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ABSTRACT 27 

Understanding a haplodiploid species’ social structure and quantifying relatedness among 28 

individuals are both important when designing sampling schemes or identifying potential biases 29 

in population genetics studies. However, it is not always possible to accurately identify social 30 

structure of study species in the field, or to collect large numbers of individuals from a single 31 

colony to estimate relatedness with methods that rely on accurate estimation of allele 32 

frequencies. Here, we assessed the utility of allele frequency-free inference of relationships in 33 

haplodiploid ant colonies, while using limited sample sizes. Using genome-wide single 34 

nucleotide polymorphism data, we measured intracolony relatedness and kinship estimates 35 

consistent with full sister relationships among workers in three Nearctic species: Camponotus 36 

herculeanus, C. laevissimus, and C. modoc. Notably, the allele frequency-free inference of 37 

relationships clearly demonstrated these full sister relationships without ambiguity; this result 38 

suggests the utility of these methods for identifying closely related individuals in population 39 

genetics studies of haplodiploid organisms. We additionally performed a literature review of 40 

relatedness estimates in the subfamily Formicinae both as a compiled resource and to place our 41 

results in context within this larger clade of ants. Our results suggestive of Camponotus colonies 42 

founded by a lone singly mated queen are consistent with previously published relatedness 43 

estimates in the genus Camponotus that have generally shown high intra-colony relatedness. 44 

 45 

 46 
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 48 

 49 

 50 

 51 

 52 



 
3 

INTRODUCTION 53 

 54 

The reproductive strategies of ants are varied; colonies may have one or multiple reproductive 55 

females (monogyny and polygyny, respectively), and these females may have mated with one 56 

(monandry) or multiple partners (polyandry) (Boomsma 2007, 2009). Understanding social 57 

structure is particularly important when designing sampling schemes or identifying potential 58 

biases in population genetics studies (Rosenberg and Nordborg 2006). When species’ specific 59 

social organization is not available in the literature or easily assessed by excavating colonies, 60 

using genetic methods to estimate relatedness and/or kinship among individuals in or between 61 

colonies may provide insight about a given colony’s or species’ social structure.  62 

 However, a relatively small proportion of ant species have estimates of genetic 63 

relatedness in the literature; in particular, the ant subfamily Formicinae is diverse, with 51 extant 64 

genera and 3030 described species (Ward, et al. 2016), but only a small fraction of genera and 65 

species within this complex have estimates of genetic relatedness in the literature (Appendix 1). 66 

As such, researchers that want to study population genetics, adaptation, or speciation in 67 

understudied eusocial species may desire estimates of kinship and/or relatedness of their 68 

samples. Because it is not always possible or feasible to extract large colonies to count queens 69 

or obtain large sample sizes per colony (e.g., when utilizing museum collections), methods able 70 

to identify whether samples are closely related while using small sample sizes are necessary.  71 

 Most methods for estimating relatedness have utilized large sample sizes with various 72 

genotyping information among individuals (Queller and Goodnight 1989), including genotypes 73 

measured from variation in allozymes, microsatellites, and single-nucleotide polymorphisms 74 

(SNPs). However, most methods for relatedness estimation require the availability of or ability to 75 

infer accurate population allele frequencies (Waples, et al. 2019). Recently, Waples and 76 

colleagues (2019) demonstrated that three allele-frequency free ratios measured from pairwise 77 

biallelic SNP panels could accurately identify parent-offspring or sibling relationships in diploid 78 
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organisms. This allele-frequency free method has the potential utility to identify closely related 79 

females in haplodiploid ant colonies, even with limited sample sizes.  80 

 Here, we used small sample sizes and whole-genome sequencing in three Camponotus 81 

species in the subgenus Camponotus—C. herculeanus, C. laevissimus, and C. modoc—to 82 

address the effectiveness of large SNP panels to estimate relatedness and kinship. We chose 83 

these three species for several reasons: (1) these species have either no intracolony genetic 84 

relatedness estimates published in the literature or none from the Nearctic (see C. herculeanus 85 

reference below). (2) The nest structure of this subgenus is suggestive of monogynous colonies 86 

(Akre, et al. 1994; Fowler 1986; Pricer 1908), and this generality is supported by one 87 

relatedness study in Palearctic colonies of C. herculeanus (Seppä and Gertsch 1996). This sets 88 

up our expectations of finding full sisters in intracolony sampling. Finally, (3) these species are 89 

some of the focal taxa in our research program for future population genomics and genome 90 

evolution studies, and it will be useful to know if we can identify closely related individuals, even 91 

when including small sample sizes for any given population or species.  92 

 Overall, our goals for this study are threefold. First, we aimed to determine whether 93 

allele-frequency free methods could clearly identify full sisters within colonies with low sample 94 

sizes. Second, we aimed to assess the correlation between allele-frequency free kinship 95 

estimates with genetic relatedness measures that use estimated allele frequencies. Third, we 96 

compiled genetic relatedness estimates in the Formicinae from the literature (1) as a resource 97 

for future studies looking at genetic relatedness in this group, (2) to identify whether patterns of 98 

relatedness exhibited phylogenetic signal, and (3) to place the relatedness estimates from our 99 

three focal species in context with previous studies. 100 

 101 

METHODS 102 

 103 

Sampling, lab work, and sequencing 104 
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 105 

For this study, we sampled three colonies each from three Camponotus species: C. 106 

herculeanus, C. laevissimus, and C. modoc (Table 1). Within species, all colonies had a 107 

minimum of 400 km distance between them. All colony identification numbers in Table 1 are 108 

associated with voucher specimens housed in the Invertebrate Zoology Collection of the Natural 109 

Science Research Laboratory, Museum of Texas Tech University. Specimens were identified 110 

using a combination of known habitat associations and published keys (Mackay 2019).   111 

We used six major worker ant specimens per colony for genetic analyses. Whole ant 112 

specimens were destructively sampled by pulverization with liquid nitrogen, followed by DNA 113 

extraction with a QIAGEN (Hilden, Germany) DNeasy blood and tissue kit per manufacturer 114 

recommendations. We used an Invitrogen (Carlsbad, California) Qubit to quantify DNA 115 

extractions, followed by concentration standardization. We sent standardized DNA extractions 116 

to the Texas Tech University Center for Biotechnology and Genomics for standard Illumina 117 

shotgun sequencing library creation. Sequencing libraries were checked via quantitative PCR 118 

and a trial sequencing run on an Illumina MiSeq (nano run). After quality checks, the samples 119 

were sequenced on a partial lane of an S4 flow cell on an Illumina NovaSeq6000. 120 

 121 

Genotyping and variant filtering 122 

 123 

We quality filtered our raw sequencing data using the ‘bbduk’ command of the bbmap package 124 

(Bushnell 2014). We extracted mitochondrial DNA (mtDNA) reads using the ‘bbsplit’ command 125 

from the bbmap package and several Formicinae mitochondrial genomes (Table S1). We 126 

aligned our filtered reads to a Camponotus sp. reference genome (Manthey, et al. 2022) using 127 

the ‘BWA-MEM’ command in BWA (Li and Durbin 2009). We used samtools v1.4.1 (Li, et al. 128 

2009) to convert the BWA output SAM file to BAM format and measure sequencing coverage 129 

depth per individual. Next, we used the Genome Analysis Toolkit (GATK) v4.1.0.0 (McKenna, et 130 
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al. 2010) to clean, sort, and add read groups to the BAM files. To genotype our samples, we 131 

used GATK in three steps: (1) genotype each individual (function: ‘HaplotypeCaller’), (2) create 132 

a database for each chromosomal segment (function: ‘GenomicsDBImport’), and (3) group 133 

genotype all individuals together (function: ‘GenotypeGVCFs’). We then used VCFtools v0.1.14 134 

(Danecek, et al. 2011) to filter our sites with the following restrictions: (1) minimum site quality of 135 

20, (2) minimum genotype quality of 20, (3) minimum depth of coverage of five for a variant to 136 

be included per individual, (4) a maximum mean depth of coverage across all individuals of 50, 137 

and (5) sites that were biallelic. From this filtering, we kept only single nucleotide polymorphisms 138 

(SNPs) and thinned our dataset to have two output SNP datasets: (1) thinned to a minimum 139 

distance between SNPs of 50 kbp or (2) 100 kbp. We thinned our datasets to reduce the 140 

impacts of linkage on relatedness estimates and to assess how different thinning strategies 141 

impacted our results.   142 

 143 

Relatedness and kinship estimation 144 

 145 

For each species, we estimated relatedness using methods that both do and do not rely on 146 

allele frequency estimates. First, we used the R package ‘related’ (Pew, et al. 2015) to estimate 147 

relatedness among all individuals sampled per species using the methods of Li et al. (1993) and 148 

Wang (2002). These methods incorporate estimated allele frequencies from the empirical SNP 149 

datasets for each species for estimating relatedness. We used these two measures of 150 

relatedness because they are relatively more reliable for use with biallelic loci (Gruber, et al. 151 

2012).  152 

 We also estimated relationships between individuals using an allele-frequency free 153 

method (Waples, et al. 2019) that uses three ratios: R0, R1, and the KING-robust kinship 154 

estimator (Manichaikul, et al. 2010). Each ratio represents different relationships of genome-155 

wide allelic patterns between pairs of individuals (Waples, et al. 2019). R0 is a ratio with fixed 156 
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difference counts in the numerator; barring genotyping errors, we expect R0 to equal zero when 157 

estimated between full sisters from a singly mated queen because they should always share 158 

their paternal haplotypes. R1 is a ratio with shared heterozygous site counts in the numerator; 159 

R1 should have higher values the more closely related individuals are. The KING-robust kinship 160 

estimator is a ratio that incorporates both fixed difference counts and shared heterozygous sites 161 

in the numerator to estimate kinship on a continuous scale. In diploids, we would expect values 162 

of the KING-robust kinship estimator around 0.25 for parent-offspring or full sibling pairs, values 163 

around zero for unrelated individuals, and negative values for pairs of individuals in different, 164 

structured populations. Here, we may expect full sisters from a singly mated queen to have 165 

KING-robust kinship estimator values higher than 0.3. 166 

 We categorized pairs of individuals with the R0 ratio ≤ 0.01 and the KING-robust kinship 167 

> 0.3 as full sisters, and pairs with R0 > 0.1 and the KING-robust kinship < 0.1 as weakly related 168 

or unrelated. 169 

 To assess the robustness of relatedness estimates based on allele frequency estimates, 170 

we measured the association between the Li et al. (1993), Wang (2002), and KING-robust 171 

kinship estimators. If the estimators reliant on allele frequencies are still robust with large 172 

numbers of SNPs and small individual sample sizes (here, N = 18 per species), we would 173 

expect a strong positive association between each of these measures. 174 

 175 

mtDNA haplotypes 176 

 177 

We created haplotype networks for the cytochrome oxidase subunit 1 (COI) mtDNA gene for 178 

each species in this study for two reasons. First, as a sanity check for pairwise relatedness 179 

values similar to full sibling expectations, we’d expect the individuals would have the same 180 

mtDNA due to having the same female parent. Second, in pairwise comparisons with 181 

relatedness estimates less than expectations for full siblings, we would expect they’d have the 182 
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same mtDNA haplotype if they had the same female parent, but they may or may not have the 183 

same mtDNA haplotype if they have the same male parent.  184 

 We used mtDNA reads for each individual—previously extracted using the ‘bbsplit’ 185 

script—in Geneious (BioMatters Ltd.) to assemble mitogenomes. We used the Geneious “Live 186 

Annotate” feature with the reference Formicinae mitogenomes (Table S1) to annotate the new 187 

assemblies. We extracted 1481 bp of the COI region for all individuals to create haplotypes 188 

because (1) these regions had high sequencing coverage and (2) the COI gene is common in 189 

mtDNA barcoding studies in ants. We only used 1481 bp of the COI gene because of 190 

incomplete mtDNA assemblies in a couple individuals. We aligned the COI gene fragment for 191 

each of the three species separately using MAFFT (Katoh and Standley 2013) and created a 192 

minimum spanning haplotype network for each species’ COI sequences using PopArt (Leigh 193 

and Bryant 2015).  194 

 195 

Non-comprehensive Formicinae relatedness literature review 196 

 197 

From January to March 2021, we performed a literature review of relatedness studies in the ant 198 

family Formicinae for several reasons. First, we wanted to compile a relevant list of literature 199 

about genetic relatedness estimates that will be useful in the future to researchers interested in 200 

estimating genetic relatedness in ants. Second, this would help inform us how our relatedness 201 

estimates in three Camponotus species correspond with previous research in the subfamily. 202 

Lastly, we wanted to test if there was phylogenetic signal of relatedness at the genus-level 203 

across this clade. 204 

For each of 51 extant genera in this ant family (Ward, et al. 2016), we searched Google 205 

Scholar with the search terms ‘[genus]’ and ‘relatedness’ including only results that contained 206 

both terms. We manually scanned search results for those potentially relevant to within-colony 207 

relatedness for each genus. We looked at a maximum of the first 500 results for each search. 208 
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We compiled these results (Appendix 1) and plotted per genus relatedness using ggplot2 209 

(Wickham 2011) and ggtree (Yu, et al. 2017). 210 

 We estimated the phylogenetic signal of the mean and variance of relatedness values 211 

for each genus using the R package ‘picante’ and the function “phylosignal.” For the phylogeny, 212 

we used a pruned genus-level phylogenetic hypothesis from Blaimer et al. (2015). We did not 213 

estimate phylogenetic signal at the species level because of the lack of a species-level 214 

phylogeny for the Formicinae.  215 

 216 

RESULTS 217 

 218 

Relatedness and kinship in three Nearctic carpenter ant species in the subgenus Camponotus 219 

 220 

We sequenced between ~5 Gbp to 13 Gbp per individual, resulting in ~9 to 26 alignment 221 

coverage relative to the reference genome (Table S1). From these reads, we extracted 222 

mitochondrial DNA (mtDNA) and created haplotype networks for each species. We found that 223 

each colony exhibited a single COI haplotype (Fig. S1), suggestive but not conclusive of 224 

monogynous colonies.  225 

 We estimated relatedness and kinship between workers using two SNP datasets: 226 

thinned so SNPs were separated by a minimum of (1) 50 kbp or (2) 100 kbp (Table S2 for 227 

datasets’ characteristics). Most colonies exhibited pairwise relatedness between workers 228 

around 0.75 (Fig. 1; Table 2), similar to expectations of full siblings. Two colonies of C. 229 

laevissimus showed worker-worker relatedness values higher than that expected from full 230 

siblings (Fig. 1; Table 2; samples C-088, C-092), suggestive of some inbreeding.  231 

 Using allele frequency-free methods, all intracolony pairwise comparisons clearly 232 

showed full-sister relationships, with a lack of fixed differences and KING-robust kinship 233 

estimates > 0.3 (Fig. 2; Table 2). Intercolony comparisons indicated the members of the 234 



 
10 

different colonies were either unrelated or exhibited population genetic structure (Fig. 2; Table 235 

2).  236 

 All relatedness and kinship estimates were consistent between the differently thinned 237 

SNP datasets (all r > 0.99; Fig. S2). The two relatedness estimators (Wang 2002 and Li et al., 238 

1993) were strongly positively associated (Fig. 3). Additionally, the allele frequency-based 239 

relatedness and allele frequency-free kinship estimators were strongly positively associated 240 

(Fig. 3). Overall, the conclusions drawn from the allele frequency-based relatedness estimates 241 

and the allele frequency-free ratio tests were consistent. 242 

 243 

Literature review of Formicinae relatedness 244 

 245 

We searched the scientific literature for studies using genetic markers to estimate within-colony 246 

worker-worker relatedness in the Formicinae. In total 15 of 51 extant genera in the Formicinae 247 

have genetic worker-worker relatedness estimates in the literature (Fig. 4; Appendix 1). Per 248 

genus, we found between one and 20 species with relatedness estimates, ranging from <1% to 249 

~75% of described species in each genus (Fig. 4; Appendix 1). In total, we recovered 63 250 

species with genetic-based worker-worker relatedness estimates.  251 

 Using tests for phylogenetic signal, we did not find a quantitative trend across the 252 

phylogeny for mean or variance of relatedness estimates at the genus level (Fig. 4; mean 253 

relatedness k = 0.432, p = 0.859; relatedness variance k = 0.696, p = 0.396). Qualitatively, 254 

within genera, there were some notable trends; for example, all studied Camponotus species 255 

exhibited > 50% mean worker-worker relatedness values within colonies (Fig. 4). In contrast, 256 

most species studied in Formica showed mean worker-worker relatedness values below 60% 257 

(Fig. 4). The Formicinae species studied to date show a wide range of reproductive strategies, 258 

with some species exhibiting strict monogyny and monandry, and others showing widespread 259 

polygyny. Of note, some species showed some colonies with high relatedness and others with 260 
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low relatedness. Because we only report species’ mean within-colony relatedness values here, 261 

species with mixed reproductive strategies generally exhibit intermediate mean values of 262 

relatedness (Fig. 4).    263 

 264 

DISCUSSION 265 

 266 

Here, we used genome-wide SNPs to show that all sampled intracolony workers from three 267 

Nearctic Camponotus species are full sisters (Fig. 1; Fig. 2; Table 2). Even with small sample 268 

sizes per colony, this is suggestive that C. herculeanus, C. laevissimus, and C. modoc often 269 

have colonies founded by a lone, single-mated queen. Furthermore, each of the colonies 270 

showed a single mtDNA COI haplotype, indicative of a single matrilineage (Fig. S1). Here, we 271 

use these results to further discuss (1) the utility of different estimators for identifying closely 272 

related individuals with small sample sizes, and (2) the context of these three species’ 273 

relatedness estimates in overall trends of relatedness in the Formicinae.  274 

 275 

Identifying closely-related individuals with small sample sizes 276 

 277 

Using methods that do and do not use allele frequencies, we identified concordant results that 278 

all intracolony workers sampled are full sisters (Fig. 1; Fig. 2; Table 2). Even with our small 279 

sample sizes—17–18 individuals per species—we could unambiguously identify pairwise 280 

comparisons of individuals that were full sisters. Notably, the allele frequency-free method, 281 

particularly the combination of the R0 and KING-robust kinship ratios, demonstrated 282 

unambiguously that all intracolony samples were full sisters. In haplodiploid mating systems, we 283 

expect that workers will lack any fixed differences at biallelic SNPs if they are full sisters; this 284 

pattern manifests in a R0 ratio of zero barring any genotyping errors. Using thousands of SNPs, 285 

we clearly showed this trend across all intracolony comparisons (Fig. 2). These results suggest 286 
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the utility of using large SNP panels, even with small sample sizes, to identify parent-offspring or 287 

full sister pairs in haplodiploid systems.  288 

 We additionally found that conclusions drawn from the methods reliant on estimated 289 

allele frequencies were generally consistent with conclusions from the allele frequency-free 290 

methods (Fig. 1; Fig. 3). The relatedness estimates and KING-robust kinship values were 291 

strongly positively associated (Fig. 3). In C. laevissimus, some intracolony comparisons had 292 

higher relatedness values suggestive of inbreeding, but the KING-robust kinship values were 293 

not equally inflated (Fig. 1; Fig. 3); this is suggestive of a potential bias in the genetic 294 

relatedness estimates in C. laevissimus due to small sample sizes. Notably, C. laevissimus has 295 

lower effective population sizes and genome-wide genetic diversity than the two other species 296 

studied here (Manthey, et al. 2022); this relatively lower diversity may be associated with this 297 

potential bias.  298 

 299 

Relatedness trends across Formicinae 300 

 301 

In the Formicinae, a relatively small proportion of the genera (~30%) and very few species 302 

(~2%) have published estimates of relatedness (Appendix 1). Many of the species with 303 

relatedness estimates have been studied because they are of management interest or have 304 

unusual ecological traits. For example, Formica lugubris was studied in a conservation genetics 305 

context (Gyllenstrand and Seppä 2003) and several other species—including Anoplolepis 306 

gracilipes, Lasius neglectus, and Nylanderia fulva—have been studied in regions where they 307 

are introduced or invasive (Boomsma, et al. 1990; Drescher, et al. 2007; Eyer, et al. 2018; 308 

Gruber, et al. 2012). In other cases, within-colony relatedness has been studied to better 309 

understand population structure and variation in mating strategies in relatively common ant 310 

species from different regions of the world (e.g., several species of Formica studied by 311 

Helanterä and Sundström 2007).  312 
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 There is a broad range of variation in within-colony relatedness estimates across the 313 

Formicinae, with no clear trends (i.e., no phylogenetic signal) of relatedness at the genus level 314 

(Fig. 4). Within genera with relatively more species with relatedness estimates—Formica (n = 315 

20), Camponotus (n = 10), and Cataglyphis (n = 6)—there are some qualitative trends; most 316 

Formica have within-colony worker-worker relatedness estimates below 60% and all 317 

Cataglyphis estimates exhibit below 50% within-colony relatedness. In contrast, all within-colony 318 

relatedness estimates in Camponotus are above 50%. Several genera with within-colony 319 

relatedness estimates for three or four species showed a wide range of values, including Lasius 320 

(0.14 – 0.65), Polyrhachis (0.12 – 0.67), and Proformica (0.14 – 0.67). Even within the 321 

Camponotini tribe (Camponotus and Polyrhachis here) within-colony relatedness values range 322 

between 0.12 and 0.87. Additionally, in some species, there may be variation in mating system 323 

in different parts of their geographic ranges. For example, in Nylanderia fulva, within-colony 324 

relatedness was estimated as 0.57 in the native geographic range versus 0.04 in areas where 325 

the species has been introduced.  326 

 Highly variable within-colony relatedness estimates, even between closely-related 327 

species and populations, may be representative of both biological reality and imprecise 328 

relatedness estimates. The Formicinae are highly variable in life history traits and reproductive 329 

strategies (Hölldobler and Wilson 1990), and much of the within-colony relatedness variation 330 

likely reflects real differences in mating strategies and within-colony population structure. 331 

Additionally, because most relatedness estimates for formicines have been obtained using 332 

microsatellites or allozyme data (see Appendix 1), there are likely wide bands of uncertainty 333 

around most of these relatedness estimates due to the small amount of total genetic variation 334 

measured.  335 

 Within Camponotus, previous work has quantified within-colony worker-worker 336 

relatedness in ten Camponotus species belonging to four subgenera: Myrmothrix, Myrmamblys, 337 

Tanaemyrmex, and Camponotus (Appendix 1). Mean relatedness estimates across the genus 338 
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range from 0.551 to 0.873 (Fig. 4; Appendix 1). Genetic relatedness estimates in our three focal 339 

Nearctic species in the subgenus Camponotus are consistent with generally high intracolony 340 

relatedness estimates in this genus.  341 
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FIGURES AND TABLES 373 

 374 

Figure 1. Study taxa and kinship / relatedness estimates. (A) Study taxa and their phylogenetic 375 

relationships (modified from Manthey, et al. 2022). (B + C) Within-colony worker-worker pairwise 376 

kinship (B) and relatedness (C) estimates for each of the colonies sampled here. Values shown 377 

for the 50 kbp thinned SNP dataset. If colonies have a lone, singly mated queen producing 378 

workers, we expect a kinship value > 0.3 and relatedness values ~ 0.75. Ant photos by JCG and 379 

JDM from specimens housed at the Invertebrate Zoology Collection of the Museum of Texas 380 

Tech University. 381 

 382 

 383 

 384 
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Figure 2. Kinship using allele frequency-free methods. Combinations of R0, R1, and the KING-385 

robust kinship ratios were used to classify relationships in pairwise comparisons (see 386 

METHODS). If colonies have a lone, singly mated queen producing workers, intracolony 387 

pairwise comparison values should be ~0 for the R0 ratio, higher R1 values for more closely 388 

related individuals, and KING-robust kinship values > 0.3. Values shown for the 50 kbp thinned 389 

SNP dataset. 390 

 391 

 392 

 393 

 394 

 395 

 396 
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Figure 3. Associations among relatedness and kinship estimators. Positive values indicate 397 

comparisons among related individuals, values near zero indicate comparisons among 398 

unrelated individuals, and negative values indicate comparisons among individuals in different 399 

genetically structured populations. 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 
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Figure 4. Within-nest worker-worker relatedness estimates from literature review. Estimates are 417 

mean values per species (see Appendix 1 for specific values and references). A slight y-axis 418 

jitter was added to values to reveal multiple points with similar values. The phylogeny is a 419 

pruned genus-level phylogenetic hypothesis from Blaimer et al. (2015), including only genera 420 

with genetic relatedness estimates from the literature. At the tips, we present the number of 421 

species with genetic relatedness estimates, and the approximate percentage of the described 422 

species in each genus with genetic relatedness estimates. In Nylanderia, two estimates are 423 

presented for the same species, one in the native range (R  = 0.57) and one in the introduced 424 

range (R = 0.04; arrow). Of note, only 15 of 51 extant genera in the Formicinae have within-425 

colony worker-worker genetic relatedness estimates in the literature. 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 
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Table 1. Species and localities of colonies used for this study. For each colony, we genotyped 436 

six individuals.  437 

Catalog # Colony 

ID 

Species Latitude Longitude Elevation 

TTU-Z_247357 C-095 C. herculeanus 40.551 -110.993 2762 

TTU-Z_247360 C-106 C. herculeanus 43.874 -114.637 2341 

TTU-Z_247362 C-116 C. herculeanus 41.347 -106.184 2838 

TTU-Z_247355 C-088 C. laevissimus 33.577 -108.914 1955 

TTU-Z_247356 C-092 C. laevissimus 40.309 -110.699 2153 

TTU-Z_247359 C-101 C. laevissimus 43.822 -115.338 1448 

TTU-Z_247358 C-097 C. modoc 40.592 -110.992 2480 

TTU-Z_247361 C-109 C. modoc 44.631 -113.789 1936 

TTU-Z_247363 C-122 C. modoc 38.837 -105.997 2612 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 
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Table 2. Relatedness and kinship estimates per colony. Mean pairwise intracolony worker-451 

worker relatedness and kinship estimates for nine colonies studied here (see METHODS). 452 

Values in parentheses indicate full range of pairwise values for each colony. Values shown for 453 

the 50 kbp thinned SNP dataset. 454 

Colony ID Species Relatedness 

Wang (2002) 

Relatedness 

Li et al. (1993) 

KING-robust 

Kinship 

C-095 C. herculeanus 0.76 (0.72–0.80) 0.76 (0.71–0.79) 0.38 (0.37–0.41) 

C-106 C. herculeanus 0.70 (0.64–0.75) 0.68 (0.62–0.74) 0.38 (0.36–0.40) 

C-116 C. herculeanus 0.75 (0.68–0.80) 0.74 (0.67–0.79) 0.36 (0.32–0.39) 

C-088 C. laevissimus 0.87 (0.83–0.90) 0.86 (0.82–0.90) 0.39 (0.36–0.42) 

C-092 C. laevissimus 0.83 (0.81–0.84) 0.82 (0.80-0.84) 0.37 (0.35–0.38) 

C-101 C. laevissimus 0.75 (0.74–0.78) 0.74 (0.72–0.76) 0.39 (0.38–0.40) 

C-097 C. modoc 0.75 (0.71–0.80) 0.75 (0.70–0.80) 0.38 (0.36–0.40) 

C-109 C. modoc 0.78 (0.75–0.80) 0.77 (0.73–0.79) 0.39 (0.37–0.40) 

C-122 C. modoc 0.76 (0.74–-0.82) 0.76 (0.73–0.81) 0.38 (0.36–0.41) 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 
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Appendix 1. Summary of the scientific literature review for studies using genetic markers to 467 

estimate within-colony worker-worker relatedness in the Formicinae. 468 

Genus Species 
# Colonies 

Genotyped 

Mean 

Relatedness 
References 

Anoplolepis gracilipes 93 0.805 
(Drescher, et al. 2007; Drescher, et al. 2010; 

Gruber, et al. 2012; Thomas, et al. 2010) 

Brachymyrmex patagonicus 50 0.63 (Eyer, et al. 2020) 

Camponotus chilensis 16 0.733 (Eaton and Medel 1994) 

Camponotus consobrinus ? 0.61 (Fjerdingstad and Crozier 2006) 

Camponotus festinatus 31 0.69 (Goodisman and Hahn 2005) 

Camponotus herculeanus 45 0.589 (Seppä and Gertsch 1996) 

Camponotus klugii 10 0.81 (Muna 2008) 

Camponotus nawai 1 0.83 (Satoh, et al. 1997) 

Camponotus ocreatus 16 0.74 (Goodisman and Hahn 2004) 

Camponotus renggeri 22 0.551 (Azevedo-Silva 2017) 

Camponotus rufipes 35 0.685 (Azevedo-Silva 2017) 

Camponotus yamaokai 4 0.873 (Satoh, et al. 1997) 

Cataglyphis aenescens 18 0.48 (Cronin, et al. 2016) 

Cataglyphis cursor 69 0.394 
(Fournier, et al. 2008; Pearcy and Aron 

2006) 

Cataglyphis emmae 74 0.43 (Jowers, et al. 2013) 

Cataglyphis niger 12 0.02 (Leniaud, et al. 2011) 

Cataglyphis sabulosa 29 0.49 (Timmermans, et al. 2008) 

Cataglyphis savignyi 20 0.26 (Leniaud, et al. 2011) 

Formica aquilonia 424 0.078 

(Helanterä and Sundström 2007; Mäki‐

Petäys, et al. 2005; Pamilo 1982, 1993; 

Pamilo, et al. 2005; Schultner, et al. 2014; 

Schultner, et al. 2016; Vanhala, et al. 2014) 

Formica aserva 14 0.42 (Savolainen and Seppä 1996) 
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Formica cinerea 417 0.315 

(Goropashnaya, et al. 2001; Helanterä and 

Sundström 2007; Schultner, et al. 2014; 

Zhu, et al. 2003) 

Formica exsecta 712 0.459 

(Brown and Keller 2000; Goropashnaya, et 

al. 2007; Haag-Liautard, et al. 2008; 

Helanterä and Sundström 2007; Kümmerli 

and Keller 2007a, b, 2008; Liautard and 

Keller 2001; Martin, et al. 2012; Pamilo 

1991; Pamilo and Rosengren 1984; Seppä, 

et al. 2004; Seppä, et al. 2012; Sundström, 

et al. 2003; Vitikainen, et al. 2011; 

Vitikainen, et al. 2015) 

Formica fennica 10 0.09 (Schultner, et al. 2014) 

Formica fusca 449 0.477 

(Bargum, et al. 2007; Bargum and 

Sundström 2007; Chernenko, et al. 2013; 

Hannonen, et al. 2004; Hannonen and 

Sundström 2003; Helanterä, et al. 2011; 

Helanterä and Sundström 2007; Pamilo 

1983; Schultner, et al. 2014) 

Formica lemani 216 0.566 
(Gardner, et al. 2007; Schultner, et al. 2014; 

Seppä, et al. 2009) 

Formica lugubris 171 0.146 

(Bernasconi, et al. 2005; Gyllenstrand and 

Seppä 2003; Mäki‐Petäys, et al. 2005; 

Procter, et al. 2016) 

Formica paralugubris 83 0.096 
(Chapuisat, et al. 1997; Chapuisat and 

Keller 1999; Holzer, et al. 2009) 

Formica picea 145 0.216 
(Helanterä and Sundström 2007; Pamilo 

1982; Rees, et al. 2010) 

Formica podzolica 137 0.336 (DeHeer and Herbers 2004) 
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Formica polyctena 96 0.325 

(Gyllenstrand, et al. 2004; Helanterä and 

Sundström 2007; Pamilo 1982; Seifert, et al. 

2010) 

Formica pratensis 133 0.527 

(Beye, et al. 1998; Helanterä, et al. 2016; 

Helanterä and Sundström 2007; Pirk, et al. 

2001) 

Formica pressilabris 10 0.21 
(Pamilo and Rosengren 1984; Schultner, et 

al. 2014) 

Formica rufa 101 0.54 

(Gyllenstrand, et al. 2004; Helanterä and 

Sundström 2007; Seifert, et al. 2010; 

Skaldina and Sorvari 2020) 

Formica sanguinea 315 0.459 

(Fernández-Escudero, et al. 2002; Pamilo 

1981; Pamilo and Seppä 1994; Pamilo and 

Varvio-Aho 1979; Schultner, et al. 2014; 

Seppä, et al. 1995) 

Formica selysi 123 0.536 (Chapuisat, et al. 2004; Rosset, et al. 2007) 

Formica subintegra 19 0.7 (Savolainen and Seppä 1996) 

Formica truncorum 415 0.328 

(Elias, et al. 2005; Gyllenstrand, et al. 2005; 

Helanterä and Sundström 2007; Schultner, 

et al. 2014; Seppä, et al. 1995; Sundström 

1993) 

Formica yessensis 5 0.195 (Kidokoro-Kobayashi, et al. 2012) 

Lasius austriacus 16 0.6 (Steiner, et al. 2007) 

Lasius flavus 8 0.596 (Boomsma, et al. 1993) 

Lasius neglectus 62 0.139 (Boomsma, et al. 1990) 

Lasius niger 558 0.647 

(Boomsma and Van der Have 1998; 

Fjerdingstad, et al. 2002; Van der Have, et 

al. 1988) 

Melophorus bagoti 14 0.44 (Lecocq de Pletincx and Aron 2020) 
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Myrmecocystus depilis 57 0.685 
(Hoelldobler, et al. 2011; Kronauer, et al. 

2003) 

Myrmecocystus mendax 139 0.539 (Eriksson, et al. 2019; Eriksson 2018) 

Myrmecocystus mimicus 36 0.572 
(Hoelldobler, et al. 2011; Kronauer, et al. 

2003) 

Myrmelachista schumanni 2 0.431 (Malé, et al. 2020) 

Nylanderia fulva (introduced range) 41 0.04 (Eyer, et al. 2018) 

Nylanderia fulva (native range) 21 0.57 (Eyer, et al. 2018) 

Plagiolepis barbara 66 0.71 (Thurin, et al. 2011) 

Plagiolepis pallescens 26 0.47 (Thurin, et al. 2011) 

Plagiolepis pygmaea 112 0.513 
(Thurin, et al. 2011; Trontti, et al. 2005; 

Trontti, et al. 2007) 

Plagiolepis schmitzii 60 0.34 (Thurin, et al. 2011) 

Polyergus breviceps 14 0.49 (Savolainen and Seppä 1996) 

Polyergus rufescens 4 0.751 (Brunner, et al. 2005) 

Polyrhachis australis 1 0.42 (Fjerdingstad and Crozier 2006) 

Polyrhachis moesta 4 0.674 (Sasaki, et al. 1996) 

Polyrhachis robsoni 37 0.12 (van Zweden, et al. 2007) 

Proformica korbi 2 0.14 (Tinaut, et al. 2010) 

Proformica longiseta 269 0.417 

(Fernández-Escudero, et al. 2002; 

Sanllorente, et al. 2015; Seppä, et al. 2008; 

Tinaut, et al. 2010) 

Proformica sp. 2 0.67 (Tinaut, et al. 2010) 

Rossomyrmex anatolicus 5 0.72 (Tinaut, et al. 2010) 

Rossomyrmex minuchae 7 0.72 (Tinaut, et al. 2010) 

Rossomyrmex quandratinodum 7 0.53 (Tinaut, et al. 2010) 

 469 

 470 

 471 

 472 
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SUPPLEMENTAL FIGURES AND TABLES 473 

 474 

Figure S1. Haplotype networks for each species. Each color indicates a single colony. Size of 475 

circles is proportional to sample size for each haplotype. Number of dashed lines indicate 476 

number of inferred substitutions differing between haplotypes.  477 

 478 

 479 

 480 

 481 

 482 
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 484 
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 487 

 488 

 489 
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Figure S2. Comparison of relatedness and kinship estimates using differently thinned 490 

SNP datasets (see METHODS). All correlation coefficients > 0.99. KrK = KING-robust 491 

kinship estimator. 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 
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Table S1. Sequencing statistics per sample.  509 

Colony ID Species Sample ID Raw sequence data (bp) Filtered sequence data (bp) Alignment mean coverage 

C-095 C. herculeanus C-095 6,884,113,333 6,289,614,831 16.25 

C-095 C. herculeanus C-095a 5,344,017,062 4,867,019,761 10.42 

C-095 C. herculeanus C-095b 6,813,163,404 6,209,974,203 15.70 

C-095 C. herculeanus C-095c 5,984,530,885 5,441,695,623 13.36 

C-095 C. herculeanus C-095d 10,096,288,436 9,182,885,465 19.84 

C-095 C. herculeanus C-095e 9,172,078,656 8,368,135,999 21.08 

C-106 C. herculeanus C-106 8,687,618,088 7,922,501,236 18.68 

C-106 C. herculeanus C-106a 9,497,098,316 8,677,970,369 20.33 

C-106 C. herculeanus C-106b 7,299,825,046 6,641,355,479 16.60 

C-106 C. herculeanus C-106c 8,619,653,770 7,833,284,173 18.79 

C-106 C. herculeanus C-106d 6,607,632,043 6,010,847,688 14.73 

C-106 C. herculeanus C-106e Sequencing failed   

C-116 C. herculeanus C-116 9,423,248,439 8,596,132,014 24.01 

C-116 C. herculeanus C-116a 3,181,714,943 2,951,470,727 8.36 

C-116 C. herculeanus C-116b 4,850,845,534 4,479,574,519 13.33 

C-116 C. herculeanus C-116c 5,918,138,516 5,432,153,146 12.49 

C-116 C. herculeanus C-116d 6,187,512,196 5,734,529,419 15.46 

C-116 C. herculeanus C-116e 3,980,655,088 3,735,319,242 10.99 

C-088 C. laevissimus C-088 6,584,943,680 6,004,692,294 12.93 

C-088 C. laevissimus C-088a 9,424,621,193 8,572,019,325 20.87 

C-088 C. laevissimus C-088b 9,350,617,342 8,509,902,581 17.50 

C-088 C. laevissimus C-088c 9,904,710,527 9,033,912,200 21.67 

C-088 C. laevissimus C-088d 12,783,729,092 11,648,916,842 26.39 

C-088 C. laevissimus C-088e 10,624,473,784 9,666,437,636 22.93 

C-092 C. laevissimus C-092 5,116,756,831 4,594,063,722 12.21 

C-092 C. laevissimus C-092a 5,019,481,301 4,548,939,153 10.86 

C-092 C. laevissimus C-092b 5,691,738,472 5,124,410,369 12.73 

C-092 C. laevissimus C-092c 5,484,193,249 4,980,860,124 12.87 

C-092 C. laevissimus C-092d 6,538,601,012 5,912,815,535 14.99 

C-092 C. laevissimus C-092e 6,123,363,638 5,545,179,453 13.06 

C-101 C. laevissimus C-101 8,735,030,990 7,945,820,696 18.47 

C-101 C. laevissimus C-101a 7,462,639,389 6,808,880,802 14.51 

C-101 C. laevissimus C-101b 8,011,113,415 7,231,701,738 14.61 

C-101 C. laevissimus C-101c 10,302,510,623 9,305,741,985 16.86 

C-101 C. laevissimus C-101d 7,693,626,535 7,025,130,258 17.02 

C-101 C. laevissimus C-101e 6,108,382,699 5,562,432,646 11.02 
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C-097 C. modoc C-097 10,565,548,393 9,656,064,137 23.93 

C-097 C. modoc C-097a 7,702,785,822 7,013,756,336 16.66 

C-097 C. modoc C-097b 9,378,487,743 8,555,174,594 20.93 

C-097 C. modoc C-097c 6,764,312,919 6,164,745,321 14.96 

C-097 C. modoc C-097d 4,441,991,610 4,051,010,711 9.14 

C-097 C. modoc C-097e 7,499,517,385 6,831,441,669 15.99 

C-109 C. modoc C-109 9,580,081,261 8,737,342,219 22.41 

C-109 C. modoc C-109a 6,342,771,909 5,745,212,275 11.56 

C-109 C. modoc C-109b 7,835,246,228 7,152,151,315 16.41 

C-109 C. modoc C-109c 8,193,488,427 7,468,695,618 15.29 

C-109 C. modoc C-109d 7,598,334,411 6,924,598,228 16.96 

C-109 C. modoc C-109e 7,915,383,182 7,217,992,060 18.16 

C-122 C. modoc C-122 9,868,337,227 8,995,488,735 22.54 

C-122 C. modoc C-122a 12,148,093,213 10,809,515,553 26.36 

C-122 C. modoc C-122b 6,975,068,618 6,354,731,693 14.27 

C-122 C. modoc C-122c 8,622,956,121 7,855,038,060 20.53 

C-122 C. modoc C-122d 7,502,300,355 6,851,899,827 15.68 

C-122 C. modoc C-122e 8,591,283,854 7,867,382,368 18.42 

 510 

 511 

Table S2. Number of variants used in each of the species’ datasets for estimating 512 

relatedness and kinship. 513 

Species # SNPs 50 kbp thinned dataset # SNPs 100 kbp thinned dataset 

C. herculeanus 5207 2787 

C. laevissimus 5053 2698 

C. modoc 5542 2880 

 514 

 515 

 516 

 517 

 518 

 519 



 
29 

LITERATURE CITED 520 

 521 

Akre RD, Hansen LD, Myhre EA 1994. Colony size and polygyny in carpenter ants (Hymenoptera: 522 
Formicidae). Journal of the Kansas Entomological Society: 1-9.  523 

Azevedo-Silva M 2017. Genetic diversity of ants (Hymenoptera: Formicidae) at colony and 524 
population scales: a comparative study of Camponotus renggeri and C. rufipes in cerrado 525 
vegetation. [ 526 

Bargum K, Helanterä H, Sundström L 2007. Genetic population structure, queen supersedure 527 
and social polymorphism in a social Hymenoptera. Journal of Evolutionary Biology 20: 528 
1351-1360.  529 

Bargum K, Sundström L 2007. Multiple breeders, breeder shifts and inclusive fitness returns in 530 
an ant. Proceedings of the Royal Society B: Biological Sciences 274: 1547-1551.  531 

Bernasconi C, Maeder A, Cherix D, Pamilo P editors. Annales Zoologici Fennici. 2005. 532 
Beye M, Neumann P, Chapuisat M, Pamilo P, Moritz R 1998. Nestmate recognition and the 533 

genetic relatedness of nests in the ant Formica pratensis. Behavioral Ecology and 534 
Sociobiology 43: 67-72.  535 

Boomsma J, Brouwer A, Van Loon A 1990. A new polygynousLasius species (Hymenoptera: 536 
Formicidae) from central Europe. Insectes Sociaux 37: 363-375.  537 

Boomsma J, Van der Have T 1998. Queen mating and paternity variation in the ant Lasius niger. 538 
Molecular Ecology 7: 1709-1718.  539 

Boomsma J, Wright P, Brouwer A 1993. Social structure in the ant Lasius flavus: multi‐queen 540 
nests or multi‐nest mounds? Ecological Entomology 18: 47-53.  541 

Boomsma JJ 2007. Kin selection versus sexual selection: why the ends do not meet. Current 542 
Biology 17: R673-R683.  543 

Boomsma JJ 2009. Lifetime monogamy and the evolution of eusociality. Philosophical 544 
Transactions of the Royal Society B: Biological Sciences 364: 3191-3207.  545 

Brown WD, Keller L 2000. Colony sex ratios vary with queen number but not relatedness 546 
asymmetry in the ant Formica exsecta. Proceedings of the Royal Society of London. 547 
Series B: Biological Sciences 267: 1751-1757.  548 

Brunner E, Trindl A, Falk KH, Heinze J, D'Ettorre P 2005. Reproductiv conflict in social insects: 549 
male production by workers in a slave-making ant. Evolution 59: 2480-2482.  550 

Bushnell B. 2014. BBMap: A Fast, Accurate, Splice-Aware Aligner. In: Ernest Orlando Lawrence 551 
Berkeley National Laboratory, Berkeley, CA (US). 552 

Chapuisat M, Bocherens S, Rosset H 2004. Variable queen number in ant colonies: no impact on 553 
queen turnover, inbreeding, and population genetic differentiation in the ant Formica 554 
selysi. Evolution 58: 1064-1072.  555 

Chapuisat M, Goudet J, Keller L 1997. Microsatellites reveal high population viscosity and 556 
limited dispersal in the ant Formica paralugubris. Evolution 51: 475-482.  557 

Chapuisat M, Keller L 1999. Extended family structure in the ant Formica paralugubris: the role 558 
of the breeding system. Behavioral Ecology and Sociobiology 46: 405-412.  559 



 
30 

Chernenko A, Vidal-Garcia M, Helanterä H, Sundström L 2013. Colony take-over and brood 560 
survival in temporary social parasites of the ant genus Formica. Behavioral Ecology and 561 
Sociobiology 67: 727-735.  562 

Cronin A, Chifflet-Belle P, Fédérici P, Doums C 2016. High inter-colonial variation in worker 563 
nestmate relatedness and diverse social structure in a desert ant from Mongolia. 564 
Insectes Sociaux 63: 87-98.  565 

Danecek P, et al. 2011. The variant call format and VCFtools. Bioinformatics 27: 2156-2158.  566 
DeHeer C, Herbers J 2004. Population genetics of the socially polymorphic ant Formica 567 

podzolica. Insectes Sociaux 51: 309-316.  568 
Drescher J, Blüthgen N, Feldhaar H 2007. Population structure and intraspecific aggression in 569 

the invasive ant species Anoplolepis gracilipes in Malaysian Borneo. Molecular Ecology 570 
16: 1453-1465.  571 

Drescher J, Blüthgen N, Schmitt T, Bühler J, Feldhaar H 2010. Societies drifting apart? 572 
Behavioural, genetic and chemical differentiation between supercolonies in the yellow 573 
crazy ant Anoplolepis gracilipes. PLoS One 5: e13581.  574 

Eaton L, Medel R 1994. Allozyme variation and genetic relatedness in a population of 575 
Camponotus chilensis (Hymenoptera, Formicidae) in Chile. Revista chilena de historia 576 
natural 67: 157-161.  577 

Elias M, Rosengren R, Sundström L 2005. Seasonal polydomy and unicoloniality in a polygynous 578 
population of the red wood ant Formica truncorum. Behavioral Ecology and 579 
Sociobiology 57: 339-349.  580 

Eriksson T, Hölldobler B, Taylor J, Gadau J 2019. Intraspecific variation in colony founding 581 
behavior and social organization in the honey ant Myrmecocystus mendax. Insectes 582 
Sociaux 66: 283-297.  583 

Eriksson TH 2018. Geographical Variation in Social Structure, Morphology, and Genetics of the 584 
New World Honey Ant Myrmecocystus mendax. [PhD dissertation). Arizona State 585 
University, Tempe, AZ. 586 

Eyer P-A, et al. 2018. Supercolonial structure of invasive populations of the tawny crazy ant 587 
Nylanderia fulva in the US. BMC Evolutionary Biology 18: 1-14.  588 

Eyer PA, Espinoza EM, Blumenfeld AJ, Vargo EL 2020. The underdog invader: Breeding system 589 
and colony genetic structure of the dark rover ant (Brachymyrmex patagonicus Mayr). 590 
Ecology and Evolution 10: 493-505.  591 

Fernández-Escudero I, Pamilo P, Seppä P 2002. Biased sperm use by polyandrous queens of the 592 
ant Proformica longiseta. Behavioral Ecology and Sociobiology 51: 207-213.  593 

Fjerdingstad EJ, Crozier RH 2006. The evolution of worker caste diversity in social insects. The 594 
American Naturalist 167: 390-400.  595 

Fjerdingstad EJ, Gertsch PJ, Keller L 2002. Why do some social insect queens mate with several 596 
males? testing the sex‐ratio manipulation hypothesis in Lasius niger. Evolution 56: 553-597 
562.  598 

Fournier D, Battaille G, Timmermans I, Aron S 2008. Genetic diversity, worker size 599 
polymorphism and division of labour in the polyandrous ant Cataglyphis cursor. Animal 600 
Behaviour 75: 151-158.  601 

Fowler HG 1986. Polymorphism and colony ontogeny in North American carpenter ants 602 
(Hymenoptera: Formicidae: Camponotus pennsylvanicus and Camponotus ferrugineus). 603 



 
31 

Zoologische Jahrbücher. Abteilung für allgemeine Zoologie und Physiologie der Tiere 90: 604 
297-316.  605 

Gardner MG, Schönrogge K, Elmes G, Thomas J 2007. Increased genetic diversity as a defence 606 
against parasites is undermined by social parasites: Microdon mutabilis hoverflies 607 
infesting Formica lemani ant colonies. Proceedings of the Royal Society B: Biological 608 
Sciences 274: 103-110.  609 

Goodisman MA, Hahn DA 2005. Breeding system, colony structure, and genetic differentiation 610 
in the Camponotus festinatus species complex of carpenter ants. Evolution 59: 2185-611 
2199.  612 

Goodisman MA, Hahn DA 2004. Colony genetic structure of the ant Camponotus ocreatus 613 
(Hymenoptera: Formicidae). Sociobiology 44: 21-34.  614 

Goropashnaya AV, Fedorov VB, Seifert B, Pamilo P editors. Annales Zoologici Fennici. 2007. 615 
Goropashnaya AV, Seppä P, Pamilo P 2001. Social and genetic characteristics of geographically 616 

isolated populations in the ant Formica cinerea. Molecular Ecology 10: 2807-2818.  617 
Gruber MA, Hoffmann BD, Ritchie PA, Lester PJ 2012. Recent behavioural and population 618 

genetic divergence of an invasive ant in a novel environment. Diversity and Distributions 619 
18: 323-333.  620 

Gyllenstrand N, Seppä P 2003. Conservation genetics of the wood ant, Formica lugubris, in a 621 
fragmented landscape. Molecular Ecology 12: 2931-2940.  622 

Gyllenstrand N, Seppä P, Pamilo P 2004. Genetic differentiation in sympatric wood ants, 623 
Formica rufa and F. polyctena. Insectes Sociaux 51: 139-145.  624 

Gyllenstrand N, Seppä P, Pamilo P 2005. Restricted gene flow between two social forms in the 625 
ant Formica truncorum. Journal of Evolutionary Biology 18: 978-984.  626 

Haag-Liautard C, Pedersen J, Ovaskainen O, Keller L 2008. Breeding system and reproductive 627 
skew in a highly polygynous ant population. Insectes Sociaux 55: 347-354.  628 

Hannonen M, Helanterä H, Sundström L 2004. Habitat age, breeding system and kinship in the 629 
ant Formica fusca. Molecular Ecology 13: 1579-1588.  630 

Hannonen M, Sundström L 2003. Reproductive sharing among queens in the ant Formica fusca. 631 
Behavioral Ecology 14: 870-875.  632 

Helanterä H, Kulmuni J, Pamilo P 2016. Sex allocation conflict between queens and workers in 633 
Formica pratensis wood ants predicts seasonal sex ratio variation. Evolution 70: 2387-634 
2394.  635 

Helanterä H, Lee YR, Drijfhout FP, Martin SJ 2011. Genetic diversity, colony chemical 636 
phenotype, and nest mate recognition in the ant Formica fusca. Behavioral Ecology 22: 637 
710-716.  638 

Helanterä H, Sundström L 2007. Worker reproduction in Formica ants. The American Naturalist 639 
170: E14-E25.  640 

Hoelldobler B, Grillenberger B, Gadau J 2011. Queen number and raiding behavior in the ant 641 
genus Myrmecocystus (Hymenoptera: Formicidae). Myrmecological News 15: 53-61.  642 

Hölldobler B, Wilson EO. 1990. The ants: Harvard University Press. 643 
Holzer B, Keller L, Chapuisat M 2009. Genetic clusters and sex-biased gene flow in a unicolonial 644 

Formica ant. BMC Evolutionary Biology 9: 1-11.  645 
Jowers MJ, et al. 2013. Social and population structure in the ant Cataglyphis emmae. PLoS One 646 

8: e72941.  647 



 
32 

Katoh K, Standley DM 2013. MAFFT multiple sequence alignment software version 7: 648 
improvements in performance and usability. Molecular Biology and Evolution 30: 772-649 
780.  650 

Kidokoro-Kobayashi M, et al. 2012. Chemical discrimination and aggressiveness via cuticular 651 
hydrocarbons in a supercolony-forming ant, Formica yessensis. PLoS One 7: e46840.  652 

Kronauer D, Miller D, Hoelldobler B 2003. Genetic evidence for intra–and interspecific slavery in 653 
honey ants (genus Myrmecocystus). Proceedings of the Royal Society of London. Series 654 
B: Biological Sciences 270: 805-810.  655 

Kümmerli R, Keller L 2007a. Contrasting population genetic structure for workers and queens in 656 
the putatively unicolonial ant Formica exsecta. Molecular Ecology 16: 4493-4503.  657 

Kümmerli R, Keller L 2007b. Extreme reproductive specialization within ant colonies: some 658 
queens produce males whereas others produce workers. Animal Behaviour 74: 1535-659 
1543.  660 

Kümmerli R, Keller L 2008. Reproductive parameters vary with social and ecological factors in 661 
the polygynous ant Formica exsecta. Oikos 117: 580-590.  662 

Lecocq de Pletincx N, Aron S 2020. Sociogenetic Organization of the Red Honey Ant 663 
(Melophorus bagoti). Insects 11: 755.  664 

Leigh JW, Bryant D 2015. popart: full‐feature software for haplotype network construction. 665 
Methods in Ecology and Evolution 6: 1110-1116.  666 

Leniaud L, Heftez A, Grumiau L, Aron S 2011. Multiple mating and supercoloniality in 667 
Cataglyphis desert ants. Biological Journal of the Linnean Society 104: 866-876.  668 

Li C, Weeks D, Chakravarti A 1993. Similarity of DNA fingerprints due to chance and relatedness. 669 
Human heredity 43: 45-52.  670 

Li H, Durbin R 2009. Fast and accurate short read alignment with Burrows–Wheeler transform. 671 
Bioinformatics 25: 1754-1760.  672 

Li H, et al. 2009. The sequence alignment/map format and SAMtools. Bioinformatics 25: 2078-673 
2079.  674 

Liautard C, Keller L 2001. Restricted effective queen dispersal at a microgeographic scale in 675 
polygynous populations of the ant Formica exsecta. Evolution 55: 2484-2492.  676 

Mackay W. 2019. New World Carpenter Ants of the Hyperdiverse Genus Camponotus.Volume 677 
1: Introduction, Keys to the Subgenera and Species Complexes and the Subgenus 678 
Camponotus: Lambert Academic Publishing. 679 

Mäki‐Petäys H, Zakharov A, Viljakainen L, Corander J, Pamilo P 2005. Genetic changes 680 
associated to declining populations of Formica ants in fragmented forest landscape. 681 
Molecular Ecology 14: 733-742.  682 

Malé P, Youngerman E, Pierce N, Frederickson M 2020. Mating system, population genetics, 683 
and phylogeography of the devil’s garden ant, Myrmelachista schumanni, in the 684 
Peruvian Amazon. Insectes Sociaux 67: 113-125.  685 

Manichaikul A, et al. 2010. Robust relationship inference in genome-wide association studies. 686 
Bioinformatics 26: 2867-2873.  687 

Manthey JD, Girón JC, Hruska JP 2022. Impact of host demography and evolutionary history on 688 
endosymbiont molecular evolution: A test in carpenter ants (genus Camponotus) and 689 
their Blochmannia endosymbionts. Ecology and Evolution 12: e9026.  690 



 
33 

Martin SJ, Vitikainen E, Drijfhout FP, Jackson D 2012. Conspecific ant aggression is correlated 691 
with chemical distance, but not with genetic or spatial distance. Behavior Genetics 42: 692 
323-331.  693 

McKenna A, et al. 2010. The Genome Analysis Toolkit: a MapReduce framework for analyzing 694 
next-generation DNA sequencing data. Genome Research 20: 1297-1303.  695 

Muna N 2008. An investigation of the sociogenetic structure of the endemic fynbos ant, 696 
Camponotus klugii, via the use of microsatellites. [University of Cape Town. 697 

Pamilo P 1983. Genetic differentiation within subdivided populations of Formica ants. 698 
Evolution: 1010-1022.  699 

Pamilo P 1981. Genetic organization of Formica sanguinea populations. Behavioral Ecology and 700 
Sociobiology 9: 45-50.  701 

Pamilo P 1982. Genetic population structure in polygynous Formica ants. Heredity 48: 95-106.  702 
Pamilo P 1991. Life span of queens in the ant Formica exsecta. Insectes Sociaux 38: 111-119.  703 
Pamilo P 1993. Polyandry and allele frequency differences between the sexes in the ant 704 

Formica aquilonia. Heredity 70: 472-480.  705 
Pamilo P, Rosengren R 1984. Evolution of nesting strategies of ants: genetic evidence from 706 

different population types of Formica ants. Biological Journal of the Linnean Society 21: 707 
331-348.  708 

Pamilo P, Seppä P 1994. Reproductive competition and conflicts in colonies of the ant Formica 709 
sanguinea. Animal Behaviour 48: 1201-1206.  710 

Pamilo P, Varvio-Aho S-L 1979. Genetic structure of nests in the ant Formica sanguinea. 711 
Behavioral Ecology and Sociobiology 6: 91-98.  712 

Pamilo P, et al. editors. Annales Zoologici Fennici. 2005. 713 
Pearcy M, Aron S 2006. Local resource competition and sex ratio in the ant Cataglyphis cursor. 714 

Behavioral Ecology 17: 569-574.  715 
Pew J, Muir PH, Wang J, Frasier TR 2015. related: an R package for analysing pairwise 716 

relatedness from codominant molecular markers. Molecular Ecology Resources 15: 557-717 
561.  718 

Pirk C, Neumann P, Moritz R, Pamilo P 2001. Intranest relatedness and nestmate recognition in 719 
the meadow ant Formica pratensis (R.). Behavioral Ecology and Sociobiology 49: 366-720 
374.  721 

Pricer JL 1908. The life history of the carpenter ant. The Biological Bulletin 14: 177-218.  722 
Procter DS, et al. 2016. Does cooperation mean kinship between spatially discrete ant nests? 723 

Ecology and Evolution 6: 8846-8856.  724 
Queller DC, Goodnight KF 1989. Estimating relatedness using genetic markers. Evolution 43: 725 

258-275.  726 
Rees SD, Orledge GM, Bruford MW, Bourke AF 2010. Genetic structure of the Black Bog Ant 727 

(Formica picea Nylander) in the United Kingdom. Conservation Genetics 11: 823-834.  728 
Rosenberg NA, Nordborg M 2006. A general population-genetic model for the production by 729 

population structure of spurious genotype–phenotype associations in discrete, admixed 730 
or spatially distributed populations. Genetics 173: 1665-1678.  731 

Rosset H, Schwander T, Chapuisat M 2007. Nestmate recognition and levels of aggression are 732 
not altered by changes in genetic diversity in a socially polymorphic ant. Animal 733 
Behaviour 74: 951-956.  734 



 
34 

Sanllorente O, Ruano F, Tinaut A 2015. Large-scale population genetics of the mountain ant 735 
Proformica longiseta (Hymenoptera: Formicidae). Population Ecology 57: 637-648.  736 

Sasaki K, Satoh T, Obara Y 1996. Cooperative foundation of colonies by unrelated foundresses 737 
in the ant Polyrhachis moesta. Insectes Sociaux 43: 217-226.  738 

Satoh T, Masuko K, Matsumoto T 1997. Colony genetic structure in the mono-and polygynous 739 
sibling species of the ants Camponotus nawai and Camponotus yamaokai: DNA 740 
fingerprint analysis. Ecological Research 12: 71-76.  741 

Savolainen R, Seppä P 1996. Genetic relatedness among worker nestmates of three formicine 742 
slave-making ants. Insectes Sociaux 43: 31-36.  743 

Schultner E, Gardner A, Karhunen M, Helanterä H 2014. Ant larvae as players in social conflict: 744 
relatedness and individual identity mediate cannibalism intensity. The American 745 
Naturalist 184: E161-E174.  746 

Schultner E, Saramäki J, Helanterä H 2016. Genetic structure of native ant supercolonies varies 747 
in space and time. Molecular Ecology 25: 6196-6213.  748 

Seifert B, Kulmuni J, Pamilo P 2010. Independent hybrid populations of Formica polyctena X 749 
rufa wood ants (Hymenoptera: Formicidae) abound under conditions of forest 750 
fragmentation. Evolutionary Ecology 24: 1219-1237.  751 

Seppä P, Fernández-Escudero I, Gyllenstrand N, Pamilo P 2008. Colony fission affects kinship in 752 
a social insect. Behavioral Ecology and Sociobiology 62: 589-597.  753 

Seppä P, Gertsch P 1996. Genetic relatedness in the ant Camponotus herculeanus. A 754 
comparison of estimates from allozyme and DNA microsatellite markers. Insectes 755 
Sociaux 43: 235-246.  756 

Seppä P, Gyllenstrand N, Corander J, Pamilo P 2004. Coexistence of the social types: genetic 757 
population structure in the ant Formica exsecta. Evolution 58: 2462-2471.  758 

Seppä P, et al. 2009. Population genetics of the black ant Formica lemani (Hymenoptera: 759 
Formicidae). Biological Journal of the Linnean Society 97: 247-258.  760 

Seppä P, Johansson H, Gyllenstrand N, Pálsson S, Pamilo P 2012. Mosaic structure of native ant 761 
supercolonies. Molecular Ecology 21: 5880-5891.  762 

Seppä P, Sundström L, Punttila P 1995. Facultative polygyny and habitat succession in boreal 763 
ants. Biological Journal of the Linnean Society 56: 533-551.  764 

Skaldina O, Sorvari J 2020. Phenotypic diversity in red wood ants (Hymenoptera: Formicidae): Is 765 
kinship involved? European Journal of Entomology 117: 27-33.  766 

Steiner FM, et al. 2007. Abandoning aggression but maintaining self-nonself discrimination as a 767 
first stage in ant supercolony formation. Current Biology 17: 1903-1907.  768 

Sundström L 1993. Genetic population structure and sociogenetic organisation in Formica 769 
truncorum (Hymenoptera; Formicidae). Behavioral Ecology and Sociobiology 33: 345-770 
354.  771 

Sundström L, Keller L, Chapuisat M 2003. Inbreeding and sex‐biased gene flow in the ant 772 
Formica exsecta. Evolution 57: 1552-1561.  773 

Thomas ML, Becker K, Abbott K, Feldhaar H 2010. Supercolony mosaics: two different invasions 774 
by the yellow crazy ant, Anoplolepis gracilipes, on Christmas Island, Indian Ocean. 775 
Biological Invasions 12: 677-687.  776 

Thurin N, Sery N, Guimbretiere R, Aron S 2011. Colony kin structure and breeding system in the 777 
ant genus Plagiolepis. Molecular Ecology 20: 3251-3260.  778 



 
35 

Timmermans I, Hefetz A, Fournier D, Aron S 2008. Population genetic structure, worker 779 
reproduction and thelytokous parthenogenesis in the desert ant Cataglyphis sabulosa. 780 
Heredity 101: 490-498.  781 

Tinaut A, et al. 2010. Nest composition and worker relatedness in three slave‐making ants of 782 
the genus Rossomyrmex Arnoldi and their Proformica Ruzsky hosts (Hymenoptera, 783 
Formicidae). Insect Science 17: 361-368.  784 

Trontti K, Aron S, Sundström L 2005. Inbreeding and kinship in the ant Plagiolepis pygmaea. 785 
Molecular Ecology 14: 2007-2015.  786 

Trontti K, Thurin N, Sundström L, Aron S 2007. Mating for convenience or genetic diversity? 787 
Mating patterns in the polygynous ant Plagiolepis pygmaea. Behavioral Ecology 18: 298-788 
303.  789 

Van der Have T, Boomsma J, Menken S 1988. Sex‐investment ratios and relatedness in the 790 
monogynous ant Lasius niger (L.). Evolution 42: 160-172.  791 

van Zweden JS, Carew ME, Henshaw MT, Robson SK, Crozier RH 2007. Social and genetic 792 
structure of a supercolonial weaver ant, Polyrhachis robsoni, with dimorphic queens. 793 
Insectes Sociaux 54: 34-41.  794 

Vanhala T, Watts K, A’Hara S, Cottrell J 2014. Population genetics of Formica aquilonia wood 795 
ants in Scotland: the effects of long-term forest fragmentation and recent reforestation. 796 
Conservation Genetics 15: 853-868.  797 

Vitikainen E, Haag‐Liautard C, Sundström L 2011. Inbreeding and reproductive investment in 798 
the ant Formica exsecta. Evolution 65: 2026-2037.  799 

Vitikainen EI, Haag-Liautard C, Sundström L 2015. Natal dispersal, mating patterns, and 800 
inbreeding in the ant Formica exsecta. The American Naturalist 186: 716-727.  801 

Wang J 2002. An estimator for pairwise relatedness using molecular markers. Genetics 160: 802 
1203-1215.  803 

Waples RK, Albrechtsen A, Moltke I 2019. Allele frequency‐free inference of close familial 804 
relationships from genotypes or low‐depth sequencing data. Molecular Ecology 28: 35-805 
48.  806 

Ward PS, Blaimer BB, Fisher BL 2016. A revised phylogenetic classification of the ant subfamily 807 
Formicinae (Hymenoptera: Formicidae), with resurrection of the genera Colobopsis and 808 
Dinomyrmex. Zootaxa 4072: 343-357.  809 

Wickham H 2011. ggplot2. Wiley Interdisciplinary Reviews: Computational Statistics 3: 180-185.  810 
Yu G, Smith DK, Zhu H, Guan Y, Lam TTY 2017. ggtree: an R package for visualization and 811 

annotation of phylogenetic trees with their covariates and other associated data. 812 
Methods in Ecology and Evolution 8: 28-36.  813 

Zhu D, Chapuisat M, Pamilo P 2003. Highly variable social organisation of colonies in the ant 814 
Formica cinerea. Hereditas 139: 7-12.  815 

 816 


