[bookmark: _b4biv16wskjh]Spatial heterogeneity in supergene distributions across environmental gradients in aridity

[bookmark: _4po6pd9tengh]Background
With an accelerating rate of discovery during the past decade, researchers now know that complex traits are often controlled by ‘supergenes’. Supergenes are regions of the genome containing multiple genes that tend to be co-transmitted to offspring due to local suppression of recombination. Now that genotype-phenotype relationships have been established, researchers can begin to ask whether and how supergene distributions change across space and time and along environmental gradients. Several factors could contribute to regional variation in the distribution of supergene alleles. First, spatially variable selection may shape the frequency of alternative phenotypes, resulting in spatial heterogeneity in the distribution of supergene alleles. Second, independent of the extrinsic environment, there may be feedbacks between the frequency of alternative alleles and selection coefficients shaping the costs and benefits of the strategies that they encode (e.g. negative frequency dependence), resulting in intrinsic heterogeneity in contemporary spatial patterns. Third, systematic differences in dispersal and colonization propensity between individuals of different social forms could lead to varying spatial structure in alternative supergene haplotypes. Several of these mechanisms rely on strong and consistent supergene control of phenotypes, but, intriguingly, environmental conditions could also influence the genotype-phenotype relationship. For example, extreme and variable environments may relax the relationship between genotype and phenotype, facilitating a plastic response to changing environmental conditions. 	Comment by Jessica Purcell: But this may be independent of factors that shape the distribution of supergene alleles, and there are other population parameters that could shape the distribution of alleles.  So, if we go with this structure, this needs some substantial revision.	Comment by Jessica Purcell: I tried to revise to fix this issue, but want to leave it flagged for a final check.	Comment by Eyal Privman: This is focused on the hypothesis of environmental factors. The alternative hypothesis would be internal social factors. Patterns could be explained by dispersal and competition. We should test for that somehow (simulations?). These social dynamics could be affected by the environment, e.g. population density (determined by carrying capacity).	Comment by Jessica Purcell: I added a sentence trying to encompass this idea.  What do you think?	Comment by Eyal Privman: Great
The genomic revolution has ushered in a new era of research on the genomics of local adaptation. The subfield of landscape genomics allows researchers to seek genotype/environment associations, bypassing a focus on phenotypic traits. Although there are still relatively few empirical studies employing these methods, the field has already helped to inform conservation efforts and identified populations that will be susceptible to ongoing climate change (Bay et al. 2018; others), it has quantified ways in which environmental variables influence genetic divergence (Li et al. 2017), and it has led to the discovery of genetic markers underlying local adaptation (CITE).  To our knowledge, landscape genomics has not been employed in systems with supergenes yet. We aim to apply these approaches to gain insights into spatially variable selection on supergenes and, simultaneously, to examine parallel signatures of local adaptation of two species spanning a Mediterranean-desert environmental gradient, one in Israel and one in southern California.	Comment by Jessica Purcell: https://www.frontiersin.org/articles/10.3389/fpls.2017.02136/full	Comment by Eyal Privman: https://www.sciencedirect.com/science/article/pii/S0169534722002774?via%3Dihub

Ants are among the most widely distributed, ecologically dominant taxonomic groups on earth. They are found from Arctic to tropical latitudes, and they thrive both in the most humid and the most arid terrestrial environments.  Researchers agree that the complex and highly variable eusocial behavior exhibited by ants helps them to thrive in such disparate and often harsh environments, yet we still know little about the specific mechanisms that facilitate adaptation to variable extrinsic conditions. In this study, we propose to compare two divergent species, Cataglyphis niger and Formica francoeuri, that have several features in common. Importantly, both species exhibit a social polymorphism in colony queen number, and this polymorphism is controlled by distinct and independent supergenes (Pierce et al. 2022; cite).  Alternative social strategies may facilitate their establishment across strong gradients in aridity and vegetation cover in Israel and California. To begin to understand the genetic and social underpinnings of local adaptation to arid environments, we will carry out systematic sampling and genomic sequencing for both species. The sequence data will enable us to detect regions of the genome under selection in different environments, investigate the distribution of the supergenes and of social organization across populations, and determine whether the strength of the association between supergene and social organization is maintained in different environments.

[bookmark: _g233nv4jl09y]Objectives
The main goals of this proposal are threefold: first, we will identify portions of the genome associated with populations along an extreme environmental gradient from Mediterranean to arid desert. Second, we will examine whether supergene and social variation vary along this environmental gradient and, if they do, whether the genetic control of colony social organization is influenced by the extrinsic environment. In complement, we will use an individual-based modeling approach to determine whether the association between environment and supergene are sufficient to explain observed patterns in social structure and supergene variation along the environmental gradients in both species.
Aim 1: Identify genetic signature of local adaptation.
We will sequence whole genomes of ants collected from populations spanning the Mediterranean-desert environmental gradient and use modern landscape genomics techniques to identify genomic regions associated with environmental variables (Figure 1). To our knowledge, this will be the first time that a landscape genomics approach will be applied to species with supergenes.
Aim 2: Determine how environmental factors influence the genetic control of social organization.
In order to assess whether genetic control of social organization differs across different environments, we will quantify social structure variation across our population samples by assessing nestmate relatedness between at least 5 workers from each colony (Aim 2a). Based on preliminary data (Figure 2) and on results from other species (e.g. Purcell et al. 2015), we predict that the frequency of monogyne and polygyne colonies will vary across the strong environmental gradient that we propose to investigate. We will then examine the distribution of alternative supergene haplotypes in each sampled population (Aim 2b). If supergene haplotypes are perfectly correlated with social structure, this would suggest that genetic control of colony queen number is not sensitive to environmental factors. In contrast, if there is some deviation between supergene and social structure distributions, we will investigate the conditions under which genetic control of social organization is relaxed (Aim 2c).	Comment by Eyal Privman: Not sure that's enough for Cataglyphis because of polyandry	Comment by Jessica Purcell: Up it to 8?  We have moderate levels of polyandry, and the pairwise relatedness ridgeline plot approach we've been using (see https://doi.org/10.1101/2023.03.29.534793 Figure 3; the final version of this paper will be out in Current Biology tomorrow) seems to work pretty well to distinguish polygyne and monogyne/polyandrous.
A major strength of our proposed research methods will be the ability to compare patterns between two species living along similar environmental gradients with parallel and independent social polymorphisms and supergenes. 
Aim 3: Disentangling extrinsic and intrinsic mechanisms shaping the geographic distribution of alternative social forms.
We will test whether the geographic distribution of social forms is the result of intrinsic processes rather than natural selection due to extrinsic environmental factors. This Aim will entail individual-based simulations, whereby various potential mechanisms will be tested to see if they can explain the observed distribution, including differences between social forms in dispersal and reproduction, and interdependence of the fitness of each social form as a consequence of the local frequency of the other form.
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Figure 1: Conceptual diagram showing sampling plan, study aims, and key outcomes of the proposed research.

[bookmark: _xjpj2rc8sazi]Significance
This study will apply for the first time landscape genomic approaches to supergenes that shape complex traits. We will examine in parallel how a strong environmental gradient shapes genomic polymorphism, how the supergene distribution and phenotypic control vary with environment, and whether extrinsic environmental factors are sufficient to explain the patterns that we observe. Our study systems, prior knowledge, sampling scheme, and planned analyses and simulation studies are well poised to provide statistical power and to disentangle potential mechanisms, including both extrinsic effects (e.g. precipitation) and intrinsic effects (e.g. dispersal bias). Moreover, through our collaboration, we will be able to compare and contrast patterns in two species spanning parallel environmental gradients, but with distinct and independently evolved social polymorphism and supergenes. Therefore, the proposed study has good potential to provide novel and general insights into the dynamics of supergene population genetics and evolution in variable environments. Recent studies show that supergenes are much more common than previously thought and found in diverse types of eukaryotic taxa. The questions that will be addressed by this study are especially timely in the context of global climate change, as part of efforts to understand how species respond to these changes.
[bookmark: _sranufp74oay]Study systems
We propose to pursue these aims in two parallel systems: Formica francoeuri in Southern California and Cataglyphis niger in Israel. Both species are found in semi-arid and arid habitats. F. francoeuri ranges from the Pacific coast to the edge of the Sonoran and Mojave deserts and to elevations up to 1500 m above sea level. C. niger ranges from the Mediterranean coast to the mountain ranges of the Galilee, Judea, and the Negev desert, up to an elevation of 1000 m. Both species nest preferentially in sandy soils. F. francoeuri is often found in dry riverbeds or floodplains. C. niger is very common in the sandy lands along the coast, but also found in rocky areas and in the mountainous regions. Social polymorphism in queen number was described by previous studies in both (Pierce et al. (2022) for F. francoeuri and Reiner-Brodetzky et al. (2019) for C. niger) and this polymorphism is controlled by two distinct supergenes (see unpublished results for the C. niger supergene in appendix A). The F. francoeuri supergene is also present in other Formica species (Brelsford et al. 2020). Interestingly, the distribution of supergene haplotypes in F. francoeuri deviates from some of its congeners, with single queen colonies containing exclusively M/M homozygous individuals and multiple queen colonies containing predominantly M/P heterozygotes (Pierce et al. 2022). The same pattern was observed in C. niger. There was evidence of substantial population structure across F. francoeuri samples collected from Ventura county in the north to San Diego county in the south, but the sampling effort was not extensive nor systematic enough to detect population structure or consistent phenotypic variation along the environmental gradient from Mediterranean to desert habitats (Figure 2a). One population cluster of C. niger is found along the Israeli coastline, while a distinct population dwells in the mountain ranges and in the Jordan valley, with an extensive hybrid zone in between.	Comment by Eyal Privman: Should we include figures showing population structure? We have a map of the hybrids	Comment by Jessica Purcell: We can. Not sure what you mean by "hybrids"- don't you have just a single species??	Comment by Eyal Privman: Well, no. Depends what you call "species... There's another species called Cataglyphis israelensis that hybridizes extensively with C. niger.	Comment by Eyal Privman: I added the map of the hybrid zone (green is C. niger, red is C. israelensis, yellow are hybrids). You can see that we only found the P chromosome in pure niger populations.	Comment by Eyal Privman: I'm also perfectly happy as presenting this as population structure within a single species (it is a single species if we use the biological species concept)
 
[image: ][image: ] 
Figure 2: Maps of previous sampling efforts and the distribution of social organization in F. francoeuri (a) and C. niger (b). Social form was determined in F. francoeuri based on a supergene-independent assessment of genetic relationships among nestmates (Pierce et al. 2022) and in C. niger based on the supergene haplotypes (MM for monogyne, blue; MP for polygyne, red).

[bookmark: _2005szj67hvu]Experimental design
[bookmark: _l8u0r0ji14pn]Sampling
For each species, we will systematically sample individuals from a minimum of 5 colonies in each of at least 40 sites distributed along parallel transects from the coast to the desert (Figure 3).  In landscape genomics, maximizing the coverage of contrasting environments while sampling in a systematic way that will help to account for population structure (i.e. by trying to sample evenly in space across the gradient) is critical.  This design should enable us to achieve both aims.  To account for within-colony variation and to facilitate an assessment of social organization, we also need to sample multiple individuals from each colony and multiple colonies per site.  As a result, we will target a minimum of 200 colonies in total, and we will sample at least 5 individuals from each colony.
[image: ][image: ]	Comment by Eyal Privman: https://www.tandfonline.com/doi/full/10.1080/00758914.2017.1379181

https://ims.gov.il/en/ClimateAtlas
Figure 3: A map of historical precipitation in southern California (in inches) from the US National Weather Service and in Israel (in mm) from the Israeli Meteorological Service (base maps). The approximate range of Formica francoeuri is overlaid (gray shape) on the map of California. The proposed transects, each containing 10 sampling sites from coast to interior, are shown with lines and stars.
[bookmark: _q0spa7jobdry]Genomic sequencing
For the landscape genomics analysis and comprehensive assessment of supergene haplotype, we will use whole genome resequencing of one individual from each colony. We plan to use the PlexWell 384LP kits from Seqwell, because these have generated robust, unbiased, reliable, and cost effective genomic sequence data in our labs so far (Brelsford and Purcell, unpublished data). Sequencing will be carried out at the UCSD Genomics Core facility on the Novaseq X platform.
In other socially polymorphic species, a look at the distribution of pairwise relatedness values among at least five nestmates has facilitated a reliable and repeatable assessment of colony social structure (Scarparo et al. 2023). We will therefore use the cost-effective reduced representation sequencing approach (ddRADseq, Brelsford et al. 2016) to sequence four additional workers per colony (800 individuals per species). These individuals will be pooled and sequenced on the Novaseq X platform, as above.  Given the possibility that the strength of the genotype by phenotype association could vary with environment, it is particularly useful to use supergene-independent methods to assess the number of queens reproducing in each colony. 
[bookmark: _chc8zczh0b0w]Testing for genetic association with environmental gradients
To quantify environmental differences between sites, we will download publicly available, fine-scale climatic data from the WorldClim database (worldclim.org) and biotic data from the ESA WorldCover database (https://esa-worldcover.org/). We will use samβada (Stucki et al. 2017) to seek genomic markers associated with environmental variables of interest, particularly annual and seasonal precipitation averages (Aim 1). One of the challenges in landscape genomics methodologies is the inevitable correlation between environmental variables and geographic distance, which can cause challenges in distinguishing between signatures of selection in the genome and neutral genetic variation resulting from underlying population structure. Models implemented in samβada can account for underlying population structure by assessing spatial clustering of genotypes and incorporating population structure in the model used in the test for genotype-environment association (Stucki et al. 2017).	Comment by Eyal Privman: I tried to add references here to the 4 distinct aims, but I'm afraid it isn't completely clear to me... Could you please take a look?
Our previous analyses demonstrated that the supergenes of both species consist of two haplotype groups designated M and P, with suppressed recombination between them. Therefore, we expect a standard analysis on the whole genome data to show that many linked loci within the supergene region show strongly associated patterns if they are identified as a locally adapted locus. We will follow such a result with a second analysis on the M and P haplotype groups separately, to determine whether locally adapted alleles are located within the haplotypes. We expect the details of these analyses to be useful for future researchers seeking to apply landscape genomics methods to species with known supergenes. We will document and justify our precise approach so that future studies can follow existing protocols to account for differences in effective population size and distributions of supergene haplotypes.
We will assess the distribution of pairwise nestmate relatedness values to infer colony social structure using the Wang estimator calculated in Coancestry (Wang 2002). We have previously found that this is among the most robust relatedness estimators for haplodiploid organisms based on RADseq data (McGuire et al. 2022; Scarparo et al. 2023). We will then determine whether the distribution of social organization varies consistently with distance from the coast and with elevation above sea level using mixed effect models with binomial error structure (Aim 2a). We will independently assess the distribution of supergene haplotypes using a similar approach (Aim 2b). If the distribution of colony social structure differs from the distribution of supergene haplotypes, we will further investigate where the strength of genetic control of colony queen number is relaxed (Aim 2c). 	Comment by Jessica Purcell: Wang, J. (2002). An estimator for pairwise relatedness using molecular markers. Genetics 160(3),
1203–1215. 10.1093/genetics/160.3.1203
[bookmark: _d8hy20bwk33k]Disentangling extrinsic and intrinsic mechanisms shaping the geographic distribution of social forms
Geographical variation in social form may be explained by either extrinsic or intrinsic effects. Aim 2 may reveal potential extrinsic environmental effects on social organization, including abiotic factors such as temperature and aridity and biotic factors such as vegetation and abundance of other animal species including predators, prey, and competitors. Alternatively, spatial variation of social form may be explained by intrinsic effects such as differences in dispersal and reproduction, and interactions between the different social forms.
To disentangle these alternatives, under Aim 3, we will conduct individual-based simulations parameterized with empirically-determined demographic models, population genetic parameters, and observed patterns of genotype distribution within colonies and additional insights. Forward population genetic simulations will be conducted using the scriptable package SLiM (ref). Simulations will be based on a demographic model inferred from the population samples using Approximate Bayesian Computation (ABC) to infer the demographic history of our study populations and model parameters such as population sizes and gene flow (using fastsimcoal2 and DIY-ABC). We will model the supergene as a single locus with two alleles, which determine the social phenotype. The simulated populations will be structured based on our sampling design of parallel transects, as a two-dimensional 10X10 stepping stone model with migration along both east-west and north-south axes. The east-west axis will be correlated with an environmental gradient of an extrinsic factor (e.g. aridity) that acts as directional selection on the social phenotype. This formulation also allows reducing the genetic effect of the supergene to less than 100%, and adding an environmental effect on the social phenotype, thereby modeling plasticity.
Additionally, we will investigate several potential intrinsic effects by incorporating them into the model and analyzing resulting spatial distribution patterns. First, we will test for potential effects of differences between social forms in dispersal and reproduction. Multiple studies in different species suggested that polygyne populations grow faster than monogynes, but monogynes disperse further (refs). Second, we will test for interactions between colonies. We will incorporate different effects of population density on the different social forms, to account for different maximal carrying capacities. Additionally, we will investigate the effect of dependence of one social form on the presence of the other, for example as in the case of polygyne C. niger queens that have to mate with males from monogyne colonies.
[bookmark: _fbmi7xgw7354]US and Israeli resources, contribution, and mode of cooperation
This project provides an excellent opportunity to enhance collaborations between the Privman lab in Haifa, Israel and the Brelsford and Purcell labs in Riverside, California. Our labs have been collaborating for the past five years on a previous BSF funded project looking at genomic evolution on a large evolutionary scale (across 10 genera). The proposed study focuses on two particular species belonging to this large clade. The Privman lab has characterized a supergene associated with social polymorphism in C. niger, which is abundant in Israel, while the labs in Riverside are working on genomic analyses of a different social supergene in multiple Formica species, which are common and speciose in the United States. Each lab brings complementary skills to the collaboration. Privman and his lab have experience with population genomics and comparative genomic analyses. Brelsford brings strong population genetic and genomic mapping skills. Purcell provides expertise in ecological and behavioral studies in ants. The BSF grant would facilitate student exchanges between the labs, thereby allowing skills to be transferred in both directions and paving the way for extended collaborations between Israeli and American researchers. We plan annual meetings in either Israel or California, with longer stays for the students in the other labs to allow training by the other PIs and establishment of true teamwork. More frequently, teleconference meetings will be held to ensure smooth coordination of the joint work. All PIs have fully equipped molecular labs that have all necessary equipment to construct RADseq and whole genome sequencing libraries in house. All teams have access to high performance computing clusters to run bioinformatics analyses.
[bookmark: _dnsov5fijczm]Preliminary results
We have preliminary data on both focal species, suggesting that social structure and supergene haplotypes vary across sampled populations (Fig. 2). However, we have not conducted systematic sampling nor sequenced whole genomes of either species until now. Knowing that variation in social structure and supergene exist within our proposed sampling distribution and seeing that both species can be sampled in both coastal and desert environments provides a proof of concept for our proposed sampling scheme. We expect that a more systematic sampling approach will reveal clear patterns in the distribution of alternative social structures (see also Purcell et al. 2015), allowing us to quantify how precipitation and vegetation gradients influence colony social structure.  	Comment by Jessica Purcell: Could also mention preliminary landscape genomics results on another North American Formica species (with extreme latitudinal distribution) if it would be relevant/useful.
[bookmark: _204domni883s]Risk analysis and contingency plan
Each of the aims within our proposed research plan is complementary, but robust to unexpected results within other aims. As such, we expect the proposed research to yield important, novel insights into the role of precipitation gradients in shaping ant local adaptation, the role of colony queen number in shaping adaptation to harsh environments, and the role of the two supergenes in shaping ant population structure. All three teams have extensive experience in producing and analyzing population genomics datasets, and the sampling efforts will certainly yield novel insights into the biology of each species. The biggest risks with this project are finding little population structure or population structure that is not aligned with our focal environmental gradients. However, our systematic sampling designs should facilitate a careful and thorough analysis of unexpected patterns in our data. A second potential pitfall would be gaps in the distribution of our focal species in key intermediate environments. If species distributions are patchier than we expect based on preliminary samples and public databases, we will expand our sampling efforts beyond our transects to maximize coverage of sites with environmental extremes and intermediate values.

[bookmark: _1bm5rmyt0chs]Appendix A: a supergene controls social polymorphism in C. niger
Preliminary results: In an ISF funded project we investigated the genomic architecture that underlies social polymorphism in C. niger. We collected 30 nests from a polymorphic population in Tel Aviv and conducted reduced representation genomic sequencing (ddRADseq) on 20 samples per nest. We determined the social form based on kinship analysis. We then tested for genetic association with social form in a catalog of 21,188 high confidence loci across the genome. An FST outlier scan showed that chromosome 2 harbors many loci with allele frequency differences between social forms (Fig. 4a). Fig. 4b shows that monogyne samples are mostly homozygous to one allele at the FST outlier loci, which we designated the M allele, whereas polygyne samples are mostly heterozygous MP genotypes, as expected for a supergene with two distinct haplotype groups. Also in line with the expectations for a supergene, we observe the suppression of recombination in polygynes in the genomic region encompassing these high FST loci both in a linkage disequilibrium analysis of the population sample from 30 nests (Fig. 4c) and in a linkage analysis of offsprings from either a monogyne MM queen or a polygyne MP queen (Fig 4d).
[image: ]   [image: ][image: ]
Figure 4: Social polymorphism in C. niger maps to a supergene on chromosome 2. (a) FST between monogyne and polygyne samples. (b) Genotypes of monogyne and polygyne samples in the high FST loci. (c) Linkage disequilibrium in the polygyne population between loci in each chromosome (upper triangle points with R2>0.05; lower triangle points with R2>0.81). (d) Linkage maps of chromosome 2 in offspring from either a monogyne colony (MM mother) or a single queen from a polygyne colony (MP mother)
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