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Abstract 

Hybridization and gene flow between diverging lineages is increasingly recognized as a 

common evolutionary process and its consequences can vary from hybrid breakdown to 

adaptive introgression. We have previously found a population of wood ant hybrids between 

Formica aquilonia and F. polyctena that shows antagonistic effects of hybridization: females 

with introgressed alleles show hybrid vigour, whereas males with the same alleles show 

hybrid breakdown. Here we investigate whether hybridization is a general phenomenon in 

this species pair, and analyze 647 worker samples from 16 localities in Finland using 

microsatellite markers and a 1200 bp mitochondrial sequence. Our results show that 27 

sampled nests contained parental-like gene pools (six putative F. polyctena and 21 putative F. 

aquilonia) and all remaining nests (69), from nine localities, contained hybrids of varying 

degrees. Patterns of genetic variation suggest these hybrids arise from several hybridization 

events or, instead, have backcrossed to the parental gene pools to varying extents. In contrast 

to expectations, the mitochondrial haplotypes of the parental species were not randomly 

distributed among the hybrids. Instead, nests that were closer to parental-like F. aquilonia for 

nuclear markers preferentially had F. polyctena’s mitochondria and vice versa. This 

systematic pattern suggests there may be underlying selection favoring cytonuclear mismatch 
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and hybridization. We also found a new hybrid locality with strong genetic differences 

between the sexes similar to those predicted under antagonistic selection on male and female 

hybrids. Further studies are needed to determine the selective forces that act on male and 

female genomes in these newly discovered hybrids.  

 

Introduction 

 

Speciation is a continuum (Butlin et al. 2008) and a process dividing populations into 

reproductively isolated lineages, which usually happens over long evolutionary time scales. 

Gene flow during species divergence was once considered to be rare, especially in animals, 

but studies over the last decade suggest that hybridization may be more ubiquitous than we 

ever thought (Mallet 2007; Heliconius Genome Consortium 2012; Trigo et al. 2013; Abbott 

et al. 2013). As suggested by Abbott et al. (2013), “If hybridization is defined as reproduction 

between members of genetically distinct populations (Barton & Hewitt, 1985), producing 

offspring of mixed ancestry, then it occurs in almost all proposed processes of speciation”. 

Hybridization, and the resulting gene flow, bring together genetic material from two 

independently evolving genomes. For this reason hybrids can reveal incompatibilities 

between the parental genomes resulting in reduced hybrid fitness or hybrid breakdown in 

later generations, but the new allelic combinations could also be adaptive. 

 

The impacts of hybridization can range from hybrid inviability and / or sterility (Bateson 

1909; Dobzhansky 1936; Muller 1942; Barreto et al. 2015) to reverse speciation (Rudman & 

Schluter 2016), through adaptive introgression (Song et al. 2011; Heliconius Genome 

Consortium 2012) and even the formation of entirely new species through hybrid speciation 

(Rieseberg 1997; Schwarz 2005; Mavarez et al. 2006; Mavarez & Linares 2008; Abbott et al. 
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2013; Capblancq et al. 2015). For example, closely related Heliconius butterfly species have 

exchanged protective colour-pattern genes promiscuously, implying that hybridization has an 

important role in the evolution of major adaptive traits within this group (Heliconius genome 

consortium 2012). Similarly, in a laboratory study on Cobitis fish, hybridization between 

diverging populations triggered clonal reproduction in a small proportion of the crosses 

(Choleva et al. 2012). Thus, the outcomes of hybridization likely depend on the stage of the 

speciation continuum (Seehausen et al. 2014), but we are still poorly positioned to explain the 

conditions under which one outcome is more likely than another. Importantly, the 

consequences of hybridization may vary across the genome, even within a single 

hybridization event, in such a way that gene flow between diverging populations has both 

deleterious and adaptive consequences (Song et al 2011; Janoušek et al. 2012; Martin et al. 

2013; Kulmuni & Pamilo 2014). With the available genome-scans in many model systems, it 

now becomes possible to characterize regions of reduced gene flow and adaptive 

introgression simultaneously (Payseur & Rieseberg 2016). 

 

Hymenopteran insects offer a promising model system to study the role of hybridization in 

speciation due to being haplodiploid. Females develop from fertilized eggs and are diploid, 

but males are haploid and develop from unfertilized eggs. As a result the outcomes of 

hybridization among divergent populations of Hymenoptera are often different compared to 

diplodiploid organisms (Umphrey 2006; Feldhaar et al. 2008). Importantly, natural selection 

operates differently in haploid and diploid genomes (Avery 1984; Werren 1993; Muirhead & 

Presgraves 2016). All recessive alleles are exposed to selection in haploids, whereas the same 

alleles are masked in diploids. In the context of hybridization, this means that both beneficial 

and deleterious recessive allelic combinations are selected more strongly in haploid males 

than diploid females. In accordance with Haldane’s rule (Haldane 1922), hybrid breakdown 
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should affect the hemizygous sex (i.e. haploid males) disproportionately, and this has been 

confirmed by recent studies in haplodiploids (Koevoets & Beukeboom 2009; Kulmuni et al. 

2010; Beukeboom et al. 2015). Hybrid breakdown may be due to failing interactions between 

two or more nuclear loci (nucleo-nuclear) or between cytoplasmic and nuclear loci 

(cytonuclear). However, both types of incompatibilities should result in differential selection 

between males and females because of haplodiploidy. 

 

The red wood ants of the Formica rufa group (or Formica s. str. Stockan et al. 2016) are 

dominant species in boreal coniferous forests. Genetic divergence within the Formica rufa 

group is very low (< 2% in mitochondria), and the species are estimated to have diverged 

only in the last 500ky, possibly while residing in different glacial refugia (Goropashnaya et 

al. 2004a). The species Formica aquilonia and F. lugubris have boreo-alpine distributions, 

whereas the distributions of F. polyctena, F. pratensis and F. rufa are more southern or at 

lower altitudes (Stockan et al. 2016). The aforementioned five species of F. rufa group occur 

sympatrically in Southern Finland, and they have been shown to hybridize at least 

occasionally in other parts of their range (Seifert et al. 2010; Goropashnaya & Seifert 2012). 

Societies of F. polyctena and F. aquilonia have many, up to hundreds of reproductive queens 

in a single nest (polygyny) and neighboring nest mounds are normally connected to form 

large colonial networks (Rosengren & Pamilo 1983).  

 

We previously described a population of wood ant hybrids between Formica polyctena and 

F. aquilonia (Kulmuni et al. 2010; 2014) in Southern Finland at one locality called 

Långholmen. Hybridization has resulted in two genetic groups (previously named R and W) 

showing signs of past introgression with each other but very little contemporary gene flow, 

despite temporally overlapping breeding seasons. All these hybrid ants share F. polyctena-
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like mitochondrial DNA. However, we have earlier suggested that one of the groups in this 

Långholmen population is more similar to F. polyctena and the other one closer to F. 

aquilonia, but we lacked the data to test this hypothesis (Kulmuni et al. 2010; Kulmuni & 

Pamilo 2014). Genomic fragments introgressed from the other group are maintained at 

relatively constant frequencies across generations. In each generation, however, the males 

with introgressed alleles die during development, likely because males are haploid and those 

genomic regions that are incompatible between the two original species are exposed to 

selection causing inviability (Kulmuni & Pamilo 2014). The incompatibilities are likely to be 

nucleo-nuclear since the two genetic groups in the population have identical mitochondrial 

haplotypes, yet different sets of nuclear alleles are selected against in the haploid males of the 

two genetic groups. Conversely, in heterozygous females the incompatibilities are recessive 

and are not selected against, because they are masked by the other allele at the locus 

(Kulmuni et al. 2010). In fact, the results suggest that hybrid females experience a fitness 

advantage (Kulmuni & Pamilo 2014). In the absence of such an advantage, the introgressed 

fragments should gradually disappear owing to recombination and selection against these 

fragments in haploids. Thus opposing selective forces operating in males and females result 

in large-scale genomic differences between the sexes within each genetic group. These results 

raise questions on the origin of these hybrid ants, and on the occurrence and outcome of 

possible hybridization in other localities where the distribution of the parental species 

overlap. 

 

Here we investigate 16 new localities close to the above described hybrid population in 

Långholmen to examine the distribution of parental species and ask if there are signs of other 

hybrid populations. We use nuclear microsatellite and mitochondrial DNA markers to 

examine genetic structure and discordances between the two marker types that would be 
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indicative of hybridization. In particular, we reason that hybridization could result in the 

following specific genetic patterns; 1) nuclear genotype of one species, but mitochondrial 

haplotype of another, 2) individuals with admixed nuclear genotypes. Mitochondrial 

haplotypes from two species present in a single nest and/or locality would suggest 

opportunities for hybridization, but does not in itself demonstrate the presence of hybrids. If 

new localities with hybrids are found, we ask if there are genetic differences between males 

and females, similar to those observed in the previously studied Långholmen hybrid 

population (Kulmuni et al. 2010). In particular, we search for significant allele frequency 

differences between the sexes and for alleles that do not occur in adult males but are present 

as heterozygotes in the females. Such patterns would be suggestive of recessive alleles that 

are incompatible between the two species and selected against in the haploid males. 

 

Material and Methods 

Genotyping 

To map putative parental and hybrid populations of F. aquilonia and F. polyctena we 

sampled altogether 647 worker ants from 96 nests at 16 locations (Supplementary Table 1) 

within an area of approximately 3000 square kilometres in southern Finland (Figure 1) in the 

years 2001-2010. The previously analyzed Långholmen data (Kulmuni et al. 2010) were 

added as the 17th location in order to allow comparisons. We failed to record coordinates for 

one of the sampling locations (named Unknown; 1 nest sampled), but it represents an 

independent sample collected from nature. Some of the locations were within putative 

dispersal distance of each other (i.e. 500 meters apart but separated by the sea) or close to the 

Långholmen hybrid population studied earlier (Kulmuni et al. 2010; Kulmuni & Pamilo 

2014). The sampling localities were here considered as separate populations that may be 

connected by some gene flow. As the nests have many (up to hundreds) reproductive queens 
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that can be mated with several males (Pamilo 1993), the individuals sampled from the same 

nest are not necessarily relatives, but can be considered as a small population sample. The 

ants were examined under a microscope to determine the species morphologically according 

to the criteria described by Collingwood (1979) and Stockan et al. (2016). In our analysis, we 

included samples that were considered to be F. aquilonia- or F. polyctena-like. Based on the 

morphological criteria (hairs on the back of the head, and on the thorax), none of the nests 

could be unequivocally classified as either pure F. aquilonia or pure F. polyctena: The ants 

had more hairs than samples of F. polyctena from Central Europe but fewer than F. aquilonia 

from other parts of Finland. The samples formed a continuum between the two species, one 

end being close to F. polyctena and the other end close to F. aquilonia. However, without 

specialist techniques it is not possible to analyze morphology quantitatively. Taxonomic 

uncertainty concerning these two species in Finland has also been noted e.g. by Betrem 

(1964) and Sorvari (2006). Because of these difficulties with standard morphological 

identification, we decided to proceed with the genetic analysis without a priori classification 

of samples into putative parental species or hybrids. 

 

DNA was extracted with the DNAeasy Tissue Kit (Qiagen) using the manufacturer’s protocol 

designed for insects. Four to twelve individuals per nest were genotyped with microsatellite 

markers and two or four of these were analyzed for a 1200 bp fragment of the mitochondrial 

Cytochrome b gene. PCR amplification of a 1500 bp mitochondrial DNA fragment was 

performed with primers Cyt-Fe-F (Liautard & Keller 2001) and Trs (Jermiin & Crozier 1994) 

and amplicons were sequenced with these primers and primers CB1, CB11 and CT2F, as 

described previously (Goropashnaya et al. 2004b). The reference sequences from Genbank 

were missing the first 300 bp of the mitochondrial fragment we sequenced. Thus we use the 

overlapping 1200 bp in all of our analyses.  
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All individuals were genotyped at 9 unlinked (Kulmuni & Pamilo 2014) microsatellite loci 

(FE7, FE13, FE19, FE17 (Gyllenstrand et al. 2004), FL29 (Chapuisat 1996), FY12, FY13, 

FY15, and FY3 (Hasegawa & Imai 2004)). These loci were chosen because they contained 

alleles that were diagnostic for each of the two genetic groups present in the Långholmen 

hybrid population and alleles that had introgressed from one group to the females, but not to 

males of the other group  (Kulmuni et al. 2010; Kulmuni & Pamilo 2014). By using the same 

loci our aim was to investigate whether similar hybrids or parental-like gene pools are present 

in other localities. Genotypes were assayed by polymerase chain reaction with fluorescent 

labeling using Peltier Thermal Cycler-200-PCR equipment (MJ Research) and the conditions 

described in Kulmuni & Pamilo (2014). Genotypes were resolved by capillary 

electrophoresis (3730 DNA Analyzer, Applied Biosystems) using 500 LIZ size standard 

(Applied Biosystems) and scored with Genemapper v.4.0 (Applied Biosystems).  

 

Mitochondrial haplotype structure 

In total, we sequenced the 1200 bp mitochondrial DNA fragment from 265 individuals. We 

first assigned the individuals to their putative parental groups (F. aquilonia or F. polyctena) 

based on their mitochondrial haplotype. For this purpose we downloaded the available unique 

mitochondrial cyt-b sequences of F. rufa group species from GenBank (Goropashnaya et al. 

2004a; Goropashnaya et al. 2012) to be used as references and aligned them with the 

sequences produced in this study using Muscle (Edgar 2004) with the default parameters. We 

used this alignment to build a TCS haplotype network (Clement et al. 2002) with PopArt 

(v1.7, Leigh 2016). We drew the final haplotype network using only unique sequences. We 

compared the overall structure of the haplotype network to a phylogenetic tree of unique 

sequences with the program MrBayes (v3.2.6, Ronquist et al. 2011).  MrBayes was run twice 

for a comparison using the standard settings (lset nst=6 rates=invgamma); the MCMC 
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modeling chains ran for 1 000 000 generations sampling every 1 000th generation, the output 

of coalescence was assessed using Tracer (Beast v1.8.3, Drummond et al. 2012) and the 

burnin was set to 25 % (250000 generations). From the MrBayes runs, a consensus tree was 

edited in FigTree (v1.4.2, Rambaut 2014). We also presented the mitochondrial haplotypes 

on a map of sampling localities to search for an obvious clinal pattern or a possible hybrid 

zone, and to study whether haplotypes of different species occur in the same localities. 

 

Genetic structure and admixture in the nuclear markers 

To study the genetic structure based on nuclear markers and to identify putative parental gene 

pools, we analyzed the microsatellite markers with Principal Coordinates Analysis in 

GenAlEx (Peakall & Smouse 2006, 2012). For this we calculated the pairwise genetic 

distance between each nest, pooling individual worker genotypes within a nest and using the 

codominant genotypic distance option. To further study admixture and parental gene pools at 

the individual level, and to search for discordances between nuclear and mitochondrial DNA, 

we analyzed the nuclear genotypes with Structure 2.3.4 (Pritchard et al. 2000). To investigate 

the most likely number of groups in our data we ran Structure with K=1 to K=10, with the 

model allowing for admixture. No information on sampling locations was used and the model 

with independent allele frequencies was chosen. For each K value, we ran 5 iterations with a 

burn-in of 200 000 and 1 000 000 MCMC replicates after burnin. We used Structure 

Harvester (Earl & vonHoldt 2012) to calculate DeltaK statistics (Evanno et al. 2005), which 

detect the uppermost hierarchical level of genetic structure in the data based on the rate of 

change in the log-likelihood of the data between successive K values. We used StructurePlot 

(Ramasamy et al. 2014) to draw the plots with the most likely number of genetic groups.  

 



A
c

c
e

p
te

d
 A

r
ti

c
le

This article is protected by copyright. All rights reserved. 

Finally, we tested for discordances between the mitochondrial and nuclear structure, 

indicative of hybridization, by comparing nuclear and mitochondrial groups. We used only 

the individuals for which we had genotyped both nuclear and mitochondrial markers and 

studied whether the mitochondrial haplotypes were randomly distributed in the nuclear 

groups by a contingency test using the Chi-Square statistic. We also studied whether the nests 

that were intermediate based on nuclear DNA (i.e. hybrids) had a non-random distribution of 

mitochondrial haplotypes from the two parental species. For this we excluded nests that 

represented putative parental gene pools based on Principal Coordinates and Structure 

analysis. We tested if the mean of the 1st principal coordinate (which represents the relative 

proportions of parental-like nuclear gene pools) differed between hybrid nests that had F. 

aquilonia mitochondrial haplotype and those that had F. polyctena mitochondrial haplotype 

by using a two-tailed t-test. 

 

We included a total of 200 males and females from our earlier study of the Långholmen 

population (Kulmuni and Pamilo 2014) in the above analyses of nuclear genetic markers in 

order to compare the new localities with our previous hybrid population. In doing this, we 

aimed to test whether the two genetic groups detected among the Långholmen hybrids were 

situated in between the putative parental species as we would expect, with one group being 

genetically closer to parental-like F. aquilonia and the other closer to parental-like F. 

polyctena. 

 

Testing for genetic differentiation between sexes in two new hybrid localities 

Our previous hybrid population showed systematic genetic differences between males and 

females because hybrid males suffered hybrid breakdown but females enjoyed hybrid vigor 

(Kulmuni et al. 2010; Kulmuni & Pamilo 2014). This resulted in some alleles (the 
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introgressed ones) being absent from males and appearing only as heterozygotes in the 

females. For comparison, we tested whether this pattern of differentiation was present in two 

of the hybrid localities that were discovered in this study (Halsholmen nests 1-4 and 

Tvärminne road nests 1-3) that had both sexes from multiple nests for comparison. First, we 

confirmed that there was no within-locality genetic structure that could hamper our analysis 

of genetic differentiation, by analyzing 10 worker genotypes per nest with PCoA in GenAlEx 

(Peakall & Smouse 2006, 2012).  We also confirmed that the nests were polygynous, i.e. that 

our sampling represents offspring from several queens, by calculating the mean relatedness 

among workers (Queller & Goodnight 1989) using GenAlEx. Next, we genotyped a total of 

18 males and 20 young queens from four nests in the locality Halsholmen. We included only 

nests from which we could sample both sexes. Second, we genotyped 10 males and 10 

workers from each of the three nests in the locality Tvärminne Road. Workers could be used 

as representatives of females as new queens and workers did not differ genotypically in our 

original hybrid population (Kulmuni et al. 2010). In both hybrid localities we searched for 

significant allele frequency differences between males and females using an exact test in 

Genepop (Raymond & Rousset 1995) and especially searched for alleles that were lacking 

from males and present only as heterozygotes in the females. These patterns would be 

suggestive of recessive incompatibility alleles between the two species, which are selected 

against in the haploid males. 

 

Results 

Mitochondrial haplotype structure 

Our samples contained 17 unique mitochondrial haplotypes. The mitochondrial haplotype 

network concurs with the earlier finding that the major division within the mound building 

red wood ants is between the lineage including the haplotypes of F. rufa and F. polyctena and 



A
c

c
e

p
te

d
 A

r
ti

c
le

This article is protected by copyright. All rights reserved. 

that including F. aquilonia, F. lugubris and F. paralugubris (Figure 2) (Goropashnaya et al. 

2004a). The Bayesian tree also supports the existence of these two diverged haplotype groups 

with 99 % Bayesian posterior probability, with little resolution to tell apart species within 

these groups (Supplementary figure 1). When all the observed SNPs were taken into account, 

the two haplotype groups differed by a minimum of 22 positions.  

 

As expected our 265 sampled mitochondrial haplotypes from the 16 study localities clustered 

with the haplotypes of F. polyctena and F. aquilonia from GenBank. One F. aquilonia 

haplotype was shared with F. paralugubris, but the nearest known location of the latter 

species is in Central Europe, so it is unlikely that it would occur in Finland. The two species 

F. polyctena and F. rufa share several mitochondrial haplotypes and cannot be distinguished 

based on the 1200 bp fragment sequenced here. Although we cannot exclude the possibility 

of some admixture with F. rufa, our samples were morphologically consistent with, and most 

likely represent F. polyctena. Thus, based on the 1200 bp mitochondrial fragment we could 

reliably separate the two parental species haplotypes: F. aquilonia (158 sampled haplotypes), 

and F. polyctena (107 sampled haplotypes).  

 

Five of the 16 localities sampled for this study had only haplotypes representing F. aquilonia, 

and four localities only haplotypes representing F. polyctena (Figure 1). In addition, the 

previously studied Långholmen hybrid population contained only F. polyctena haplotype 

(Kulmuni et al. 2010). The remaining seven localities contained haplotypes from both F. 

aquilonia and F. polyctena (Figure 1). Within these seven localities, three nests (from the 

localities Tenala and Pikkala) contained mitochondrial haplotypes from both species, which 

indicates mixed-species nests or hybrids. Localities harbored from one to five, and nests from 
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one to two unique mitochondrial haplotypes, respectively. There was no clear geographical 

pattern in the occurrence of haplotypes of F. aquilonia and F. polyctena (Figure 1). 

 

Genetic structure and hybridization 

The Principal Coordinates Analysis (PCoA) was based on pairwise genetic distances between 

nests using DNA-microsatellite data. In the PCoA, the first axis explained 18.6 % of 

variation, and the combined evidence indicates that it captured the genetic distance between 

the gene pools of the two putative parental species (Figure 3, Structure results, see below). 

The suggested parental gene pools segregated clearly along the first axis, leaving a cluster of 

putative hybrids in the middle (Figure 3). This interpretation is corroborated by the 

distribution of mitochondrial haplotypes, as only F. aquilonia haplotypes were present in the 

samples at the left end of the first axis, and only F. polyctena haplotypes at the right end, 

whereas the nests in between (i.e., in the middle of the first coordinate axis) had either F. 

aquilonia or F. polyctena haplotype. The second coordinate axis explained 15.6 % of the 

variation, and separated the locality Pikkala from the rest of the samples. This separation was 

apparently affected by larger number of nest samples from Pikkala (34 nests sampled in 

Pikkala, compared to 1-10 nests in the other localities), because it disappeared when PCoA 

was performed with a reduced set of Pikkala nests (Supplementary Figure 2). 

 

To assess whether the cluster of putative hybrid nests indicated by the PCoA indeed 

contained hybrid individuals, rather than being mixed-species nests, we analyzed the 

population structure at the individual level. We ran Structure on the microsatellite data using 

K-values from 1 to 10. The deltaK statistics suggested that the uppermost hierarchical level 

of genetic structure in the nuclear data was three genetic groups (deltaK=31.1, 

Supplementary Figure 3), with a strong signal of admixture in the majority of the sampled 
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localities. We thus present the results for K=3 after dividing the data into the three genetic 

groups (Figure 4); the overall results concerning admixture remained the same even when the 

data were divided into two, or more than three genetic groups. With higher K-values the 

groups divided into subgroups suggesting the existence of hierarchical genetic structure in the 

data, rather than inconsistent group assignment.  

 

When combining the information from nuclear grouping with the mitochondrial haplotypes, 

the three genetic groups formed by Structure corresponded to the following (Table 1): 

putative parental-like F. aquilonia (group 1), putative parental-like F. polyctena with 

introgression (group 2) and the previously studied hybrids of type W (Kulmuni et al. 2010; 

Kulmuni & Pamilo 2014) from Långholmen (group 3). In more detail, group 1 consisted of 

individuals from four localities (Pusula, Grabbskog, Solböle and Siuntio1). This group was 

significantly associated with the F. aquilonia mitochondrial DNA haplotype as all the 

individuals with over 90% of the nuclear genome from group 1 (35 individuals from 21 nests 

and 4 localities), had F. aquilonia mitochondrial haplotype (X2 = 27.3, df = 1, P < 0.0001). 

Group 1 was consistent with the Principal Coordinates analysis as nests belonging to this 

group had negative scores and situate to the left end of the first principal coordinate axis 

(Figure 3), forming a group separated from the rest of the samples. Because these samples 

contained only F. aquilonia mitochondrial haplotype and form their own group both in the 

PCoA and in Structure analysis, these 21 nests likely represent the least admixed F. aquilonia 

gene pool within our sampling with little or no introgression from F. polyctena (Table 1).  

 

Group 2 (individuals having over 90% of their nuclear genome assigned into group 2) was 

most numerous and consisted of individuals from all localities except Pusula, Siuntio 1 and 

Tvärminne Station. This group showed no significant association with mitochondrial 
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haplotype (Figure 4) as 91 individuals carried F. aquilonia mitochondrial DNA and 63 

individuals F. polyctena mitochondrial DNA (X2 = 0.04, df = 1, P > 0.1). However, all the 

individuals in this group were from nests with either low absolute or positive values on the 1st 

axis of PCoA (Figure 3). Thus, this nuclear group probably represents different degrees of 

admixture and putative F. polyctena. The least admixed F. polyctena individuals sampled in 

this study were present in six nests (Fiskars 1 and 2, Grabbskog 7, Joskär 1 and 3, Unknown), 

a result that is supported by three pieces of evidence. First, all individuals that were sampled 

for mitochondria from these nests had F. polyctena haplotypes. Second, the majority of the 

individuals sampled for nuclear markers from these nests (44 out of the 49 individuals) had  

≥98 % of nuclear ancestry in group 2 indicating little admixture. Third, these nests had high 

positive scores and situate to the right end of the first coordinate axis in the PCoA (Figure 3). 

Thus, the PCoA, mitochondrial haplotypes and Structure results are consistent and suggest 

six nests in our data represent F. polyctena-like gene pool (Table 1). Nest Tenala had 0.98 – 

0.97 nuclear ancestry in this group, but had mitochondrial haplotypes of both F. aquilonia 

and F. polyctena.  

 

Group 3 consisted of individuals from the W group of the Långholmen hybrid population 

(Kulmuni et al. 2010). In the PCoA these samples were situated in between the putative F. 

aquilonia and F. polyctena gene pools (Figure 3), consistent with our previous results 

(Kulmuni et al. 2010) that this group is hybrid. 

 

Patterns of admixture 

The genetic data shows signatures of admixture in several locations (Figure 4). Based on the 

microsatellite loci used here, 195 of the 647 individuals genotyped had > 5 % of admixture 

between groups defined by Structure. A subset of these individuals (n=117) was sequenced in 
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mitochondrial DNA and found to harbor 10 unique haplotypes. However, only 76 individuals 

had more than 20 % admixture. These individuals were found from the localities Pikkala (46 

out of 136 individuals sampled from this locality), Siuntio 2 (3 out of 30), Tvärminne Road 

(1 out of 30), Solböle (1 out of 30), Pusula (1 out of 44), Sammatti (4 out of 10), Svanvik (5 

out of 56), Halsholmen (7 out of 50), Tvärminne Station (7 out of 10) and Hanko (1 out of 

98). Fourtyone of these individuals were sequenced in mitochondrial DNA and they harbor 

seven unique haplotypes, including both F. aquilonia and F. polyctena haplotypes. Finally, 

17 of these individuals, from five localities (Pikkala, Tvärminne Station, Halsholmen, 

Siuntio2 and Svanvik), show admixture proportions between 40 and 60 %.  

Out of the 76 individuals identified as > 20 % admixed by Structure, all except one (from 

Pusula) came from the nests that were intermediate also in the PCoA. Altogether, the nests 

that fell in between putative parental gene pools in the PCoA formed a heterogeneous group 

(including Structure group 3) with varying degrees of admixture and either F. polyctena or F. 

aquilonia mitochondria (Table 1). In fact, the mitochondrial haplotypes of F. polyctena and 

F. aquilonia were not randomly distributed in these hybrids based on the PCoA. Instead, 

Figure 3 shows that nests with nuclear genomes closer to putative parental F. aquilonia, 

preferentially had F. polyctena mitochondrial haplotypes and vice versa. There was a 

significant difference along the 1st principal coordinate axis between the hybrid nests that had 

F. aquilonia mitochondrial haplotypes (mean of 1st principal coordinate 0.143, SE = 0.014) 

and those that had F. polyctena mitochondrial haplotypes (mean = 0.036, SE = 0.004) (t-test, 

df = 70, P = 0.0006). A similar pattern of significant cytonuclear mismatch can be seen in 

Supplementary Figure 2, which contains all the other samples but has a reduced number of 

nests from the Pikkala locality (t-test, df = 48, P = 0.015). Finally, significant cytonuclear 

mismatch is also found within a single locality with large sample size, that of Pikkala (t-test, 

df = 30, P = 0.002). 
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The samples from the previously studied hybrid population in Långholmen were included in 

the analysis and they confirmed the patterns described earlier (Kulmuni & Pamilo 2014); the 

population consisted of two genetic groups (Figure 4) that were both of hybrid origin, but 

they had only F. polyctena mitochondrial haplotype. As expected, both groups fell between 

the putative parental gene pools in the PCoA (Figure 3). However, one of the groups 

(previously called W, Kulmuni et al. 2010) is genetically closer to F. aquilonia and the other 

one closer to F. polyctena (previously called R, Kulmuni et al. 2010). In the Structure 

analysis the W individuals form Structure group 3 and R individuals are admixed between 

Structure groups 3 and 2. 

 

Based on the Structure results, our new data had only two nests (Tvärminne Station 1 and 

Halsholmen 5), which had nuclear composition similar to the R group Långholmen hybrids 

and these were situated only some hundreds of meters from the Långholmen population 

(Figure 4). Yet, one of these new nests had an F. aquilonia mitochondrial haplotype 

indicating that these hybrids did not arise from the same maternal lineage as our previous 

hybrid population since that had an F. polyctena mitochondrial haplotype. None of the newly 

sampled localities was the same as the W group present in the Långholmen hybrids. Based on 

the results from Structure the rest of the hybrids discovered in this study (admixed mainly 

between Structure groups 1 and 2) are genetically different from our previous hybrid 

population (either group 3 or admixed between groups 2 and 3), which may indicate varying 

degrees of backcrossing.  
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Genetic differentiation between males and females in two newly discovered hybrid 

localities 

Genetic differences between sexes were studied in two localities, Halsholmen (four nests) 

and Tvärminne Road (three nests). Workers showed average admixture of 3 % between the 

genetic groups defined by Structure in locality Halsholmen and 5% in locality Tvärminne. In 

both of these localities the majority of nuclear ancestry was from group 2, with admixture 

from groups 1 and 3. Nests from both of these localities fell between putative parental gene 

pools in the PCoA (Figure 3), suggesting they were hybrids, and both had F. aquilonia 

mitochondrial haplotypes. Neither of the localities (Supplementary Figure 4 and 5) showed 

within-locality substructure: Instead the worker genotypes from different nests were not 

clustered by the nest but were overlapping and widely scattered in the PCoA figures 

(Supplementary Figure 4 and 5). Within-nest relatedness in both localities was low, 

indicating multiple egg-laying queens per nest, and varied between - 0.098 and 0.007 in 

Tvärminne road and between - 0.058 and 0.083 on Halsholmen (Supplementary Table 2). Six 

diploid males were found on Halsholmen, and these were removed from further analyses. We 

found no significant genetic differences in microsatellite allele frequencies between males 

and females on Halsholmen (Table 2), but a significant differentiation between the sexes was 

found in locality Tvärminne road (5 loci, each P < 0.01, four of which are significant after 

Bonferroni correction). Altogether 8 alleles at 5 loci were present as heterozygotes in 24-54 

% of the females, but were never found as homozygotes. These same alleles were absent 

from the males in this locality (Table 2). Seven of these female-specific alleles were found 

from all three nests.  
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Discussion 

 

Our previous studies have revealed an unusual pattern of hybridization in the Långholmen 

population in Southern Finland (Kulmuni et al. 2010; Kulmuni & Pamilo 2014). Males and 

females in this population show large-scale differentiation in their nuclear genomes, which is 

caused by antagonistic natural selection favoring introgressed alleles in females but 

eliminating them in males (Kulmuni & Pamilo 2014). In this study we sampled 16 new 

localities from nearby areas and compared them with the hybrids studied earlier, to estimate 

the prevalence of hybridization and determine whether the parental species exist in the area. 

We found that six of the studied localities had mitochondrial haplotypes from both parental 

species, indicating that opportunities for hybridization exist. With nuclear markers we were 

able to differentiate putative parental-like gene pools, but over half of the 647 sampled 

worker individuals are genetically intermediate. In contrast to expectations, these putative 

hybrids showed a systematic mismatch between nuclear and mitochondrial DNA, raising the 

question of which evolutionary forces drive this pattern. One newly discovered locality 

(Tvärminne Road) containing admixed individuals (out of two investigated) revealed patterns 

of genetic differentiation between the sexes similar to our previous Långholmen hybrid 

population. Males lacked alleles that occurred at high frequencies in female heterozygotes, a 

pattern consistent with hybrid breakdown in haploid males. Below we discuss these results in 

the context of hybridization and speciation. 

Populations in Southern Finland can be characterized as a hybrid swarm between F. 

aquilonia and F. polyctena wood ants 

Out of the 96 new nests studied here, 6 nests represent F. polyctena-like gene pool and 21 F. 

aquilonia-like gene pool. However, because we did not sample a wider geographical area and 

we used a limited number of markers, we cannot rule out the possibility that even these nests 
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contain some degree of introgression. The remaining 69 nests fall in between the putative 

parents in the PCoA. These represent likely hybrids with varying degrees of admixture with 

both F. aquilonia and F. polyctena mitochondrial haplotype, suggesting the hybrids do not 

form a homogenous group. Multiple matrilines among the hybrids indicate several origins for 

these hybrids. Only 20 individuals (from 4 localities) out of 647 showed admixture 

proportions between 40 and 60 % based on Structure, suggesting that there are few, if any, 

first generation hybrids. These individuals came from nests that harboured altogether 7 

unique mitochondrial haplotypes, again suggesting multiple hybridization events. Together 

these results indicate introgression has been happening for many generations and is 

continuing in Southern Finland. In conclusion, the sampled area in Southern Finland can be 

characterized as a hybrid swarm.  

Previous studies on Formica wood ants have documented some cases of hybridization 

between the close relatives F. polyctena and F. rufa in Central Europe (Seifert et al. 2010), 

but our data suggest extensive hybridization between the more differentiated clades within 

this group; F. aquilonia and F. polyctena are not closest relatives. In the past few years new 

cases of on-going gene flow and hybridization in ants have been documented, some between 

non-sister species (Steiner et al. 2011; Kronauer et al. 2011). In several cases hybridization 

has been largely unidirectional. For example, the hybrids between Formica cinerea and F. 

selysi from the subgenus Serviformica carry mainly mtDNA of F. cinerea (Purcell et al. 

2016). Our results did not indicate such unidirectionality, as haplotypes of both parental 

species were present in the hybrids. Interestingly, Purcell et al. (2016) identified few genomic 

regions underlying reproductive barriers in the hybrids, while most genetic markers seemed 

to be mixing freely. In contrast to this, our earlier studies have indicated selection on several 

genomic regions scattered across the genome in the Långholmen hybrid population (Kulmuni 

et al. 2010; Kulmuni and Pamilo 2014). 
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Ancestry of the Långholmen hybrids 

The current data allow us to establish the ancestry of the previously studied Långholmen 

hybrids. The Långholmen population (Kulmuni et al. 2010; Kulmuni & Pamilo 2014) 

contains two distinct genetic groups (R and W) both of which have a hybrid ancestry and live 

side by side within the same nests.  We previously anticipated that one of these hybrid groups 

is more similar to F. aquilonia and the other one to F. polyctena (Kulmuni et al. 2010) but 

lacked the genetic data to test this hypothesis. With the current data we are able to confirm 

that the group previously called W is closer to putative F. aquilonia in the PCoA and the 

group called R is closer to the putative F. polyctena (Figure 3). This conclusion is further 

supported when we look at the alleles that were earlier found to be diagnostic (i.e. not 

introgressing) between the R and W groups in Långholmen. The individuals in the six nests, 

here considered to represent parental-like F. polyctena, had on average 4.04 alleles diagnostic 

to the R group and 0.76 alleles diagnostic to the W group. In the 21 nests, considered here to 

represent F. aquilonia, the individuals had on average 2.12 alleles diagnostic to group W and 

0.11 diagnostic to R. Thus, enrichment of R diagnostic alleles in the putative parental F. 

polyctena and W diagnostic alleles in the putative parental F. aquilonia, further supports the 

conclusion that the R group contains F. polyctena-like hybrids and W group contains F. 

aquilonia-like hybrids. 

 

Based on the Structure results, the majority of the newly discovered hybrids were genetically 

distinct from the Långholmen hybrids. Only two hybrid nests (Tvärminne Station 1, 

Halsholmen 5) had a similar nuclear composition to the R group in the Långholmen hybrid 

population and none were exactly like the W group. In the current analysis Structure 

separated W individuals into their own group, in spite of their clearly being hybrids based on 

previous morphological analysis (Kulmuni et al. 2010) and the current PCoA (Figure 3). The 
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separation of this group may have arisen because Structure has a tendency to identify a higher 

number of clusters in cases where the majority of the samples are admixed (Pritchard et al. 

2000b). 

 

Underlying patterns of cytonuclear mismatch 

Our data show a striking pattern of cytonuclear discordance in the hybrids: nests which are 

closer to parental-like F. polyctena for nuclear markers preferentially have F. aquilonia 

mitochondrial haplotypes and nests with nuclear genomes closer to parental-like F. aquilonia 

are likely to have F. polyctena mitochondrial haplotypes. This pattern is in strong contrast to 

the general findings of cytonuclear incompatibilities in several hybrid systems, where 

mismatches between mitochondrial and nuclear genes are a common cause of hybrid 

breakdown (King & Attardi 1989; Derr et al. 2012; For a review see Burton et al. 2013). This 

breakdown is likely to be due to the disruption of the co-evolutionary interactions between 

nucleus and mitochondria, because the majority of the proteins required for mitochondrial 

function are encoded by the nuclear genome in both plants and animals (Burton et al. 2013). 

 

Despite potential for hybrid breakdown, introgression of mitochondrial DNA to sister species 

is not uncommon. Furthermore, recent modeling work has demonstrated that, all else being 

equal, the mitochondrial DNA introgresses more readily than the nuclear DNA in 

haplodiploids (Patten et al. 2015). Patten et al. (2015) model introgression comparing one 

nuclear locus and one mitochondrial locus in diplodiploid and haplodiploid species. They 

show that in a neutral case with no asymmetries (equal mating probabilities, survival etc. in 

both sexes) mitochondrial and nuclear introgression are equal in diplodiploid species. By 

contrast, haplodiploids are assured of biased mitochondrial compared to nuclear 

introgression. This is because the production of hybrid males (that promote nuclear 
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introgression) always lags behind hybrid females (that promote both nuclear and mtDNA 

introgression) by one generation. However, the model by Patten et al. (2015) considers 

unidirectional migration from one species into another and does not explain our results, 

where we have a case comparable to a hybrid swarm and symmetric cytonuclear mismatch in 

both directions (i.e. hybrids close to parental-like F. aquilonia for nuclear markers have F. 

polyctena mitochondrial haplotypes and vice versa).  

The pattern of cytonuclear mismatch observed in our hybrids is not likely to arise under 

random mating without selection. There are at least two possible explanations for the 

systematic cytonuclear mismatch observed in this study. First, if females systematically 

choose to mate with heterospecific rather than conspecific males, this could result in 

cytonuclear mismatch. This type of preference to mate with dissimilar males could evolve 

within a species in response to inbreeding depression, which is a potential problem for both 

single and multiple queen ant colonies (Trontti et al. 2005; Vitikainen et al. 2011). However, 

if preference for dissimilar males leads to heterospecific mating it is likely to have negative 

fitness consequences. Despite this potential for reduced fitness in hybrid offspring, preference 

for dissimilar males has been shown for example in copepods (Palmer & Edmands 2000) and 

flycatchers (Veen et al. 2001). The second alternative scenario is that females mate randomly, 

but offspring with heterospecific combinations of nuclear genome and maternal cytoplasm 

have higher fitness than individuals with conspecific combinations. This is consistent with 

our previous results that show selection for nuclear introgression in females (Kulmuni and 

Pamilo 2014). In this scenario is also possible that selection does not favor the introgressed 

mitochondria specifically, but rather heterospecific cytoplasm. Heterospecific cytoplasm 

could be favoured because of maternally inherited endosymbionts (Werren 1997; Sirviö & 

Pamilo 2012) that are known to bias reproductive output (Werren 2008), but also to confer 

adaptive traits (e.g. Xie et al. 2015). 
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Patterns of genetic differentiation between sexes in hybrids 

One of the newly studied hybrid localities showed genetic differences between sexes similar 

to those observed in the Långholmen hybrid population. In locality Tvärminne road there 

were altogether 8 alleles at 5 loci that were lacking from the males but occurred with high 

frequencies in the female heterozygotes, the frequency differences between the sexes being 

highly significant at all five loci. Genetic differences between the sexes in the Långholmen 

population have been shown to arise due to antagonistic effects of hybridization: females 

heterozygous for introgressed alleles show hybrid vigour, whereas males with the same 

alleles show hybrid breakdown (Kulmuni & Pamilo 2014). To explain this pattern we 

suggested that haploid males suffer from recessive incompatibilities, which can be masked in 

diploid females as heterozygotes. In addition, the heterozygous hybrid females enjoy a fitness 

advantage. Although we have not specifically tested for selection in the current study, the 

genetic patterns observed in locality Tvärminne Road are consistent with such selection. We 

know that in the Långholmen hybrid population the ants reproduce sexually and their 

genomes recombine (Kulmuni & Pamilo 2014). If we assume these same conditions in the 

Tvärminne Road locality (which seem likely as relatedness among sampled individuals was 

low), antagonistic selection among sexes is a likely cause maintaining the observed sexes 

differences. In the current study we do not have the data to test whether incompatibilities 

causing putative hybrid male death are due to nucleo-nuclear or cytonuclear mismatches. 

However, the data from our previous hybrid population (Kulmuni & Pamilo 2014) is 

inconsistent with purely cytonuclear incompatibilities. 

 

The five loci showing genetic differentiation between sexes and putative hybrid problems in 

locality Tvärminne Road also show these patterns in the Långholmen hybrid population. 

However, some of the alleles linked to putative hybrid problems were not the same in these 
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two localities (e.g. FE13198 shows sex differences in R group in Långholmen but does not in 

Tvärminne Road). Also, the mitochondrial haplotypes differ between these localities 

(mtDNA of F. polyctena in Långholmen and of F. aquilonia in Tvärminne Road), suggesting 

that independent hybridization events have led to a similar outcome. Even though some of the 

alleles under putative antagonistic selection between males and females differ between the 

two hybridization events, the loci linked to these alleles and causing the selection pressures 

may still be the same. Interestingly, the other hybrid locality tested here (Halsholmen) did not 

show genetic differentiation between the sexes for the markers used. This suggests that 

hybridization can have varied consequences even between the same pair of species or 

alternatively, that hybridization histories differ between the localities e.g. due to strong 

ancestral population differentiation (Pamilo et al. 2005). 

 

Recent studies have revealed more cases in haplodiploids that show both positive and 

negative fitness consequences of hybridization within the same system (Knegt et al. 2017; 

König 2016). For example, haploid males from interspecific crosses of spider mites revealed 

that some interspecific marker combinations were under-represented indicating 

incompatibilities, while others were over-represented suggesting heterosis (Knegt et al. 

2017). These emerging systems allow exciting opportunities to study the interplay between 

adaptive introgression and incompatibilities. 

 

Life history characteristics that may promote hybridization 

Several life history characteristics may predispose F. aquilonia and F. polyctena, along with 

other F. rufa group species, to hybridization. Both F. aquilonia and F. polyctena are highly 

polygynous (i.e. have multiple queens) (Rosengren & Pamilo 1983; Stockan & Robinson 

2016). New males and queens from polygynous colonies tend to mate within a nest (Stockan 



A
c

c
e

p
te

d
 A

r
ti

c
le

This article is protected by copyright. All rights reserved. 

& Robinson 2016) but can disperse longer distances as well, in which case the dispersing 

queens are not able to establish new nests alone. Instead, they can enter existing nests of the 

subgenus Serviformica, killing the host queens and taking over the colony (Stockan & 

Robinson 2016). Alternatively, a dispersing queen can enter an existing nest of their own, or 

a related species, and become an additional queen. The outcome is a polygynous colony with 

a possibility of a mixed nest with related species if a foreign queen is allowed to enter. Mixed 

nests can also arise when a population of one species expands and takes over nearby nests of 

related species. Such mixed colonies could create opportunities for hybridization, when 

mating takes place within the nest. In summary, polygyny and social parasitism may create 

conditions that predispose ant species to hybridization, even though they are not necessary 

(Purcell et al. 2016). Eventually, the species that is less abundant may end up hybridizing to 

extinction (Rhymer 1996). This is because it is difficult to find conspecific individuals to 

mate with when a species is rare. This may be the case with F. polyctena, whose distribution 

in Finland is restricted to South and for which we could find only six parental-like nests.  

 

In conclusion, our results suggest widespread hybridization and incomplete reproductive 

isolation between the two closely-related wood ant species, F. aquilonia and F. polyctena, in 

Southern Finland. Furthermore we document an unusual case of systematic cytonuclear 

mismatch, the causes of which should be studied in more detail. We also reveal a second 

hybrid locality showing genetic patterns consistent with selection favoring hybrid females but 

acting against hybrid males. Taken together, our current and previous studies (Kulmuni and 

Pamilo 2014) suggest introgression has both negative and positive consequences in terms of 

fitness. In the future the causes of these selection pressures should be investigated using a 

genome-wide perspective.  
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Figure 1. Sampling localities of ants in the Southern Finnish coastal region, to the west of 

Helsinki. The location of new sampling localities is represented by a number from 1 to 16, 

with the names outlined in the key. Our previous hybrid population (no. 17) is indicated 

within a red rectangle and contains a single mitochondrial haplotype, that of F. polyctena. 

Sampling localities are accompanied by a pie chart displaying the proportion of 

mitochondrial haplotypes sampled from that locality (orange for F. polyctena, blue for F. 

aquilonia), along with the number of individuals tested for mitochondrial DNA at each 

location (n). *) The Unknown locality does not have gps coordinates but had F. polyctena 

mitochondrial haplotype. 

 

Figure 2. Haplotype network from 265 sampled mitochondrial sequences and reference 

sequences from Genbank. Reference sequences have been named according to the species 

identity reported in Genbank together with their ID number and new haplotypes found in this 

study are accompanied by a prefix Seq. The branch lengths are not to scale, but the number 

on each branch indicates the number of SNPs dividing the two haplotypes connected by that 

branch. The size of the haplotype circle is proportional to the number of haplotypes sampled 

in this study. 

 

Figure 3. Principal Coordinates analysis of nuclear markers in 96 nest samples. The 1st axis 

explains 18.6 % of the variation and the 2nd axis 15.6 %. The data points are colored 

according to the mitochondrial haplotype that was sampled from those nests (orange for F. 
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polyctena, blue for F. aquilonia and black for nests that contained both haplotypes). 

Previously studies (Kulmuni et al. 2010) hybrid groups R and W are indicated with arrows.  

The 1st axis divides the samples according to parental gene pools, where parental-like F. 

polyctena is situated to the right, parental-like F. aquilonia to the left and hybrids in between. 

 

Figure 4. Results from the analysis of population structure with a model allowing for 

admixture. Here we present the uppermost genetic structure of three groups as indicated by 

the deltaK statistics (group 1 = green, group 2 = yellow, group 3 = blue). Sampling localities 

are separated by vertical red lines and numbered from 1 to 17. Several localities show 

signatures of admixture. Mitochondrial haplotypes found in each nest are indicated below the 

Structure plot with dots (orange for F. polyctena, light blue for F. aquilonia and black where 

both haplotypes were found from the same nest). Sampling localities are the following; 

1=Hanko, 2=Tvärminne Station, 3= Halsholmen, 4= Joskär, 5= Svanvik, 6= Sammatti,7= 

Unknown, 8= Pusula, 9= Fiskars, 10= Tenala, 11= Grabbskog, 12= Solböle, 13= Siuntio1, 

14= Tvärminne Road, 15= Siuntio2, 16= Pikkala, 17= Previously studied hybrid population 

on Långholmen (order of samples in this locality; W-males, W-females, R-males, R-females). 
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Table 1. Assignment* of nest samples into putative parental-like gene pools and hybrids. 
 
 

 Putative parental-like 

F. aquilonia 
Putative parental-like 

F. polyctena 
Hybrids 

Localities found from Pusula, Grabbskog, 
Solböle, Siuntio 

Fiskars, Grabbskog, 
Joskär, Unknown 

Pikkala, Sammatti, 
Hanko, Svanvik, 
Halsholmen, Siuntio 1, 
Siuntio 2, Solböle, 
Tvärminne Road, 
Tvärminne Station  

No. nests 21 6 69 
Structure assignment of 

individuals 

Group 1 Group 2 Group 1, 2 and 3 

Mean of the 1
st
 

principal coordinate 

axis over all nests 

-0.497 0.516 0.075 

Admixture score 

between the three 

Structure groups 

<10% in all individuals ≤ 2% in 44 out of 49 
sampled individuals, 
≤10% in the remaining 5 
individuals 

varies between 1 and 
50% per individual 

Mt-haplotypes found F. aquilonia F. polyctena F. aquilonia and F. 

polyctena 

 
 
*) Nests are assigned into one of the three categories based on the combination of Structure, PCoA and mtDNA 
analysis (e.g. nest is assigned into putative parental-like F. aquilonia if it harbours only F. aquilonia mtDNA, 
has over 90% assignment into Structure group 1 and situates to the left on the PCoA).  
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Table 2. Allele frequencies in males and females in two new hybrid localitites Halsholmen and Tvärminne 
Road. 
 
 

Tvärminne Rd. Halsholmen 

Locus Allele 

males  

(N=30) 

females 

(N=30) 

p-

value
1
 

males 

(N=18) 

females 

(N=54) 

p-

value
1
 

FE13 186 0,000 0,086 0,000 0,063 0,123 0,111 

189 0,167 0,190 - - 

192 0,000 0,172* 0,563 0,443 

195 0,000 0,155* - - 

198 0,833 0,397 0,375 0,434 

FE17 110 0,000 0,083 0.185 0,000 0,009 0,467 

116 0,367 0,300 0,104 0,204 

118 0,633 0,617 0,896 0,787 

FE19 184 0,200 0,400 0.062 0,313 0,104 0,112 

186 0,800 0,600 0,542 0,689 

193 - - 0,146 0,208 

FE7 56 0,000 0,183* 0,000 0,313 0,122 0,010 

62 0,000 0,083 - - 

66 0,500 0,367 0,208 0,122 

68 - - 0,229 0,245 

70 - - 0,021 0,163 

74 0,000 0,117* 0,229 0,347 

89 0,500 0,250 - - 

FY13 195 0,000 0,100* 0.129 0,543 0,415 0,326 

197 0,571 0,550 0,413 0,425 

199 0,429 0,350 0,043 0,160 

FY15 221 0,233 0,117 0,000 0,250 0,337 0,203 

229 0,000 0,150* 0,354 0,194 

234 0,000 0,067 0,250 0,214 

236 0,467 0,300 - - 

240 0,000 0,267* 0,146 0,255 

244 0,300 0,100 - - 

FY3 185 - - 0.005 0,167 0,104 0,723 

188 0,000 0,117* 0,125 0,189 

190 0,400 0,567 0,333 0,387 

192 - - 0,000 0,019 

194 0,600 0,317 0,146 0,189 

196 - - 0,229 0,113 

FY12 185 0,533 0,300 0.019 0,326 0,519 0,106 

187 0,000 0,083 0,522 0,333 

189 0,200 0,250 - - 

191 0,267 0,250 0,152 0,148 

193 0,000 0,117* - - 

FL29 182 0,600 0,667 0.663 1,000 1,000 1,000 

188 0,400 0,317 - - 

190 0,000 0,017 - - 
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* Alleles that are absent from males, but occur in females only as heterozygotes and at frequencies above 0.1 
1 P-values test differentiation between male and female allele frequencies within a locality 
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