Chromosomal inversions as drivers of ecological adaptation and diversification in a grasshopper species complex
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Abstract
The study of inversion polymorphisms along environmental gradients has long attracted the attention of evolutionary biologists. Currently, the application of genomic approaches has provided new evidences about the role that these rearrangements might have played as drivers of ecological adaptation and speciation. The grasshopper Trimerotropis pallidipennis is considered a “species complex” composed of several genetic lineages distributed from North to South America in arid and semi-arid high-altitude environments. The southernmost lineage, Trimerotropis sp., bears inversion polymorphisms whose frequencies vary along environmental gradients. These polymorphisms may have allowed this grasshopper to adapt to more temperate environments. Herewith, we analyze chromosomal, mitochondrial and genome-wide SNP markers in 19 populations of Trimerotropis sp. mainly distributed along two altitudinal gradients. We show that populations across Argentina are formed by two main chromosomally differentiated lineages: one distributed in the southernmost border of the “Andes Centrales”, adding evidence for a differentiation hotspot in this area; and the other widely distributed in Argentina. Within the latter, footprints of secondary contact between divergent populations were detected, probably leading to incipient speciation through selective disadvantages of heterozygous individuals and asymmetrical gene flow. We demonstrated the stability of inversion polymorphisms for more than 30 generations and the occurrence of non-neutral markers associated with environmental and chromosomal gradients. These results confirm the adaptive nature of the chromosomal gradients and provide a framework to future investigations about candidate genes that may be implicated in the rapid adaptation to new environments.
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Introduction
Since the pioneering work of Sturtervant (1921), chromosome inversions have attracted the attention of many cytogeneticists (Dobzhansky, 1970; De La Chapelle et al., 1974; Kleckneb, Reichardt & Botstein, 1979). In the post-genomic era, novel approaches are applied to unravel the genetic and evolutionary significance of chromosome inversions (e.g. Cheng et al., 2012; Adrion, Hahn & Cooper, 2015; Fuller, Haynes, Richards & Schaeffer, 2017). Although inverted and un-inverted chromosomes only differ in the linear order of DNA bases (Kirkpatrick, 2010), such a change probably had major impacts on ecological adaptation and speciation of organisms (Lowry & Willis, 2010; Wadsworth, Li & Dopman, 2015). Suppression of recombination within an inverted segment in heteromorphic bivalents may result in co-adapted gene complexes (Hoffmann, Sgro & Weeks, 2004), allowing populations to adapt more rapidly to environmental changes (Cheng et al., 2012; Ayala et al., 2017). In addition, it may play an important role in restricting gene flow between populations differentiated by the rearrangement, leading to the accumulation of changes mostly in that portion of the genome, which may eventually give rise to reproductive isolation and speciation (Fuller, Leonard, Young, Schaeffer & Phadnis, 2018; Fuller, Koury, Phadnis & Schaeffer, 2019; Lucek, Gompert, & Nosil, 2019).
The order Orthoptera comprises numerous species and genera that experienced rearrangements in polymorphic or fixed states, leading to the differentiation of the genetic structure of populations within species or of species’ karyotypes within genera (Hewitt, 1979; White, 1973). This is particularly the case for Trimerotropis pallidipennis, which is distributed in arid and semiarid regions from North to South America. It has 2n=23/24 chromosomes in males/females, with the three largest chromosomes submetacentric, possibly due to chromosomal inversions occurring during its evolution (Guzman & Confalonieri, 2010).  Trimerotropis pallidipennis has been considered as a “species complex”, with morphologically indistinguishable genetic lineages (Husemann, Guzman, Danley, Cigliano & Confalonieri, 2013; Guzman, Pietrokovsky, Cigliano & Confalonieri, 2017). North American populations were assigned unique genetic lineage (Husemann et al., 2013) but the situation is more complicated for South American populations. Indeed, one genetic lineage distributed in Argentina (hereafter Trimerotropis sp.) proved to be phylogenetically well differentiated from populations in Chile, Peru and Bolivia; in turn, Perú harbors numerous genetic lineages in a relatively small geographic area (Guzman et al., 2017). Besides, Trimerotropis sp. can be distinguished from North American T. pallidipennis populations by cytological differences: in the former, four of the five medium-sized chromosomes are polymorphic for inversions (Confalonieri & Colombo, 1989), while in the latter these chromosomes are invariably monomorphic (White, 1973). A macrogeographic analysis of Trimerotropis sp. in Argentina revealed repetitive patterns of frequency variation across two independent altitudinal gradients of possible adaptive significance (Colombo & Confalonieri, 1996). Interestingly, the frequencies of three inversions (4AI, 7SM2 and 8SM4) were correlated with altitude, latitude and minimum temperature, and those of two inversions (6M and 8SM3) were correlated with longitude and humidity; these findings could help the authors to predict chromosome rearrangements occurring in unexplored areas with similar ecological gradients. Trimerotropis sp. occurs at the southernmost limit of the species complex and is the only lineage that is distributed not only in arid and semi-arid high-altitude environments but also in more humid ones at lower altitudes. This has prompted Confalonieri (1994) and Colombo & Confalonieri (1996) to assume that chromosome inversions may have played a major role in niche diversification.
There are two main hypotheses explaining the origin of chromosome or genetic clines (e.g. Singh & Rhomberg, 1987; Hewitt, 1988; Kawakami, Butlin, Adams, Paull & Cooper, 2009). The first one postulates that clines result from secondary contacts among populations separated for long periods; however, these gradients of chromosome/allele frequencies may be erased after many generations unless local selection acts against heterozygous individuals in contact zones, leading to the temporal stability of clines. The second one assumes that clines are the consequence of natural selection leading to the variation of locally adapted gene frequencies along an environmental gradient. Therefore, chromosomal clines observed in Trimerotropis sp. might be due to secondary contacts among divergent populations with respect to the rearrangements (hereafter SC Hypothesis) or to geographically variable selection affecting them (hereafter GVS hypothesis). As most of Trimerotropis sp populations are polymorphic except for a few ones at high altitudes and latitudes  (Confalonieri, 1994), the width of the hybrid zone would be too extensive. On this basis, Matrajt, Confalonieri & Vilardi (1996) favored the GVS hypothesis. 

Herewith, we analyze the genetic structure of samples belonging to Trimerotropis sp., which are distributed along two altitudinal gradients in Argentina, and also in other provinces of this country. One altitudinal cline extends over Mendoza and San Luis provinces (hereafter MS) and was discovered 30 years ago, while the other lies along Jujuy province (hereafter Ju) and is explored for the first time. These samples were assayed for chromosomal, mitochondrial and ddRADseq (Double Digest Restriction-site Associated DNA sequencing) variation (Baird et al., 2008; Peterson, Weber, Kay, Fisher & Hoekstra, 2012) in order to test the different hypotheses mentioned above. If MS and Ju clines are maintained by selection, we expect that: 1) inversion frequencies will remain almost the same after 30 generations (i.e. temporal stability); 2) both MS and Ju will show the same pattern of chromosomal variation; and 3) both MS and Ju will show non-neutral variants associated with climatic and chromosomal variables. Analyses of population structure and gene flow among populations across these altitudinal gradients may provide support to SC and GVS hypotheses. 
Materials and Methods

Sample collection and COI sequence amplification
We collected 177 adult specimens of Trimerotropis sp. from 19 locations of Argentina (Table S1 and S2; Figure 1) during the summers of 2007–2010. Four populations (León, Uquía, La Quiaca and Tres Cruces; Figure 1 and Table S1) are located along Ju, and five populations (Chosmes, Mendoza, Cacheuta, Uspallata and Puente del Inca (hereafter PI)); Figure 1 and Table S1) along MS. Both clines were analyzed for cytochrome c oxidase subunit I (COI) and ddRADseq variation, and for chromosomal polymorphisms (Table S1). The rest samples were analyzed only for COI (Table S1). Specimens’ hind legs were preserved in 100% ethanol. Genomic DNA was extracted using the REDExtract-N-Amp TM Tissue PCR kit (Sigma) or DNeasy Blood and Tissue kit  (Qiagen) following manufacturer’s protocol. The DNA was amplified for COI using a standard PCR protocol and primers as in Husemann et al. (2013). Sequences were inspected, trimmed and aligned using Geneious v 7.0.6  (Kearse et al., 2012) and deposited at GenBank (accession numbers: MT037873 - MT038005)). 
Cytogenetic analysis
Ninety-one males coming from both ecological gradients (Table S1, Figure 1) were dissected and their testes fixed in 3:1 ethanol: acetic acid. We determined if chromosomes 4, 6, 7 and 8 are polymorphic for the seven pericentric inversions as described by Confalonieri & Colombo (1989) and Confalonieri (1994). These rearrangements supposedly changed the basic acrocentric morphology (A) into many submetacentric (SM1, SM2, SM3, SM4, and SM5), metacentric (M), and inverted acrocentric (AI) forms. 
ddRADseq analyses 
Ninety-six individuals from MS and Ju (Table S1, and Figure 1) were screened for nuclear genome wide Single Nucleotide Polymorphisms (SNPs) by ddRADSeq, which has been considered as the most appropriate method for organisms without a reference genome (Peterson et al., 2012). DNA was quantified using ND-1000 spectrophotometer (Nanodrop Technologies) and a Qubit dsDNA HS Assay Kit (Life Technologies), with assays read on a Qubit v2.0 (Life Technologies). We obtained at least 1 μg of high-quality genomic DNA per sample.

Library preparation and sequencing were carried out by IGAtech (Udine, Italy). The libraries were produced using a custom protocol (IGAtech), with minor modifications compared to the one implemented by Peterson et al. (2012). Briefly, 100 ng of genomic DNA from each individual were digested with enzymes SphI and HindIII.  Then, fragmented DNA was ligated to barcoded adapters, pooled on multiplexing batches and bead purified. Target fragment distribution was collected on BluePippin instrument (Sage Instruments Inc., Freedom, CA, US). The eluted fraction was amplified with specific primers and subsequently bead purified. The resulting libraries were checked with both Qubit v2.0 (Life Technologies) and Bioanalyzer DNA assay (Agilent Technologies, US). Libraries were processed with Illumina cBot for cluster generation on the flow cell, following manufacturer’s instruction. Paired-end (2*125 bp) sequencing was performed on a Illumina Hiseq 2500 (Illumina, San Diego, US) using the Illumina SBS v4 chemistry.

Raw Illumina sequences were processed with STACKS v2.0 following the protocol of Catchen, Amores, Hohenlohe, Cresko & Postlethwait (2011) and Catchen, Hohenlohe, Bassham, Amores & Cresko, 2013). Briefly, the raw sequences were quality-filtered and demultiplexed using process_radtags from STACKS program. Stacks of similar sequences (reads) were then assembled in each individual using ustacks and grouped into loci (=RAD loci). Samples with less than 1 M reads were discarded (12 of the 96 original samples). Identification of SNPs was performed through the pstacks program, with a minimum allele depth of 3 sequences (on individual basis). Calling was applied only to loci with a minimum coverage of 6. We obtained a catalogue for all individuals (cstacks), and decided the allelic state at each locus in each individual (sstacks). Loci were retained only if at least 80% of the samples with more than 1M reads were successfully genotyped. Log-likelihood has to be higher than -20 (SNP model probability). Correction of calls was applied using cohort-wise allele information. Homozygote/heterozygote discrimination was carried out using alpha=0.05. Finally, those allelic states were converted in genotypes using GENOTYPE and POPULATION, which resulted in different output matrices. These were used as input for the programs described in the following sections. SNPs obtained from the STACK analyses were subsequently filtered out using the PLINK program (Purcell et al., 2007) by Minor Allele Frequency (--maf 0.01), Maximum SNP Missingness Rate (--geno 0.3), and Maximum Individual Missingness Rate (--mind 0.3) (hereafter Rad-loci_1 data set). Finally, for purposes of population structure analysis, the SNPs in linkage disequilibrium were also filtered out (--indep 300 5 2) (hereafter Rad-loci_2 data set). 

Data analyses
We evaluated the association between chromosome inversion frequencies and altitude using a Spearman’s correlation with the Psych R package and results were plotted with corrplot  (Wei & Simko, 2017) R package (R v3.4.1.) Inversion frequencies were also tested for association between non-neutral markers and environmental variables with the BayPass program (Gautier, 2015) (see below). 
Haplotype networks were constructed from COI sequences using TCS v1.21 (Clement, Posada & Crandall, 2000) with 95% confidence intervals, and visualized with PopArt v1.7 (Leigh & Briant 2015). Haplotype diversity estimates along with population expansion statistics (DT (Tajima, 1989), Fu’s Fs neutrality test (Fu, 1997) and R2 (Ramos Onsins & Rozas, 2002)) were obtained with DNAsp v5.10 (Librado & Rozas, 2009). 
Principal component analysis (PCA) was performed with the data sets of filtered variants Rad-loci_1 and Rad-loci_2, using SNPRelate v1.6.4 (Zheng et al., 2012). The first two principal components were plotted using ggplot2 R package (Wickham, 2016). 

We ran STRUCTURE v2.3.4 (Pritchard, Stephens & Donnelly, 2000) on the Rad-loci_2 data set, using an admixture model and correlated allele frequencies. Values of population differentiation (K) were assessed between 1 and 14 and three runs were made for each K, with 300000 generations each and a burn-in of 30000. The most probable value of K was inferred using the Structure Harvester program by the delta K method (Evanno, Regnaut & Goudet, 2005).

Genome scan for non-neutral markers and their association with environmental and chromosomal variables was performed with BayPass (Gautier, 2015). SNPs subjected to adaptive differentiation were inferred through the estimation of XtX differentiation measures (Günther & Coop, 2013). This statistic might be considered a SNP-specific FST explicitly corrected for the scaled covariance matrix across population allele frequencies. To calibrate the XtX estimates, we estimated the posterior predictive distribution of this statistic under the null model by analyzing pseudo-observed data sets (POD) (Gautier, 2015). The 99% quantile of the XtX distribution from this POD analysis provided a 1% threshold XtX value, which was used as a decision criterion to discriminate between selection and neutrality. The possible association between these outlier loci and environmental and chromosomal variables was run in BayPass under the STD covariate model, by estimating for each SNP the Bayes Factor, the empirical Bayesian P-value and the underlying regression coefficient using an Importance Sampling algorithm (Gautier, 2015). The rationale is that environmental variables distinguishing the differentiated populations should be associated with differences in allele frequencies at loci subjected to the selective constraints they impose (Coop, Witonsky, Di Rienzo & Pritchard, 2010). The decision criterion used to quantify the strength of evidence (i.e. in favor of association between the SNP and the covariable) was based on the Jeffreys’ rule (Jeffreys, 1961), with BF being expressed in deciban (dB) units, via the transformation 10 log10 (BF) as follows: “strong evidence” when 10 <BF< 15, “very strong evidence” when 15 <BF <20, and “decisive evidence” when BF > 20. The scaled covariance matrix across population allele frequencies obtained with BayPass (Ω) was also used to interpret the neutral correlation structure of populations. For each locality, environmental data were obtained from climate layers available in the WorldClim database (Fick & Hijmans 2017; www.worldclim.org) and ENVIREM databases (Title & Bemmels 2018; http://envirem.github.io) (Table S2). Climatic profiles for each sampling site were calculated using an interpolation procedure in DIVA-GIS v4 (Hijmans, Guarino, Cruz & Rojas, 2001). We used the Spearman´s correlation coefficient to avoid multi-collinearity and correlated variables were excluded. We selected eight climatic variables (Table S2), including those that were found to correlate with inversion frequencies (Colombo & Confalonieri, 1996) as follows: Annual Mean Temperature (C°) (Bio1); Minimum Temperature of the coldest month (C°) (Bio6); Mean temperature of driest quarter (C°) (Bio9); Annual Precipitation (mm) (Bio12); Annual Potential EvapoTranspiration (measure of the ability of the atmosphere to remove water, hereafter AnnualPET); Thornthwaite aridity index (index of the degree of water deficit below water need, hereafter Aridity); Climatic Moisture index (metric of relative wetness and aridity, hereafter Moisture); and Continentality (C°) (difference between the average temperature of warmest month and average temperature of coldest month). 
To test if the pattern of genetic structure observed for MS (see Results) can be explained by the presence of loci under selective pressure, we carried out different spatially explicit simulation scenarios with the program CDPOP v 1.2 (Landguth & Cushman 2010; Landguth, Cushman & Johnson, 2012) (Table S3). These were chosen based on: a) the gradient of variation observed for many outliers loci and chromosomal inversions in empirical data, suggesting the existence of parallel gradients of selection coefficients (i.e. GVS hypothesis); and b) the hybrid nature of the Uspallata population, suggesting some kind of heterozygote advantage or disadvantage (i.e. SC hypothesis). A population of 3000 sexually reproducing individuals from five subpopulations (PI, Uspallata, Cacheuta, Mendoza, Chosmes) was randomly distributed across an (x, y) surface. Spatial changes in allele frequencies for 99 bi-allelic loci with one locus under selection (mutation rate 0.0001) were modeled. Initial genotypes were assigned randomly to individuals. Selection surfaces for two different scenarios (heterozygote advantage and disadvantage) were created based on the fitness of the heterozygous individuals in Uspallata population and also one uniform scenario with no spatial selection gradient as control (Table S3). The heterozygote disadvantage scenario was tested for weak and strong heterozygous selection coefficients in the Uspallata population and for different selection schemes for PI and the eastern populations (Table S3). For each selection scenario, we ran 10000 non-overlapping generations, saving intermediate states every 100, 1000, 5000 and 10000 generations. Mating and dispersal movements were unbiased for males and females. Movement was simulated according to an inverse square function in all variants, with a maximum movement distance of 100% of the maximum Euclidean distance on the landscape. Random mixing was also tested for three variants of the heterozygote disadvantage scenario (Table S3). Reproduction was simulated to begin at birth and the number of offspring was assumed to follow a Poisson distribution (λ=20). To compare the empirical clinal variation observed with the genetic subdivision of each simulated dataset we ran Structure v.2.3.4 (Pritchard et al., 2000). 
Results
Chromosomal analysis along the MS and Ju altitudinal clines
The karyotype analysis of males from MS revealed the presence of the same inversion polymorphisms for medium chromosomes 4, 6, 7 and 8 as those identified by Confalonieri (1994, 1995) (Table 1 and S1). Inversion frequencies were negatively and significantly correlated with altitude in all cases (Figure S1). Thus, populations at lower altitudes (e.g., Chosmes at 565 meters above sea level (masl) have higher inversion frequencies than those at higher altitudes (e.g. PI at 3022 masl), where inversions have been lost. Moreover, these frequencies, albeit not identical, show patterns of variation and correlations with altitude similar to samples collected during 1986-1991, almost 30 generations ago (assuming one generation per year for these insects) (Figure S1). 

Samples from the Jujuy altitudinal cline show either a basic karyotype (e.g., Corral Blanco at 3571 masl and La Quiaca at 3509 masl), just like PI, or show polymorphisms for some inverted chromosomes differing in morphology from those described for the remaining Argentine samples (hereafter called 4SMa, 6SMb, 7SMc and 8SMd) (Table 2 and S1; Figure S2). For instance, the population of Tres Cruces (3583 masl), located at a higher altitude than Corral Blanco and La Quiaca, shows polymorphisms for medium-sized chromosomes 4, 6 and 8, while Uquia (2796 masl) shows polymorphisms for the same chromosome 4, and for a new inversion involving chromosome 7 (7SMc) (Tables 2 and S1; Figure S2). Finally, the sample from León, located at the lowest altitude in Ju, shows a polymorphism for the chromosome 6 with the same inverted morphology as in the remaining Argentine populations herein studied, and in previous reports (Confalonieri 1994, 1995; Colombo & Confalonieri, 1996). Frequencies of inverted chromosomes 4SMa, 6SMb, 7SMc and 8SMd show no correlation with altitude, at least for Uquía, Corral Blanco, La Quiaca and Tres Cruces. 
Phylogeographic analysis 
The COI fragment analysis of 132 individuals yielded a 629-bp matrix. No gaps or stop-codons that would alter the reading frame were detected, minimizing the possibility of pseudo-gene amplifications.  Six of 14 variable sites were parsimony informative, yielding a total of 13 different haplotypes (T1-T13) (Figure 1b, Table S1). Haplotype diversity (Hd) was 0.634 and nucleotide diversity was 0.00665. Figure 1b shows the genealogical relationships, under the 95% criterion for a parsimonious connection among haplotypes. The network can be separated into three most frequent haplotypes named T1, T2 and T3 (Figure 1b, Table S1). T1 is the most frequent and widely distributed haplotype, occurring in almost 55% of the samples. It appears in all populations along MS except in PI, while it is absent along Ju, except in León and Posta de Hornillos (Figure 1b, Table S1). T2 is mainly represented by individuals from PI and Uspallata along MS, and by Cabra Corral from Salta province; it is separated from T1 by only one mutational step. T3 occurs in four of the seven samples along Ju, and is differentiated from the remaining haplotypes by several mutational steps. Uspallata is the sample with the highest level of haplotype variability and the only one containing the most frequent haplotypes T1 and T2, as well as four other endemic haplotypes (T8, T9, T10 and T11) (Figure 1, Table S1). Significant departures from the neutrality hypothesis were obtained when the analyses only include populations from MS and across Argentina, except for Jujuy (Table 2). These results may be accounted for a recent population expansion or a severe bottleneck. The significantly small Fs statistic makes the former as the most plausible explanation. On the contrary, samples from Jujuy show no departure from neutrality. 
Population structure analyses
Despite the use of very stringent filtering criteria, 342032 SNPs were obtained scattered across 35650 polymorphic haplotypes. These SNPs were subsequently filtered out with PLINK  yielding 176102 variants (matrix Rad-loci_1) scattered across 34935 haplotypes; subsequently, they were filtered out for linkage equilibrium, resulting in only 1041 SNPs (matrix Rad-loci_2). Heterozygous sites per individual ranged from 2.91 to 5.8%.  Individuals from Ju show the lowest percentage of heterozygosity. 
We performed PCAs using matrices Rad-loci_2 and Rad-loci_1 (Figures 2a,b, respectively). Both analyses depicted the same five groups, constituted by samples from: 1) PI, 2) Uspallata, 3) Mendoza, Cacheuta and Chosmes, 4) León, 5) Uquía, Tres Cruces and La Quiaca. In the first analysis (Figure 2a) MS samples are widely spread along PC2: Uspallata individuals are placed in a middle position between the other samples of the cline; the León sample is almost equidistant between the remaining samples from Ju and the third group. The PCA performed with Rad-loci_1 (Figure 2b) also shows the position of the MS samples resembling that in the altitudinal cline, but with lesser variation in the PCs, mainly explained by the PC1. Individuals from Jujuy are also clustered into two groups, with the León sample located very distant from the other individuals of the two clines. 

Heatmaps from the scaled covariance matrix of population allele frequencies (Ω) exhibited almost similar patterns for both Rad-loci_2 (Figure 2c) and Rad-loci_1 (Figure 2d) matrices. Populations are clustered into the same five groups distinguished previously by PCA. The samples belonging to groups 3 and 5 show high values of correlations within themselves; covariance between PI and all the populations is about zero, except for Uspallata, with which it is positively correlated, but with lower values as compared to correlations within group 3. Finally, covariance between León and all populations is about zero or negative except for Uquia, with which it is positively correlated, but with lower values with respect to comparisons within group 3 (Rad-loci_2, Figure 2c); and except for Uspallata and group 3, (Rad-loci_1, Figure 2d) with which it is positively correlated, but with lower values compared to comparisons within group 3.  

Cluster analysis of populations using STRUCTURE (Pritchard et al., 2000) based on Rad-loci_2 and all the samples from MS and Ju gave K=4 as the most probable number of panmictic units. First, in K=2 populations of Ju are separated from those of MS except for León, which clusters with MS. For K=4, the group of MS and León is divided into three clusters: one with individuals from León, a second one with individuals from PI and a third one with the remaining populations of MS (Figure 3). All individuals from Uspallata have a mixed genetic ancestry, with a part of their genomes belonging to PI and the rest to the other populations of MS at lower altitudes. This pattern is congruent with all previous analyses of population structure, and provides further information on the MS altitudinal cline, revealing Uspallata as of hybrid origin. Accordingly, cluster analysis solely based on MS, gave a similar pattern of structuration, but with K=2 as the most probable number of panmictic units.     
Outliers Loci and correlation with environmental variables
Genome scans for non-neutral markers were inferred for three groups of populations: 1) MS, 2) MS including Leon (hereafter MSL cline) and 3) Ju, excluding León. We decided to group León together with MS because of their inversion system, type of COI haplotype and the genetic structure analyses of SNPs, which indicate that León has more affinity with these populations than with those from Jujuy, despite its geographical proximity with the latter. Therefore, we made six different types of search analysis for non-neutral markers, half based on the Rad-loci_1 matrix and half on the Rad-loci_2 matrix.
The estimation of XtX differentiation measures using Rad-loci_2 revealed that the 99% quantile of the XtX distribution from the PODs provided values of 8, 10 and 6 as the 1% threshold XtX value for MS, MSL and Ju, respectively, which were used as a decision criterion to discriminate between selection and neutrality. Thus, 10, 11 and 12 outlier loci were identified for MS, MSL and Ju, respectively (Figure 4). The same analyses performed with the whole dataset of 170K SNPs (Rad-loci_1) provided values of 8, 10 and 10 as the 1% threshold XtX value for the MS, MSL and Ju clines respectively. This yielded 4028, 4031 and 1145 loci as candidate targets of selection for the latter clines, respectively.

To investigate a possible association of non-neutral outlier loci with environmental and chromosomal variables, we estimated the BF for each SNP under the STD covariate model. Using the Rad-loci_2 from the MS cline, allele frequencies of one to five SNPs were correlated with environmental variables with a BF>10 (Figures 5a and S3a). AnnualPET and Bio6 explained the variation of most molecular markers. The frequencies of two markers varied with a BF>25 in relation to AnnualPET (306109_24) and Bio6 (84430_19) (Figure S3a). A single marker (11167_77, Figure S3a) was associated with Moisture, but with a BF>30. The frequencies of some SNPs were correlated with chromosomal inversions (Figures 5a and S3a), with the frequency variation of 6M being associated with a higher number of them (8). Two of these SNPs (2024_23 and 10190_31, Figure S3a) were also correlated with 7SM2, Altitude, AnnualPET, Bio1, Bio6 and Continentality. There was an increase in the number of significantly associated loci when the Rad-loci_2 matrix from the MS cline was analyzed together with León, especially for AnnualPET and Bio6 (Figures 5a and S3b). Moreover, four markers were associated with Bio6 with a BF>30 (2403_43, 2548_80, 35057_100, 111169_44, Figure S3b) and only one marker (127237_81, Figure S3b) was simultaneously associated with a chromosomal inversion (7SM2) and an environmental variable (Bio6). The analysis of Rad-loci_2 from the Ju cline revealed even more loci significantly associated with most environmental variables, compared to the former two groups of populations (Figure 5a). Particularly, five SNPs (2025_69, 2036_43, 40248_19, 61668_12, and 71290_14) were simultaneously associated with altitude, AnualPET, Aridity, Bio1, Bio12, Bio9, Continentality and Moisture (Figure S3c). One of them (71290_14) was also correlated with one chromosomal inversion (4SMa). Besides, one SNP (2574_11) associated with 7SMc with a BF>30, was simultaneously associated with Bio6 and Bio9 (Figure S3c).  

The analysis of outlier loci based on Rad-loci_1 using all variables revealed from 196 to 1067 markers with strong association (BF>10), and from 45 to 170 markers with very strong association (BF>15) (Figure 5b, S4-S7). All the analyses showed associations between some markers and environmental variables with a BF>30 (i.e. decisive evidence). Thus, within MS there were associations with AnnualPET (e.g. 50378_36), Bio12 (e.g. 21637_106), Bio9 (e.g. 37120_90 and 224850_74) and Continentality (e.g. 21553_98), with a BF>30 (Figure S4). Within MSL, there were associations with AnnualPET, Bio1 and Bio6 (e.g. 56086_73) and with Moisture and Bio9 (e.g. 161389_5), with a BF>50 (Figure S5). Finally, within Ju, there were associations with Altitude (e.g. 142024_14), Continentality (e.g. 72563_65), AnnualPET, Bio1, Moisture and Bio9 (e.g. 141541_40); Bio1, Bio9 and 7SMc (e.g. 126920_9); 7SMc (e.g. 203621_93); 4SMa and 6SMb (e.g.151339_33 and 78887_103), with a BF>30 (Figure S6). A remarkable pattern emerges when SNPs were filtered out for simultaneous strong association (BF>10) of individual markers with chromosomal inversions (at least one) and environmental variables (at least one) (Figure 6, Table S4). The analysis within MS and MSL revealed a high density of SNPs for the chromosomal variables 4AI, 6M and 7SM2 and the environmental variables Altitude, Bio1, Bio6 and Continentality (all directly related to temperature) and AnnualPET. As expected, many of these markers were correlated with the same variables in both MS and MSL (Figure 6, Table S4), with the former showing more markers associated with AnualPET, BIO1 and BIO6 than the latter. Remarkably, markers filtered out for simultaneous association with inversions 8SM3 and 8SM4, and any other variable analyzed here, almost always included moisture and/or any other variable associated with humidity (e.g. Bio9, Bio12, AnnualPET and Aridity). For instance, within MS, 20 of 28 markers associated with moisture covaried with 8SM3, five with 8SM4 and only three with 6M and 7SM2; within MSL, half of 24 markers associated with moisture also covaried with 8SM3 and the other half with 8SM4. Finally, the covariation pattern of Ju differed from that of the other cline. In this case, markers covarying with chromosomal inversions were principally associated with environmental variables related to humidity (e.g. AnnualPET, Aridity, Bio12 and Moisture) and, to a lesser extent, to variables related to temperature (e.g. Bio1 and Bio9). In addition, only a few SNPs were simultaneously associated with variation in chromosomal inversions and Altitude, Bio1 and Bio6 (Figure 6; Table S4).   When a subset of these SNPs was filtered out for simultaneous very strong association (BF>15) with chromosomal inversions and environmental variables, there were more markers showing concomitant associations in MSL than in MS (Figure S7; Table S4). As mentioned above, except for 8SM3 and 8SM4, chromosome inversions were associated with at least one marker which was also correlated with altitude and other environmental variables mainly dependant on temperature. Indeed, 39 SNPs associated with 4AI were also associated with Altitude (15), Continentality (17), Altitude + Continentality (6) and Altitude + Bio1 (1); 34 SNPs associated with 6M were also associated with Altitude (24), AnnualPET (2), Altitude + AnnualPET (3), Bio1 (3) and Bio6 (2); 21 SNPs associated with 7SM2 were also correlated with altitude (11), Bio1 (1) and Continentality (9). Only one marker was associated with 8SM3 and Bio1 with BF>15; finally, five markers associated with 8SM4, were also correlated with Aridity (2), Bio9 (1) and Moisture (2). Within Ju, 32 SNPs associated with 4SMa with BF>15, also covaried with AnnualPET + Bio12 + Moisture (17), AnnualPET + Moisture (6); Bio12 + Moisture (6), and Bio12 (3); 15 of 29 markers associated with 6Mb also covaried with Bio1 and Bio9; finally, four markers associated with 8SMd also covaried with Moisture. No marker was simultaneously associated with either chromosomal inversion or altitude with a BF>15.
Simulation analyses
To test if the pattern of genetic structure observed for MS can be explained by the presence of loci under selective pressure, we performed genetic structure analyses using simulated data from different scenarios (Table S3). Only two of the twelve scenarios tested (Options Gentle V3 and V4; Figure S8) yielded a similar genetic structure as the empirical dataset, indicating k=2 as the most probable number of panmictic units. One of these panmictic units was composed of individuals initially located in PI; the other one comprised the remaining individuals initially located in the locations of the rest of the populations, excepting those from the simulated “Uspallata”; and finally, individuals from Uspallata of admixture origin. These two scenarios included one locus with two alleles under selective pressure acting on both types of homozygous individuals, with coefficients of selection that varied in intensity along the altitudinal cline in opposite directions. In addition, heterozygotes in Uspallata had lower fitness than both homozygotes. In both scenarios, 100 generations were sufficient to achieve the pattern of genomic variation. 

Discussion 
The genetic analysis of the Trimerotropis sp. genetic lineage revealed new evidences on the possible role of the studied inversion polymorphisms in the adaptation to new environments. The use of novel genetic tools not only lend support to the selective hypothesis posed more than a quarter of a century ago (Confalonieri, 1994; Colombo & Confalonieri, 1996; Matrajt et al., 1996; Confalonieri, Sequeira, Todaro,Vilardi, 1998), but also provided a new insight to the possible origin and evolution of these inversion systems. The present investigation shed light on the stability of inversion polymorphisms and its adaptive value in the origin of altitudinal clines, uncovering an entirely new scenario that involves a complex biogeographic structure, as previously seen for other Peruvian populations of the Trimerotropis pallidipennis species complex (Husemann et al., 2013; Guzman et al., 2017).
Stability of altitudinal clines, divergent genetic lineages and hybrid zones 
The cytological analysis of MS revealed that polymorphisms due to inversion rearrangements have been maintained stable for over 30 generations, as they keep the same variation patterns previously observed. Confalonieri & Colombo (1989) reported similar variation patterns for an altitudinal gradient in La Rioja Province that is not far from the Ju cline (Figure 1). However, this Ju cline exhibits a different inversion system (Figure S2, Table 2) whose frequencies do not correlate with altitude as do those of the MS cline. The analysis of mitochondrial DNA variation agrees with these cytological findings. Indeed, the COI network shows three haplogroups: one that includes haplotypes endemic to Ju (excepting León); a second one (T2 and its derivatives) restricted to PI and Uspallata within the MS cline; and a third one (T1) widely distributed across MS and the rest samples from Argentina, excepting Ju (Figure 1).  Uspallata shows the highest diversity, harboring many endemic haplotypes, and is the only location so far studied where two of the most frequent haplotypes coexist. Therefore, these results provided the first clues about the existence of different genetic lineages; the hybrid nature of Uspallata; the lack of T1 carriers at higher altitudes (e.g. PI, despite their geographic proximity with Uspallata), and their wide distribution across lower lands with more humid habitats and higher temperatures. Moreover, all populations from the Trimerotropis sp. lineage excepting the Ju cline, would have experienced a significant increase in population numbers (Table 3), suggesting a successful expansion of T1 carriers. 
The Trimerotropis pallidipennis species complex has an amphitropical pattern of distribution restricted to “deserts and xeric shrublands” in North America, and “montane grasslands and xeric shrublands” in South America (biome classification according to Olson et al., 2001). However, Trimerotropis sp. might have been able to reach “temperate grasslands savannas and shrublands” at its southernmost distribution by way of northern populations during the Late Pleistocene  (Guzman et al., 2017). Successful colonization of these new habitats would have been principally achieved by T1 haplotype carriers, which coincidentally bear inverted sequences in fixed or polymorphic state in the altitudinal cline (Table S1), and in the populations outside the cline. These inversions are absent in the other lineages of the complex so far studied (Husemann et al., 2013).

The PCA based on thousands of SNPs confirmed the differentiation between the Ju and MS clines, and also revealed three clusters within the latter, with an ordination across PC1 and PC2 that matches the pattern of population distribution along the altitudinal gradient. Besides, samples from León forms a group separated from the remaining populations. The analyses of covariance of SNP alleles show this same pattern of association/differentiation among samples, but with León having more affinity with populations from MS (excepting PI) than with its neighboring populations from Jujuy (Figures 2 c, d). Uspallata again emerges as an intermediate population, and the genomes of individuals from this locality are formed by an admixture of PI and the remaining populations of the MS cline (Figure 3). We conclude that: 1) Uspallata most likely is a “hybrid” population originated by the admixture of the populations at both extremes of the altitudinal cline; and 2) the populations from PI and from Jujuy (except for León) would have been genetically isolated for some time from the rest of the populations of the Trimerotropis sp. lineage. Therefore, we propose that the MS cline probably resulted from a secondary contact between differentiated populations, thus representing a typical hybrid zone (Barton & Hewitt, 1985; Harrison, 1993; Harrison & Larson, 2016) that has remained stable for at least 30 generations. Although there is no clear evidence for the existence of hybrid zones between Jujuy samples (hereafter the Ju lineage) and the Trimerotropis sp. lineage, some individuals from Uquia exhibit some level of admixture with the cluster that includes the León sample in the STRUCTURE analysis (Figure 3). 

It has been claimed that chromosomal inversions can impede population merging after secondary contacts as a consequence of their recombination-suppression effect, facilitating the accumulation of reproductive barrier loci (Noor, Grams, Bertucci & Reiland, 2001; Lowry & Willis, 2010; Ayala, Guerrero & Kirkpatrick, 2012) and protecting a particular array of locally adapted alleles (i.e. coadapted genes) from disruption through recombination (e.g., Kirkpatrick & Barton, 2006; Rane, Rako, Kapun, Lee & Hoffmann, 2015; Kapun, Fabian, Goudet & Flatt, 2016; Fuller et al, 2017). Inversions may have been favored by selection at the lowest end of the hybrid zone in the MS cline, keeping together combinations of locally adapted alleles and preventing gene flow with migrant haplotypes that would produce less fit individuals. Our simulation analysis gave further support to this hypothesis, indicating that under selective pressures, only one locus in 100 would be necessary to achieve in just 100 generations, the same pattern of structuration and genome admixture as that observed in real populations from the MS cline. The best simulated scenario assumed underdominance in heterozygote individuals from Uspallata, and a spatially varying selection coefficient acting on both alternative alleles of the non-neutral locus (“A” and “a” in Table S3), but in opposite directions. If the “A” allele were in linkage disequilibrium with the basic sequence without inversion, and the alternative “a” allele with the inverted sequence, then, the presence of one or two doses of the inverted sequence (genotypes “aA” and “aa”, respectively) would be lethal to highlanders. In contrast, the presence of one or two doses of the basic sequence (genotypes “Aa” and “AA”) would not be lethal, but with less fit, to lowlanders. Indeed, this scenario mimics very closely that of the real populations in the MS cline, as no inverted sequences were found in PI but basic, non-inverted sequences were present in the remaining samples of the altitudinal cline, indicating some kind of barrier to gene flow in one direction but not in the opposite. These patterns of selection along gradients would perfectly explain the formation of steep clines supporting the SC hypothesis.

Does adaptive SNP variation along environmental gradients explain chromosomal variation? 

Our genome-scan analysis of adaptive loci from MS and MSL revealed the same associations between inverted sequences (excepting for 8SM3 and 8SM4) and environmental variables as those identified by Colombo & Confalonieri (1996). Thus, we found simultaneous associations of some SNPs with 4AI and 7SM2 inverted rearrangements, altitude, and temperature-related variables; likewise, other SNPs correlated with 8SM4 and environmental humidity-related variables. The most plausible explanation for these simultaneous associations is the linkage disequilibrium among genetic (SNPs) and chromosomal markers. In turn, this may account for the altitudinal, latitudinal and longitudinal patterns of clinal variation of most inversions observed many years ago. Differences in SNP allele frequencies among populations are the consequence of the selective constraints imposed by environmental variables. Therefore, as already proposed, clines in inversion frequency over environmental gradients in natural populations of Trimerotropis sp. would have an adaptive value. This has been demonstrated for other insect species like Drosophila (e.g. Anderson, Hoffmann, Mckechnie, Umina, & Weeks, 2005) and Anopheles (e.g. Cheng et al., 2012; Ayala et al., 2012, 2019). 

Very interestingly, when we filtered out non-neutral SNPs found with the Rad-loci_1 dataset for very strong association (BF>15) with inversions and environmental variables, we retrieved more markers from the MSL than from the MS cline (Figure S7; Table S4). Therefore, the inclusion of the León sample together with the geographically distant MS cline provided greater support to the search for non-neutral markers. Such results suggest that the frequencies of these markers and of inverted rearrangements depend not only on the interplay of migration and local adaptation leading to clinal variations across a hybrid zone (i.e. the MS cline), but also on the local environmental conditions of populations. Consequently, both SC and GVS models might be suitable to explain the maintenance of these clines over time. The more stringent analyses confirmed that many markers correlated with either 4AI or with 7SM2 are also associated with temperature–related variables (e.g, altitude and environmental variables, mainly Continentality). Moreover, many markers associated with 6M are correlated with altitude and a humidity-related variable (e.g. AnnualPET). This result may account for the association of 6M with longitude and humidity observed by Colombo & Confalonieri (1996). 

We also obtained very strong evidence for the occurrence of non-neutral markers within the Ju lineage (Figure S7; Table S4), although frequencies of SNPs are more influenced by humidity-dependent variables than by altitude. Likewise, many markers very strongly associated with the inversions found for the first time in Ju, also covary with environmental variables mainly associated with humidity, like AnnualPET, Bio12 and Moisture, but not with altitude. These findings give further support to the existence of a different genetic lineage within the samples analyzed. It bears a different inversion system that may be also maintained by selective constraints imposed by environmental variables related to humidity/aridity. Further cytological and genetic analyses of new samples from this geographic area will be necessary to confirm these results.
Why were there so many non-neutral SNPs? 
The filtering of SNPs for linkage equilibrium reduced dataset to only 1041 polymorphic markers (i.e. Rad-loci_2). Assuming that only one SNP per haplotype has to be chosen to ensure linkage equilibrium, and that approximately 35000 polymorphic haplotypes uniformly distributed across the genome were obtained for this study (i.e. RAD loci), then about one in every 35 haplotypes were selected for Rad-loci_2. If we consider a genome size of 6500 Mb (Megabases) for Trimerotropis sp. (assuming it is of similar size to the Oedipodinae Locusta migratoria genome (Wang et al., 2014)), only ca. 5.38 haplotypes every one Mb are retrieved. Therefore, the magnitude of the linkage disequilibrium (LD) should be of the order of thousands or even millions of kb (up to 5.38Mb) to account for the reduced dataset obtained in Rad-loci_2. For most organisms LD is far less than 100 kb (Lowry et al., 2016) and consequently the occurrence of inverted rearrangements becomes the most plausible explanation for the large extent of LD in Trimerotropis sp. It is well known that the power to detect the genomic regions involved in adaptive traits increases within rearrangements because selection effects extend to linked sites across large genome regions (Ravinet et al., 2017). This fact would explain why even with the reduced Rad-loci_2 dataset we still could detect 10-12 outliers loci in our different analyses (Figure 4), and why their number was increased several hundred times (Figure 5 and 6) when the whole dataset was used. These high numbers of SNPs most probably represent clusters in LD within inverted rearrangements, among which there might be the real target of selection. The challenge of future studies will be to identify these loci by means of whole genome sequencing techniques. 

Concluding remarks:
Our results highlight the importance of chromosomal inversions in promoting and sustaining intraspecific diversity and adaptation. We found at least two chromosomally differentiated lineages within the samples analyzed: the Ju lineage and the Trimerotropis sp. lineage. The Ju lineage is geographically distributed in the southernmost border of the Central Andes, adding evidence that this particular mountain landscape is a differentiation hotspot (Guzman et al, 2017). The Trimerotropis sp. lineage also shows footprints of genetic differentiation, as the result of secondary contact between divergent populations, a phenomenon probably leading to incipient speciation through selective disadvantages of heterozygous individuals from the contact zones, and asymmetrical gene flow.   The history of diversification of these populations was likely influenced by the topography and climatic conditions during the Late Pleistocene (Guzman et al., 2017) and also by inversions (the present paper). Indeed, the particular inversion system exclusive to Trimerotropis sp., would have acted as a postzygotic barrier to gene flow between sympatric populations and as a prezygotic mechanism conferring fitness advantages in the local environment. These selective advantages most probably paved the way to conquest new environments, thereby leading to niche diversification.  
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Table 1. Chromosome frequencies observed in populations of Trimerotropis sp. from the Mendoza-San Luis environmental gradient. Chromosome morphologies (SM1-SM4, A) correspond to medium pairs 4, 6 7 and 8 (Chr.4, Chr.6, Chr.7 and Chr.8, respectively), as described in Confalonieri (1994). Chromosome frequencies from samples taken between 1984-1991 years are indicated between brackets (Confalonieri 1994, 1995, and Confalonieri 1996)
	ID
	
	Chr.4
	
	
	Chr.6
	
	Chr.7
	
	
	Chr.8
	

	
	SM1
	A
	AI
	 M
	SM5
	A
	SM2
	A
	SM3
	SM4
	A

	Leon
	0
	1
	0
	0.33
	0
	9.67
	0
	1
	0
	0
	1

	Puente del Inca
	0    (0)
	1    (1)
	0    (0)
	0    (0)
	0    (0)
	1    (1)
	0    (0)
	1    (1)
	0   

(0)
	0  

 (0)
	1

(1)

	Uspallata

	0.16 (0.07)
	0.58 (0.78)


	0.26 (0.15)
	0.30 (0.23)
	0       (0)         
	0.70

(0.77)
	0.35 (0.08)
	0.65 (0.92)
	0.50 (0.39)
	0.12 (0.05)
	0.38 (0.56)

	Mendoza
	0 (0.06)
	0 (0.03)
	1     (0.91)
	0,86 (0.59) 
	0.07 (0.0)
	0.07 (0.41)
	0.785 (0.82)
	0.215 (0.18)
	0.50 (0.73)
	0.42 (0.27)
	0.08 (0.00)

	Cacheuta
	0    (0)
	0.25 (0.18)
	0.75 (0.82)
	0.75  (0.33)    
	0    (0)
	0.25  (0.67)
	0.625 (0.41)
	0.375 (0.59)
	0.56 (0.52)
	0.38 (0.34)
	0.06 (0.14)

	Chosmes
	0 (0.03)
	0  (0.11)
	1 (0.86)
	0.91 (0.84)
	0.09(0.10)
	0 (0.16)
	0.82  (0.91)
	0.18 (0.09)
	0.73 (0.56)
	0.23 (0.41)
	0.04 (0.04)


Table 2. Chromosome frequencies observed in populations of Trimerotropis sp. from the Jujuy environmental gradient. Chromosome morphologies (A, SMa, SMb, SMc) correspond to medium pairs 4, 6 7 and 8 (Chr.4, Chr.6, Chr.7 and Chr.8, respectively), as described in this paper and shown in Figure S2.
	ID
	Chr.4
	Chr.6
	Chr.7
	Chr.8

	
	A
	SMa
	A
	SMb
	A
	SMc
	A

	Uquia
	0.67
	0.33
	1
	0
	0.83
	0.17
	1

	Corral Blanco
	1
	0
	1
	0
	1
	0
	1

	La Quiaca
	1
	0
	1
	0
	1
	0
	1

	Tres Cruces
	0.6
	0.4
	0.9
	0.1
	1
	0
	0.4


Table 3.  Analysis of past demographic variation of Trimerotropis sp. populations from Argentina, through DT (Tajima, 1989), Fu’s Fs test of neutrality (Fu, 1997) and R2 (Ramos Onsins and Rozas, 2002). Mendoza and San Luis: the analyses included populations from these provinces; Jujuy: the analysis included populations from Jujuy Province; All populations: refers to all populations sampled and described in Table S2. *P<0.05; ***P<0.01

	
	DT Tajima
	Fu’s Fs
	R2

	Mendoza and San Luis
	-1,90916 *
	 -8,083***
	 0,0446 *

	Jujuy
	0,18829 NS
	0,493 NS
	 0,1192 NS

	All populations (except from Jujuy)
	-1,87829 *
	 -7,638 ***
	 0,0388 *

	All populations
	-0,99295 NS
	-4,557 NS
	0,0556 NS


Figure legends: 
Figure 1 (a) Geographic sampling locations for populations of Trimerotropis sp. in Argentina indicating the haplotype frequency.  (b) Haplotype network based  on the COI mitochondrial gene, showing relationships among the recorded haplotypes. Each line and dash represents one mutational step. Circle size represents the proportion of the haplotypes.
Figure 2. a), b) Principal component analyses (PCA) based on (a) Rad-loci_2 and (b) Rad-loci_1 dataset. The first two principal components are represented and the colored dots refer to the different populations. c), d) Heatmaps based on a covariance matrix of population allele frequencies (Ω) from Rad-loci_2 (c) and Rad-loci_1 (d) datasets, where blue colour corresponds to higher values of correlations (from dark blue to light blue) and red colour corresponds to lower values of correlations (from dark red to white) as shown in the bar on the right of the image. 

Figure 3. Cluster analysis of Trimerotropis sp. populations based on STRUCTURE (Pritchard et al., 2000) analysis for K=4. The y-axis reports the probability of each individual (Q-value) assigned to one of the genetic groups identified, which are represented by different colors. Each bar corresponds to an individual, identified as in table S1. Individuals with 100% assignment to one group are identified by a single color, and those with mixed ancestry with different percentages of colors. The dotted black lines within the plots indicate population limits. Each population is indicated with the following acronyms, LE: León; UQ: Uquía, LQ: La Quiaca, TC: Tres Cruces, CA: Cacheuta, CH: Chosmes, ME: Mendoza, US: Uspallata and PI: Puente del Inca. 
Figure 4: Graphs showing XtX differentiation measures (Günther and Coop, 2013) (Y-axes) estimated for the 1041 SNPs (X-axes) from Rad-loci_2 matrix. Doted lines indicate the 99% quantile of the XtX distribution from the pseudo-observed data sets,  which were used as a decision criterion to discriminate between selection (i.e. outliers loci) and neutrality.  Analyses were performed including populations of Trimerotropis sp from Mendoza and San Luis (MS) altitudinal cline, from MS plus León sample, and from Jujuy altitudinal cline excepting the León sample (see text for further explanation). 
Figure 5: Count of significant SNPs (BF>=10)  simultaneusly correlated with the chromosome inversions (4AI, 6M, 7SM2, 8SM3, 8SM4, 4SMa, 6SMb, 7SMc) and altitude and bioclimatic variables, for both data sets: (a)  Rad-loci_2 and (b)  Rad-loci_1. Variables from WorldClim (Fick, S.E. and R.J. Hijmans, 2017) - Bio1: Annual Mean Temperature, Bio6: Min Temperature of Coldest Month, Bio9: Mean Temperature of Driest Quarter, Bio12:  Annual Precipitation. Variables from ENVIREM (Title P.O., Bemmels J.B. 2018).  Annual PET: Annual Potential EvapoTranspiration , Aridity: Thornthwaite aridity index , Moisture: Climatic Moisture Index, Continentality. Analyses were performed including populations of Trimerotropis sp from Mendoza and San Luis (MS) altitudinal cline, from MS plus León sample, and from Jujuy altitudinal cline excepting the León sample (see text for further explanation). 
Figure 6: Map of markers (SNPs) simultaneusly associated with chromosome inversions (4AI, 6M, 7SM2, 8SM3, 8SM4, 4SMa, 6SMb, 7SMc) and altitude and bioclimatic variables, for Rad-loci_1. Variables from WorldClim (Fick, S.E. and R.J. Hijmans, 2017) - Bio1: Annual Mean Temperature, Bio6: Min Temperature of Coldest Month, Bio9: Mean Temperature of Driest Quarter, Bio12:  Annual Precipitation. Variables from ENVIREM (Title P.O., Bemmels J.B. 2018)-  Annual PET: Annual Potential EvapoTranspiration, Aridity: Thornthwaite aridity index, Moisture: Climatic Moisture Index, Continentality. Analyses were performed including populations of Trimerotropis sp from Mendoza and San Luis (MS) altitudinal cline, from MS plus León sample, and from Jujuy altitudinal cline excepting the León sample (see text for further explanation). This figure was constructed based on Table S4 where the identification (ID) of markers is indicated in detail. 
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