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Abstract

The main drivers of diversification of freshwater fishes in Cuba are not yet well understood. For
example, salt tolerance was thought as the main factor involved in the diversification of Gambusia
punctata species group in this archipelago. However, evidence from a recent DNA barcoding survey
suggested the presence of cryptic species and no correlation between species delimitation and level of
salinity. In this study, we analyzed the cryptic diversification of G. punctata species group in Cuba,
based on a comprehensive sampling of its distribution and including habitats with different salinity
levels. We evaluated the patterns of molecular divergence of the samples by sequencing a set of
mitochondrial DNA (mtDNA) regions and genotyping nine nuclear microsatellite loci. We also used
cytochrome b gene (cytb) partial sequences and these microsatellite loci to analyze population
structure inside putative species. Five mtDNA well-differentiated haplogroups were found, four of
them also identified by the analysis of the microsatellite polymorphism which corresponds to two
already recognized species, G. punctata, and G. rhizophorae, and three putative new species. The
extent of hybrid zones between these groups is also described. In each group, populations inhabiting
environments with contrasting salinity levels were identified, indicating a generalized trait not specific
to G. rhizophorae. The geographic distribution of the groups suggested a strong association with major
relict territories of the Cuban Archipelago that was periodically joined or split-up by changes in
seawater levels and land uplifts. Salinity tolerance might have facilitated sporadic and long-distance

oversea dispersal but did not prevent speciation in the Cuban archipelago.

Key works: Dispersal; Microsatellites; mtDNA; Poeciliidae; Phylogeny; Speciation

1. Introduction
The complex geological history of the Caribbean archipelagoes has long been considered a major
factor promoting population isolation and speciation in different vertebrate groups (Alonso et al.,
2012; Glor et al., 2004; Rivas, 1958; Rodriguez et al., 2010; Sly et al., 2011). Among them, the
freshwater fishes of Cuba are not the exception (Doadrio et al., 2009; Garcia-Machado et al., 2011,

Ponce de Leon et al., 2014; Rauchenberger, 1989; Rivas, 1958; Rosen and Bailey, 1963). The great
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diversity of the family Poeciliidae in the Caribbean islands and Continental Middle America (Rosen
and Bailey, 1963) makes it a particularly good model to study the history of the Caribbean biotas.
Moreover, and in contrast to other freshwater fishes, most species in this family can tolerate a certain
degree of salinity, which is thought to be a major barrier to the dispersal of continental species into the
islands (Myers, 1938; Rivas, 1958; Rosen and Bailey, 1963). In Cuba, this family is represented by
four genera: Girardinus (seven species), Limia and Quintana, with a single species each and
Gambusia with three species (Fink, 1971; Rauchenberger, 1989; Rivas, 1969). However, recent
studies suggested that Girardinus (Doadrio et al., 2009) and Gambusia (Lara et al., 2010) may be
harboring cryptic species. Taxonomy is therefore unclear and refined population genetics and
phylogeography studies are needed. Better knowledge about how many cryptic lineages are within
these groups and how they are distributed in the Cuban archipelago is crucial to understanding how the
family Poeciliidae diversified in the Caribbean and would contribute to the clarification of the history
of Middle America biotas.

The estimation of divergence times between fishes in the family Poeciliidae suggested that the
ancestors may have colonized the Caribbean islands during the Miocene and Pliocene from different
areas of continental America (Reznick et al., 2017). According to lturralde and MacPhee (1999),
during the early Miocene (23-20 Mya), the proto archipelago was characterized by the isolation of
landmasses or blocks, due to active tectonic disruption of the Northern and Southern Caribbean plate
boundaries. Late in the middle-late Miocene (10-5 Mya), these major land cores (currently
Guaniguanico mountains, Isla de la Juventud highs, Guamuaya mountains, and Eastern mountains)
corresponding to the current Island of Cuba were progressively connected again by emerging dryland
(Iturralde and MacPhee, 1999). Another general uplift occurred during the Pliocene in the region and
shaped Cuba as a single territory (Iturralde-Vinent, 2006; van Gestel et al., 1998). During this period,
low lands were repeatedly inundated due to sea levels oscillations and earth’s crust movements,
producing periods of isolation and ephemeral reconnections (Iturralde-Vinent, 2006). During the last
ten thousand years, marine introgressions or desiccation of lakes and rivers due to low precipitations in
the Caribbean region have produced recurrent periods of land habitat contractions that should have

also impacted local populations (Hodell et al., 2000).


https://doi.org/10.1101/865469
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/865469; this version posted December 5, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

76 Up to now, very few studies have been dedicated to analyzing the evolutionary history of the
77  freshwater fishes of Cuba using a molecular genetics approach. This is the case for the genera
78  Girardinus (Doadrio et al., 2009), Lucifuga (Garcia-Machado et al., 2011; Hernandez et al., 2016) and
79  Rivulus (Ponce de Leon et al., 2014). The genus Lucifuga has a very restricted distribution to
80  hypogean environments of karts patches and the genus Rivulus is only present in western Cuba and
81  Islade laJuventud (formerly Isla de Pinos). Girardinus is more widely distributed across Cuba and
82  Isla de la Juventud but it is restricted to freshwater environments (Ponce de Ledn and Rodriguez,
83  2010; Rivas, 1958; Rodriguez-Machado et al., 2017). Western Cuba seems to represent the
84  diversification center of this genus with only two species present in the Central and Eastern regions
85  (Rivas, 1958; Rodriguez-Machado et al., 2017). The analyses in Doadrio et al. (2009) focused on
86  testing different hypotheses about the origin of this genus rather than interpreting the distribution
87  patterns across the archipelago. The study of other fish species widely distributed across the
88  archipelago may contribute to better understanding the role of its geological history in shaping patterns
89  of species distribution.
90 In Cuba, there are two species complexes of Gambusia fishes: Gambusia punctata species complex
91 and Gambusia puncticulata species complex. They both are widely distributed across Cuba and Isla de
92  laJuventud (Ponce de Ledn and Rodriguez, 2010), which make them excellent models to assess their
93  diversification in the Cuban archipelago using genetic markers. In the present study, we analyzed the
94  genetic diversity within the Gambusia punctata species complex.
95  The Gambusia punctata species group contains five species (Rauchenberger, 1989): Gambusia
96 punctata (Poey 1854) endemic to Cuba, G. rhizophorae (Rivas 1969) found in northwestern Cuba and
97  south Florida including the keys, G. xanthosoma (Greenfield 1983) from Grand Cayman Islands, G.
98  beebei (Myers 1935) and G. pseudopunctata (Rivas 1969) both endemic to Haiti. According to Rivas
99  (1969), G. punctata and G. rhizophorae show differences in body shape and in the frequency of a
100  number of gonopodial characters. However, most of the meristic character measured actually overlap
101  between the two species (e.g. number of dorsal fin rays, number of lateral body scales, number of
102  segments distal to gonopodium elbow, see Rivas (1969) for details), making difficult the identification

103  of individuals following these criteria. Rivas (1969) reported that these two species have separated
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104  distributions according to differences in salinity tolerance; G. punctata is widely distributed in most
105 Cuban island and Isla de la Juventud but restricted to freshwater habitats, while G. rhizophorae

106  inhabits brackish and salt water, and is distributed along the north-western coast of Cuba and coastal
107  wetlands of South Florida (Southeast US) (see Rivas 1969, Fig. 5). Other early works have mentioned
108  other Cuban “forms” within the G. punctata species group, from east-central- localities (i.e. G.

109  punctata punctulata from Remedios, G. filamentosa from Viana River in “Sagua la Grande” and G.
110  finlayi from Camagiiey Province), but descriptions in all these cases were vague and subsequent

111 analysis did not show morphological divergences supporting them (Rivas, 1969). Recently, Rodriguez
112 (2015a) reported new distribution records for G. rhizophorae in brackish or saltwater habitats along
113  the north-eastern and south-eastern coasts of the Cuban archipelago basing the identification of the
114  specimens on the criteria of Rivas (1969). However, it is not clear which of the variables determined
115 by Rivas (1969) were used to assure the correct identification of the species. Also, neither the variation

116  inthe analyzed characters nor the sample sizes used for analysis are shown.

117  Based on a barcoding DNA analysis (Lara et al., 2010), a third Cuban cryptic lineage (Gambusia sp.)
118  was found within G. punctata species group. It contains individuals collected at two localities, a

119  brackish sinkhole (La Jenifer) at Key Coco, north-central region, and Yara River in Guantdnamo
120  province, in the eastern region. The estimates of genetic divergence (using Kimura’s two parameters
121 model, thereafter K2P model) between the three Cuban lineages ranged between 4.9 + 0.8% between
122 G. punctata and Gambusia sp., and 5.2 £ 0.8% between G. punctata and G. rhizophorae, in all cases
123 exceeding the 2% cut-off used to identify freshwater fish species (April et al., 2011; Pereira et al.,
124  2013) and the 3% cut-off applied to separate other vertebrate species (e.g. Vieites et al., 2009).

125  However, mitochondrial DNA divergence as a yardstick for species delimitation has been strongly
126  criticized by different authors (Moritz and Cicero, 2004) and poor prediction of nuclear gene

127  divergences suggests that mtDNA divergence is not sufficient to delimitate species (Hutson and

128  Turelli 2003). Additionally, such genetic distance thresholds must be supported by an adequate

129  sampling of intraspecific diversity and comparison of sister species (Sites & Marshal 2003; Johnson

130 and Cicero 2004). That said, the results of the barcoding analysis opened new questions about
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131  taxonomy and speciation processes in this group. Indeed, the geographic and ecological distribution of
132 Gambusia sp. raised doubts about variations in salinity tolerance as the main driver of the divergence
133 between G. punctata and G. rhizophorae proposed by Rivas (1969), as well as the occurrence of G.
134  punctata in east-central territories of Cuba. Moreover, salinity tolerance makes Gambusia fishes

135  particularly interesting to contrast patterns observed in other terrestrial species highly dependent on
136  land connections to disperse. If dispersal across marine barriers was common during the evolutionary
137  history of Gambusia species in Cuba, one can expect a relative genetic homogeneity among

138  populations distributed over long distances. However, if historical disconnections among land cores
139  shaped evolutionary divergence of different populations and speciation, one can expect a

140  correspondence between the geographic distribution of genetic groups and subaerial land cores.

141 The aim of the present study was to analyze the genetic diversification of G. punctata species complex
142  in Cuba, on the basis of a comprehensive sampling of its distribution including saltwater, brackish and
143  freshwater habitats, in order to test the hypothesis that the geological history of the Cuban archipelago
144  is the main factor which drove the divergence and the distribution of the main groups. We sequenced a
145  set of mtDNA regions and genotyped nine nuclear microsatellite loci in order to describe and analyze
146  the pattern of genetic differentiation according to the geographic distribution of the samples. Five

147  main mtDNA haplogroups were found, two more than the three previously identified (Lara et al.,

148  2010). These haplogroups are geographically isolated but not associated with different salinity levels.
149  Four of these groups were also supported by the analysis of the nuclear DNA polymorphism. Their
150  geographic distribution suggested a strong association with major relict territories of the Cuban

151  archipelago that were episodically joined or split-up by changes in seawater level and land uplifts. We
152 also used cytb partial sequences and these microsatellite loci to decipher genetic structures within

153  these groups. This study contributes to a much better understanding of several aspects of the

154  phylogeography of the Gambusia punctata species group in Cuba and the Caribbean.

155 2. Materials and methods

156 2.1 Samples and localities
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157  In order to have a comprehensive representation of the genetic diversity of the G. punctata species
158  group, including fresh, brackish and salt-water environments, we sampled most of the distribution area
159  in Cuba (Fig. 1; Supplementary material 1a). A total of three hundred four (n = 304) fishes were

160  collected at 66 localities using hand nets or seine nets depending on the river depth and topology. Fish
161  capture and sample collections were done under the permits: CH-40-DB (026) 08 and CH-8116247-5,
162  issued by the Cuban Centre for Environmental Inspection and Control (CICA). Prior to fixation in
163  95% ethanol, the fish were euthanized with tricaine meta-sulphonate (MS-222). All specimens are
164  preserved in the collection of the Centro de Investigaciones Marinas, University of Havana.

165

166 2.2 DNA extraction, mtDNA amplification, and analysis

167  We extracted DNA from small portions of muscle tissue (~3mm) using the NucleoSpin® Tissue Kit.
168  For atotal of 141 individuals, the 5° domain (752 bp) of cytb was amplified using polymerase chain
169  reaction (PCR) with primers GluGamb (5°"ACT CAA CTA TAA GAA CYC TAA TGG C) modified
170  from Meyer et al. (1990) and CB3 (5" TGC GAA GAG GAA GTA CCA TTC) (Palumbi, 1996). A
171  subset of specimens (n = 22), standing for the different cytb lineages, were additionally amplified for
172 six other mtDNA regions: 12SRNA - 16SRNA, 16SRNA — tRNALeu — ND1, COlI, COIlI-tRNALYys,
173 COIlll and control region that represented, including the cytb, a total of 4,763 nucleotide sites

174  (Supplementary material 1 a and b) to increase resolution of the mtDNA phylogenetic analysis. The
175  polymerase chain reaction (PCR) was performed with 5-100 ng of total DNA in a 50 pL final reaction
176  volume. The reaction contained 1 unit of GoTagq DNA polymerase (Promega), 1X enzyme Flexi

177  Buffer, 0.25 uM of each primer, 0.2 mM dNTPs, and 2 mM MgCI2. The PCR products were purified
178  using the Illustra ExoStar 1-Step kit (General Electric Company), and a volume of 0.8 pL (5 -30 ng) of
179  the purified product was used for both sides sequencing with the Big Dye terminator sequencing kit
180  (Applied Biosystems). The fragments were resolved in an ABI 3100 automated sequencer (Applied
181  Biosystems). The sequences were deposited in the EMBL database under the accession numbers

182  provided in Supplementary material 1a. The sequences of G. puncticulata C (sensu Lara et al., 2010)
183  amplified and sequenced with the same set of primers were used as outgroup. In the case of the cytb,

184  available sequences of G. punctata (U18220), G. rhizophorae (U18223) and G. hispaniolae (U18209)
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185  (Lydeard et al., 1995), and G. rhizophorae (KM658368) (Heinen-Kay et al., 2014) were also included
186  in phylogenetic analyses.

187  Previous to alignment, the raw sequences were inspected by eye against the chromatogram using

188  BioEdit Sequence Alignment Editor v7.0.8.0 (Hall, 1999). The alignments were performed with

189  Clustal W (Thompson et al., 1994) in MEGA v7.0.26 (Kumar et al., 2016). The seven gene regions
190 amplified from selected individuals were concatenated and considered as a single unit for the analysis.
191  The program MEGA v7.0.26 was also used to infer the model best fitting the nucleotide substitution
192  parameters of the data set, using a Neighbor-joining tree and a strong branch swap filter option. The
193  model was selected using the Bayesian information criteria (BIC). We used maximum likelihood (ML)
194  and Bayesian methods to infer phylogenetic relationships. The phylogenetic trees were obtained for
195 the cytb and the concatenated alignment sets. The ML phylogeny was obtained using MEGA v7.0.26
196  (Kumar et al., 2016). The parameters of the selected model, nucleotide substitution matrix, gamma-
197  distributed rate variation across sites, and proportion of invariant positions were used for tree

198  inference. Stationary base frequencies and substitution rates were optimized during tree inference. The
199 ML tree was found by heuristic search from an initial tree obtained by Neighbor-Joining and BioNJ
200  algorithms, optimized with the Nearest-Neighbour-Interchange (NNI) algorithm and a very strong
201  branch swap filter for an exhaustive search. The robustness of the nodes of the ML tree was assessed
202 using the bootstrap method with 1,000 replicates.

203  For Bayesian tree reconstruction with MrBayes 3.2 (Ronquist et al., 2012), model parameters (i.e.

204  substitution rate matrix and stationary nucleotide frequencies) were those inferred from ML analyses.
205  The Bayesian inference was initially based on two independent runs using four Metropolis-coupled
206  Monte Carlo Markov chain for 2 x 10° generations, with sampling every 200 generations.

207  Convergence was confirmed examining various diagnostic outputs, particularly the Potential Scale
208  Reduction Factor (PSRF) and the Effective Sample Size (ESS). The ESS values were obtained using
209  TRACER v 1.6 (http://beast.bio.ed.ac.uk/). The MCMC chains were then run for a further 4 x 10°

210  generations. The PSRF value approached one (PSRF = 1.002) and the ESS values were greater than

211 200, ranging from 1105.84-15025.75. The first 25 percent of the sampled trees were discarded as
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212 burn-in. The sampled trees from both runs were used to construct a consensus tree and to estimate the
213 posterior probabilities of the nodes.

214 The relationships between haplotypes within each group were visualized as networks inferred using
215  the Median-Joining network algorithm (Bandelt et al., 1999) and the Maximum Parsimony (MP)

216  option to remove superfluous median vectors and links not present in the shortest trees (Polzin and
217  Daneshmand, 2003) which are implemented in Network 5.0.0.1 (Fluxus-engineering.com). Defaults
218  settings were used in all cases.

219  To infer putative species boundaries, we used the Poisson tree processes (PTP) model (Zhang et al.,
220  2013). Based on the phylogenetic species concept, this method models the speciation rates directly
221 from the number of substitutions under the assumption that the number of substitutions is higher

222 between than within species. We used the version implemented in the web site (https://species.h-

223 its.org/ptp/). This performs a Bayesian implementation (bPTP) of the model and provided Bayesian
224  support for the putative species boundaries. The combined and the cytb trees obtained with the

225  program RAXML (Stamatakis, 2006) were used as inputs. The RAXML phylogeny was conducted on
226  aninput alignment pruned of identical haplotypes and using the GTRCAT substitution model and the
227  Hill-climbing algorithm (Stamatakis et al., 2007) for a heuristic tree searching from a predefined initial
228  tree and constraining the outgroup to obtain a rooted tree. The number of MCMC generations for

229  bPTP was set to 500,000 while the other parameters were used as predefined (thinning = 100; burnin =
230 0.1).

231  Sequence divergence within and between groups was estimated using p distances. The variance of the
232 estimates was obtained by 1,000 bootstrap repetitions. All estimates were obtained using MEGA

233 v7.0.26 (Kumar et al., 2016).

234 2.3 Microsatellite loci amplification and analysis

235  We used nuclear loci to contrast the hypothesis obtained by analyzing the mtDNA sequences. Nine
236  microsatellites loci were amplified from a total of 228 individuals from 33 localities encompassing the
237  geographic distribution of the species group. The loci analyzed were: Gaaf10, Gaaf13, Gaaf15,

238  Gaafl6, Gaaf22 (Purcell et al., 2011), Gafju5 (Spencer et al., 1999), Mf6, Mf13 (Zane et al., 1999),
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239  GG2B (Cureton et al., 2010). The PCR reactions were carried out in 10 pL of final volume with the
240  following reaction conditions: 5 - 20 ng of total DNA, 1X Platinum™ Multiplex PCR Master Mix
241  (ThermoFisher Scientific), and 0.2 uM of each marked primer. The program used was 2 min at 95 °C,
242 followed by 30 cycles of 30 s at 95 °C, 90 s at 60 °C and 60 s at 72 °C, and a final extension for 30
243 min at 60 °C. Genotypes were scored using an ABI 3130 XL Genetic Analyzer with GS500(-250) L1Z
244 size standard and the software Genemapper 3.0 (Applied Biosystems).

245  The presence of microsatellite null alleles was tested using Micro-Checker 2.2.3 (Van Oosterhout et
246  al., 2004) and Hardy-Weinberg equilibrium was assessed by estimating the exact probability of the F g
247  statistic Weir and Cockerham (1984) using the Markov chain method in GENEPOP 4.7 (Rousset,

248  2008). The pairwise loci linkage disequilibrium was evaluated using the log-likelihood ratio G-statistic
249  in FSTAT 2.9.3 (Goudet, 2001).

250 In order to determine the number of genetic clusters defined by the microsatellite loci, we used the
251  software STRUCTURE 2.3.3 (Pritchard et al., 2000). The method probabilistically assigns individuals
252 to one or more populations based on their genotypes providing a level of admixture in each case. The
253  “admixture model” and allele frequencies correlated among populations were used as priors to cluster
254  individuals according to their shared population ancestry. Twenty runs were performed for each

255  number (K) of clusters tested. The run-length was set to 10° MCMC (Markov chain Monte Carlo)

256  repetitions after a burn-in period of 5 x 10°. Evanno’s method (Evanno et al., 2005) was used to

257  estimate the best value of K as implemented in STRUCTURE HARVESTER v.0.6 (Earl and

258  vonHoldt, 2012). CLUMPP version 1.1.2 (Jakobsson and Rosenberg, 2007) was then used to align
259  individual posterior assignment probabilities from independent replicates.

260  The D statistic of Jost (2008) corrected for sampling bias was used to estimate divergence among

261  groups. This statistic is based on the effective number of alleles and is expected to better estimate

262  divergence among populations when the number of populations is small (Jost, 2009; Jost et al., 2018;
263  Meirmans and Hedrick, 2011). The statistical significance and confidence intervals were obtained by
264  jackknifing using GenoDive v 2.0b27 (Meirmans and Van Tienderen, 2004). The fixation index (Fst)
265  statistic of Weir and Cockerham (1984) was also estimated to compare with estimations recorded

266  from other species pairs. The distribution of pairwise Fsr estimates under the hypothesis of no
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267  difference between two clusters was obtained by permuting 10,000 times genotypes between clusters

268  using Arlequin 3.5.1.2 (Excoffier and Lischer, 2010).

269 2.4 Population subdivision inside groups

270  We used analysis of molecular variance (AMOVA) (Excoffier et al., 1992) on cytb sequences to test
271  for possible population partitions inside groups based on results of haplotype distributions and the
272 different geographic regions (e.g. plains, mountains, island, and keys) inside area distributions.

273 Significance for the different hierarchical level of partition variance was obtained with 16,000

274 permutations. STRUCTURE analysis (Pritchard et al., 2000) was conducted independently for each
275  group following the same procedures described above. The number of K partitions tested varied

276  according to the geographic distribution of the group.

277 2.5 Genetic diversity and demography

278  Within each group, haplotype diversity (Hd) and nucleotide diversity () of the cytb sequences were
279  estimated using DnaSP v. 5.10 (Librado and Rozas, 2009). For the microsatellite loci, the percentage
280  of polymorphic loci, the number of alleles and private alleles, and the observed (Ho) and expected
281  (He) heterozygosities were calculated using FSTAT 2.9.3 (Goudet, 2001). To test for demographic
282  changes (i.e. population growth), Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) neutrality

283  statistics, which are sensitive to demographic changes, were performed. Tajima’s D test is based on
284  the expectation that under mutation-drift equilibrium, 6 (Watterson, 1975) and x should give the same
285  estimation of 4Nu, and thus significant differences may indicate a departure from neutrality. Fu’s Fsis
286  based on the contrast between the number of haplotypes and the number of samples drawn from a
287  constant-sized population. Under the effect of selection and hitchhiking it is expected that both

288  statistics tend to departure from expected proportions. However, under population growth, Fs is more
289  powerful and should show significant negative values. The statistics and their statistical significance,
290  estimated by 10,000 coalescence simulations, were obtained using DnaSP v. 5.10 (Librado and Rozas,

291 2009).

292 3. Results
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293 3.1 Phylogenetic relationships using mtDNA sequences

294  Attotal of 141 cytb sequences were obtained from individual fish of samples which are representative
295  of the distribution area of the G. punctata species group (Fig. 1, Supplementary material 1a). The
296  results of the phylogenetic analysis using maximum likelihood and Bayesian methods are presented in
297  Fig. 2A (detailed trees in Supplementary material 2). The tree reconstruction was based on a 752 bp
298  sequence, using the TN93 (Tamura and Nei, 1993) nucleotide substitution model with a gamma

299  distribution of rates across sites (o = 0.14) and invariant sites (I = 0.58). Further details on parameters
300 are provided in Supplementary material 2a and 2c. Tree topology was highly congruent with both

301  methods. A tree constructed with seven mtDNA partial gene sequences (cytb, 12SRNA - 16SRNA,
302 16SRNA - tRNAIle -ND1, COl, COIlI-tRNALYys, COIlll, and CR) totaling 4,763 bp, had similar

303  topology for the three internal nodes but with stronger support (Supplementary material 2b). Four

304  major mtDNA haplogroups were identified. The first one, identified as G. rhizophorae, is distributed
305 along the northwestern region from Pinar del Rio to eastern Havana as recognized from the original
306  description (Fig. 2A, C). G. rhizophorae populations are geographically restricted to Guaniguanico
307  mountain range and Havana - Matanzas Heights with populations in fresh and brackish waters (Fig.
308  2C, Supplementary material 1). Interestingly, the sequences of G. rhizophorae from Florida (GenBank
309  ascension numbers U18223 and KM658368) are nested within this clade (Supplementary material 2a).
310 Individuals from Mil Cumbres represent a divergent sub-haplogroup within this clade (site 4 in Fig.
311  2C). The second haplogroup, including GenBank sequence U18220 (Lydeard et al., 1995), was not
312  recovered by either method with the cytb only but received strong support with the concatenated data
313  set (Supplementary material 2). It is distributed from southwestern Pinar del Rio to Matanzas

314  provinces and Isla de la Juventud and was identified as G. punctata. Its populations were found in
315  rivers from the western plains and mountain rivers/streams (i.e. localities 17; 18; 20; 24; 25) of the
316  region. Some populations were found in brackish and saltwater (19; 23; 26). Both G. rhizophorae and
317  G. punctata haplotypes were sympatric in Baracoa River (Fig. 2A, C). Four cytb sequences were

318 identified as G. punctata and 11 as G. rhizophorae, and both species were syntopic at localities 8 and

319 9 (Fig. 1, Supplementary material 1a). The third haplogroup, named here Gambusia sp. according to
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320 Laraetal. (2010) is distributed from eastern Villa Clara to Santiago de Cuba (Centro-Eastern region)
321  provinces. Populations in saltwater were found in keys at the north (53) and the south (55; 56). The
322  fourth haplogroup is distributed from eastern Cienfuegos to Villa Clara, in Guamuhaya mountain

323  range and surrounding areas and defined as Gambusia sp. D (i.e. to follow Lara et al., 2010

324  designations). Noteworthy, one population was identified in Canimar River (27), North Matanzas

325  province, inside G. punctata distribution area (Fig 2A, C). Although sampled in a freshwater source in
326  the riverbank, it might be systematically exposed to salinity level variations due to its proximity to the
327  river mouth.

328  The tree constructed with concatenated mtDNA sequences strongly supports the sister relationship
329  Dbetween G. punctata and Gambusia sp. D. while the node relating G. rhizophorae as sister to this

330 clade was only well supported by Bayesian inference (Bayesian posterior probability = 1; ML

331  bootstrap = 79%) (Supplementary material 2b). Gambusia sp. was the first group to split off.

332 The putative species boundaries using the bPTP model analysis on the cytb and the combined

333  sequence set agree in suggesting most main groups (Supplementary material 3). As expected, the

334  combined sequence set outperformed the cytb results on this analysis (see Zhang et al. 2013).

335  However, we only observed strong support for Gambusia sp. with the concatenated data set (Bayesian
336  support =0.976). Interesting, the bPTP analysis with the combined sequence set provides some

337  support for a split of G. rhizophorae into two separate groups, the first including most of the

338  populations and the second, including Mil Cumbres population only (Supplementary material 3).

339  With cytb, mean uncorrected p distances within haplogroups were relatively low ranging between
340 0.4% %= 0.12 in Gambusia sp. and 1.6% £ 0.19 in G. rhizophorae (Table 1). In this latter case, when
341  splitinto the two groups defined above, the estimates were much lower: 0.1% % 0.1 in Mil Cumbres
342  and 0.4% + 0.1 in G. rhizophorae without Mil Cumbres). In contrast, mean sequence divergences
343  Dbetween haplogroups were high in all pairwise comparisons ranging from 3.4% + 0.6 between G.
344  punctata and Gambusia sp. D to 5.5% + 0.7 between Gambusia sp. D and Gambusia sp. The mean

345  distance between Mil Cumbres and other G. rhizophorae populations was also high (2.7% + 0.5).
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346  Table 1. Divergence estimates (p distances) between the different lineages using cytb above the

347  diagonal and COI sequences below the diagonal. Within cytb haplogroup divergence estimates are on
348 the diagonal. Microsatellite loci Weir and Cockerham (1984) Fsr estimates are below the diagonal and
349  Jost (2008) D estimates are above the diagonal.

Cytb
G. rhizophorae

G. rhizophorae MC G. punctata Gambusia sp.  Gambusia sp. D
G. rhizophorae 0.004+ 0.001 0.03+ 0.006 0.048 + 0.008 0.062 + 0.009 0.049 + 0.008

0.016 + 0.002°
G. rhizophorae 0.027 + 0.005 0.001 +0.001 0.048 + 0.009 0.069 + 0.010 0.051 + 0.009
MC
G. punctata 0.035 + 0.006 0.041 + 0.007 0.011 +0.002 0.064 +0.010 0.031 + 0.006
Gambusia sp. 0.042 + 0.006 0.044 + 0.007 0.046 + 0.007 0.004 +0.001 0.059 + 0.009
Gambusiasp. D 0.047 + 0.007 0.053 + 0.008 0.034 + 0.006 0.055 + 0.007 0.005 + 0.001

Microsatellite loci

G. rhizophorae G. punctata Gambusia sp. Gambusiasp. D Hybrid zone
G. rhizophorae 0.371* 0.387* 0.381* 0.373*
G. punctata 0.154 * 0.495 * 0.403 * 0.478 *
Gambusia sp. 0.218 * 0.294 * 0.252 * 0.118 *
Gambusia sp. D 0.191~* 0.228 * 0.219* 0.172*
Hybrid zone ° 0.202 * 0.273 * 0.124 * 0.154 *

350 % Estimated considering G. rhizophorae and G. rhizophorae MC together.

351 " Region from east Villa Clara to Jobabo Las Tunas where Gambusia sp. mtDNA is present and
352  individuals are recognized as hybrids of Gambusia sp. D and Gambusia sp. by nuclear microsatellite
353  loci.

354  * Significant for p < 0.001

355

356 3.2 Cluster identification using microsatellite loci

357  Of the nine microsatellite loci, null alleles were detected at four of the 33 analyzed localities. Null
358 alleles were present in Gaaf 10, Gaaf 13, Gaaf 15, and Gaaf 16. No departure from the expected
359 random allele combinations between the different loci was found at the whole data set level

360  (Bonferroni correction for multiple tests, a.= 0.00139), nor at the population level (Bonferroni

361  correction, a = 0.000046). At all loci and at most localities, genotypes were in Hardy-Weinberg

362  proportions. After Bonferroni correction, only 3 loci showed heterozygote deficiency (Gaafl6 at
363  Camarones River, Gaaf22 at Cojimar River, and Gaaf13 at Bayamo River). Given that no locus

364  showed recurrent bias from expected proportions, all loci were used in subsequent analysis. For some
365 loci, a single allele was found at several localities (Supplementary material 1 and 4).
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366  The Bayesian clustering of 228 individuals in 2 to 7 partitions using STRUCTURE (Pritchard et al.,
367  2000) supported recognition of four genetic clusters (Fig. 2B) using Evanno’s test (Supplementary
368  material 5a). Using this method, the species Gambusia rhizophorae and G. punctata were well

369  delimited, as they were in the phylogeny obtained with mtDNA sequences. However, the geographic
370  distribution of microsatellite genotypes in Gambusia sp. D and Gambusia sp. presented a wide region
371  of genetic intergradations that extend from east Villa Clara to Las Tunas (hereafter hybrid zone) where
372 membership probabilities of individuals gradually change from western (Gambusia sp. D) to eastern
373  (Gambusia sp.). The STRUCTURE analysis showed complete differentiation between western and
374  eastern populations (Fig. 2B, C). In contrast with the results from mDNA, the pattern found through
375  the analysis of microsatellite loci indicates directional introgression with a complete occurrence of
376  Gambusia sp. mtDNA across the hybrid zone (see localities 45, 48, 51, 58, 60) (Fig. 2C).

377  Inorder to estimate genetic differentiation between the four putative species, we excluded individuals
378  from the hybrid zone that is with the highest membership probability below 90%, sampled from

379  Calabazas River (44) to Jobabo River (60). The genetic differentiation (Fsr) estimated between pairs
380  of clusters was statistically significant (p < 0.001) in all cases, ranging from 0.154 [G. rhizophorae /
381  G. punctata] to 0.294 [G. punctata / Gambusia sp.] (Table 1). Interestingly, significant Fsr were found
382  Dbetween the hybrid zone and its parental groups: 0.124 and 0.154 with Gambusia sp. and Gambusia
383  sp. D, respectively. These Fst values represent about half of the value (Fst = 0.219) estimated between

384  the parental species.

385 3.3 Analysis of sympatry of G. rhizophorae and G. punctata in Baracoa River

386  As mentioned above, G. rhizophorae and G. punctata haplotypes are sympatric in Baracoa River.

387  However, microsatellite loci analysis indicated that four individuals having G. punctata haplotypes
388  were clustered confidently as G. rhizophorae (Fig. 2B). To perform a more detailed analysis on this
389  finding, the number of samples was increased from 15, in the first general analysis, to 31 including all
390 individuals from Baracoa River B1 and B2 localities (also localities 8 and 9 in Supplementary material
391  1a). The full set of samples from other localities belonging to both species was also included. Three

392  more individuals with G. punctata cytb haplotypes were identified totaling seven individuals with G.
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393  punctata mtDNA within the G. rhizophorae cluster (Fig. 3A). Interestingly, the STRUCTURE

394  analysis of microsatellite loci also revealed some degree of hybridization at Papaya River. This

395  location is close to the western limit within the distribution area of G. punctata. Two of the three

396 individuals analyzed from this locality showed shared membership probabilities to both G.

397  rhizophorae and G. punctata (Fig. 3A).

398 3.4 Genetic structuration of populations within groups

399  Within groups, mtDNA haplotype distribution appeared geographically structured, some haplotypes
400  been not shared by some regions or localities (Fig. 2C). Indeed, most local populations showed unique
401  haplotypes, some haplotypes been shared between neighboring localities (Supplementary material 1a).
402  We also analyzed the microsatellite loci using STRUCTURE to check whether both types of genetic
403  markers reveal similar spatial structures. First, we performed exploratory runs with K =1 to 8 and five
404  repetitions to optimize computation effort. After determining the optimal value of K using the program
405 STRUCTURE HARVESTER, 20 replicates were performed.

406  In Gambusia rhizophorae, high cytb distances were found between Mil Cumbres (4) and the other
407  localities (14 mutations between the nearest haplotypes, p = 2.5% + 0.5). In addition, a strong

408  population subdivision was evidenced using STRUCTURE analysis (with K = 1 to 8) of microsatellite
409 loci (Fig. 3B; Supplementary material 5b). According to Evanno’s method, K = 6 showed the highest
410  probability and distinguished five populations in this group, whose geographic range correspond to
411  single rivers: Camarones (2), San Claudio (5), Baracoa (8, 9), Guanabo (10), Boca de Jaruco (11) and
412  Jibacoa (12). In only one case, El Vajazal Lagoon (1), it was detected mixed membership probabilities
413  with Camarones and Baracoa rivers indicating some shared ancestries.

414  In G. punctata, two major haplogroups (separated by 8 mutations, p = 1.6%) were identified, one

415  distributed along south Pinar del Rio and another one distributed in La Havana, Matanzas, Isla de la
416  Juventud and La Grifa Key (23) in La Broa Cove. Curiously, haplotypes of both haplogroups were
417  detected in La Siguanea population (26), Isla de la Juventud, suggesting eventual dispersal from

418  western locations or ancestral distribution area (Fig. 2C, Supplementary material 1a). AMOVA

419  analysis detected additional genetic differentiation (Table 2) that is highly congruent with

420  microsatellite results (Fig. 3B). The highest component of variance (73.5%) accounted for differences
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421  among geographic areas while 6.4% explained differences among populations inside areas and 20.1%
422  was due to differences inside populations. Four clusters were distinguished; one including the

423  westernmost sampling sites La Papaya and EI Convento rivers (13 and 14 respectively) and La

424  Siguanea (26), Isla de la Juventud. The second cluster included localities distributed southeastern

425  Guaniguanico Mountain Range: Los Palacios, San Cristobal, Mason Stream and San Juan River (15 —
426 18 inthat order). The third one comprised Isla de la Juventud (23, 25, and 26) and La Grifa Key (23).
427  Afourth cluster included all localities from western La Habana to Matanzas provinces (19 — 33).

428  Microsatellite loci analysis, conducted for K = 1 to 5 (Supplementary material 5b), distinguished San
429  Juan River (18) population (Evanno’s K = 2) from all other localities while a cluster including La

430  Papaya (13) and Itabo (Isla de la Juventud 24) rivers was additionally revealed for K = 3. Guanimar
431  Lagoon (19) showed a mixed pattern of individual assignments and the rest of eastern localities (29 -
432  32) clustered together. For Gambusia sp. D, too few mtDNA sequences were available for testing for
433 population structure, however, microsatellite loci analysis conducted with K = 1 to 5 (Supplementary
434  material 5b) distinguished two clusters apparently associated with plains and mountain ecosystems.
435  Sampling localities Ariamo River (35), Batata Stream (40) and El Caburni fall (42), which clustered
436  together, are located in highlands while the other localities are in lowlands. Finally, we also considered
437  the two haplotype partitions recognized for Gambusia sp. in the eastern region and in the hybrid zone.
438  The first one was geographically delimited by El Brazo River (59) in Camaguey province and

439  included all eastern populations and the second one, was distributed from Calabazas River (44), Sancti
440  Spiritus to Santa Maria River (58), Camagiiey. AMOVA analysis revealed five subgroups, two inside
441  the eastern region and three within the hybrid zone (Table 2). The highest variance component (57.4%,
442  p<0.0001) explained differences among geographic areas followed by differences among populations
443  (23.7%) and differences inside populations (19%). The hybrid zone showed three clusters: La Jenifer
444  sinkhole (53) in Coco Key (North); Algodén Grande and Cuervo keys (55, 56) in Ana Maria Gulf; and
445  the rest of the localities of this group (44 - 52, 54, 57 — 58), excluding El Brazo River (59). The easter
446  region showed a cluster containing El Brazo River and the two localities sampled in Yara River (62,
447  64), and a second cluster including Jobabo, Cerro Colorado, Bayamo and Cojimar (60-61, 63, 65)

448  rivers. Cuabas River (66) was not included in the analysis because the haplotype (R1) found in this
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449  locality (n = 2) was common in the hybrid zone but absent from other localities of the eastern region.
450 The STRUCTURE analysis of microsatellite loci applied to the easter region and conducted for K =1
451  to 5 (Supplementary material 5b), concurred with mtDNA results in revealing three clusters (Fig. 3B).
452  The first cluster was formed by Cojimar River (65) individuals (with K = 2 or 3); the second one,

453  containing Yara River individuals and the third one, grouping Cerro Colorado and Bayamo rivers were
454  revealed with K = 3. In this case, the two individuals from Cuabas River (66) showed membership
455  probabilities to two different clusters (Fig. 3B).

456

457  Table 2. The result of AMOVAS using mtDNA sequences to test major geographic haplogroups
458  partitions.

Sum of Variance % of Fixation
Source of variation d.f. squares ~ components  variation Indices Significance
Gambusia punctata
Among groups 3 116.501  4.13029 Va 73.55 Fcr =0.7355 p <0.044
Among populations
within groups 2 7.302 0. 35762 Vb 6.37 Fsc =0.2408 p <0.013
Inside populations 35 39.465 1.12758 V¢ 20.08 Fsr =0.7992 p <0.000
Total 40 163.268 5.6155
Gambusia sp. /hybrid
zone
Among groups 4 45.539 1.57853 Va 68.07 Fcr =0.6807 p <0.000
Among populations
within groups 15 15.393 0.24409 Vb 10.53 Fsc = 0.3296 p < 0.002
Inside populations 23 11.417 0.49638 V¢ 21.40 Fsr =0.7859 p <0.000
Total 42 72.349 2.3190

459
460 3.5 Genetic diversity and demography

461  Estimates of genetic diversity are shown in Table 3. Most of the diversity estimates (n, Ho, He, the
462  percentage of polymorphic loci, number of alleles and number of private alleles), as well as the

463  number of differences among haplotypes, were higher in the western groups. Gambusia rhizophorae
464  showed a higher number of alleles (9.2, tg) = 4.67, p = 0.00001) and a much higher number of private
465  alleles (n = 15) than G. punctata (n = 5), while Gambusia sp. D showed the lowest nhumber of private
466  alleles (n = 2) and Ho (0.225). Gambusia punctata showed higher values of @ (0.0109, tzp) = 4.33, p =
467  0.0005) and mean number of haplotype differences (8.163, tzo = 3.98, p = 0.0002) than G.

468  rhizophorae. The distribution of private alleles was almost evenly among the analyzed localities of G.
469  rhizophorae (8/8), less so in G. punctata (5/8) and highly skewed on the other two groups: Gambusia

470  sp. D (1/6) Gambusia sp. (2/5) and hybrid zone (2/6). High and statistically significant F s statistic
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471  estimates were obtained for all groups due to lower than expected Ho values. This clearly reflects a
472  Wahlund effect consequence of the strong population structure observed.
473  We used Tajima’s D and Fu’s Fs neutrality test to detect past population expansions on the different
474  groups. In all cases, Tajima’s D tests were negative and failed to detect any departure from expected
475  proportions under neutrality assumptions. However, Fg test was statistically significant in all but G.
476  rhizophorae group showing an eastward increase of magnitude (- 1.546 in G. rhizophorae to - 12.753
477  in Gambusia sp. (Table 3). This pattern suggests that the cytb sequences are evolving under neutrality
478  and that population expansions might have occurred in three of the groups.
479  Table3: Diversity estimates obtained for each of the groups. mtDNA estimates for Gambusia sp. and
480  Hybrid zone were computed together.
Group/
Statistics G. rhizophorae G. punctata  Gambusia sp. D Hybrid zone  Gambusia sp.
mMtDNA (cytb)
N 31 41 21 44
S 34 39 21 23
H 15 24 15 22
No. differences 21 20 9 11
K+ SD 6.955 8.163 3.943 3.382
+1.358 +1.159 +1.083 +0.910
Hd £ SD 0.923 0.880 0.957 0.875
+0.028 +0.047 +0.030 +0.044
7+ SD 0.0093 0.0109 0.0052 0.0045
+0.0019 + 0.0009 + 0.0006 + 0.0005
Fs - 1.546 ns -6.398 * -7.715 ** - 12,753 ***
D -0.749 ns -0.444 ns -0.7881 ns -1.454 ns
Microsatellites
N 50 48 35 41 38
% Polymorphic loci 100 100 88.9 77.79 88.9
No. Alleles + SE 9.2+1.58 79+1.15 4.4 +0.96 7.2 +£1.96 7.2+212
No. Private alleles 15 5 2 3 3
Ho = SE 0.413 £ 0.054 0.444 +0.070 0.225 + 0.050 0.319+0.081 0.319+0.078
He + SE 0.702 £ 0.075 0.634 +0.081 0.440 +0.101 0.465+0.114 0.499+0.117
Fis 0.382 +0.067* 0.280 £ 0.059* 0.379+0.092* 0.318 + 0.047* 0.310 + 0.064*
481 N is the sample size; S is the number of segregating sites; h is the number of haplotypes; No. differences is the
482 maximum number of differences observed among haplotypes; K is the mean number of differences among
483 haplotypes; Hd is the haplotype diversity; =z is the nucleotide diversity (Nei, 1987); Fs is Fu’s test (Fu, 1997);
484 Dis Tajima’s D statistic (Tajima, 1989); Ho and He are the observed and expected heterozygosity and Fs is the
485 fixation index according to Weir and Cockerham (1984). *(p<0.05); ** (p<0.01); *** (p<0.001) obtained after
486 10,000 coalescence simulations.
487
488 4. Discussion
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489  With this study, we provide further evidence indicating that genetic differentiation in Gambusia

490  punctata species group in Cuba is higher than expected using morphological characters alone (Rivas,
491  1969). Moreover, these genetically differentiated groups are well separated geographically and they
492  are currently occupying areas corresponding to the major ancient land cores of the Archipelago and
493  their current-time dryland surroundings.

494 4.1 Cryptic diversity

495  The lack of obvious morphological differentiation among cryptic species had often hampered an

496  accurate estimation of the biodiversity and biased our understanding of some evolutionary processes
497  (FiSer et al., 2018). Indeed, molecular markers have evidenced that hidden whereas structured genetic
498  diversity is common in most animal phyla (Bickford et al., 2007). Recently, different studies have
499  pointed out that the genetic diversity of the Cuban freshwater fishes have been largely underestimated
500 and that new candidate species or subspecies actually occurs in genera such as Girardinus (Doadrio et
501 al., 2009), Gambusia (Lara et al., 2010), Lucifuga (Garcia-Machado et al., 2011), Rivulus (Ponce de
502  Lednetal., 2014; Rodriguez, 2015b), Dormitator (Galvan-Quesada et al., 2016) and Kryptolebias
503  (Tatarenkov et al., 2017).

504  Compared to other poeciliid genera, Gambusia species diversification has been relatively less

505  pronounced in the Caribbean islands (Lucinda, 2003). Whereas Limia in Hispaniola (Weaver et al.,
506  2016) and Girardinus in Cuba (Doadrio et al., 2009; Lara et al., 2010; Rivas, 1958) display impressive
507 radiations, Gambusia species groups (i.e. punctata and puncticulata) show a relatively larger

508  geographic distribution and a lower number of species per island (Rauchenberger, 1989). This pattern
509  could result from higher dispersal capabilities and/or more recent colonization of the Caribbean by
510  Gambusia compared to the other poeciliid genera (Reznick et al., 2017) but it may just reflect the lack
511  of obvious morphological diversity in these groups. Here we provide evidence for new putative

512  species inside G. punctata group in Cuba supporting the idea that the diversity of the group has been
513  underestimated. Integrating the results of mtDNA and nuclear microsatellite genetic markers and

514  geographic distributions we show that the species G. punctata in Cuba is subdivided into four

515  independent cryptic entities showing parapatric distributions. In addition to the nominal G. punctata

516  and G. rhizophorae, both found in western regions of the island, we identified three new lineages.
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517  Gambusia sp., first evidenced as a well-differentiated mtDNA haplogroup (Lara et al., 2010) from
518  east-central Cuba, was also supported by the microsatellite loci analysis in the present study.

519  However, whereas Lara et al. (2010) included samples from Coco Key as part of this group, we

520 delimited the geographic distribution of Gambusia sp. to the eastern (i.e. Holguin — Santiago de Cuba)
521  region. The second group, Gambusia sp. D, distributed into Guamuhaya mountain range and nearby
522  areas in the central region of the island, was supported by both mitochondrial and microsatellite data.
523  The area in between central and eastern regions represents a large area of genetic intergradations and
524  hybridization between these two entities (the hybrid zone, see below). Finally, we found evidence for a
525 fifth putative cryptic species, restricted to a single locality at the mountainous area of Mil Cumbres,
526  and which represents a divergent mtDNA subclade within G. rhizophorae. The mtDNA phylogenetic
527  analysis suggests that Gambusia sp. D and Gambusia sp. are not sister groups. However, even if they
528  are they are distantly related (see Figure 2 and Supplementary material 2). We should note that

529  sequences from multiple independent nuclear genes are necessary in order to test the phylogenetic
530  hypothesis proposed here with the mtDNA sequences.

531  The PTP model analysis based on the mtDNA sequences provided strong support for Gambusia sp.
532 while the other clades were not. However, this delimitation can only be considered as a preliminary
533  hypothesis of species that need corroboration (Zhang et al., 2013). Lumping of clades (Kozak et al.,
534  2015) or a tendency to overestimate the true number of species (Postaire et al., 2016), have been

535  observed when using species delimitation methods. Nonetheless, the five groups can be

536  unambiguously diagnosed by a combination of 44 nucleotide sites and private DNA positions at cytb
537  (Supplementary material 6). Similarly, the four lineages (Mil Cumbres individuals not included in the
538  analysis) were also strongly supported by the results of the microsatellite loci analysis with the

539  program STRUCTURE. This analysis showed homogeneous clusters of individuals showing very little
540  or no admixture between the groups out of the contact zones.

541  Genetic distances, using cytb or COI partial sequences, were in all cases higher than 2% (2.7 — 6.9%,
542  see Table 1), figures that suggest species-level divergence in most fishes (April et al., 2011; Johns and
543  Avise, 1998; Pereira et al., 2013). In the same way, Jost’s D statistic estimates based on microsatellite

544  loci were high in all group pairwise comparisons and Fsr values were in the same range than those
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545  estimated between Gambusia affinis and G. holbrooki, two species that currently hybridize in south-
546  east North America (Wilk and Horth, 2016) and that show a cytb distance around 4.0% (based on p
547  distances between 28 G. holbrooki and 9 G. affinis 394 bp sequences retrieved from GenBank).

548  In order to distinguish intraspecific and interspecific levels of divergence, we have extensively

549  sampled along the distribution area of the nominal species G. punctata and G. rhizophorae. This

550 strategy revealed that each species is indeed an arrangement of populations showing, in some cases,
551  strong geographic structures. However, intra-species genetic distances were lower than between

552 species.

553  Although we did not reevaluate morphological characters, in a previous study Rivas (1969) analyzed a
554  large number of individuals of G. punctata (n = 1319) from 37 localities distributed along Cuba and
555 Isla de La Juventud. Rivas found no evidence of morphological partitions inside this species but a
556  substantial overlap of morphological variation between G. punctata and G. rhizophorae has found.
557  Recently, FiSer et al. (2018) reviewed three possible mechanisms that have been proposed as

558  generators of cryptic diversity: recent divergence, morphological convergence, and niche

559  conservatism. In order to test their specific predictions and hence to disentangle their role in the

560 evolution of the G. punctata species group, accurate estimates of species ages as well as information
561  about their ecology and the analysis of the possible selective factors intervening during the evolution
562  of the group are mandatory. With the available data, we speculate that a recent divergence might not
563  be the main mechanism. Using a rough approximation of nucleotide substitutions of 1% per million
564  years at the cytb in fishes (Bermingham et al., 1997) these groups have diverged between 7 and 4 Mya.
565  Similar estimates (10.4 — 4.4 Mya) were obtained between G. punctata and G. rhizophorae in a

566  previous study using several nuclear and mitochondrial gene sequences (Reznick et al., 2017). This
567  implies a large time-lapse for accumulating morphological differences. The generalist ecological

568  niches described for Gambusia punctata species group in Cuba sensu Rivas 1969 (Ponce de Ledn and
569  Rodriguez, 2010; Ponce de Ledn and Rodriguez, 2013; Rodriguez-Machado et al., 2019) point to

570  niche conservatism as a mechanism that could be involve in morphological stasis.

571 4.2 Salinity as a driver of speciation
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The geological history of the Cuban archipelago brings a remarkably attractive framework to
understand Gambusia fish biogeography in the Caribbean. As the land cores that represented the
Cuban palaeoarchipelago evolved disconnected to Central and North America, it implies that the
Gambusia species colonizing these areas were salt-tolerant, at least temporarily. Salt tolerance is
widely recognized in poeciliids, and particularly in Gambusia species, as a factor explaining several
possible cases of dispersal throughout marine barriers including the colonization of Cuban archipelago
(Myers, 1938; Ponce de Ledn et al., 2014; Reznick et al., 2017; Rosen and Bailey, 1963).

Our results suggest that all Cuban members of the Gambusia punctata species group are salt-tolerant,
contrary to the hypothesis proposed by Rivas (1969). Adaptation to different ecological conditions,
such as different level of salinity, has been recognized as important factors promoting divergence of
freshwater fish populations (Langerhans et al., 2007; McGee et al., 2013; Perreault-Payette et al.,
2017; Tobler et al., 2018; Vines and Schluter, 2006), and ultimately speciation such as in the Baltic
cod (Berg et al., 2015) and European flounders (Momigliano et al., 2017). Early evidence that G.
punctata and G. rhizophorae live in allopatry (and parapatry at some localities) and are adapted to
different environments (Rivas, 1969), suggested ecological speciation due to the adaptation to
different salinity levels, and reproductive isolation as a by-product. However, in all major clades of the
Gambusia punctata species group found in Cuba (i.e. Gambusia punctata, G. rhizophorae, Gambusia
sp. D and Gambusia sp.), we collected individuals inhabiting at least two of the three - freshwater,
brackish or saltwater - habitats (Supplementary material 1). This is consistent with previous findings
such as the presence of two Gambusia sp. populations inhabiting waters with contrasting salinity
levels (Lara et al., 2010). All these findings suggest that adaptation to different salinity levels had not
been a key factor involved in the geographic differentiation of putative species in the Gambusia
punctata species group in Cuba. More generally, rather than ecological speciation due to the
adaptation to different ecological conditions, speciation in the Gambusia punctata species group in
Cuba seems more likely determined by long periods of isolation due to geological and climatic events
shaping the topography of the archipelago and the connectivity of land habitats.

4.3 Phylogeny and phylogeographic considerations
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599  The phylogenies obtained in the present study suggest that the species group diversification in Cuba
600  might have occurred in a relatively small period of time, as indicated by the short length of the branch
601  subtending the earliest divergences within the group, followed by a relatively long period of time of
602  allopatric isolation. The current geographic distribution of the groups largely matches the emerged
603  land cores composing the proto archipelago during upper Miocene and Late Pliocene (Iturralde-

604  Vinent, 2006; Iturralde-Vinent and MacPhee, 1999), and it is consistent with the period estimated
605  (10.4 —4.4 Ma) for the split of G. rhizophorae and G. punctata proposed by Reznick et al. (2017).
606  Although these dating should be considered only tentative, they imply that the ancestor was in Cuba
607 Dby later Miocene - early Pliocene epochs. This suggests that the diversification within the Gambusia
608  punctata species group in Cuba may have occurred, at least to some extent, related to the isolation of
609  land cores caused by geological events and fluctuations of the sea level during the late Miocene and
610  early Pliocene (lturralde-Vinent, 2006; Iturralde-Vinent and MacPhee, 1999). Unexpectedly, salinity
611  tolerance did not seem to have promoted homogenization of populations at the scale of the Cuban
612  archipelago.

613  Similar geographic distributions have been found in other animals such as frogs (Rodriguez et al.,
614  2013; Rodriguez et al., 2010), toads (Alonso et al., 2012), anoles (Glor et al., 2004), and plants such as
615  Leucocroton (Jestrow et al., 2012). Interestingly, the geographic distributions of Gambusia punctata
616  and G. rhizophorae match with those of Rivulus cylindraceus and R. berovidesi (Ponce de Leon et al.,
617  2014; Rodriguez, 2015b), and the phylogeographic distribution of mtDNA haplotypes of G. punctata
618  and R. cylindraceus are very similar (Ponce de Ledn et al., 2014). The finding that the haplotypes
619  distinguishing western and eastern haplogroups in G. puntata co-occur in La Siguanea (Isla de la

620  Juventud), raised the hypothesis that G. punctata and G. rhizophorae have diverged in allopatry, the
621  first within Isla de la Juventud and has dispersed later to the main island as in the case of R.

622  cylindraceus (Ponce de Ledn et al., 2014). These examples pointed to common evolutionary histories
623  involving the geological evolution of the Cuban archipelago.

624  Although a deep analysis of the demographic history of the populations is out of the scope of the

625  present study, preliminary inferences provided some clues about the recent past demographic history

626  of the different groups. Fs tests suggest population growth for three of the groups: G. punctata,
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627  Gambusia sp. D and Gambusia sp. This pattern can be related to recurrent periods of land habitat

628  contractions or loss as a result of marine transgressions or desiccation of lakes and rivers due to low
629  precipitations in the Caribbean region during the last ten thousand years (Hodell et al., 2000). The

630  patterns of haplotype and nucleotide diversity could also reflect expansion in some cases. A

631  combination of high Hd and low n observed in Gambusia sp. D and Gambusia sp., which showed the
632  highest Fs values, is typical of a rapid population expansion after a bottleneck (Grant and Bowen,

633  1998). This might have strengthened population isolation, as observed within each group, as well as
634  allopatric divergence between the groups. However, as the neutrality test used here can be confounded
635 by selection and population fragmentation these results should be considered cautiously. For instance,
636  directional selection and weak purifying selection may mimic the effects of population expansion

637  (Ballard and Dean, 2001; Braverman et al., 1995). Similarly, population subdivision can upward bias
638 in the number of singleton variants in haploid genomes (Hammer et al., 2003).

639  Another remarkable result of the present study is the finding that the available sequences of G.

640  rhizophorae from Florida are phylogenetically nested within the Cuban clade of this species, which
641  implies that G. rhizophorae colonized Florida after a relatively recent over-water dispersal event from
642  the island to the mainland. This challenge the hypothesis suggesting a North American ancestor of the
643  group (Reznick et al., 2017). Given the high tolerance to saltwater, the patterns of marine currents and
644  the high frequency of meteorological phenomena like hurricanes and storms, it is to some extent

645  expected that this type of dispersal events happened repeatedly and thus, might have facilitated the
646  dispersion of Gambusia in the Caribbean area. Such dispersal events could have also occurred

647  between the main island and Isla de la Juventud in G. punctata (haplotype B14 shared between Papaya
648  and Convento rivers and La Siguanea) and Rivulus (Ponce de Ledn et al., 2014), and between the

649  hybrid zone and nearby keys (haplotype R13 shared between Tayabacoa and Majagua rivers and

650  Algodon Grande Key). Although we cannot overrule the possibility of man-mediated dispersal events,
651  these examples strengthens the view that the Greater Antillean islands may represent centers of origin
652  for regional species diversity (Glor et al., 2005) and integrates the list of cases supporting colonization

653  of mainland by animal and plant species from Caribbean island ancestors as a result of overseas
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654  dispersal events (Glor et al., 2005; Gugger and Cavender-Bares, 2013; Heinicke et al., 2011;

655 Nicholson et al., 2005).

656  In spite of the high dispersal abilities of these species, we revealed strong genetic structures between
657  groups and within each group suggesting that the interplay between historical and local factors might
658  have shaped the connectivity among areas at different scales producing isolation and reconnection
659  across time. In addition, most of the streams and river’s watercourses in Cuba flows straight towards
660  the sea and shows few interconnections between one and another, favoring local isolation of fish

661  populations.

662 4.4 Cases of hybridization and introgression

663  Hybridization has long been perceived as evidence of the absence of intrinsic reproductive isolation
664  between populations and, in consequence, as an indicator of lack of independent evolution

665  (Dobzhansky, 1950; Mayr, 1942). However, it is increasingly clear that this process is widespread
666  between groups rapidly radiating (Mallet, 2007). Our results have evidenced that hybridization is part
667  of the evolutionary processes operating in the G. punctata species group in Cuba. Three cases of

668  hybridization were detected; two between G. punctata and G. rhizophorae, restricted to single

669 localities and the third between Gambusia sp. D and Gambusia sp. occupying a larger area of the east-
670  central region. Considering the current distributions of these groups, the scenario suggested involves
671  secondary contacts after range expansion and incomplete reproductive barriers (Carson and Dowling,
672  2006; Petit and Excoffier, 2009). In each case, asymmetric mtDNA introgression was detected

673  suggesting that some reproductive bias or selection have potentially taken place (Meyer et al., 2006).
674  In G. punctata and G. rhizophorae contact sites, Papaya and Baracoa rivers, the mtDNA of G.

675  punctata was present in the population. In Papaya River, all individuals carried G. punctata mtDNA
676  while at Baracoa River they represented the 22.6%. However, while all individuals were assigned
677  unequivocally to G. rhizophorae at Baracoa River, admixed ancestries were found at Papaya River.
678  This suggests that population interactions might differ in these cases.

679  In the case of Gambusia sp. D and Gambusia sp., the hybrid zone is much wider. We have found a
680  complete replacement of Gambusia sp. D mtDNA by Gambusia sp. mtDNA genotypes all over the

681  area, while we found a mixture of nuclear genotypes with a spatial arrangement correlated with the
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682  distance to the parent species. The geographic diversification of the mtDNA hybrid zone and the

683  distinction between parent groups and hybrid mtDNA haplotypes and nuclear loci suggests that the
684  origin of the contact was not recent and that the hybrid zone has existed for some time, a pattern also
685  observed in other fish species (e.g. Carson and Dowling, 2006). The example described here appears
686  similar to that found between Gambusia affinis and G. holbrooki, two species that hybridize at their
687  stable contact zone in the southern United States (Scribner and Avise, 1993; Wilk and Horth, 2016).
688 4.5 Taxonomic insights

689  Given the strong genetic differentiation among groups and well-separated geographic distributions, we
690  propose to consider Gambusia sp. D and Gambusia sp. as putative species in addition to G. punctata
691  and G. rhizophorae. We provide a set of molecular markers unique to each of the four lineages

692  allowing their identification. Additionally, the cryptic lineage of G. rhizophorae from Mil Cumbres
693  although strongly divergent by the mtDNA and well delimited by a unique arrangement of diagnostic
694  nucleotide substitutions need further corroboration by the analysis of additional data (e.g. nuclear

695  genes). Detailed morphological studies and, ideally, formal descriptions of these putative new species
696  are now necessary to put them on the focus of management and conservation authorities.

697
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709  Figure 1. Sampling sites for Gambusia punctata species group along the Cuban archipelago. Black
710  circles indicate sites where samples were analyzed with cytb sequences alone, and black boxes indicate
711 sites where samples were analyzed with cytb sequences and microsatellites. Locality numbers are in
712 reference to Supplementary material 1a.

713 Figure 2. Maximum likelihood phylogenetic tree based on 752 bp cytb sequences (A); STRUCTURE
714  analysis based on 9 microsatellite loci (B) and cytb haplotype networks for each group and map

715  showing group distributions (C). Colors distinguish the four groups identified by the mtDNA and

716  microsatellite datasets and phylogenetic and STRUCTURE analysis: Green (Gambusia rhizophorae);
717  Dblue (G. punctata); orange (Gambusia sp. D); red (Gambusia sp.). Numbers below figures (A) and (B)
718  represent sampling locality numbers as in map (C) and Supplementary material 1a. (A) The cytb tree is
719  showed compressed for each group, and external taxa used for rooting the tree were pruned. ML and
720  Bayesian trees were obtained using the Tamura-Nei (1992) model with a gamma distribution (o =

721  0.14) and invariants positions (I = 0.58). Values beside branches indicate bootstrap and Bayesian

722  posterior probabilities of nodes respectively. Between parenthesis are the corresponding values of

723  bootstrap and Bayesian posterior probabilities obtained with the concatenated sequence set. (B)

724  STRUCTURE graphic of individual membership probabilities obtained after Evanno’s test (AK = 4).
725  Black dots on the bottom of the graphic indicate individuals with G. punctata haplotypes. (C)

726  Haplotype networks are portrayed above or below the map according to the geographic distribution.
727  Haplotype numbers are inside circles (see Supplementary material 1a for distribution). Boxes and

728  circles are as in Fig. 1. Outline and inner colors correspond to mtDNA and microsatellite results

729  respectively.

730  Figure 3. STRUCTURE graphics showing the results of the analysis with different data sets and K
731  values. The K determined after Evanno’s test are indicated by an asterisk. (A) Analysis of Gambusia
732 rhizophorae and G. punctata with the larger sample size for Baracoa River (n = 31). The result for K =
733 2 after Evanno’s method is presented. Individuals identified as G. punctata by mtDNA are labeled
734  with arrows and hybrids from Papaya River by dots in the top of the graphic. (B) Analysis of each

735  group independently. In each case the number K tested varies and the K selected after Evanno’s and
736  these showing relevant biological clusters above the AK value are presented.

737
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