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A putatively new ant species from the Cataglyphis cursor group displays low levels of polyandry with standard sexual reproduction
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How social organisation (number of queens and mating partners) and reproductive system (use of thelytoky vs sex) evolved in ants and how they interplay is still far from clear. The Cataglyphis desert ants represent a fascinating group as it harbours variation in both levels of polyandry and the use of thelytoky, with polyandry and sexual reproduction probably being the ancestral state. In this study, we compared the colony and population genetic structure of two populations of the Cataglyphis cursor group distributed in a remote small geographic area in central Spain with two closest geographic species C. piliscapa and C. cursor. We found that the two populations are genetically isolated from C. piliscapa and C. cursor. However, the population genetic diversity was like C. piliscapa and C. cursor. We observed a lower level of polyandry in C. cursor from Spain compared to C. piliscapa and C. cursor. We found no evidence that C. cursor queens from Spain reproduce thelytokously. This supports the hypothesis that thelytoky is disfavored in systems with lower levels of polyandry. The reversion from polyandry towards monandry has rarely been observed in ants. We present multiple hypotheses that could explain this phenomenon. We raise the possibility that these remote populations belong to a putatively new species. However, this requires a careful taxonomic investigation. Our study confirms the lability of the reproductive system in this group and provides an exciting system to investigate the coevolution of polyandry and thelytoky.

INTRODUCTION

The ancestral state of the social Hymenoptera is supposed to be simple with a single reproductive queen (monogyny) mated with a single male (monandry) and the queen reproduces sexually [START_REF] Hughes | Ancestral Monogamy Shows Kin Selection Is Key to the Evolution of Eusociality[END_REF][START_REF] Bourke | Principles of Social Evolution[END_REF]. This social structure provides a high inclusive fitness benefit to helpers because of the inflated relatedness among colony members. In spite of this, many species have evolved polygyny (multiple queens) and polyandry (multiple mates) [START_REF] Crozier | Evolution of Social Insect Colonies: Sex Allocation and Kin Selection[END_REF][START_REF] Hughes | Ancestral Monogamy Shows Kin Selection Is Key to the Evolution of Eusociality[END_REF][START_REF] Bourke | Principles of Social Evolution[END_REF]. Further, thelytokous reproduction (parthenogenetic and diploid production of females) has evolved multiple times independently [START_REF] Wenseleers | Unusual modes of reproduction in social insects: Shedding light on the evolutionary paradox of sex[END_REF]Rabeling and Kronauer 2013;[START_REF] Goudie | The distribution of thelytoky, arrhenotoky and androgenesis among castes in the eusocial Hymenoptera[END_REF][START_REF] Kuhn | Repeated evolution of queen parthenogenesis and social hybridogenesis in Cataglyphis desert ants[END_REF]). Polygyny and polyandry typically reduce relatedness and decrease the inclusive fitness benefits of helping. In contrast, thelytoky increases relatedness. However, its consequences on the genetic architecture of the colony varies depending on the caste produced by thelytoky [START_REF] Greeff | Effects of thelytokous worker reproduction on kin-selection and conflict in the Cape honeybee, Apis mellifera capensis[END_REF][START_REF] Wenseleers | Unusual modes of reproduction in social insects: Shedding light on the evolutionary paradox of sex[END_REF][START_REF] Goudie | The distribution of thelytoky, arrhenotoky and androgenesis among castes in the eusocial Hymenoptera[END_REF]. The factors driving the evolution of breeding systems (number of breeders in a group), mating systems (number of mating partners) and reproductive systems (the genetic system underlying the transmission of genes from one generation to the next) and the interplay between these systems are poorly understood. If the evolution and relationship between polygyny and polyandry has received attention, with a negative association being first predicted by [START_REF] Keller | Genetic variability, queen number, and polyandry in social Hymenoptera[END_REF] and later supported in social Hymenoptera [START_REF] Kronauer | Multiple queens means fewer mates[END_REF][START_REF] Hughes | Ancestral Monogamy Shows Kin Selection Is Key to the Evolution of Eusociality[END_REF], little is known about the relationship between polyandry and/or polygyny and the evolution of thelytoky [START_REF] Wenseleers | Unusual modes of reproduction in social insects: Shedding light on the evolutionary paradox of sex[END_REF].

Cataglyphis desert ants represent a fascinating group as the genus has evolved a plethora of breeding, mating and reproductive systems. For example, some species have very high levels of polyandry and/or others have evolved peculiar forms of conditional thelytoky in which the queen uses sexual reproduction for worker production but thelytokous reproduction for new queen production [START_REF] Pearcy | Conditional Use of Sex and Parthenogenesis for Worker and Queen Production in Ants[END_REF][START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF]. In some species, the queen mates with distinct lineages of males to produce the worker caste and reproduces thelytokously to produce the queen c

. Th c "c c h g " [START_REF] Leniaud | Social Hybridogenesis in the Clonal Ant Cataglyphis hispanica[END_REF][START_REF] Darras | Large-scale distribution of hybridogenetic lineages in a Spanish desert ant[END_REF][START_REF] Kuhn | Repeated evolution of queen parthenogenesis and social hybridogenesis in Cataglyphis desert ants[END_REF]. Cataglyphis genus comprises approximately one hundred species that are distributed across the arid regions of the Old World. Cataglyphis is characterised by a strict diurnal activity and by being highly thermophilic [START_REF] Lenoir | Cataglyphis desert ants: a good model for evolutionary g D w ' -A review[END_REF][START_REF] Boulay | Social Life in Arid Environments: The Case Study of Cataglyphis Ants[END_REF]. The ancestor of this genus was most likely monogynous and polyandrous, but the use of thelytoky is not clear in the ancestor [START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF]. Currently, conditional thelytokous reproduction has been demonstrated by the queen in 11 species from two of the seven main monophyletic groups. This suggests that thelytoky has evolved multiple times independently and within each group [START_REF] Kuhn | Repeated evolution of queen parthenogenesis and social hybridogenesis in Cataglyphis desert ants[END_REF].

Workers can also reproduce thelytokously in eight species. This typically occurs in queenless conditions [START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF]; Table 1). The C. cursor group is unusual because in the five species where thelytoky has been assessed, the queen was conditionally thelytokous. Further, four of these p c xh 'c c h g ' [START_REF] Kuhn | Repeated evolution of queen parthenogenesis and social hybridogenesis in Cataglyphis desert ants[END_REF]). However, intraspecific variation was also observed. In C. aenescens, evidence of thelytoky was found in one population [START_REF] Kuhn | Repeated evolution of queen parthenogenesis and social hybridogenesis in Cataglyphis desert ants[END_REF] but not in another [START_REF] Cronin | High inter-colonial variation in worker nestmate relatedness and diverse social structure in a desert ant from Mongolia[END_REF]. Variable rates of thelytokous and sexual queen production have also been observed across populations of C. piliscapa [START_REF] Pearcy | Conditional Use of Sex and Parthenogenesis for Worker and Queen Production in Ants[END_REF]Doums et al. 2013).

Since the number of mating partners and the mode of reproduction (thelytokous and sexual reproduction) affect genetic relatedness among individuals, their evolution may not be independent.

From a kinship perspective, thelytokous queen production by the queen, as in C. piliscapa, is more likely to evolve in highly polyandrous systems [START_REF] Doums | To have and not to have sex: When multiple evolutions of conditional use of sex elegantly solve the question in the ant genus Cataglyphis[END_REF]. When the relatedness is lower than 0.5 among workers, the genetic interest of workers and queens converge. Workers should favor rearing thelytokously produced queens by the mother queen because they are more closely related (r = 0.5) to thelytokously produced queens compared to sexually produced queens (r < 0.5) [START_REF] Wenseleers | Unusual modes of reproduction in social insects: Shedding light on the evolutionary paradox of sex[END_REF]. In monandrous systems, workers should favor rearing sexually produced queens given that workers are more closely related to the next queen (r = 0.75) compared to thelytokously produced queens (r = 0.5). Conversely, the evolution of social hybridogenesis can potentially reduce the benefits of multiple mating because the high levels of worker heterozygosity is already obtained by queens mating with males from different genetic lineages [START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF]. Studying new populations and species from this unique group is necessary to assess the relationship between polyandry and thelytoky.

In this study, we assessed the population and colony genetic structure of two populations from the Cataglyphis cursor group in a geographical area in Central Spain. We characterised the population and colony genetic structure to infer the degree of polyandry and the presence of thelytoky. This area is restricted to approximately 10 000 km 2 and is isolated from the populations of C. piliscapa in Southern France (Fig. 1 and Fig. S1). C. piliscapa use conditional thelytoky with queen inbreeding without social hybridogenesis [START_REF] Pearcy | Conditional Use of Sex and Parthenogenesis for Worker and Queen Production in Ants[END_REF][START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF]. In contrast, a closely related species from the South of Italy, C. italica, employs thelytoky with social hybridogenesis [START_REF] Kuhn | Repeated evolution of queen parthenogenesis and social hybridogenesis in Cataglyphis desert ants[END_REF]. Clonal social hybridogenesis is associated with extremely high levels of heterozygosity in workers due to queens mating with a distinct male genetic lineage that hybridise to produce workers [START_REF] Leniaud | Social Hybridogenesis in the Clonal Ant Cataglyphis hispanica[END_REF][START_REF] Eyer | Hybridogenesis through thelytokous parthenogenesis in two Cataglyphis desert ants[END_REF]. For simplicity, we will refer to the two populations as C. cursor from Spain. The cuticular hydrocarbons profiles of workers from this region were distinct from those of C. piliscapa and C. cursor suggesting that they could belong to a different species [START_REF] Nowbahari | Individual, geographical and experimental variation of cuticular hydrocarbons of the ant Cataglyphis cursor (Hymenoptera: Formicidae): Their use in nest and subspecies recognition[END_REF]). Note that most of the systematics of the cursor group is unresolved [START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF] Additionally, we characterised and compared the level of polyandry to populations of C. piliscapa.

Finally, we directly tested for the presence of thelytoky by genotyping young queens, and indirectly by estimating (by maximum likelihood) the number of successive generations of thelytoky for each queen.

Materials and methods

Sampling

We sampled fifty colonies in two separate locations in Spain. We sampled 23 colonies in Castrillo de S1).

We recorded the GPS coordinates for each colony (the coordinates are given in Table S1). We collected workers closed to the nest entrance as it was not possible to excavate the entire colony due to the soil condition. In Salobralejo, we collected nine gynes at the nest entrance from three colonies. This allowed us to directly estimate the use of thelytoky. We placed collected individuals in 95% Ethanol for genomic sequencing (with 5% Tris-EDTA). S1).

Genetic analysis

All analyses were conducted using R v.3.6.0 (R Core Team 2019), except when otherwise stated. We p c f g w h h 'ggp ' [START_REF] Wickham | ggplot2: Create Elegant Data Visualisations Using the Grammar of Graphics[END_REF].

Mitochondrial DNA. We extracted total genomic DNA from the heads of workers using the Qiagen extraction kit (DNA Easy blood and tissue kit). We sequenced a portion (555 bp) of the cytochrome oxidase I (COI) locus from a single worker from each colony following the protocol of [START_REF] Clémencet | Hierarchical analysis of population genetic structure in the monogynous ant Cataglyphis cursor using microsatellite and mitochondrial DNA markers: POPULATION GENETIC STRUCTURE OF THE ANT C. CURSOR[END_REF]. We also genotyped five individuals of C. rosenhaueri as an outgroup for the mtDNA. This species does not belong to the cursor group. We sent the PCR products to GENOSCREEN (Lille, France) for Sanger sequencing. We performed base calling and sequence reconciliation with BioEdit (Hall 1999). We aligned sequences with the MUSCLE algorithm in MEGA version 6 [START_REF] Tamura | MEGA6: Molecular Evolutionary Genetics Analysis version 6.0[END_REF]).

We combined our data with those of [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF] [START_REF] Lanfear | PartitionFinder: combined selection of partitioning schemes and substitution models for phylogenetic analyses[END_REF] and subsequently chose the 'GT ' n model with a gamma-distributed rate variation across sites and a proportion of invariable sites for our evolutionary model. We estimated tree topology and node support using a Metropolis-coupled Markov chain Monte Carlo sampling approach. Here, we used two runs and four chains (three hot, one cold) running for 1 x 10 7 generations. We saved one tree every 1000 generations. We assessed convergence by examining the standard deviation of the split frequencies between the two runs (< 0.01) and the Potential Scale Reduction Factor diagnostic.

We kept this diagnostic close to 1. We classified the first 1000 trees from each run as burn-in. We generated a majority-rule consensus tree from the 9000 remaining trees. We visualised the consensus tree with the posterior probabilities using FigTree [START_REF] Rambaut | FigTree v1.3.1[END_REF]. We used the two haplotypes of C. rosenhaueri to root the tree.

Microsatellite makers. From our 50 colonies, we genotyped a single worker per colony from 37 colonies (Table S1). For the 13 remaining colonies, we collected and genotyped 114 workers ( 86workers from nine colonies in Salobralejo and 28 workers from four colonies in Castrillo) to assess the genetic structure of colonies (Table 1). We genotyped nine gynes from three colonies in Salobralejo (Table 1). The individuals were screened for fifteen microsatellite loci (thirteen loci from [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF] and two supplementary loci (L76 and L3653)). We report loci characteristics and PCR conditions in Table S2. We removed the L26 locus due to amplification failures in nine individuals and a significant Hardy-Weinberg disequilibrium (P < 00001) for both sites. Collectively, these results

suggest the presence of null alleles at this locus. The genetic analyses on all 14 loci were conducted in parallel with those performed by [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF] avoiding allelic calling bias between the populations analysed.

Population genetic structure.

In colonies where we sampled more than one worker, we randomly chose a single individual. We paid attention to randomly select workers with no missing data. We obtained 27 workers from Salobralejo and 23 from Castrillo. We tested for linkage disequilibrium between loci and Hardy-Weinberg eq w h ch c g ' x c G p p (Rousset 2008). We estimated allelic richness using the rarefaction method implemented in the p ck g ' pG p ' [START_REF] Gruber | ) BIOEDIT: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98[END_REF] allowing to control for different sample sizes [START_REF] El Mousadik | High level of genetic differentiation for allelic richness among populations of the argan tree [Argania spinosa (L.) Skeels] endemic to Morocco[END_REF]. We calculated Nei gene diversity for each locus and location with ' pG p '. We performed a Mantel test in Genepop to assess the pattern of isolation by distance between pairs of individuals within each location. We used the â genetic distance statistic between individuals (Rousset 2008) and the linear geographic distance. We performed 1000 permutations for the Mantel test. We combined the data from [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF] 2022), we also calculated the matrix of Hedrick G st between each pair of locations [START_REF] Hedrick | A standardized genetic differentiation measure[END_REF]) w h ' pg p '. This corrects the F st value for the observed within population diversity. We visualised the pairwise distance matrix (G st ) between each pair of locations using a non-parametric multidimensional scaling plot (NMDS) using h ' A .3-9' library in R [START_REF] Ripley | MrBayes 3.2: Efficient Bayesian Phylogenetic Inference and Model Choice Across a Large Model Space[END_REF].

Colony genetic structure. We used COLONY [START_REF] Jones | COLONY: a program for parentage and sibship inference from multilocus genotype data[END_REF] to identify full and half-sister clusters using a maximum likelihood approach with no prior knowledge of an indi ' f origin. We included the colonies with a single worker to obtain a better estimate of allele frequencies. We removed individuals with three or more missing loci from the data set. A visual check of the output confirmed that COLONY identified clusters of individuals belonging to the same colony and sharing the same mother except in seven colonies in which one individual was assigned to a different mother. We visually checked that these seven individuals always had at least three loci that did not share any alleles with the putative mother of the colony inferred from the other individuals (see Results section). We estimated the effective mating frequency (ke3) with the formula from [START_REF] Nielsen | Estimating effective paternity number in social insects and the effective number of alleles in a population[END_REF]. We estimated the probability of not detecting a patriline which can occur when two males have the same allelic combination at a polymorphic loci by chance. At the population level, this probability is given by: where p i denotes the allele frequencies at each i loci [START_REF] Boomsma | Paternity in eusocial Hymenoptera[END_REF]. We compared the patrilines in Castrillo and Salobralejo with those observed in C. piliscapa from [START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF][START_REF] Doums | Worker thelytoky allows requeening of orphaned colonies but increases susceptibility to reproductive cheating in an ant[END_REF]. We included the number of patrilines and workers per patriline surveyed in 15 colonies from Argeles in southern France. However, [START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF][START_REF] Doums | Worker thelytoky allows requeening of orphaned colonies but increases susceptibility to reproductive cheating in an ant[END_REF] analysed a greater number of workers per colony in C. piliscapa. Therefore, we performed a resampling simulation to estimate the level of polyandry in C. piliscapa based on our sampling of C. cursor from Spain. For each simulation, we randomly sampled without replacement the same number of colonies with the same sample size per colony as the one observed in our location of interest (Salobralejo or Castrillo). We estimated the mean number of patrilines observed in this subsample. We carried out 1000 simulations for each location and obtained the 95% confidence interval (CI) by selecting the threshold value defining the 2.5% and 97.5% of the distribution of simulated values.

We estimated relatedness among females within colonies using COANCESTRY. These estimates were based on the population allelic frequency obtained with COLONY. The Queller and Goodnight estimator of relatedness was used and averaged by colony [START_REF] Queller | Estimating Relatedness Using Genetic Markers[END_REF]. The colony mean relatedness was then compared with the distribution of pairwise relatedness expected under either the full-sister (R = 0.75) or the unrelated assumption (R = 0). The expected relatedness distribution was calculated based on a simulation of 1000 individuals using the population allelic frequency and the same frequency of missing data per locus as the one observed in the dataset. The simulation was performed for each site using COANCESTRY.

Use of thelytoky. We directly assessed the use of thelytoky by comparing the genotypes of the nine gynes (Table 2). To indirectly assess the use of thelytoky in the two locations, we inferred the genotype of the mother queen from the genotype of the workers in the same colony using COLONY.

For one locus, less than five workers could be genotyped. Therefore, we did not infer the maternal genotype at this locus. From the 13 putative genotypes of the mother queen and all loci, we identified 17 situations with more than one possible genotype. For all these situations except one, the two possible genotypes at one locus were homozygous but for a different allele (all offspring were heterozygous for the same alleles). In one situation where the state of zygosity could not be clearly determined, this site was most likely to be homozygous with a probability of 0.922 and was therefore considered as homozygous.

We used a maximum likelihood approach to estimate the expected number of generations of thelytoky for each inferred mother and the gynes. The full method for obtaining the maximum likelihood estimates is given in the Supplementary materials. We compared these estimates with those based on genotyped queens and gynes from Argeles (102) and St Cyprien (143) [START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF]. Three pieces of data were entered into the model: (i) a matrix of queens by locus where 0 is heterozygous and 1 is homozygous, (ii) for each locus, the number of heterozygous workers over the total number of workers for each locality (to estimate the probability of being homozygous for that locus, assuming sexual reproduction) and (iii) for each locus, the number of homozygous daughters (gynes) produced by a heterozygous mother queen following thelytokous reproduction (to estimate the loss of heterozygosity (LOH)). LOH represents the transition rate from heterozygosity to homozygosity during thelytokous reproduction at a given locus. This transition rate was based on data from [START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF] and unpublished data to improve parameter estimation (Table S2). We We also used this maximum likelihood method to estimate the number of successive generations of thelytoky (SGT) from the two already studied populations of C. piliscapa mentioned above (Argeles and St Cyprien). We compared these estimates to our two Spanish populations. We used nonparametric Wilcoxon rank tests to assess differences between the populations. We compared the SGT estimates of C. cursor from Spain with (i) those of C. piliscapa obtained from mother queens (the two populations were pooled as there were no differences observed in the use of thelytoky) [START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF]) (ii) the SGT estimates of C. piliscapa obtained from gynes known to be produced by thelytokous reproduction and (iii) from gynes known to be sexually produced. In the second and third comparisons, we used the SGT estimates averaged by colony.

Results

mtDNA diversity and phylogenetic relationships

Out of the 50 sequenced workers from the two Spanish localities, we identified three different mitochondrial haplotypes, one in Salobralejo and two in Castrillo (one haplotype was represented in 83% of Castrillo individuals) (Fig. 1c,d). The two Castrillo haplotypes differed by a single mutation whereas the haplotype found in Salobralejo differed by 23 mutations compared to the Castrillo haplotypes (p distance = 0.041). The low level of diversity observed within each location supports previous findings in C. cursor and C. piliscapa [START_REF] Clémencet | Hierarchical analysis of population genetic structure in the monogynous ant Cataglyphis cursor using microsatellite and mitochondrial DNA markers: POPULATION GENETIC STRUCTURE OF THE ANT C. CURSOR[END_REF][START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF]. This low diversity prevented the testing of isolation by distance. However, the two haplotypes did not cluster in Castrillo: the four colonies with the low frequency haplotype were scattered across the map (dark brown colonies in Fig. 1C). The phylogenetic tree grouped the haplotypes according to species (Fig. 2). We found that based on phylogenetic distance, C. cursor from Spain was equally related to both sister species C. cursor and C. piliscapa (mean p distance = 0.12 for both species) as to C. italica sampled in southern Italy (mean p distance = 0.11) (Fig. 2).

Population genetic analysis

From the 144 linkage disequilibrium tests, only seven were significant with p-values all greater than 0.016. These seven tests were not statistically significant after performing Bonferroni corrections (Table S3). HW equilibrium tests were not significant after Bonferroni corrections (Table S4). In social hybridogenetic species, workers are produced by sexual reproduction from two genetically distinct lineages and harbour a high level of heterozygosity by locus. This system promotes heterozygosity at each locus and lead to a significant deviation from HW [START_REF] Leniaud | Social Hybridogenesis in the Clonal Ant Cataglyphis hispanica[END_REF][START_REF] Eyer | Hybridogenesis through thelytokous parthenogenesis in two Cataglyphis desert ants[END_REF]). The absence of HW deviation in our workers therefore suggests the absence of this mode of reproduction in the two populations studied. One microsatellite locus (L46) was not polymorphic at both locations.

Allelic richness at each location and locus ranged from 1 to 10.44 (mean ± SD = 4.15 ± 2.29) and gene diversity from 0 to 0.92 (mean ± SD = 0.63 ± 0.24) (Table S5). The allelic richness was similar between the two locations (Table S5, Wilcoxon paired test = 39, df = 13, p = 0.67) as well as the gene diversity (Table S6, Wilcoxon test paired by locus = 49.5, df = 13, p = 0.81). There was no significant difference between the mean allelic richness in C. cursor from Spain and the mean allelic richness in C. piliscapa We found significant population differentiation between Castrillo and Salobralejo (F st = 0.14 ± 0.11, exact test of genic differentiation p < 0.0001). The NMDS plot separated the two locations of C.

(
cursor from Spain from those of C. piliscapa and C. cursor (Fig. 3). These results were similar to the findings from the mtDNA with the two populations of C. cursor from Spain also clustering together.

We found no evidence for significant positive correlations between genetic distance and geographical distance between pairs of individuals in both locations (Mantel exact test, Salobralejo: p = 0.27, Castrillo: p = 0.63). 

Colony genetic structure

From the 13 colonies analysed, seven colonies had an individual with at least three loci that did not share any alleles with the inferred putative mother (called later foreign individuals). We inferred the putative mother of the colony from the genotype of the other members of the colony (Table 1).

Polygyny could explain the presence of these foreign individuals, but this would imply a strong reproductive bias between the two mother queens given their low frequency (6%). They could also result from successive polygyny, but this would imply that in all colonies, queen replacement occurred recently. Because the sampling was performed at the nest entrance, these workers are more likely foraging workers from other colonies. It is important to note that Cataglyphis species are non-territorial, and foreign workers are regularly collected during extensive sampling of excavated colonies in the monogynous species C. piliscapa [START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF][START_REF] Doums | Worker thelytoky allows requeening of orphaned colonies but increases susceptibility to reproductive cheating in an ant[END_REF]. We excluded these workers to estimate the level of polyandry and relatedness because of their low frequency and uncertain origin. The mean number of patrilines observed was 2.44 in Salobralejo and 1.25 in Castrillo (Table 1). Four out of the 13 colonies were monandrous (1 in Salobralejo and 3 in Castrillo).

Eleven patrilines contained a single individual and were probably true patrilines (not due to genotyping errors) as they differed by three to nine loci from the other patrilines found in the colony.

To determine whether the lower level of polyandry observed in Castrillo could be due to a smaller sample size at this location, we resampled the Salobralejo colonies (except colony 19 that had a smaller sample size than the Castrillo colonies) based on the Castrillo sample size. We estimated the mean number of patrilines from each resampling. From the 1000 simulations, we found that the mean number of patrilines in the resampled Salobralejo data (1.90 (95%CI: 1.5 -2.5)) was less than the full dataset (2.44). The observed number of patrilines in Castrillo (1.25) falls outside the 95% confidence interval of the resampled data suggesting that the lower level of polyandry may not simply be due to a smaller sample size. Therefore, it is likely to reflect real biological differences between the two populations.

In Castrillo and Salobralejo, the level of polyandry was less than C. piliscapa [START_REF] Pearcy | Conditional Use of Sex and Parthenogenesis for Worker and Queen Production in Ants[END_REF][START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF]). This could be due to lower genetic diversity. A decrease in genetic diversity increases the probability that two fathers carry the same allele. However, we found that the genetic diversity was similar to C. piliscapa and C. cursor. Further, the probability of not detecting two unrelated fathers because they share the same allele is less than 0.0001% in both locations (Avila p = 0.0000004; Castrillo p = 0.000003). Alternatively, our smaller sample size (compared to C. piliscapa)

could have reduced our ability to detect patrilines. As above, we resampled at random 15 colonies of C. piliscapa from Argeles [START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF][START_REF] Doums | Worker thelytoky allows requeening of orphaned colonies but increases susceptibility to reproductive cheating in an ant[END_REF] ) and Salobralejo (2.44) were outside the 95% CI. This suggests that the lower level of polyandry is unlikely to be due to a smaller sample size. The relatedness level was also higher in Castrillo (0.68) compared to Salobralejo (0.47). The simulation of pairwise relatedness for both locations using COANCESTRY showed that three out of eight colonies in Salobralejo and three out of four colonies in Castrillo could belong to the R = 0.75 distribution (Fig. S2). None of the colonies had a mean relatedness that could belong to the R = 0 distribution (Table 1).

Use of thelytoky

From the population genetic analysis of workers, we found that there was no deviation from the HW equilibrium. Clonal social hybridogenesis is associated with extremely high levels of heterozygosity in workers due to queens mating with a distinct male genetic lineage that hybridise to produce workers [START_REF] Leniaud | Social Hybridogenesis in the Clonal Ant Cataglyphis hispanica[END_REF][START_REF] Eyer | Hybridogenesis through thelytokous parthenogenesis in two Cataglyphis desert ants[END_REF]. The absence of HW deviation suggests that these populations do not use regularly clonal social hybridogenesis. Further, we found no evidence for the conditional use of thelytoky to produce gynes. The nine gynes (from three colonies) were all sexually produced (Table 2).

Using a maximum likelihood approach, we found minimal evidence for thelytokous reproduction with a low estimated number of successive generations of thelytoky (median value < 0.001 with maximum value of 1.62). This was based on the degree of homozygosity of the inferred mother 

Discussion

A new putative species of the Cataglyphis group in Spain?

The two populations of C. cursor sampled in a restricted geographical area in Spain (Fig. 1 and Fig. S1)

were genetically isolated (mtDNA and microsatellite markers) from the closely related species C. piliscapa and C. cursor. The mtDNA genetic distances between these populations and those of C. piliscapa and C. cursor were greater than those observed between populations of these two species [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF]. The two populations of C. cursor from Spain clustered together based on microsatellite markers. In contrast, the populations of C. cursor and C. piliscapa overlap (Fig. 3).

However, more populations in this region (Fig. S1) should be analysed to confirm this pattern.

Bayesian phylogenetic inference (Fig. 1) placed the C. cursor populations from Spain within an earlybranching clade that is sister to the other C. cursor group species. Genomic data from a greater number of species would improve our understanding of the evolutionary origins of these Spanish populations. These populations could be ancient and may have persisted from the first colonisation of Europe from the central Asian origin of the cursor group.

Morphological characteristics (the number of hairs on the scape and on the first segment of the gaster) initially distinguished C. piliscapa from C. cursor [START_REF] Agosti | A provisional list of the Balkan ants (Hym. Formicidae) with a key to the worker caste. II. Key to the worker caste, including the European species without the Iberian[END_REF]. More recently, this was confirmed by a quantitative assessment [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF]. The workers of C. cursor from Spain are completely hairless (C. Doums, pers. obs) like the Southern populations of C. piliscapa [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF]. A morphological assessment of workers, queens and males of these Spanish populations is underway to determine whether these populations can be easily distinguished from C.

piliscapa. This morphological assessment could lead to the description of a new cryptic species of the C. cursor group. This morphological study should be combined with cuticular hydrocarbons analyses.

Cuticular hydrocarbon analyses are an efficient way to identify cryptic ant species (Seppä et al. 2011;[START_REF] Kather | Cuticular hydrocarbon profiles as a taxonomic tool: advantages, limitations and technical aspects[END_REF][START_REF] Villalta | Origin and distribution of desert ants across the Gibraltar Straits[END_REF] and have been shown to differentiate populations of C.

cursor from Spain [START_REF] Nowbahari | Individual, geographical and experimental variation of cuticular hydrocarbons of the ant Cataglyphis cursor (Hymenoptera: Formicidae): Their use in nest and subspecies recognition[END_REF]). In ant species with a dependent colony foundation, chemical recognition during the mating process is important because young queens remain at the nest entrance and perform sexual calls to attract flying males from other colonies [START_REF] Cronin | Recurrent Evolution of Dependent Colony Foundation Across Eusocial Insects[END_REF]. Recently, [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF] showed that cuticular hydrocarbons can better identify differences between C. cursor and C. piliscapa compared to male genitalia morphology. This supports the idea that pre-mating isolation via chemical recognition may initially be more important than morphological differences in species reproductive isolation.

Genetic differentiation between the two populations was high. This is also the case for C. piliscapa and C. cursor [START_REF] Eyer | Integrative characterization of genetic and phenotypic differentiation in an ant species complex with strong hierarchical population structure and low dispersal abilities[END_REF]. However, more populations should be assessed to confirm this.

Within populations, we did not observe a pattern of isolation by distance with the microsatellite markers. Given the geographical scale tested (approximately 200 m), the absence of isolation by distance could be observed even under dependent colony foundation. Indeed, the population genetic viscosity arising from restricted female dispersal(due to the dependent colony foundation) could be reduced by the dispersal of flying males at this small spatial scale [START_REF] Clémencet | Hierarchical analysis of population genetic structure in the monogynous ant Cataglyphis cursor using microsatellite and mitochondrial DNA markers: POPULATION GENETIC STRUCTURE OF THE ANT C. CURSOR[END_REF][START_REF] Hardy | Small-scale spatial genetic structure in an ant species with sexbiased dispersal[END_REF][START_REF] Cronin | Recurrent Evolution of Dependent Colony Foundation Across Eusocial Insects[END_REF]. The low genetic diversity found for the mtDNA supports dependent colony foundation as observed in C. cursor and C. piliscapa. Furthermore, the nine young queens had a thorax morphologically like those of C. cursor and C. piliscapa queens (C. Doums, pers.

obs.) with a reduced mesothorax and had short wings suggesting that they were not able to fly and found a colony alone. Indeed, contrary to voluminous thoraces of ant queens dispersing by flight, flightless queens have a reduced mesothorax due to the loss of wing muscles [START_REF] Peeters | Colony Dispersal and the Evolution of Quenn Morphology in Social Hymenoptera[END_REF][START_REF] Peeters | Evolutionary reduction of female dispersal in Cataglyphis desert ants[END_REF].

Substantial variation in the breeding and reproductive system in the C. cursor group

Three different reproductive systems can be found in the Cataglyphis genus: sexual reproduction with arrhenotokous parthenogenesis (the classic system for species with haplodiploid sex determination system) and conditional thelytoky with or without social hybridogenesis [START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF]. The two populations studied here showed minimal evidence for thelytokous reproduction of the queen. This confirms the lability of the reproductive system in this group with C. italica showing conditional thelytoky with social hybridogenesis and C. piliscapa conditional thelytoky without social hybridogenesis. We cannot assess the potential variability of the reproductive system in the Spain region due to the limited number of populations studied. Interestingly, the minimal evidence of thelytoky was associated with a lower level of polyandry in the two populations studied. This supports the hypothesis that, in species using conditional thelytoky by the queen (without clonal social hybridogenesis), thelytokous production of new queens should be observed under a high level of polyandry associated with a worker-worker relatedness less than 0.5. This is because, from a kinship perspective, workers collectively prefer rearing thelytokously produced queens than sexual produced queens [START_REF] Wenseleers | Unusual modes of reproduction in social insects: Shedding light on the evolutionary paradox of sex[END_REF]. This group provides a superb model system to assess the relationship between polyandry and thelytoky.

The level of polyandry was lower in the two populations we studied than in C. piliscapa and monoandry was even observed in four colonies (Table 1). These results are consistent with previous work on the reversal from multiple to single mating that showed incomplete reversion (Sumner et al. 2004;[START_REF] Kronauer | Multiple queens means fewer mates[END_REF][START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF]. There can be multiple mechanisms underlying the reduction in the level of polyandry. For example, it is associated with the evolution of a parasitic lifestyle in Acromyrmex (Sumner et al. 2004) and with the evolution of polygyny in the Army ant

Neivamyrmex carolinensis [START_REF] Kronauer | Multiple queens means fewer mates[END_REF]. In these systems, polyandry is no longer required to maintain a genetic diversity in the worker force. Under these conditions, if polyandry is costly, it may no longer be selected for [START_REF] Kronauer | Multiple queens means fewer mates[END_REF]. These hypotheses are unlikely in our system because our genetic analyses identified monogyny and C. cursor from Spain does not have a parasitic lifestyle. In Cataglyphis, reversion to single mating has been reported three times in the C. altisquamis and C. emmae groups [START_REF] Leniaud | Social Hybridogenesis in the Clonal Ant Cataglyphis hispanica[END_REF][START_REF] Amor | Cataglyphis tartessica sp.n., a new ant species (Hymenoptera: Formicidae) in south-western Spain[END_REF][START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF]). In the C. altisquamis group, a decrease in polyandry was observed in a species with clonal social hybridogenesis. The loss of genetic diversity among workers due to a reduction in queen mating frequency may be compensated by the high level of heterozygosity in the workers [START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF]. Clonal social hybridogenesis was not detected in our populations and is therefore unlikely to have selected for lower polyandry. In the C. emmae group, polyandry is reduced in two sexually reproducing monogynous species characterised by very small colony sizes (a few dozen individuals) [START_REF] Aron | Evolution of reproductive traits in Cataglyphis desert ants: mating frequency, queen number, and thelytoky[END_REF]). In our study, colonies were only partially excavated, therefore, we could not assess colony size. However, colonies are constituted by hundreds and thousands of workers in the related Cataglyphis species and most species of the genus. Consequently, this hypothesis is also unlikely to be supported. Interestingly, in all these above hypotheses, a decrease in polyandry is observed when selection for the maintenance of a highly diverse genetic worker force is relaxed [START_REF] Crozier | Polyandry in social Hymenoptera -disunity in diversity?[END_REF]Strassmann 2001).

We present a novel hypothesis that has not been proposed in previous studies: the benefits of multiple mating are reduced when most mating occurs with genetically similar males. As a result, multiple mating fails to increase genetic diversity among workers to compensate the costs.

Therefore, lower levels of polyandry would be expected in isolated populations. In birds, the level of extra-pair paternity (another way to achieve multiple mating) was found to be lower in islands compared to mainland populations in agreement with this hypothesis [START_REF] Petrie | The degree of extra-pair paternity increases with genetic variability[END_REF]). This hypothesis is relevant to our study because of the limited distribution area and geographical isolation of the populations. The level of polyandry can also directly affect population diversity especially by

affecting N e [START_REF] Karl | The effect of multiple paternity on the genetically effective size of a population[END_REF].This can lead to a feedback loop. The predicted positive correlation between polyandry and the level of heterozygosity has been observed across multiple taxa [START_REF] Taylor | Polyandry in nature: a global analysis[END_REF]).

However, this hypothesis is unlikely to explain the lower number of mates in C. cursor from Spain because the genetic diversity observed was not lower than in populations of C. piliscapa or C. cursor, and we did not detect inbreeding. Nevertheless, the relationship between genetic diversity and polyandry would merit further investigation in ants. Finally, ecological factors affecting the availability of mating partners, parasitism pressures, foraging strategies, and the diploid male load due to haplo-diploid sex determination system could also affect the costs and benefits of polyandry and need to be assessed.

The present study has expanded our knowledge of an intriguing group from the genus Cataglyphis.

This work provides the foundation for investigating the interplay between the evolution of polyandry and thelytoky in this group. The two populations in central Spain are genetically monogynous without queen inbreeding. This suggests that thelytoky is absent or rare. This was also supported by the nine gynes we analysed. These populations also exhibit low levels of polyandry. Ongoing morphological and cuticular hydrocarbon research will allow us to describe in detail a potentially new sister species. Our results demand further analyses to assess the relationship between the evolution of polyandry and thelytoky and to understand the phylogenetic origin of this potential species. . Gynes were found in only three colonies. The number of foreign offspring detected is given in parentheses. All foreign offspring had at least three loci with no common alleles with the putative mother queen of the other females. These alien offspring were not considered when estimating polyandry parameters. All genotyped gynes were sexually produced and included when calculating polyandry estimators. The number of patrilines (Np) and effective mating (ke) are given. The Queller & Goodnight estimate of relatedness among workers within each colony is also given as Rw, with its variance in parentheses. Rw fall within the hypothesis of R =0.5 for all colonies (Fig. S2), for the six values in bold, the Rw was also consistent with the R = 0.75 hypothesis. individual codes (code) are provided for each gyne as well as the informative loci. We considered a locus to be informative when comparing a pair of gynes from the same colony. Three alleles were observed thereby excluding the two gynes as clonal sisters (see [START_REF] Doums | Facultative use of thelytokous parthenogenesis for queen production in the polyandrous ant Cataglyphis cursor[END_REF] for more details).

Site

We emphasise in bold the alleles that allowed us to identify a pair of sexually produced gynes. Note this criterion is conservative and is not powerful at discriminating full-sister gynes from thelytokously produced gynes (as it does not take into account LOH). In spite of this, all pairs of gynes did not fulfil this criterion based on a number of discriminating loci varying from 1 (i.e. pair 8G1 and 8G3) and 5 (i.e. pair 8G1 and 8G2 

  Guareña (41.2301° N, 5.3253° W) in April 2014 and 27 colonies in Salobralejo (40.5860° N, 4.9046° W) in July 2015. The two locations are separated by approximately 80 kilometers (Fig. 1, Table

Fig. 1

 1 Fig. 1 Sampling sites and colony mapping of C. cursor from Spain and France. (a) The two populations

  assumed the same LOH rate per locus in C. cursor from Spain than in C. piliscapa. The LOH rate depends on the type of thelytokous reproduction (central or terminal fusion) and the physical distance to the centromere (Svendsen et al. 2015) and is therefore not expected to vary between closely related species.

  Wilcoxon paired test = 40, df = 12, p = 0.97) or in C. cursor (Wilcoxon paired test = 20, df = 12, p = 0.15). There was no significant difference between the mean gene diversity in C. cursor from Spain and the mean gene diversity in C. piliscapa (Wilcoxon paired test = 24, df = 12, p = 0.27) or in C. cursor (Wilcoxon paired test = 46, df = 12, p = 0.62). Therefore, the two locations had a similar genetic diversity to those in C. piliscapa and C. cursor in France.

Fig. 2

 2 Fig. 2 Bayesian phylogenetic tree of C. cursor group relationships for the studied species based on the

Fig. 3

 3 Fig. 3 NMDS plot over the first two dimensions (X1 and X2) ck' G st from the

  with a known level of polyandry and frequency of patrilines reflecting the sample size of C. cursor from Spain. From the 1000 simulations, the mean number of patrilines estimated in C. piliscapa was 5.05 (95%CI: 2.75 -4.75) based on the Castrillo sample size and 3.86 (95% CI: 4.22 -5.89) based on the Salobralejo sample size. The observed number in Castrillo (1.25

  queens and gynes. The distribution of these estimates in C. cursor from Spain were significantly different compared to gynes produced by thelytokous reproduction in C. piliscapa (Wilcoxon rank test, W = 3, adjusted p-value with Bonferroni correction = 0.0003) and compared to mother queens in C. piliscapa (Wilcoxon rank test, W = 13, p-adjusted = 0.027) (Fig.4). However, we found similar estimates to gynes produced by sexual reproduction in C. piliscapa (Wilcoxon rank test, W = 25, p = 0.12). Even though we cannot exclude the occasional use of thelytoky, we showed that thelytoky is unlikely to be the main mode of queen production in C. cursor from Spain contrary to what is observed in populations of C. piliscapa.

Fig. 4

 4 Fig. 4 Box plot of the number of successive generations of thelytoky (SGT) required to explain the

  and our samples to estimate the degree of isolation from the other populations of C. cursor and C. piliscapa. We

	estimated F st	g	' x c	' G	p. F c p	w h h C. piliscapa and C. cursor
	populations analysed by Eyer et al. (		

Table 1 :

 1 Sociogenetic organisation of C. cursor from Spain. N.offspring = number of female offspring genotyped (w if workers and g if gynes)

Table 2 :

 2 Genotypes of the gynes found in three colonies of Salobralejo. Colony number (col.) and

		Colony N.offspring	Np	Ke	Rw
	Salobralejo	4	12w	1	1	0.66 (0.01)
	Salobralejo	7	11w	2	1.2	0.65 (0.03)
	Salobralejo	8	9w+3g (1w) 2	1.7	0.35 (0.11)
	Salobralejo	9	5w+4g (1w) 4	3.6	0.43 (0.06)
	Salobralejo	11	12w (1w)	3	2.0	0.31 (0.10)
	Salobralejo	13	12w (1w)	2	1.2	0.52 (0.05)
	Salobralejo	15	11w (1w)	3	2.5	0.40 (0.07)
	Salobralejo	19	4w+2g	2	1.4	0.51 (0.10)
	Salobralejo	27	10w (1w)	3	2.2	0.42 (0.12)
	Mean Salobralejo			2.44	1.87	0.47
	Castrillo	31	7w (1w)	2	1.4	0.42 (0.08)
	Castrillo	46	7w	1	1	0.75 (0.01)
	Castrillo	54	8w	1	1	0.73 (0.01)
	Castrillo	59	6w	1	1	0.68 (0.01)
	Mean Castrillo			1.25	1.1	0.64

  the genepop software for Windows and Linux. Molecular Ecology Resources 8:103-106. https://doi.org/10.1111/j.1471-8286.2007.01931.x Seppä P, Helanterä H, Trontti K, et al (2011) The many ways to delimit species: hairs, genes and surface chemistry. Myrmecological News 31-41 Strassmann J (2001) The rarity of multiple mating by females in the social Hymenoptera. Insectes soc 48:1-13. https://doi.org/10.1007/PL00001737 Sumner S, Hughes WOH, Pedersen JS, Boomsma JJ (2004) Ant parasite queens revert to mating singly. Nature 428:35-36. https://doi.org/10.1038/428035a

		F	8 g	). p p' -implementation of O D k ć : c p 1 c g p c A x		Daphnia magna by
	Col. Code	L89	L61	L99	L100	L10878	L2794	L3653	L3993
	8	8G1	114/118 213/235 104/106	183/185 296/300 269/269 242/248 363/366
	8	8G2	114/120 229/235 104/108	183/183 288/300 265/269 242/248 366/372
	8	8G3	114/118 229/235 104/106	183/183 296/300 265/269 242/248 363/366
	9	9G1	114/118 215/229 104/106	183/183 296/302 259/269 248/248 361/363
	9	9G2	114/118 215/229 104/108	183/185 296/302 259/265 248/248 361/372
	9	9G3	114/120 213/229 104/106	185/185 280/296 253/269 248/256 361/372
	9	9G4	114/118 215/229 104/108	183/185 296/302 259/265 248/248 361/372
	19	19G1	116/118 213/213 104/106	185/187 312/312 244/253 242/248 357/361
	19	19G2	118/118 213/215 104/106	183/185 280/314 244/259 248/254 361/361
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