygous diagnostic loci per W female dropped from eggs
(0.39) to adults (0.17 in workers and 0.30 in young queens) and
further to old queens (0.02) (Table S7). Likewise, the number of
loci heterozygous for introgressed alleles increased in W females
from 0.47 in eggs to 1.02 in old queens (Tables S8 and S9).
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In summary, the females as well as the males experience strong
selection. In the R group, only 16% of the eggs, 27% of the larvae,
29% of the pupae, and 65% of the adults (Tables S8 and S9)
represent genotypes that are present in the old egg-laying queens
(combining the elimination of the diagnostic homozygotes and the
increase in the number of introgressed alleles as heterozygotes).
These results indicate that 71–84% of the genotypes present in
early developmental stages do not enter the reproductive gene
pool. In the W group, 98% of the reproductive queens had no
diagnostic alleles as homozygotes. The corresponding frequency
was 80% in other adult ants, 57% in pupae, 73% in larvae, and
65% in eggs (Tables S8 and S9). If the change from eggs to adults
and reproductive queens is caused by selection, the relative fitness
of individuals carrying such homozygous loci should be less than
0.5, and about one-third of the eggs belong to that category.

Discussion
Our earlier study (9) found extraordinary genetic patterns of
introgression in a hybrid wood ant population with two coexisting
genetic groups (R and W). These two groups are not only both
hybrids, but also, each can be considered to be a distinct hybrid
species, because a total of 19 (35%) alleles were diagnostic to
either group and 27 (49%) alleles were diagnostic comparing only
the males of the two groups (17 microsatellite loci; total of 55
alleles). Past hybridization has resulted in mutual introgression of
some alleles to the females but not to the males of the other
species. As a result, females carry alleles not detected in conspe-
cific adult males. In addition, adult females also lack homozygous
genotypes for many alleles that are diagnostic for their own ge-
netic group, although such homozygotes would be expected from
random mating with conspecifics and were here detected in eggs.
These departures from the expected genotype frequencies lead to
strong differences between male and female genomes, which were
hypothesized to result from either prezygotic sex-specific segregation
distortion or postzygotic selection among the genotypes (9). These
results clearly support the selection hypothesis, because some

genotypes are lost during the individual development, whereas
some are favored. Interestingly, selection is opposite in males
and females in such a way that introgression is favored in the
diploid females but selected against in the haploid males. Dif-
ferential selection in haploid and diploid genomes suggests that
the introgressed genomic regions harbor both fitness-enhancing
and -reducing elements.

No Support for Segregation Hypothesis. The segregation hypothesis
predicts that the queen should transfer her paternally and ma-
ternally derived haploid genome complements to haploid and
diploid eggs, respectively, without recombination. Cytological
mechanisms allowing the segregation hypothesis exist (16), but our
family data refute the hypothesis in the case of Formica hybrids,
because the alleles from heterozygous queens segregate randomly
to both haploid and diploid eggs. The egg genotypes, both haploid

Table 1. Frequencies of different genotypes in genetic group R

Genotype and developmental stage N

No. of loci with the specified genotype per individual
Mean per
individual0 1 2 3 4 5

Haploid males
Introgressed alleles

Eggs 23 0.40 0.47 0.09 0.04 0 0 0.77
Larvae 6 0.50 0.17 0.33 0 0 0 0.83
Pupae 0 — — — — — — —

Adults 100 0.99 0.01 0 0 0 0 0.01
Reproductive fathers 27 1.00 0 0 0 0 0 0.00

Diploid females
Heterozygote for an introgressed allele

Eggs 215 0.21 0.49 0.24 0.05 0.01 0 1.14
Worker larvae 71 0.14 0.44 0.28 0.11 0.03 0 1.45
Queen larvae 78 0.12 0.44 0.31 0.12 0.03 0 1.50
Worker pupae 113 0.13 0.38 0.33 0.13 0.03 0 1.54
Queen pupae 36 0.17 0.39 0.28 0.08 0.08 0 1.53
Adult workers 123 0.12 0.19 0.40 0.16 0.09 0.03 2.00
Young queens 26 0 0.12 0.27 0.31 0.23 0.08 2.88
Old queens 24 0 0 0.59 0.18 0.23 0 2.64

Homozygote for a diagnostic allele
Eggs 215 0.46 0.37 0.14 0.03 0 0 0.74
Worker larvae 71 0.54 0.39 0.06 0.01 0 0 0.54
Queen larvae 78 0.47 0.39 0.14 0 0 0 0.67
Worker pupae 113 0.56 0.35 0.09 0.01 0 0 0.56
Queen pupae 36 0.69 0.28 0.03 0 0 0 0.33
Adult workers 123 0.74 0.20 0.05 0.01 0 0 0.33
Young queens 26 0.96 0 0 0.04 0 0 0.12
Old queens 24 1.00 0 0 0 0 0 0.00
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Fig. 4. Frequency changes of heterozygous genotypes through developmental
stages in (A) R females and (B) W females. The values are scaled by setting the
frequency in eggs equal to one, and error bars (1 SE) are calculated by boot-
strapping. The different heterozygotes are D/I (one diagnostic and one intro-
gressed allele), I/− (one introgressed allele and any other allele that is not
diagnostic), and D/− (one diagnostic allele and any other allele that is neither
diagnostic nor introgressed). The increase of heterozygotes with introgressed
alleles indicates that hybrid females are favored in group R.
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and diploid, in our Formica data are compatible with Mendelian
segregation from their mother, also ruling out clonal reproduction
such as that maintaining genetic differentiation between the sexes
in the little fire ant Wasmannia auropunctata (18).

Opposite Selection in Males and Females. According to the selection
hypothesis, the genetic differences between the sexes within a ge-
netic group and the departures of genotype frequencies from those
expected under random mating arise from strong selection among
the genotypes, some genotypes being practically lethal. Significant
directional changes in genotype frequencies, as a function of de-
velopmental stage in both genetic groups R and W, clearly support
the selection hypothesis. We could not follow these changes within
a single cohort of individuals, but pooling genotypes from different
nests and time points makes the data genetically representative at
the population level. Each nest may have a large number, even
hundreds, of reproductive queens, and therefore, the within-nest
relatedness is close to zero (19). Thus, although queens were here
sampled from relatively few nests, individuals collected from the
same nest are likely to represent many different families.
Alleles introgressed from the other genetic group (Fig. 1) (i.e.,

have a hybrid origin) are strongly selected against in both W and
R males. Selection is consistent at different loci, and eight alleles
(five introgressed alleles and three other alleles) are completely
lost from the R males. The ultimate reason for the elimination of
these genotypes could either be intrinsic, leading to inviability or
sterility, or extrinsic, where the hybrids suffer lower fitness for
ecological reasons (20). Frequency changes at individual loci
show that males carrying introgressed alleles mainly disappear
early in development (larval stages) in the R group, whereas in
the W group, the frequencies decrease gradually (Table S7). This
result suggests inviability of hybrid males, which especially in the
R group, could be linked to developmental difficulties. Inviability
but also behavioral and spermatogenic sterility of hybrid males
have been shown in the haplodiploid genus Nasonia (8). Exam-
ples of hybrid inviability outside haplodiploids are numerous and
intensely studied, for example, in Drosophila (21, 22).
Interestingly, diploid females heterozygous for the introgressed

alleles are favored in the R group, because the proportion of loci
heterozygous for introgressed alleles per female increased during
development (Fig. 4A). Apparently, the more hybrid-like the queen,
the better its fitness. Furthermore, these results suggest that the
same alleles or genomic regions that are selected against in males
have apparent heterotic effects in females. Heterosis is a common
consequence of hybridization (23, 24), but this type of antagonistic
situation, where the same alleles or genomic regions have opposite
effects in different sexes or between haploid and diploid genomes,
is unique. Selection for introgression heterozygotes among W
females is not as strong as among R females (Fig. 4B), suggesting
that the consequences of hybridization are asymmetric.
Another type of selection in females takes place by elimination

of individuals homozygous for alleles diagnostic to their own
group. Selection against such putatively parental alleles is sur-
prising but could be caused by the facts that the diploid females
have high heterozygosities and their genomes are historically of
hybrid type. When females in both groups have a strong hybrid
background, it could create incompatibilities with loci homozy-
gous for one of the parental gene pools (i.e., loci homozygous for
diagnostic alleles). These data show that there is no single de-
velopmental stage where the homozygotes especially suffer, but
their frequencies decline gradually and consistently at different
loci. Selection in the females, especially in queens but also
workers, seems, thus, as strong as in the males, although for
different reasons.

Possible Long-Term Consequences of Selection. Our results indicate
a potential benefit of extreme polygyny or supercolonialism for
hybrid individuals, because the hybrid population persists despite
extremely strong selection. A likely explanation is that the
presence of several hundred long-lived queens in a nest produces
a reproductive excess, where more offspring are born than

necessary for colony survival. Selection is stronger in the R
group, and it also suffers more problems in worker production.
Indeed, the R group is rarer in the population, being present in
19% of the nests (9), whereas the W group is present in all of
the nests. The survival of the R group in this population may,
thus, depend on its ability to share nests with the W group and
use W workers for colony maintenance. There is also a possi-
bility that the observed selection depends, at least partly, on the
social context in such a way that worker ants selectively remove
developing brood based on some genetically determined cues.
If that is the case, the lower frequency of the R group could
lead to stronger selection among R females, with W workers
favoring those with introgressed alleles and removing those that
are homozygous for R-diagnostic alleles. It is, however, hard
to see how that would cause selection in the opposite direction
in R males.

Haldane’s Rule and the Underlying Causes. The above results are
compatible with the extended Haldane’s rule (10, 25), accord-
ing to which incompatibilities arising from hybridization are
stronger in the heterogametic or hemizygous (i.e., haploid) sex.
Several genetic scenarios can lead to Haldane’s rule, the most
supported ones being the dominance theory and the faster male
theory (26). Our results support the dominance theory. The
faster male hypothesis predicts that male traits evolve faster
than female traits because of strong sexual selection in males
(20, 27). Thus, hybrid females are not expected to suffer from
incompatibilities at all, because male-expressed genes are not
expected to affect females (20). This expectation contrasts our
data, where we also see selection in hybrid females. Further-
more, the faster male theory predicts sterility of males rather
than inviability (10, 20), but our data show inviability of hybrid
males. The dominance theory remains a plausible explanation,
because our data show selection against recessive incompatibilities
in haploid males.

Factors Underlying Speciation. What do these data reveal about
factors restricting introgression and contributing to speciation?
The parental species of this hybrid population are F. aquilonia
and F. polyctena (9), which probably diverged during the last 0.5
My (28). During this time, these species have not completely lost
the ability to produce viable hybrids, but they have developed
both pre- and postzygotic isolation. The segregation analysis
shows that individual marker loci affected by selection are not
linked. This observation means that the loci underlying in-
compatibilities and creating the postzygotic isolation are scat-
tered in the genome and not organized in a few genomic islands
of speciation, which is found in Anopheles gambiae strains (29,
30) and Heliconius butterflies (31).
In addition to postzygotic genetic incompatibilities, the two

genetic groups of Formica also showed strong prezygotic iso-
lation, because the fraction of intergroup mating is 1–2%. It
should be emphasized that opportunities for mixed mating exist,
because the two groups share nests, and sexuals of both groups
are produced in the same nests and have been collected on the
same day. Interestingly, in one of our laboratory cultures, nearly
90% of the offspring were new diploid hybrids produced from
intergroup matings. The presence of intergroup hybrids in lab-
oratory conditions but the lack of them in natural conditions
could suggest that environmental factors play a role in hybrid
female survival.
The buildup of genomic divergence along the speciation

continuum is a topic of current studies (32–34). These studies
have emphasized the need for a genome-wide perspective,
combining the effects of multiple loci (32). However, the models
of divergence and genomic hitchhiking emphasize only nega-
tively and neutrally selected genome areas (32, 33). Our results
show that the same genomic regions enhance fitness when het-
erozygous (heterosis) but are virtually lethal when hemizygous
(recessive hybrid incompatibilities). This finding suggests that
some loci are selected both positively and negatively depending
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on context or perhaps more likely, that positively and negatively
selected loci are linked within the genome. When hybridization
results in the introgression of large chromosome blocks, these
blocks likely harbor incompatibilities as well as adaptive varia-
tion. Such selection is likely in diplodiploid organisms but would
be more difficult to observe.
These discoveries have implications for the current discussions

on the source of adaptive genetic variation. Adaptation has
mainly been thought to arise from standing genetic variation or
new mutations (35). However, a third alternative exists: adaptive
introgression (2, 3, 36). Our results show a strong case of adaptive
introgression, where we can document the ancestry of the alleles
and their fitness effects throughout different developmental
stages. In taxa, where hybridization is common, introgression may
serve as an important source of adaptive genetic variation (1, 36).
Future studies within the recently speciated F. rufa group with
several hybridizing species will show if adaptive introgression is
a common process within this taxon.

Materials and Methods
Sampling. To study the transmission ofmaternal alleles, old egg-laying queens
were collected in the spring from a hybrid population situated in Tvärminne,
southern Finland from two nests in 2007 (n = 23) and seven nests in 2008
(n = 50). In the laboratory, one queen and several workers with nest material
were put into each nest box. Ten to fifteen eggs or very young embryos (0–3
d old) were collected and genotyped per each queen. Eggs could be col-
lected from 70 queens. Also, the queen and its spermathecal content were
genotyped. We have been unsuccessful in raising males and queens in lab-
oratory conditions. Thus, to study the viability of different genotypes, indi-
viduals from different developmental stages were collected from the field
between 2008 and 2011, including sexual larvae (n = 166), sexual pupae (n =
127), worker larvae (n = 89), worker pupae (n = 149), adult females (n = 235),

adult males (n = 224), and adult workers (n = 307). All of the samples used in
this study are listed in Table S1.

Genotyping and Data Analysis.DNAwas extractedwith the DNAeasy Tissue Kit
(Qiagen) using the manufacturer’s protocol designed for insects. The samples
were genotyped in the nine most informative microsatellite loci (i.e., loci
that had the largest numbers of alleles and most diagnostic and introgressed
alleles and thus, showed the differences between the two genetic groups
most clearly). Microsatellite loci used were FE7, FE13, FE19, FE17 (37), and
FL29 (38) as well as FY12, FY13, FY15, and FY3 (39) (Table S13). Individuals
were assigned into the groups R and W on the basis of diagnostic alleles (i.e.,
alleles that exist only in one of the groups). The basic analyses (e.g., allele
frequencies) of the microsatellite data were done by the program GENEPOP
(40), and additional analyses were done with programs written specially for
this project (Dataset S1). Random segregation of maternal alleles from
heterozygous queens was tested with a one-sided test, where the alterna-
tive hypothesis is the sex-specific distortion indicated in Table S2. The link-
age between loci was tested under the segregation hypothesis. The linkage
phase in double heterozygous queens is unknown. Therefore, we assumed
that the linkage phase followed the segregation hypothesis and combined
the data from different families. The probability of random segregation was
calculated separately for each locus and family, and these probabilities were
combined using the Fisher method (χ2 = −2ΣlogP). We also combined the
probabilities by using the z transformation (41). The problem of multiple
testing was controlled by adjusting the significance level using Bonferroni
correction (0.05/ntests). More details on methods are in SI Text.
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