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Abstract 23 

Biological invasions rank among the main global threats for biodiversity. The eastern 24 

mosquitofish (Gambusia holbrooki) is considered one of the 100 world worst invasive 25 

species due to its high adaptation capability to new environments. Using the restriction-26 

site associated DNA tags (RADtags), introduced European locations were compared 27 

against native USA mosquitofish populations to analyze genomic changes that occurred 28 

during invasive process of European locations. After filtering, 7,724 RADtags 29 

containing only one SNP were retained for population studies. Comparative genomics 30 

indicated that 186 of these RADtags matched sequences in the transcriptome of 31 

Xyphophorus maculatus, the most closely related genome available. Genomic analyses 32 

showed that invasive populations show high reductions in diversity.  Further, analyses 33 

of population structuring based on these data are concordant with previous analyses 34 

based on microsatellites. It is concluded that during the invasion process genetic drift 35 

was the main evolutionary force affecting patterns of diversity and population structure. 36 

While recognizing that positive selection could be masked by the strong drift during 37 

founder events, adaptive processes were evidenced in a reduced number of RADtags 38 

(less than 2%), with only one of these in a putative coding region. Surprisingly, 39 

balancing selection was detected in several coding RADtags, suggesting that the 40 

preservation of polymorphism in specific genes could be more important than the 41 

average population diversity for the population maintenance at any location, 42 

particularly for the survival of introduced populations. 43 

 44 

Keywords: RADtag sequencing, SNPs, population genomics, invasive species, genetic 45 

drift, natural selection. 46 
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Introduction 47 

The introduction and spread of nonindigenous species in new regions is one of the main 48 

global threats to biodiversity (Clavero & García-Berthou 2005). Freshwater ecosystems 49 

are among the most affected by invasions (WWF 2014). Genetic diversity is expected 50 

to decline during biological invasion episodes due to founder effects associated with a 51 

reduced number of introduced individuals. If the low effective population sizes (Ne) are 52 

maintained over time, or at least during several generations following introduction, the 53 

effects of subsequent genetic drift may limit the success of the introduced population by 54 

increasing inbreeding depression and reducing adaptive potential (Allendorf & 55 

Lundquist 2003; Blackburn et al. 2015). However, multiple introductions from different 56 

source populations (Kolbe et al. 2004) or migration (i.e. gene flow) between newly-57 

established populations of alternative origin in the invaded range may maintain or even 58 

recover the population genetic diversity of the species in these territories (Facon et al. 59 

2008; Keller & Taylor 2010). While several evolutionary processes related to 60 

successful invasions, such as the relative importance of propagule pressure to retain 61 

enough genetic diversity for establishment, the best traits to predict invasion success or 62 

the differences in local adaptation among invaders are still unknown (Bock et al. 2015).  63 

The Eastern mosquitofish, Gambusia holbrooki, is a small, ovoviviparous poeciliid 64 

species native to the southeastern USA that was introduced worldwide as biological 65 

control agent for mosquito populations (reviewed in Garcia-Berthou et al. 2005). 66 

Originally supported by governmental health agencies, these introductions resulted in 67 

an important threat to native species of fish and amphibians (see Stockwell & 68 

Henkanaththegedara 2011). For this reason, and together with G. affinis, G. holbrooki is 69 

listed as one of the 100 world worst invasive species (Lowe et al. 2000). Several 70 

ecological factors contribute to the worldwide invasive success of poeciliid fish, 71 
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including a short period for population recovery (Chapman & Warburton 2006; Deacon 72 

et al. 2011), multiple paternity (Neff et al. 2008), and high dispersal capabilities 73 

(Rehage & Sih 2004). Recently translocated populations of G. affinis from shared 74 

ancestors in Hawaii and in North America displayed divergences among introduced 75 

populations reflecting environmental adaptation (reviewed in Reznick & Ghalambor 76 

2001). In fact, mosquitofish quickly adapt in response to environmental factors such as 77 

the presence of predators (Langerhans et al. 2007), salinity and thermal gradients 78 

(Congdon 1994; Meffe et al. 1995; Purcell et al. 2012), and pollutants (e.g. Tatara et al. 79 

2002). Some of the above adaptations were maintained over time even in the absence of 80 

barriers to gene flow (Purcell et al. 2012). 81 

Mosquitofish arrived to Europe with the release of only 12 individuals in a Spanish 82 

pond in 1921 (Vidal et al. 2010). The following year, 200 descendants of these 83 

introduced individuals were transferred to Italy, and subsequent human translocations 84 

spread G. holbrooki throughout the Mediterranean countries (Garcia-Berthou et al. 85 

2005). The wide ecological tolerance and aggressive behavior has been claimed to 86 

facilitate the integration of G. holbrooki in these invaded fish communities (Ribeiro et 87 

al. 2008). A mtDNA survey throughout European G. holbrooki populations confirmed 88 

a common source for the majority of these populations and indicated a notorious 89 

uniformity among Iberian ones (Vidal et al. 2010). These analyses linked the European 90 

populations to the native Type I group found in northern USA basins that were invaded 91 

after the glacial ice-retreat (Wooten et al. 1988; Scribner & Avise 1993). Genetic 92 

diversity in these American populations is lower than in southern non-glaciated areas 93 

along the Atlantic coast of the USA (Wooten et al. 1988; Scribner & Avise 1993; 94 

Hernández-Martich et al. 1995). Surprisingly, substantial genetic diversity was 95 

observed at nuclear markers among Iberian populations from distinct river basins 96 
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(Vidal et al. 2012; Sanz et al. 2013), with considerable variation also in life-history 97 

traits such as size-at-maturity, reproductive effort, and gonadal size (Benejam et al. 98 

2009; Carmona-Catot et al. 2011). Reduced mitochondrial variation and significant 99 

nuclear divergence were also observed among introduced Australian populations of the 100 

guppy (Poecilia reticulata), another worldwide distributed poeciliid. However, in spite 101 

of founder effects related with the introductions, substantial adaptive variation was 102 

apparently retained in these guppy populations (Lindholm et al. 2005). Deacon et al. 103 

(2011) showed that guppy populations founded from a single gravid female can 104 

preserve enough adaptive potential to colonize new territories. Compared to Australian 105 

guppies, European mosquitofish populations apparently retained most of the genetic 106 

variation of their American sources (Sanz et al. 2013), and apparently also the invasive 107 

potential acquired during the post-glacial colonization of the northernmost American 108 

basins (Díez-del-Molino et al. 2013). 109 

Improvements in speed, cost and accuracy of next-generation sequencing (NGS) and 110 

bioinformatics tools are increasing the availability of genetic resources for non-model 111 

organisms (Helyar et al. 2011). These advances are fostering genomic studies in 112 

ecology and evolution through the fast development of new molecular markers such as 113 

single nucleotide polymorphisms loci (SNPs) (Allendorf et al. 2010; Davey et al. 114 

2011). High throughput sequencing likely will be a key tool to analyze genomic basis 115 

of adaptation of non-native species (Blanchet 2012), and genomic studies may help 116 

disentangle the genetic processes that occurred during invasions, including the 117 

discovery of the sources of genetic variation in invasive populations, the role of 118 

expansion load, the relative importance of propagule pressure vs. genetic diversity for 119 

successful establishment, or the role of chromosomal rearrangements (Bock et al. 120 

2015). Genomic approaches have been applied to study introgression events between 121 
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native and introduced populations of freshwater fish species (e.g Hohenlohe et al. 2011; 122 

Hand et al. 2014), although the number of studies of invasive processes in freshwater 123 

ecosystems is still limited (see Critescu 2015). SNPs occur in non-coding and coding 124 

regions thus the study of neutral variation and of genomic regions under selection (e.g. 125 

Bruneaux et al. 2013). Additionally, the potential for their high-throughput genotyping 126 

offers the possibility to obtain extremely large collections of data at relatively modest 127 

and decreasing costs (Davey et al. 2011). Genotyping-by-sequencing (GBS) techniques 128 

are based on the massive sequencing of a reduced part of the genome followed by SNP 129 

discovery (Elshire et al. 2011). High-throughput sequencing of restriction-site 130 

associated DNA tags (RADtags) (Miller et al. 2007; Baird et al. 2008) allows efficient 131 

identification of SNPs because the coverage of each RADtag is extremely high (e.g. 132 

Andrew et al. 2013; Fraser et al. 2015), and a large proportion of the identified 133 

RADtags are well represented in all analyzed individuals (Davey et al. 2011; Wang et 134 

al. 2013). Recently, this methodology has been successfully applied to SNP discovery 135 

in non-models species allowing researchers to perform genomic studies related with 136 

ecological, evolutionary and population genetic issues (see Narum et al. 2013 for 137 

review).  138 

In this work, we used the RAD sequencing approach to explore genomic changes 139 

between native American and introduced European mosquitofish populations. 140 

Comparisons of diversity levels and population structure between the two geographical 141 

territories provided insights of the relative relevance of the evolutionary forces (drift, 142 

migration, selection) during the invasive process. We also noted limitations of current 143 

statistical approaches to detect directional positive selection involved in local adaption 144 

after recent strong drift events. Furthermore, due to the scarcity of molecular markers in 145 

G. holbrooki, the genomic resources obtained in this study are also introduced. 146 

Page 6 of 41Molecular Ecology



For Review
 O

nly

7 

 

Material and methods 147 

Sampling sites 148 

A total of 96 individuals from eight different locations, including three North American 149 

native locations and five European invaded locations, were analyzed (Table 1, Fig.1). 150 

According with previous genetic analyses using microsatellite loci and mtDNA 151 

sequences, American Everglades (EV) and Florence (FLO) locations represented the 152 

Type-II populations of G.holbrooki as defined by Wooten et al (1988), while Potomac 153 

(PO) which has been suggested as genetically close to the source populations involved 154 

in the European introduction (Vidal et al. 2010; Sanz et al. 2013), represented the 155 

Type-I. The four Spanish collections represented the upper and lower reaches of two 156 

geographically close rivers (see Díez-del-Molino et al. 2013). Individuals were stored 157 

in 95% ethanol and frozen at -20ºC until assayed.  158 

RADtag sequencing 159 

Total genomic DNA was extracted from muscle tissue using the DNeasy Blood and 160 

Tissue Kit (Qiagen) following the manufacturer’s instructions. Subsequently, 3 µg of 161 

high molecular weight (> 50Kb) DNA samples fluorometrically quantified by Qubit 162 

(Invitrogen, Carlsbad, CA) (concentration ≈ 30 ng/ µl) were sent to FLORAGENEX 163 

(Eugene, Oregon) to generate and sequence RADtags following the methods outlined 164 

by Baird et al. (2008), Hohenlohe et al. (2010) and Emerson et al. (2010). Briefly, 165 

sequencing adaptors and individual barcodes were ligated to fragments of total genomic 166 

DNA obtained by digestion using SbfI restriction enzyme (enzyme target: 167 

5’…CCTGCA/GG… 3’, giving cohesive extremes). The resulting fragments were 168 

sequenced from the restriction sites. Individually barcoded RAD samples were jointly 169 

sequenced on the Illumina HiSeq2000 platform with single-end 100-bp chemistry. 170 
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Reads were separated by individual, and sequencing barcodes were removed after the 171 

sequencing run, resulting in RADtags of 90 bp of length.  172 

RADtag database description and SNP identification  173 

Because the genome of G. holbrooki is not available, the individual VM43 collected in 174 

Vilanova de Muga (Spain) was used as a model skeleton framework for the 175 

construction of RADtags due to the high quality of its sequences. The Illumina 176 

sequence reads from this sample were trimmed from the 3’ end to a total length of 90 177 

bp. FLORAGENEX custom PERL scripts were used to cluster 100% identical 178 

sequences represented between 5 and 500 times in VM43 sequence dataset. Based on 179 

the observed coverage distribution from VM43, these sequences were posited to be 180 

sequence reads from low-copy or single dose RADtags in the G. holbrooki genome. 181 

The VM43 assembly was condensed to FASTA format and then aligned against itself 182 

using BWA software (Li & Durbin 2009). BWA alignment parameters were aln 183 

function, edit distance (-n) of 3 and the iterative search disabled. This self-alignment 184 

was performed to identify sequences within the assembly that carried substantial 185 

homology to one another. BWA alignment criteria also permitted a maximum 3bp 186 

mismatch between reference and query (96.6% sequence identity). After alignment, any 187 

cluster with more than two observed haplotypes during alignment was discarded as a 188 

potential paralog or duplicated sequence in the assembly. The final VM43 assembly 189 

contained 44,398 RADtag clusters (see results). Using the program BLAST+ (NCBI), 190 

this final assembly was locally aligned against the Xyphophorus maculatus 191 

transcriptome (23,236 sequences), representing the most closely related fish species 192 

transcriptome available in GenBank. Hrbek et al. (2007) included Gambusia and 193 

Xyphophorus genus in a monophyletic cluster of Central and North American poeciliid 194 

species that likely diverged during the Oligocene (33-22 Mya). BLASTN searches were 195 
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performed using a word size (length of the initial exact match) of 90 for accuracy, and 196 

with an e-value threshold of < 10-5 to consider the match significant. In case of multiple 197 

hits, only the best match was kept. Only identity percentages ≥ 90% were considered. 198 

These stringent searching conditions were used to ensure that the RADtags matches 199 

against X. maculatus transcriptome were reliable. Statistics on output files were 200 

performed using R custom scripts.  201 

The VM43 assembly was used for mapping raw Illumina sequence reads for the rest of 202 

analyzed samples into the constructed RADtags using BOWTIE software version 203 

0.11.3 (Langmead et al. 2009). For each individual, the ref_map.pl pipeline included in 204 

STACKS program version 1.19 (Catchen et al. 2011, 2013) was used to analyze the 205 

BAM files provided directly by FLORAGENEX. This ref_map.pl pipeline executes 206 

sequentially the STACKS programs for building the different loci and calling their 207 

SNPs (pstacks), creating a catalog (cstacks), matching each sample against the catalog 208 

(sstacks) and finally indexing the data into the database (index_radtags.pl). STACKS 209 

also loaded outputs into a MySQL database to facilitate their visualization. This 210 

database was used for mining and filtering the data. The number of mismatches allowed 211 

between loci when building the catalog (-n) was 0 and the minimum coverage depth to 212 

report a stack in an individual was 10X. To reduce genotyping errors and spurious 213 

SNPs, we selected only RADtags with a single SNP for population genomic analyses. 214 

After this data filtering, all RADtags containing repetitive motifs were identified and 215 

removed for subsequent analyses using SciROKO 3.4 (Kofler et al. 2007) with default 216 

parameters. RADtags containing a single SNP included in the above list among the 217 

ones matching against the X. maculatus transcriptome were selected as a subset of 218 

RADtags (hereafter named MXT) to describe population diversity patterns from coding 219 

regions, and further annotation analyses.  220 
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Genetic diversity and population structure 221 

The computer program POPULATIONS, included in STACKS, was used to process the 222 

SNP dataset across all analyzed locations. Diversity indices were estimated without 223 

allele frequency restriction and with a minimum percentage of 70 % genotyped 224 

individuals to process a locus for that population (- r option). The minimum stack depth 225 

(- m option) required for individuals at a RADtag was 10X. POPULATIONS provided 226 

the corresponding GENEPOP files (--genepop option) which were further transformed 227 

for the subsequent analyses using PGDSpider 2.0.7.4 (Lischer & Excoffier 2012). 228 

ARLEQUIN 3.5 (Excoffier & Lischer 2010) was used to estimate genomic measures of 229 

genetic diversity [number and percentage of polymorphic loci, mean number of alleles 230 

per locus and expected heterozygosity (HE)] at each of the studied locations and the 231 

overall and pairwise population differentiation (FST) values (significance for FST values 232 

estimated by 10,000 permutations). Analyses of the molecular variance (AMOVA; 233 

Excoffier et al. 1992) carried out with ARLEQUIN were used to study the distribution 234 

of genetic variation within and among population groups according to geographical 235 

hierarchical models of population clustering. The number of population units (K) was 236 

estimated using the Bayesian Markov Chain Monte-Carlo clustering approach 237 

implemented in the STRUCTURE 2.3.3 program (Pritchard et al. 2000) and running 238 

the output files in the STRUCTURE HARVESTER program (Earl & VonHoldt 2012) 239 

which implements the methodology proposed by Evanno et al. (2005) for K estimation. 240 

Due to computational limitations, a total of 10,000 burn-in steps and 20,000 replicates 241 

were performed for each run, with ten replicates for each K value tested (K= 1-9).  242 

The contribution of genetic drift to differentiation among populations was explored 243 

using the search algorithm implemented in TREEMIX program (Pickrell & Pritchard 244 

2012). TREEMIX fits a population graph (i.e. a phylogenetic tree that incorporates 245 
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admixture) on the basis of the allele frequencies and a Gaussian approximation to 246 

genetic drift, allowing patterns of splits and mixtures in multiple populations to be 247 

inferred. Files were translated into TREEMIX format using the eight locations as 248 

clusters. We searched the best model to fit the data using a range of migrational events 249 

from 0 to 8. Because the EV location was situated in a suggested glacial refugium for 250 

the species, we run TREEMIX using this location as root for all the trees. Independence 251 

of all SNPs was assumed using the –K 1 label. 252 

Finally, a FST outlier approximation was used to determine the SNPs showing higher 253 

FST (i.e. positive selection) or lower FST values (i.e. balancing or purifying selection) 254 

than expected under a neutral model of selection using the approach of Beaumont & 255 

Balding (2004) implemented in the software BAYESCAN 2.1 (Foll & Gaggiotti 2008). 256 

This approximation was selected over the method proposed by Beaumont & Nichols 257 

(1996) implemented in LOSITAN software (Antao et al. 2008) because BAYESCAN 258 

considers scenarios where the effective size and the immigration rate may differ among 259 

analyzed locations (Foll & Gaggiotti 2008) as expected for our locations (Diez-del-260 

Molino et al. 2013). RADtags were analyzed in five models: (1) including all locations, 261 

(2) pooling the samples in the two best population groups proposed by STRUCTURE 262 

analyses (EV + FLO group vs PO + European samples group, see results section), (3) 263 

only USA samples, (4) only European samples and (5) only Spanish samples (Table 1). 264 

The runs were performed using prior odds value of 10, with 100,000 iterations and a 265 

burn-in of 50,000 iterations. Only loci with a posterior probability (P) ≥ 0.99 and a 266 

FDR < 0.01 were considered as outliers. SNPs in the outlier RADtags from the MXT 267 

subset were located inside the X. maculatus genes and the two resulting sequences (one 268 

for each SNP variant) were translated to determine whether SNP variants lead 269 

synonymous or non-synonymous changes using the program BIOEDIT 7.1 (Hall 1999). 270 
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Finally, these genes were functionally categorized according the three Gene Ontology 271 

(GO) terminology categories (biological process, molecular function and cellular 272 

component) using the DAVID web-service (Jiao et al. 2012).  273 

Results 274 

RADtag development and genomic resources 275 

The raw VM43 assembly consisted of 3,215,755 sequence reads. After quality filtering 276 

procedures, a total of 54,939 RADtag clusters were coalesced from 2,886,102 sequence 277 

reads, representing the 89.7% of the total sequence data from this individual. After 278 

homology filtering, the VM43 assembly retained 44,398 RADtags, representing 3.995 279 

Mb of mosquitofish genomic sequence. The number of RADtags of VM43 that 280 

matched against X. maculatus mRNAs was 562 with the word size of 90. The stringent 281 

conditions used in our search ensured that these RADtags represented coding regions 282 

also in G. holbrooki (although many other G. holbrooki coding regions likely remain 283 

undetected and present in our 44,398 RADtag dataset). 284 

The total number of reads for the 96 mosquitofish specimens analyzed was 285 

394,574,734. Due to low quality results, one individual for each American location 286 

(EV, FLO and PO) were not used to construct the SNP database and therefore only 93 287 

mosquitofish were used for subsequent analyses. The number of reads per individual 288 

ranged from 612,917 for the individual BL42 to 6,350,615 for the individual FLO06 289 

with a mean number of sequence reads per sample 4,178,503.5 (± 824828.2). Per 290 

individual, the number of RADtags ranged from 36,418 for BL42 to 72,011 for EV16 291 

(mean 60,683.6 ± 5,837.1) for a coverage higher than 5X. 292 

SNP calling and datasets  293 

The number of RADtags present in the database constructed from the BAM files of the 294 

93 individuals studied was 44,271 with 36,052 of these containing SNPs. The number 295 
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of RADtags with a single SNP was 7,724 (Supplementary Table 1), and the SNPs 296 

presented a homogeneous distribution along the RADtag sites/nucleotides 297 

(Supplementary Figure 1). Of all these single SNPs, 5,259 involved transitions (A/G 298 

and C/T) and 2,465 transversions (A/C, A/T, C/G and G/T), with A/G being the most 299 

common (2,667) and A/T the least common (558). Of the 7,724 filtered RADtags, 46 300 

showed repeat motifs and were excluded for subsequent analyses (marked in red into 301 

Supplementary Table 1).  302 

Genetic variability and population structure analyses 303 

After filtering for population genotyping, the number of RADtags retained was 7,621, 304 

185 of them creating the MXT subset of undoubtedly coding regions (marked in green 305 

into Supplementary Table 1). Considering the 7,621 SNPs, the most variable location 306 

according with the number of polymorphic loci, the percentage of polymorphic loci and 307 

gene diversity (HE), was the American EV while the least variable was the Italian CO 308 

(Table 2). Significant reductions in diversity levels were found in comparisons between 309 

USA and European locations (Mann-Whitney U tests; P ≤ 0.025 for the different 310 

genetic estimators at all comparisons). PO was the least diverse of USA locations 311 

studied, although this reduction was not significant (Mann-Whitney U tests; P > 0.600 312 

for the different genetic estimators at all comparisons). Reduced diversity was also 313 

observed in the Italian CO location when compared with Spanish ones (Table 2), but 314 

again non-significant (Mann-Whitney U tests with P > 0.150 for all analyzed local 315 

diversity indexes).  316 

Global estimate of population differentiation (FST) was 0.416 (P < 0.001). Average 317 

pairwise FST values ranged from 0.045 between EP and PP locations, to 0.547 between 318 

EV and CO. The number of genetic homogenous units (K) inferred following the 319 

Evanno’s method with the STRUCTURE results was 2 (Delta value (K=2) = 1264.2, 320 
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Delta value (K=4) = 76.3, Delta value (K=3,5,6,7,8,9) < 1.2). One of the clusters grouped 321 

together EV and FLO mosquitofish, while the other grouped American PO 322 

mosquitofish with all the European fish (Fig.4). Considering K= 3, mosquitofish from 323 

EV and FLO locations separated in two different clusters (Fig.4).  Any hierarchical 324 

AMOVA model suggested significant genomic divergence among locations within 325 

group. AMOVA arranged by studied countries resulted in worst grouping of the 326 

locations compared to the one based on the two groups identified by STRUCTURE. 327 

The proportion of variation due to differences among groups (FCT) of this later 328 

AMOVA model (EV + FLO vs PO + European samples, see Table 4), was six fold 329 

larger than the proportion within groups (FSC). The AMOVA models grouping the 330 

American EV or FLO locations with European mosquitofishes resulted in larger 331 

divergences among locations within group and non-significant divergence among 332 

groups (P>0.05, Table 4), corroborating historical records and previous genetic 333 

evidences regarding the origin of European mosquitofish populations from some 334 

location in the native northern range of the Type-I G. holbrooki. Diversity patterns 335 

showed by the MXT RADtags subset agreed fully with observations from the complete 336 

data set (Table 2 and 4). 337 

TREEMIX results reported the best model fit for the tree containing three migration 338 

events (Fig. 5). The tree supported the colonization pathway suggested in previous 339 

studies (i.e. Southern USA (EV+PLO) > Northern USA (PO) > European samples). It 340 

also suggested a prominent role of genetic drift in the steps of these mosquitofish 341 

expansions, with a substantial increase (three to four fold) in drift in American PO and 342 

European mosquitofish locations as compared with the southernmost American 343 

locations EV and FLO. Results indicated admixture within European locations. 344 

 345 
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Outlier detection and gene annotation 346 

From the 7,621 markers analyzed, selection scans indicated that a total of 185 SNPs 347 

had a posterior probability larger than 0.99 of being outlier (Supplementary Table 2; 348 

Fig. 4). Eighty-five markers were associated to positive alpha values (positive 349 

directional selection,) while 100 were associated to negative alpha values (balancing or 350 

purifying selection). Only four out of these 185 outliers were listed among the MXT 351 

subset representing coding regions in G.holbrooki. One of them (RADtag 11446) 352 

showed positive selection, while the other three showed balancing selection (Table 5). 353 

Selection scans did not detect outliers RADtags when comparisons were restricted to 354 

the USA locations, or in comparisons of pooled individuals according to the two 355 

population groups suggested by STRUCTURE. Analysis including only the Spanish 356 

locations detected 308 outlier RADtags, all of them candidates for balancing or 357 

purifying selection, with only ten of these from the MXT subset (Table 5). The number 358 

of outliers increased to 346 when analyzing all European locations (all of them again 359 

related with balancing or purifying selection, and seven of them from MXT subset). 360 

The three outliers RADtags from the MXT subset putatively under balancing selection 361 

when comparing all samples, remained under balancing selection in the analysis 362 

restricted to the Spanish or European locations. Overall, 11 different RADtags from the 363 

MXT subset resulted outliers showing negative alpha value in more than one of the 364 

different geographical analyses performed. The allele frequencies of the two variants of 365 

the SNP contained in these RADtag were intermediate, suggesting balancing rather 366 

than purifying selection. The outlier candidate for positive selection (RADtag 11446) 367 

showed a fixed variant for EV and FLO (G nucleotide) whereas the American PO and 368 

the European locations for another (A nucleotide). All the outlier SNPs of the MXT 369 

subset, except RADtag 37,928 that corresponds to an uncharacterized/unknown protein 370 
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(Table 5), were annotated using the available information from X.maculatus. All the 371 

annotated SNPs were located inside the coding region of the annotated genes. Six of 372 

them SNPs leaded to silent synonymous change while the other four leaded to non-373 

synonymous change.  374 

The ten outlier mosquitofish associated to genes were involved in signal transduction, 375 

apoptosis, cell morphogenesis, locomotion, organ development and catabolic processes 376 

(Supplementary Table 3). When compared to human genome, they were enriched in 377 

three different GO terms (FDR < 0.05): GO: 0005737 cytoplasm (cellular component 378 

category) found in eight genes (ARFGEF2, ABTB1, CYFIP2, FEZ1, RARB, 379 

SLC9A3R2, UBR4 and ZRANB1), GO: 0005515 protein binding (molecular function 380 

category) also found in eight genes (ARFGEF2, ABTB1, CYFIP2, FEZ1, MPP2, 381 

SLC9A3R2, UBR4 and ZRANB1), and GO: 0016881 amino-acid ligase activity 382 

(molecular function) found in two genes (UBR4 and ZRANB1).  383 

Discussion 384 

Genomic resources for mosquitofish 385 

The application of NGS techniques to non-model organisms is fuelling the availability 386 

of genomic resources, providing a huge number of valuable molecular information to 387 

analyze genetic diversity, population structure and adaption in these organisms (Helyar 388 

et al. 2011). In this study a trustable genomic database containing information on 389 

thousands of SNPs that can further the study G. holbrooki, or other close-related 390 

poeciliid species such as G. affinis or Poecilia reticulata, is presented  391 

Despite of its rank as one of the 100 world’s worst invasive species (Lowe et al. 2000),  392 

the number of molecular markers available to study mosquitofish was extremely low 393 

[30 microsatellite loci (Parker et al. 1998; Zane et al. 1999; Spencer et al. 1999; Purcell 394 

et al. 2011) and five associated-gene SNPs designed for G.holbrooki (Vidal et al. 395 
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2012)]. This study increases substantially the number of makers available to study 396 

mosquitofish, by generating a 36,052 polymorphic RADtags. This total is similar to 397 

those described in databases for other species created using a similar number of 398 

individuals and techniques (Narum et al. 2013; Richards et al. 2013; Wang et al. 2013). 399 

As suggested by the homogeneous distribution of filtered SNP positions in the 400 

RADtags, sequencing errors were not responsible for the observed SNPs (Fig. 2). A 401 

transition/transversion (ts/tv) ratio close to 0.50 would be obtained when a large portion 402 

of detected SNPs resulted from sequencing errors because a random nucleotide error 403 

has a probability of 1/3 to be a transition (A↔G, C↔T) and 2/3 to be a transversion 404 

(A↔C, A↔T, C↔G, G↔T). However, we obtained a ts/tv ratio of 2.13, and similar to 405 

those reported in other species analysed with RADtag sequencing (Solanum melongena 406 

1.65, Barchi et al. 2011; Anguilla anguilla 1.60, Pujolar et al. 2013), and fish species 407 

analysed using other sequencing approaches (Sparus aurata 1.38, Cenadelli et al. 2007; 408 

Salmo salar 1.37, Hayes et al. 2007; Scophthalmus maximus 1.35-1.88, Vera et al. 409 

2011, 2013).  410 

Mosquitofish population genomics: local diversity and population structure 411 

A cline of decreasing genetic diversity towards northern mosquitofish populations was 412 

observed in American locations (Table 2). In fact, the genetic diversity levels of 413 

mosquitofish collected in PO location were even lower than those observed in post-414 

glacially founded freshwater Alaskan populations of three-spine stickleback, 415 

Gasterosteus aculeatus, using the same methodology (Hohenlohe et al. 2010). In the 416 

Northern hemisphere, the genetic variability of many species of animals and plants has 417 

been influenced by the Quaternary ice ages (Hewitt 2000). The effects of these climatic 418 

fluctuations resulted in range expansions and contractions, commonly depicted in the 419 

population structure of species with a contrasting differentiation between northern and 420 

Page 17 of 41 Molecular Ecology



For Review
 O

nly

18 

 

southern populations. In North America, comparative phylogeographical congruence 421 

across many taxa indicates historical biogeographical signal and a major role for 422 

climate cycles in intraspecific diversification along the Gulf-Atlantic Coastal Plain 423 

(Avise 1992). The Florida peninsula has been proposed as glacial refuge for many fish 424 

species (Bermingham & Avise 1986; Bernatchez & Wilson 1998; Bagley et al. 2013). 425 

Values of SNPs diversity among mosquitofish G.holbrooki populations agreed with the 426 

patterns of divergence observed in other species, confirming at a genomic scale the 427 

vicariance between northern and southern populations. In fact, increased diversity in 428 

Florida and other southern mosquitofish populations yields support for this region as a 429 

glacial refuge for this species (Scribner & Avise 1993).  430 

Vidal et al. (2010) conducted mtDNA sequence analyses on the same samples 431 

employed in present study and found that the EV mosquitofish were related with the 432 

southern and more diverse Type II group, whereas FLO and PO collections contained 433 

haplotypes characteristic of the northern Type I group. The most common mtDNA 434 

haplotype observed at PO (Hol1) was also the most common among introduced 435 

European populations, suggesting that the source of the invasion came from a 436 

mosquitofish population close to PO. Population differentiation patterns reported in 437 

here also agreed with recent observations using microsatellite loci (Sanz et al. 2013, 438 

Díez-del-Molino et al. 2013). Those studies assigned the highest levels of diversity to 439 

the EV location from Florida (HS= 0.867), and confirmed PO as the genetically closest 440 

population to introduced European mosquitofish populations (Fig. 3). Significant 441 

reductions in diversity levels (measured as HE and percentage of polymorphic loci) 442 

have been detected during the invasion process as consequence of sequential founder 443 

effects (Lockwood et al. 2005). In our results, American mosquitofish locations 444 
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harbored larger levels of genetic diversity compared to the introduced European 445 

populations (Table 2).  446 

At a global level, the results presented here agree with other studies that identify (EV) 447 

as the more diverse location and the likely source for the USA northern natural post-448 

glacial colonization, whereas the least diverse (CO) probably represents the last 449 

invasive event among the European locations studied (Table 2; Graputto et al. 2006). 450 

Genetic losses of variation have been described for many invasive species, both in 451 

animals and plants, but these not necessarily imply also the loss of adaptive potential 452 

(Duglosch & Parker 2008). For example, in Hypericum canariense, a native endemic 453 

plant of the Canary Islands introduced in USA Pacific coast and Hawaii Islands, 454 

approximately 45 % of the diversity was lost in each invasive event but evidences for 455 

adaptive genetic changes were also shown for increased growth in terms of both 456 

survival and reproduction (Duglosch & Parker 2008).   457 

Northern USA locations genetically close to PO have been suggested to act as “invasive 458 

bridgeheads” to the European invasion (Diez-del-Molino et al. 2013). Invasive 459 

bridgeheads are described as particularly successful invasive populations that 460 

accumulate the evolutionary changes necessary to become invaders, and as such the 461 

source of colonists for remote new habitats (Lombaert et al. 2010). Following the 462 

hypothesis of Díez-del-Molino et al. (2013), northern USA locations would have 463 

acquired their invasive potential due to the stress of post-glacial expansion process. 464 

Therefore, the invasive potential of mosquitofish would predate recent anthropic 465 

introductions.  In fact, populations from peripheral ranges of distribution often show 466 

low genetic diversity levels but display greater stress-adaptation (Hardie & Hutchings 467 

2010). Analyses with STRUCTURE and AMOVA depict a close genomic relation 468 
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between PO and the European locations, confirming the status of the former as the 469 

source for European locations.  470 

Evolutionary forces driving invasive process: genetic drift versus selection 471 

Understanding genetic changes involved in invasive potential as well as developing 472 

genetic control measures are key topics to prevent and control invasions (Lee 2002; 473 

Handley et al. 2011). Mosquitofish diversity loses at genomic scales during the 474 

European colonization affected equally coding and non-coding regions (Table 2). In 475 

agreement with theoretical expectations at early stages of invasions (Allendorf & 476 

Lundquist 2003), such losses reflect the effects of genetic drift rather than other 477 

evolutionary forces. Genetic drift related to the founder events during the post-glacial 478 

colonization has been invoked as responsible for the genetic depauperation of northern 479 

USA G. holbrooki populations (Scribner & Avise 1993). Strong genetic drift would 480 

differentiate introduced mosquitofish populations by randomly fixing allelic variants, 481 

resulting in significantly high FST values detected either in the global analysis (FST = 482 

0.416) and in pairwise comparisons among studied locations (Table 3). Unshared 483 

genetic drift also explained a major part of the differentiation seen between PO and the 484 

other American collections in the TREEMIX analysis.  485 

Mosquitofish have colonized all Mediterranean coastal basins in the Iberian Peninsula 486 

competing and displacing such native fishes as Valencia hispanica and Aphanius iberus 487 

(Rincon et al. 2002; Carmona-Catot et al. 2013), and are currently spreading towards 488 

the headstreams of all major Iberian river basins (e.g. Oscoz et al.  2008). Substantial 489 

divergence has been observed among Iberian mosquitofish populations from distinct 490 

river basins at life-history traits such as size-at-maturity, reproductive effort, or 491 

gonadal-size (Benejam et al. 2008; Carmona-Catot et al. 2011). Certainly, phenotypic 492 

plasticity enables organisms to respond to varying environments (reviewed in Murren et 493 
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al. 2015), but more often, the success of invasive species after introduction has been 494 

associated to rapid adaptive response to novel selective processes during spread and 495 

colonization of newer habitats (Barrett 2015). Despite the prominent role of founder 496 

events during invasions, it appears that genetic drift does not eliminate adaptive 497 

potential because many fitness-related traits may be polygenic and do not lose variation 498 

as quickly as individual loci do (Duglosh & Parker 2008). Accordingly, substantial 499 

additive variation could be retained during bottlenecks (e.g. Lindholm et al. 2005). Our 500 

outlier analyses indicated 85 out of 7,724 studied RADtags to be under positive 501 

selection pressure when comparing all locations. The lack of positive selective response 502 

in comparisons involving only European collections indicated that allele changes in 503 

RADtags related to positive selection occurred prior to the European mosquitofish 504 

invasion. For instance, the RADtag 11446 showed a fixed G nucleotide at the studied 505 

SNP at EV and FLO locations, while PO and all European locations had an A at that 506 

site, resulting in a non-synonymous amino acid substitution. Positive selection may be 507 

confused with demographic fluctuations because they leave similar signals in genomic 508 

variation (Currat et al. 2006). Genetic drift tends to increase differentiation among 509 

populations (i.e. high FST values), therefore outliers methods based on FST values are 510 

limited to detect positive selection under strong genetic drift. The inclusion of 511 

populations which suffered severe bottlenecks increases the false-positive outlier rate 512 

for directional selection in BAYESCAN (Foll & Gaggiotti 2008). Microsatellite 513 

analyses suggested that most of the mosquitofish diversity present in Europe can be 514 

attributed to a single American source (Sanz et al. 2013), and since the introduction of 515 

mosquitofish in Spain in 1921 consisted of only 12 individuals, it can be inferred that 516 

several additional bottlenecks occurred during subsequent spread along the Iberian 517 

Peninsula (Diez-del-Molino et al. 2013). It is very likely that not enough time has 518 
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elapsed to dismiss the effect of genetic drift on the outlier analyses performed. Hence 519 

the relevance of adaptive pressures in European mosquitofish populations could remain 520 

underestimated.  521 

Interestingly, a larger number of outliers detected in this study were related to 522 

balancing selection either in analyses involving all locations or in those restricted to the 523 

European locations. Among Spanish location, nine RADtags undoubtedly associated to 524 

coding regions in mosquitofish (MXT RADtag subset) showed balancing selection and 525 

three of these consist of non-synonymous substitutions. The low FDR values (< 0.010, 526 

Table 5) suggest that these results are reliable. Genes associated to these outliers were 527 

related with cell morphogenesis, locomotion, organ development and some catabolic 528 

processes which are important for individual development/integrity (Supplementary 529 

Table 3). Accordingly, these results suggest that retention of genetic variability in some 530 

specific genes is essential for the survival of both native and invasive mosquitofish 531 

populations.  532 

Putative loci under balancing selection have been often detected in genomic surveys of 533 

population structure within species (e.g. Makinen et al. 2008). Nevertheless these loci 534 

have received less attention than those showing positive directional selection because of 535 

the more evident relationship of positive selection with local adaptation (Belanger-536 

Deschenes et al. 2013; Fisher et al. 2014) . Balancing selection in isolated small 537 

populations retained diversity levels of MHC immunity in the guppies (Van Oosterhout 538 

et al. 2006) and panthers (Castro-Prieto et al. 2011). High genetic variability in MHC 539 

genes is necessary for the pathogen detection that triggers the immune response 540 

essential for survival (Luo et al. 2012).  Loci retaining polymorphism under putative 541 

balancing selection has been also detected in yellow perch (Perca flavescens) 542 

inhabiting polluted environments (Belanger-Deschenes et al. 2013). 543 

Page 22 of 41Molecular Ecology



For Review
 O

nly

23 

 

Genetic drift associated with founder events at early stages of invasion tends to 544 

maximize genetic differentiation among populations by randomly fixing allele variants. 545 

Our results indicate that genetic drift shaped diversity and divergence among studied 546 

mosquitofish populations by increasing allele frequency variance among populations 547 

and consequently the estimates of FST. In such scenario polymorphic loci retaining 548 

similar allele frequencies in all populations would be rare and such diversity could be 549 

putatively maintained by balancing selection. There appears to be no studies 550 

documenting the effect of strong drift on the detection of outlier loci under balancing 551 

selection using genomic population data.  By combining information from different 552 

approaches, the detection of outliers may improve by reducing rates of false positives 553 

(Excoffier et al. 2009; De Mita et al. 2013; De Villemereuil et al. 2014). Although 554 

BAYESCAN may be useful to detect outliers under some evolutionary scenarios 555 

(Perez-Figueroa et al. 2010), it is prone to yield false positive results when hierarchical 556 

substructure is present among locations. To minimize this potential error, Excoffier et 557 

al. (2009) proposed a method to detect outliers under a hierarchical island model where 558 

locations within groups exchange more migrants than locations from different groups. 559 

This methodology is implemented in ARLEQUIN 3.5 software, and such analysis was 560 

performed as follows: [number of simulations= 50,000; demes simulated (d) = 100; 561 

number of groups (k)= 10] including all locations grouped as suggested by 562 

STRUCTURE and AMOVA results (EV+FLO – PO+Europe). The results obtained 563 

confirmed the same four RADtag outliers suggested by BAYESCAN among the MXT 564 

RADtags subset. Thus, RADtag 11446 (CYFIP2 gene) was identified to be 565 

experiencing positive selection and RADtags 13210 (ZRANB1 gene), 36169 566 

(ARFGEF2 gene), and 37928 (uncharacterized protein) were identified again to be 567 

experiencing balancing selection. 568 
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As far as we know, this is the first genomic evidence of the role of genetic drift and 569 

adaptation in the invasive process of a highly successful freshwater invasive fish, G. 570 

holbrooki. We added genomic evidence to explain how pre-invasive evolutionary 571 

changes, such as postglacial expansion in America, are relevant when exploring 572 

changes on levels of genetic diversity as a consequence of invasions. Finally, our 573 

results support a prominent role of genetic drift as one of the main evolutionary forces 574 

driving the invasive process, but preserving polymorphisms by balancing selection in 575 

specific genes could be more important than the average population diversity for the 576 

maintenance of local populations and for their invasive success. 577 
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in Dryad (Number identification: 10.5061/dryad.j059v). Filtered consensus RADtag 887 

sequences containing only one SNP are supplied on the Supporting Information 888 

(Supplementary Table 1). BAM files for all the individuals included in the database 889 

have been deposited in NCBI-SRA repository (number: SRP066107; Bioproject: 890 
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paper with the contributions of JLGM and DDM. JLGM funded the reagents. 894 

Figure Legends 895 

Figure 1. Geographical distribution of the sampling sites analysed. Location codes are 896 

indicated on Table 1. 897 

Figure 2. Bayesian analyses of population structure carried out with STRUCTURE.  898 

Each vertical bar represents one individual, and the colour proportion for each bar 899 

represents the posterior probability of assignment of each individual to the different 900 

clusters (K) inferred by the program. 901 

Figure 3. Maximum-likelihood tree generated by TREEMIX. The three migration 902 

events are depicted in heatmap colored arrows. EV location was used as root (see text) 903 

Figure 4. Posterior odds of the selection model (Log10(PO)) and locus-specific FST for 904 

each SNP in the whole dataset according to the BAYESCAN results. Dotted line 905 

indicates the choosen threshold of significance corresponding to a probability P ≥ 0.99 906 

of being under selection. Loci above that threshold are indicated in red if belong to the 907 

anonymous database, and in green if associated to genes. 908 

Supporting information 909 

Supplementary Table 1.Information for the RADtags containing one SNP included on 910 

the Gambusia holbrooki genomic database. Identification number on the database 911 

(Catalog ID), corresponding RADtag for the individual VM43 used as framework for 912 

the construction of RADtags (VM43 RADid), RADtag consensus sequence, number of 913 

individuals presenting the RADtag (N), SNP position inside RADtag and its variants are 914 

showed. RADtags in green and red represent markers matching against genes in X. 915 

maculatus and containing repeat motifs, respectively. 916 
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Supplementary Table 2. Outliers loci detected with the program BAYESCAN. Only 917 

RADtags with a posterior probability (P) > 0.99000 and a False Discovery Rate (FDR) 918 

< 0.01 are showed. RADtags associated to X. maculatus genes are showed in green. 919 

Supplementary Table 3. Gene Ontology (GO) terms of level 4 for the three GO 920 

categories provided by DAVID program (a maximum of three for each category). 921 

Supplementary Figure 1. Number of SNPs per nucleotide position inside the RADtags. 922 

The first five nucleotide positions correspond with the restriction enzyme target. 923 

 924 
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Table 1. Sampling sites of the present study including the number of individuals analysed (N) 925 

Sampling Site Code River Country Geographical Coordinates N 

Everglades EV Everglades USA 
25º 26’ N 

80º 46’ W 
12 

Florence FLO Florence USA 
36º 01’ N 

79º 57’ W 
12 

Potomac PO Potomac USA 
38º 39’ N 

77º 11’ W 
12 

Besalú BL Fluvià 
Spain 

(Europe) 

42º 11' N 

02º 44' E 
12 

Sant Pere Pescador PP Fluvià 
Spain 

(Europe) 

42º 11' N 

03º 04' E 
12 

Vilanova de Muga VM Muga 
Spain 

(Europe) 

42º 17' N 

03º 02' E 
12 

Empúria-Brava EP Muga 
Spain 

(Europe) 

42º 14' N 

03º 07' E 
12 

Coltano CO Coltano 
Italy 

(Europe) 

43º 38' N 

10º 24' E 
12 

 926 

  927 
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Table 2. Diversity levels of the studied sampling sites. Number of individuals analysed (N), Gene diversity (HE), mean number of alleles per 928 

locus (N alleles) and their standard deviations are included. Location codes are showed on Table 1. Results for all RADtags (Full dataset) and for 929 

the subset of RADtags matching against the X. maculatus transcriptome (XMT subset) are included. 930 

Variable EV FLO PO BL PP VM EP CO  America Europe 

N 11 11 11 12 12 12 12 12  33 60 

Full dataset            

Usable Loci 7614 7609 7621 7617 7619 7619 7619 7620  7604 7621 

Polymorphic Loci 4781 3232 1760 716 975 884 947 650  7395 1191 

% Polymorphic Loci 62.79 42.48 23.09 9.40 12.80 11.60 12.43 8.53  97.25 15.63 

HE 0.135 0.116 0.060 0.034 0.041 0.039 0.042 0.033  0.149 0.047 

SD 0.154 0.168 0.134 0.116 0.124 0.119 0.124 0.125  0.155 0.127 

N alleles 1.629 1.424 1.231 1.094 1.128 1.116 1.125 1.085  1.976 1.156 

SD 0.490 0.499 0.422 0.293 0.334 0.321 0.331 0.280  0.174 0.364 

            

MXT subset            

Usable Loci 184 184 185 185 185 185 185 184  184 185 

Polymorphic Loci 107 85 44 14 24 21 22 16  181 27 

% Polymorphic Loci 58.15 46.20 23.78 7.57 12.97 11.35 11.89 8.70  98.37 14.59 

HE 0.124 0.118 0.063 0.033 0.043 0.044 0.042 0.034  0.146 0.048 

SD 0.154 0.168 0.137 0.117 0.125 0.130 0.125 0.115  0.153 0.133 

N alleles 1.573 1.465 1.238 1.076 1.130 1.114 1.119 1.092  1.984 1.146 

SD 0.507 0.500 0.427 0.265 0.337 0.318 0.325 0.290  0.127 0.354 

            

 931 

 932 

  933 
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Table 3. Pairwise FST values among the studied locations.  934 

 EV FLO PO BL PP VM EP CO 

EV 0.000        
FLO 0.259 0.000       
PO 0.475 0.436 0.000      
BL 0.537 0.508 0.258 0.000     
PP 0.528 0.499 0.220 0.205 0.000    
VM 0.536 0.507 0.234 0.255 0.145 0.000   
EP 0.527 0.495 0.206 0.225 0.045 0.065 0.000  
CO 0.547 0.520 0.264 0.337 0.307 0.315 0.292 0.000 
 935 

All P-values < 0.05 936 

937 
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Table 4. AMOVA results applying different hierarchical population structure models. Differences among populations (FST), among populations 938 

within group (FSC) and among groups (FCT) and their percentage (%) of explained variance (% Var) are shown. 939 

Model FST FSC % Var FCT % Var 

America vs Europe      
Full dataset 0.484 0.318 24.05 0.243 24.30 
 P < 0.001 P < 0.001  P = 0.019  
MXT subset 0.509 0.314 22.50 0.284 28.38 
 P < 0.001 P < 0.001  P = 0.019  
America-Spain-Italy      
Full dataset 0.450 0.330 27.06 0.179 17.93 
 P < 0.001 P < 0.001  P = 0.095  
MXT subset 0.474 0.320 24.81 0.226 22.55 
 P < 0.001 P < 0.001  P = 0.010  
EV+FLO - PO+Europe      
Full dataset 0.571 0.217 11.90 0.452 45.18 
 P < 0.001 P < 0.001  P = 0.028  
MXT subset 0.606 0.177 8.47 0.521 52.11 
 P < 0.001 P < 0.001  P = 0.037  
EV+PO - FLO+Europe      
Full dataset 0.439 0.398 37.11 0.068 6.82 
 P < 0.001 P < 0.001  P = 0.059  
MXT subset 0.442 0.424 41.14 0.031 3.09 
 P < 0.001 P < 0.001  P = 0.074  
PO+FLO - EV+Europe      
Full dataset 0.423 0.411 40.19 0.021 2.14 
 P < 0.001 P < 0.001  P = 0.159  
MXT subset 0.436 0.429 42.39 0.012 1.23 
 P < 0.001 P < 0.001  P = 0.143  
 940 

941 
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 Table 5. Annotated outlier loci detected in the studied locations. The posterior probability (P), False Discovery Rate (FDR), the locus specific 942 

component shared by all the populations (alpha value; a positive value of alpha suggests diversifying selection, whereas negative values suggest 943 

balancing or purifying selection), matching sequence over X. maculatus transcriptome, annotation, Gene Approved Symbol, the two SNP 944 

variants, change effect and the interval of the allele frequency for one of the variants (Allele Freq Interval) are shown. 945 

 946 

Comparison Catalog_ID P 
qval 

(FDR) 
alpha FST 

X. maculatus 
GenBank 

Annotation 
Approved 
Symbol 

SNP 
Variants Change effect 

Allele Freq 
Interval  

All  
Locations 11446 0.999 0.0005 19.994 0.897 XM_005816281.1 cytoplasmic FMR1-interacting protein 2 CYFIP2 G>A NonSyn (V/M) G= 0.000/1.000*  
 13210 1.000 0.0000 -26.589 0.184 XM_005816270.1 ubiquitin thioesterase ZRANB1 ZRANB1 C>A NonSyn (A/S) C= 0.500-0.682 
 36169 0.999 0.0001 -22.211 0.244 XM_005806231.1 brefeldin A-inhibited guanine nucleotide-exchange protein 2 ARFGEF2 T>C Syn (L/L) T= 0.500-0.875 
  37928 1.000 0.0000 -28.351 0.162 XM_005812435.1 uncharacterized/unknown   G>A   G= 0.500-0.625 
European 
Locations 1078 1.000 0.0000 -2.2170 0.405 XM_005812632.1 retinoic acid receptor RXR-beta-A RARB C>T Syn (N/N) C= 0.292-0.750 
 2804 0.999 0.0002 -2.3534 0.378 XM_005800147.1 E3 ubiquitin-protein ligase UBR4 UBR4 C>T Syn (N/N) C= 0.182-0.542 

 8684 0.999 0.0003 -2.4497 0.360 XM_005800006.1 
ankyrin repeat and BTB/POZ domain-containing protein 
BTBD11-A 

ABTB1 T>C Syn (D/D) T= 0.708-0.833 

 13210 1.000 0.0000 -2.5361 0.342 XM_005816270.1 ubiquitin thioesterase ZRANB1 ZRANB1 C>A NonSyn (A/S) C= 0.625-0.682 
 17945 1.000 0.0000 -2.3183 0.384 XM_005811728.1 MAGUK p55 subfamily member 2 MPP2 T>C NonSyn (E/G) T= 0.227-0.727 
 36169 0.999 0.0003 -2.3787 0.375 XM_005806231.1 brefeldin A-inhibited guanine nucleotide-exchange protein 2 ARFGEF2 T>C Syn (L/L) T= 0.750-0.875 
 37928 1.000 0.0000 -2.5656 0.336 XM_005812435.1 uncharacterized/unknown   G>A   G= 0.500-0.625 

Spanish 
Locations 1078 0.996 0.0029 -2.0452 0.447 XM_005812632.1 retinoic acid receptor RXR-beta-A RARB C>T Syn (N/N) C= 0.417-0.750 
 2804 0.994 0.0036 -2.1375 0.428 XM_005800147.1 E3 ubiquitin-protein ligase UBR4 UBR4 C>T Syn (N/N) C= 0.182-0.375 
 3379 0.996 0.0027 -2.1121 0.433 XM_005803525.1 fasciculation and elongation protein zeta-1 FEZ1 C>T Syn (K/K) C= 0.208-0.591 

 8684 0.992 0.0042 -2.1101 0.434 XM_005800006.1 
ankyrin repeat and BTB/POZ domain-containing protein 
BTBD11-A 

ABTB1 T>C Syn (D/D) T= 0.750-0.833 

 13210 0.996 0.0028 -2.2151 0.412 XM_005816270.1 ubiquitin thioesterase ZRANB1 ZRANB1 C>A NonSyn (A/S) C= 0.625-0.682 
 17945 0.997 0.0026 -2.0296 0.450 XM_005811728.1 MAGUK p55 subfamily member 2 MPP2 T>C NonSyn (E/G) T= 0.227-0.727 
 24342 0.995 0.0033 -1.9499 0.468 XM_005798108.1 sodium/hydrogen exchanger 2 SLC9A3R2 T>C NonSyn (I/T) T= 0.458-0.875 
 29072 0.993 0.0040 -1.9583 0.466 XM_005811982.1 WD repeat-containing protein 20 WDR20 C>T Syn (S/S) C=0.167-0.708 
 36169 0.991 0.0045 -2.0405 0.450 XM_005806231.1 brefeldin A-inhibited guanine nucleotide-exchange protein 2 ARFGEF2 T>C Syn (L/L) T= 0.750-0.875 
 37928 0.998 0.0017 -2.2478 0.404 XM_005812435.1 uncharacterized/unknown   G>A   G= 0.500-0.625 

 947 

* G variant fixed for EV and FLO and A variant fixed for PO and all European sample 948 

 949 
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