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22 Abstract

23

24 The Meso-American slider turtle (Trachemys venusta) is a freshwater turtle endemic to Mexico 

25 and Central America. Due to the overexploitation of its natural populations, it is in the at risk 

26 category formulated by the Official Mexican Standard NOM-059-ECOL-2010. In the state of 

27 Tabasco, Management Units for the Conservation of Wildlife (UMA) were created to reduce the 

28 impact of overexploitation of freshwater turtles. However, no genetic management plan was 

29 considered. This study presents the level of genetic diversity of the founder individuals in order to 

30 develop a management plan which will optimize reproduction in the UMA. Genetic diversity was 

31 compared between captive (n = 45) and wild (n = 86) individuals using 14 microsatellite molecular 

32 markers. Level of genetic diversity could be considered as low (He < 0.6) for a species of turtle and 

33 suggests that a higher level of protection is required for this particular species. Furthermore, values 

34 were slightly higher for the captive group reflecting the mix of genetic sources (founding 

35 individuals from different localities) and demonstrating that the captive population is genetically 

36 representative of natural populations. The genetic structure analysis revealed a relationship 

37 between captive and wild populations, indicating the influence of the two principal river basins in 

38 this region on the population of freshwater turtles. Finally, according to the results obtained from 

39 the analysis conducted using STORM and ML-RELATE programs, we recommend the use of 19 

40 females and 13 males, generating a potential of 247 dyads with no relationship. These first results 

41 of genetic management in a Mexican UMA, demonstrate the importance of molecular approaches 

42 at the time of managing and conserving species in captivity.

43
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45 Introduction

46

47 Currently, the world faces a higher and more rapid loss of its biodiversity [1], predominantly due 

48 to anthropogenic activities leading to climate change, habitat loss, introduction of invasive species, 

49 pollution, habitat degradation among others; consequently, captive breeding programs are a priority 

50 for species conservation [2]. During the last few decades, there has been an increase in global 

51 awareness on the need to conserve species through the management of captive populations and 

52 develop integrative conservation and management strategies [3-4]. Accordingly, the World 

53 Association for Zoos and Aquariums promotes the increase of animal management programs at 

54 population level to establish viable populations recognizing that this represents a biological and 

55 organizational challenge [3]. In addition, other initiatives are emerging such as the Community-

56 Based Natural Resources Management that began in Africa and promoted the integration of the 

57 complex relationships among society (e.g., local livelihoods), economic and political authorities, 

58 environment, and sustainability principles for the management of natural resources [4]. In Mexico, 

59 the initiative of environmental policy started in 1997 with the creation of the National Program for 

60 Wildlife Conservation and Productive Diversification of the Rural Sector in which one of the axes 

61 is the development of the System of Management Units for Wildlife Conservation (SUMA, by its 

62 Spanish acronym) created by the Ministry of Environment and Natural Resources (SEMARNAT, 

63 by its Spanish acronym) [4-5]. Through this program, many Wildlife Management Units (UMAs, 

64 by its Spanish acronym) have been created [5-6]. The goal of UMAs is to provide an adequate and 

65 economically viable management of wildlife resources (fauna and flora) for conservation, rescue, 

66 and preservation purposes [7]. UMAs incorporate a wide range of activities such as research, 

67 recreation, environmental education, game farms, and commercialization of wildlife by products 
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68 which are subject to regulated laws [6]. Furthermore, the creation of UMAs has favored the 

69 development of biological corridors where UMAs are interconnected with protected natural areas, 

70 as well as areas where sustainable use of the species is carried out, thus contributing to the 

71 improvement of biodiversity conservation [8]. Unfortunately, genetic aspects linked to captive 

72 breeding are rarely considered in the management of an UMA, which may lead to the failure of 

73 these programs. 

74

75 One of the principal objectives of captive breeding programs is to obtain and maintain a population 

76 with a high level of genetic variation [9]. Generally, captive populations are small and established 

77 with few founders’ individuals, making these populations prone to high genetic damages such as a 

78 loss of genetic diversity, inbreeding depression, accumulation of novel deleterious mutations, and 

79 genetic adaptation to captivity [10]. However, from the few investigations conducted in UMAs, 

80 the genetic considerations (e.g., the genetic diversity of founders and relations of kinship) are one 

81 of the least considered aspects when establishing and managing an UMA. In Mexico, studies using 

82 genetic tools to improve the management of captive populations of UMA are scarce. Zarza et al. 

83 [11] identified the origin of 24 individuals of Ctenosaura pectinata Wiegmann 1834 (Squamata, 

84 Iguanidae), a threatened Mexican endemic spiny-tailed iguana, bred in two Mexican UMAs. The 

85 study was conducted using mtDNA and microsatellites molecular markers as well as genetic 

86 assignment methods, with the aim of comparing these individuals with a database of 341 

87 individuals from 49 localities. This type of research demonstrates the importance of genetic tools 

88 in identifying the origin of individuals before a possible release in the wild.

89

90 Slider turtles of the genus Trachemys Agassiz, 1857 (Testudines, Emydidae) are freshwater turtles 

91 that present a wide distribution throughout the New World with 26 recognized extant forms [12]. 
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92 In Mexico, a total of 13 subspecies are recognized, belonging to a variable number of species, from 

93 between one and nine, depending on the author concerned and partially dependent on the species 

94 concept used to identify lineages (review in [13]). One widely distributed Trachemys species, is T. 

95 venusta (Gray, 1856) with populations present from the Atlantic river basins of Mexico (and an 

96 isolated population in Acapulco) to Central America follow the most recent genetic analysis [13]. 

97 Its nomenclature is still a bit uncertain, therefore, genetic studies have been conducted in order to 

98 obtain a clearer understanding of its classification [14-16]. Three subspecies are described for T. 

99 venusta [17], all found in Mexico: T. venusta venusta (Gray, 1856), T. venusta cataspila (Günther, 

100 1885), and T. venusta grayi which based on a genetic analysis, was recently proposed as a full 

101 species T. grayi (Bocourt, 1868) [15]. In the state of Tabasco only one subspecies was reported, T. 

102 venusta venusta [13, 17], commonly called hicotea.

103  

104 The hicotea has been very important for the culture and gastronomy of the Maya people since the 

105 prehispanic period [18]. One of the few studies that deal with the exploitation of turtles in the state 

106 of Tabasco shows that the ingrained consumption of turtles persists despite the fact that the species 

107 is considered endangered [18]. Turtles are still in demand for commercial and consumption 

108 purposes. In addition to this culinary practice, urban growth has increased markedly since the mid-

109 20th century leading to high rates of deforestation [19-20]. The city of Villahermosa, the largest 

110 urban area in the state of Tabasco, is a perfect example of such environmental degradation; over a 

111 period of only 40 years, 4,008 ha of forest vegetation and 289 ha of wetlands have been lost [20]. 

112 The uncontrolled exploitation of freshwater turtles in Mexico, particularly in Tabasco, together 

113 with habitat loss, has resulted in many species of turtles being placed in the endangered category 

114 in the Official Mexican Standard (Norma Oficial Mexicana), the NOM-059-SEMARNAT-2010. 

115 This regulation establishes the protection of the environment and native species of wild flora and 
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116 fauna of Mexico considering the following categories: endangered, threatened, under special 

117 protection, and probably extinct in the wild. Trachemys venusta (previously known as T. scripta 

118 venusta [21] is classified as “under special protection” [22]. 

119

120 Molecular tools allow us identify the origin of individuals when unknown (confiscated pets, illegal 

121 seizure) and to infer kin relationships among captive founder individuals [2]. For an adequate 

122 management of the breeding program, the knowledge of the relatedness between individuals is 

123 fundamental for success, because it allows a minimization of mean kinship and retains the 

124 maximum of genetic variation (review in [2]). Two different ways could be used to evaluate kin 

125 relationships: (1) the relatedness (r) which is a measure of the fraction of identical alleles shared 

126 by offspring, and (2) the relationship category which is a particular pedigree (genealogical) 

127 relationship such as full siblings or half siblings [23].

128

129 In this study, the genetic aspects of the founder individuals of T. venusta venusta from one UMA 

130 of the state of Tabasco were characterized and compared to a wild population, with the purpose of 

131 establishing an efficient management plan for reproduction. Ensuring mating between unrelated 

132 individuals and maintaining an adequate genetic variability in the individuals produced at the UMA 

133 will optimize a reintroduction program. Considering this, our particular objectives were (1) to 

134 determine the genetic diversity level of founder individuals of Trachemys venusta venusta in a 

135 UMA and compare it with wild individuals, (2) to evaluate intra- and inter- genetic structure of the 

136 UMA and wild population, (3) to determine kin relationships (relatedness and pedigree) between 

137 males and females in the UMA, and finally (4) our results will be discussed from a management 

138 and conservation perspective.

139
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140 Materials and methods

141

142 Ethics Statement

143

144 Permission to collect specimens of Trachemys venusta  was provided by the Mexican Ministry of 

145 Environment and Natural Resources (SEMARNAT). Experimental protocol was approved by 

146 Ethical Committee from the “Universidad Juarez Autonoma de Tabasco”, Mexico.

147

148 Sampling sites and collection

149

150 The samples used for this study were obtained from one Wildlife Management Unit (UMA) and 

151 from three different wild localities (Fig 1). All samples were collected manually during 2017 and 

152 2018 or using Fyke nets [24]. All wild turtles are between three to 10 years old according to their 

153 morphometric measures [25]. 

154

155 Fig 1. Study area in south Mexico. Squares represent location of the captive group (UMA) and 

156 the three localities for wild individuals (Miguel Hidalgo, Bosques de Saloya, and La Venta Park 

157 Museum) with their respective number of samples (n). The black points (Pomposu and El Espino) 

158 represent the localities of origin of founder’s individuals of captive groups (UMA) (photo by Julia 

159 M. Lesher-Gordillo).

160

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 28, 2020. ; https://doi.org/10.1101/2020.01.27.920983doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.920983
http://creativecommons.org/licenses/by/4.0/


8

161 The UMA is located in the state of Tabasco (municipality of Nacajuca; 18°11’23’’N - 

162 92°59’37’’W) and it was created in 1978. It is dedicated to the reproduction of seven freshwater 

163 turtles Dermatemys mawii Gray, 1947 (Testudines, Dermatemydidae), Chelydra serpentine L., 

164 1758 (Testudines, Chelytridae), Staurotypus triporcatus Wiegmann, 1828 (Testudines, 

165 Kinosternidae), Trachemys venusta venusta, Rhinoclemys aerolata Duméril & Duméril, 1851 

166 (Testudines, Geoemydidae), Claudius angustatus Cope, 1865 (Testudines, Kinosternidae), 

167 Kinosternon leucostomum Duméril & Duméril, 1851 (Testudines, Kinosternidae) for conservation 

168 purposes and to exchange individuals with other turtle farms. We obtained all initial founder 

169 individuals from the UMA (n = 86; nfemale = 73 and nmale = 13). In 2008, this UMA reported 1650 

170 newborn individuals of T. venusta, and the total number of individuals of this species was 4125 

171 [26]. Furthermore, we obtained a total of 45 wild individuals (nfemale = 32 and nmale = 13) from (1) 

172 La Venta Park Museum located in Tabasco state (municipality of Centro; 18°00’02’’N - 

173 92°56’08’’W, n = 29), (2) Miguel Hidalgo (municipality of Centla; 18°20’00’’N-92°30’00’’W, n 

174 = 4), and (3) Bosques de Saloya (municipality of Nacajuca,18°11’22.85’’ N – 92°58’39.37’’ W, n 

175 = 12). Those individuals were considered as wild because they have been directly collected from a 

176 natural environment (e.g., Miguel Hidalgo and Bosques de Saloya), or because they have been 

177 recently rescued from the wild and donated directly to a center/farm (e.g., La Venta Park). Because 

178 some wild localities have a low number of samples, all the 45 wild individuals were pooled and 

179 analyzed as a single wild population.

180

181 Tissue samples were collected by small skin cuts (1 cm2) from the interdigital webbing. Before 

182 sampling, we disinfected the skin with 70% ethanol, subsequently we applied an antiseptic 

183 (methylthioninium chloride) on the wound to avoid infection. The collected samples were 
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184 preserved in a tissue buffer solution (salt-saturated 20% DMSO; [27]), and stored at -80°C until 

185 DNA extraction.

186

187 DNA extraction and microsatellite amplification

188

189 DNA was extracted using the DNeasy Blood and Tissue kit (QIAGEN); quality and concentration 

190 were verified using a UV-Vis spectrophotometer (Thermo Scientific NanoDrop One). We used a 

191 total of 14 microsatellite primers described as polymorphic for the genus Trachemys [28], one of 

192 them (TSC-108) was designed for this study using Primer3 software [29]. DNA amplification was 

193 performed at a final volume of 20μl per reaction, which contained: 20 ng of DNA, 2 μl of ultrapure 

194 water (INVITROGEN), 100 μM of forward primer, 100 μM of reverse primer, 15 μl of 

195 HotStarTaq® Master Mix Kit (QUIAGEN) (5 units/μl of polymerase, 20mM of TRIS-Cl, 100mM 

196 of KCl, 0.1mM EDTA and 400 μM of dNTPs). The amplifications were carried out in a Bio-Rad 

197 T100 thermocycler with the following conditions: 94°C for 7 min, followed by 45 cycles composed 

198 by denaturation at 92°C for 1 min, primer annealing temperature of 54°C or 55°C follow primers 

199 for 1 min, an extension at 72°C for 1 min, and a final extension at 72°C for 7 min. Horizontal 

200 electrophoresis was performed to visualize the PCR products using high definition agarose gels 

201 (agarose 1000, INVITROGEN) at a concentration of 3.4%. Gels were digitalized in a UV 

202 transilluminator Bio-print CX4 (VILBER LOUMAR) and it was interpreted using the BioVision 

203 software (VILBER LOUMAR). Microsatellites reproducibility was tested considering the allelic 

204 dropout (when a heterozygote is typed as a homozygote; [30]) and false allele (when homozygote 

205 is typed as a heterozygote; [30]) rates using GIMLET 1.3.3 [30]. The criteria used to test the 

206 genotyping error were: (1) analysis based on 5% of samples (eight individuals chosen at random) 
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207 from the total sample size as suggested by Bonin et al. [31], (2) the same DNA extract was used in 

208 the reproducibility test and experiments, and (3) each DNA sample was replicated three times 

209 (twice in the same PCR run and once in the other PCR run) [32].

210

211 Data analysis

212

213 Genetic diversity

214

215 Genetic diversity was estimated considering two groups, UMA and wild population, through the 

216 number of alleles (NA), effective number of alleles (Ne), observed heterozygosity (Ho), and expected 

217 heterozygosity (He) using GENALEX 6.502 [33]. To test for differences in these parameters between 

218 the UMA and wild population, a Mann-Whitney U test was performed using PAST 3.21 [34]. 

219 Because allelic richness (NA), as in other measures, does not consider the sample size, we 

220 determined the allelic richness (AR) following the rarefaction method implemented in HP-RARE 

221 1.0 [35-36] which takes into account the difference in sample size. Additionally, the index of the 

222 polymorphic content (PIC) was determined using CERVUS 3.0.7 [37]. Levels of inbreeding were 

223 estimated using three different parameters: at the population level we determined (1) the inbreeding 

224 coefficient (F) using GENALEX 6.502, at the individual level we determined (2) the internal 

225 relatedness (IR) which evaluates the relatedness of the parents of an individual [38] (outbred 

226 individuals present values equal to or below zero, and positive values indicate some relatedness of 

227 parents with a maximum value of 1), and (3) the homozygosity by loci (HL) which is a 

228 homozygosity index that weights the contribution of each locus depending on their allelic 

229 variability [39], their values range from 0 (all loci are heterozygous) to 1 (all loci are homozygous). 
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230 The Hardy-Weinberg equilibrium (HWE) for heterozygote deficit was tested with GENEPOP 4.0.10 

231 [40-41], and the presence of null alleles at each loci was estimated with FREENA [42]. Finally, we 

232 evaluated the effective population size (NE) using NEESTIMATOR 2.1 [43] considering the linkage 

233 disequilibrium method with the lowest allele frequency at a critical level of 0.05, and the jackknife 

234 method to evaluate the 95% of confident interval (CIs) as recommended [44].

235

236 To test a possible bottleneck event, we compared the levels of He excess related to the expected 

237 equilibrium heterozygosity (Heq) using BOTTLENECK 1.2.02 [45-46]. Two models of mutational 

238 equilibrium were considered: a mutational stage model (SMM) and a two-phase model (TPM), 

239 with 95% of the mutation assumed in a single step for the TPM model and a variance among 

240 multiple steps of 12 as recommended [46]. Significance was evaluated from the one-tailed 

241 Wilcoxon rank test which is more appropriate and powerful for less than 20 microsatellites [46]. 

242 Bottleneck event will be considered only if both models (SMM and TPM) are significant.

243

244 Genetic structure

245

246 To determine the level of genetic differentiation between the UMA and the wild population, the 

247 values of FST was estimated with GENALEX 6.502. To identify the genetic structure between the 

248 UMA and the wild population, the Bayesian analysis implemented in STRUCTURE 2.3.1 [47] was 

249 applied. This method allows to determine the optimal number of groups/clusters (K) and assign to 

250 each individual a membership probability (qi) to new clusters. The admixture and allele correlated 

251 frequency models were used. To determine the optimal number of clusters, the program was 

252 executed ten times for different numbers of K (K from 1 to 5), and for each run the Markov Chain 
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253 Monte Carlo (MCMC) algorithm was executed with a burn-in period of 100,000 steps followed by 

254 100,000 steps. We used the Evanno method (ΔK method; [48]), implemented in the STRUCTURE 

255 HARVESTER website [49] to determine the best value of K that fit with our data. Because this 

256 method assigns individuals by force to the number of clusters considered at optimal, we decided to 

257 conduct a principal coordinate analysis (PCoA) to investigate genetic structure without a priori 

258 assignment. Finally, a hierarchical analysis of molecular variance (AMOVA; 9,999 permutations) 

259 was processed considering region level (UMA vs wild populations) and population level (different 

260 wild localities) using allelic distance matrix as input. Those ultimate analyses (PCoA and 

261 AMOVA) were conducted using GENALEX 6.502.

262

263 Kinship analysis

264

265 To evaluate pedigree relationships in the UMA, we used the ML-RELATE program [37] which 

266 calculates the likelihood of each kind of relationship for each pair of individuals considering the 

267 following pedigree relationships: unrelated (U), half-siblings (HS), full-siblings (FS), and parents-

268 offspring (PO). For each pair of individuals, the program provides by default, the highest 

269 likelihood, then suggests the highest relationship. ML-RELATE provides a list of several possible 

270 relationships (the putative corresponding to the highest likelihood, and the alternatives) for each 

271 individual pair based on a test (statistical test and simulations) that determined which relations are 

272 consistent with the data (confidence set option; 0.05 level of significance and 1,000 simulations) 

273 [37]. Based on those relationships for each female-male pair from the UMA, we used a likelihood 

274 ratio test (1,000 simulations; specific hypotheses test option) to obtain a P value: if P is small (P < 

275 0.05) the alternative hypothesis is rejected, thus we maintained the highest relationship proposed 
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276 by the highest likelihood, and if P value is large (P > 0.05), putative and alternative relationships 

277 are consistent with the data, therefore, we selected the lowest relationship (U < HS < FS < PO) 

278 [37]. 

279

280 Furthermore, relatedness coefficient (r) among each female-male pair in the UMA was evaluated 

281 using STORM [50] and ML-RELATE programs.

282  

283 Results

284

285 Genetic diversity

286

287 A total of 86 individuals from the UMA and 45 from the wild population were successfully 

288 amplified with 14 microsatellite loci. However, considering that four loci were identified as 

289 possible null alleles (Table 1), we decided to eliminate them and make the following analysis only 

290 considering the 10 loci without null alleles. Genotyping error rates could be considered null 

291 (average allelic dropout rate of 0% and average false allele rate of 0%; because the errors were not 

292 significant) when compared with other studies (see Table 4 in [51]).

293
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294 Table 1. Characteristics of the 14 microsatellites used for Trachemys venusta venusta in south Mexico over the whole dataset.

295

Locus Primers (5’→3’) Repeat motif
Ta 

(°C)
Size range (bp) Na NAFreq Ho He

TSC108 a F:CGCAGTCAAAACACCTTCAG
R:TTCACCTCCCCAGATCTCAC (TAGA)8 55 203-263 5 0.048 0.023 0.034

TSC169 a F:TAAAATGGGCCTCAACAAGG
R:GGATTGTTTGGTCAAAGAAGTTG (TAGA)10 55 210-250 4 0.158 0.313 0.500

TSC241 a F:GGTTTTTCTCCATCCCGAAT
R:TTCATTTTGAAAGGTTAGCTCGT (TATC)7 55 193-213 5 0.231 0.326 0.684

TSC243 a F:GCAAAACCTGGAGATTTTCAA
R:TTTCGATGGAAAATGGCTTT (ATAG)20 55 92-168 7 0.087 0.788 0.815

TSC252 a F:CCATACACCCTCTGACAGCA
R:TTCCCAAGACAAGAAACACCTT (ATAG)8 55 190-238 5 0.098 0.500 0.695

TSC260 a F:TGCAAATGGAGTTGCAAGA
R: TCCATTTGAACCTGGGAGAA (ATCT)16 55 150-214 6 0.034 0.686 0.725

TSC263 a F:TGTGCACGGGAGTTGTATG
R: TTCTATTTGCCAAAAATTGCAT (GATA)10 55 111-173 11 0.122 0.797 0.842

TSC288 a F:ACAAGATTGGCACCCACTTC
R:AGTATGGGGATGCATGTGTG (TG)10 55 150-184 6 0.267 0.429 0.778
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TSC299 a F:CCATGTGCCATCTGTCTACCT
R:GATCAAGGGATGAGGGTCAA (TATC)17 55 236-300 12 0.153 0.884 0.906

TSC302 a F:ACTGGCCAGCAGGAGTAATG
R:TGGGGCACAAACTACTAGGG

(TAGA)7 55 161-201 7 0.004 0.791 0.733

TSC323 a F:TGTAAAATTGATTAGGACCTCTCTGA
R:TGCAATCTATCACATGACTGCAT

(TATC)14 54 201-237 7 0.132 0.643 0.767

TSC328 a F:TGGATTGCATTATTAGAAATGGT
R: CCCACCAACCACCATAATTC

(TAGA)11 54 179-243 4 0.137 0.291 0.533

TSC330 a F:TGGCTTATTTTGCAGCCTGA
R:CCAACTTTCACTCCCATTGC

(ATCT)13 55 216-270 7 0.124 0.780 0.830

TSC-108 b F:AATTCATTTGCCTTGAGAAA
R:GTCGTCGATTTGGTTAAAAG

(GATA)8 55 189 4 0.057 0.094 0.090

296 Annealing temperature (Ta), number of alleles (Na), estimate null allele frequency (NAfreq), observed heterozygosity (Ho), expected 

297 heterozygosity (He). Bold values of NAfreq represent microsatellites with high probability of the presence of a null allele (NAfreq > 0.15; 

298 [52]). Primers from Simison et al. [28] (a), primer designed for this study (b).

299
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300 Globally, genetic diversity parameters (Na, Ne, Ho, He, PIC) were slightly higher for the UMA than 

301 for the wild population but never significant (Table 2). The allelic richness (AR) was very similar 

302 between both groups (UMA and wild populations), and this value that considers sample size does 

303 not differ from the value for the number of alleles (Table 2). The effective population size (NE) was 

304 low, with a value of 91 for the UMA and 110 for wild populations. The inbreeding coefficients (F) 

305 were positive for both groups but with a lower value for the UMA than for the wild population, 

306 and the HWE test for deficiency of heterozygotes was only highly significant for the wild 

307 population (Table 2). At the individual level, internal relatedness (IR) was very low for the UMA 

308 and high for the wild population with high individual variability for both groups (S1 Fig). The level 

309 of homozygosity (HL) was high for the UMA (an average of 33% of loci are homozygous per 

310 individual) and very high for the wild population (an average of 55% of loci are homozygous per 

311 individual) (Table 2), and even if some individual variability could be observed (S2 Fig) wild 

312 individuals clearly show a tendency to a high value of HL. No recent bottleneck was detected for 

313 any population as suggested by the L-shape graph (Fig 2) that shows a characteristic L-shape 

314 distribution (alleles with low frequency are the most numerous), and by both heterozygote excess 

315 tests (SMM and TPM) (Table 2).

316

317 Fig 2. L-shaped distribution graph for detecting bottleneck considering the ten 

318 microsatellites for Trachemys venusta venusta. UMA (purple) and wild populations (blue).

319

320 Table 2. Statistical summary for Trachemys venusta venusta in south Mexico using ten 

321 polymorphic microsatellites for founder individuals of the UMA and for wild population.

322
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323 Number of individuals (N), effective population size (NE), jackknife confidence interval (95% CIs), 

324 mean number of allele (Na), allelic richness (AR) using rarefaction method, effective number of 

325 alleles (Ne), polymorphic information content (PIC), observed heterozygosity (Ho), expected 

326 heterozygosity (He), inbreeding coefficient (F), Hardy-Weinberg equilibrium (HWE) with *** for 

327 P < 0.001, individual relatedness (IR), homozygosity by loci (HL), standard deviation (std), results 

328 of the Wilcoxon test for two mutational models: two-phase mutation model (W test - TPM) and 

Analysis Parameters Populations Test

UMA Wild

N 86 45

NE 91.2 110.3

95% CIs 43.6 - 408.9 41.2 - infinite

Genetic diversity Na 5.900 5.400 ns

AR 5.310 5.110

Ne 3.684 3.344 ns

Ho 0.539 0.386 ns

He 0.606 0.594 ns

PIC 0.578 0.565

Inbreeding F 0.129 0.317

HWE ns ***

IR (± std) 0.021 (± 0.448) 0.277 (± 0.36)

HL (± std) 0.337 (± 0.162) 0.549 (± 0.17)

Bottleneck W test – TPM 0.187 0.422

W test – SMM 0.384 0.500
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329 stepwise mutation model (W test - SMM), finally results for the Mann-Whitney U test (Test): not 

330 significant (ns).

331

332 Genetic structure

333

334 The FST value between UMA and wild population was low (0.031) but significant (P = 0.0001), 

335 just as the results of AMOVA at the region level presented only 2% of variance (P = 0.0017) and 

336 4% for populations level (P = 0.001), the rest of the variance corresponded to the individual 

337 variance (see details of analysis in S1 Table). The Bayesian analysis performed by the STRUCTURE 

338 program identified an optimal number of groups at K = 2 using the ΔK method (S3 Fig). All 

339 individuals were relatively well partitioned into the two new clusters according to their Q 

340 probabilities (Table 3), showing a good separation between individuals from the UMA group 

341 (purple in Fig 3) and individuals from the wild population (blue in Fig 3). Nevertheless, some 

342 individuals of the UMA present a genetic profile characteristic of a wild population. A subsequent 

343 STRUCTURE analysis for each new cluster did not permit the identification of a sub-structure (not 

344 shown). As observed for Bayesian analysis, PCoA analysis showed a relatively good separation 

345 between UMA (purple in Fig 4) and wild individuals (blue in Fig 4). Individuals from the La Venta 

346 locality (blue triangle) are more separated than others (blue circle and square).

347

348 Fig 3. Bayesian analysis computed by STRUCTURE 2.3.3 software using K = 2 for Trachemys 

349 venusta venusta. Each individual is represented by a vertical line fragmented into k segments of 

350 length proportional to the estimated membership probability (qi) in the two new clusters. Cluster 1 

351 characteristic of captive group (UMA; purple) and cluster 2 characteristic of wild individuals (bleu) 
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352 with details of different localities: Bosques de Saloya (B.S), Venta Park Museum (V.P.M), and 

353 Miguel Hidalgo (M.H).

354

355 Fig 4. Principal coordinate analysis (PCoA) for Trachemys venusta venusta based on ten 

356 microsatellites. Individuals from Wildlife Management Unit (UMA; purple circle), and wild 

357 individuals (blue), localities: La Venta (triangle), Miguel Hidalgo (circle), and Bosques de Saloya 

358 (square).

359

360 Table 3. Probability Q of membership of individuals in each initial group to each of the 

361 inferred clusters determined by STRUCTURE 2.3.1 program.

362

Initial group Inferred clusters
1 2

UMA 0.680 0.320

Wild population 0.139 0.861
363 The dominant percentage of a group that is assigned to one cluster is indicated in bold.

364

365 Kinship analysis in UMA

366

367 Relatedness coefficient (r) determined using STORM and ML-RELATE clearly shows some kinship 

368 relations in the initial founders of the UMA. STORM and ML-RELATE analysis presents values from 

369 -4.78 to 0.67 and from 0 to 0.63 respectively, considering all kind of dyads (female x female, male 

370 x male, and female x male). However, considering that we are interested in genetic management to 

371 optimize reproduction, we focused our analysis on female x male pairs only, which represent a 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 28, 2020. ; https://doi.org/10.1101/2020.01.27.920983doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.920983
http://creativecommons.org/licenses/by/4.0/


20

372 total of 949 dyads. Using the relatedness coefficient generated by STORM we determined the 

373 proportion of each pedigree relation (PO, FS, HS, and U) based on the follow criteria: values ≤ 0 

374 are assimilated to unrelated (U), values ≤ 0.25 are assimilated to half-sibling (HS), and values > 

375 0.25 are assimilated to FS or PO without distinction [53-54]. We obtained 45% of unrelated (n = 

376 427), 39% of HS (n = 367), and 16% of FS or PO (n = 155). Those pedigree predictions differed 

377 considerably from ML-RELATE relationships, based on the highest likelihood which give us 79.7% 

378 of U, 15.4% of HS, 3.8% of FS, and 1.2% of PO for the same dataset (a total of 193 pairs of 

379 individuals presented half-sibling or greater kinship relation). Relatedness coefficients 

380 corresponding to those pedigree predictions were highly variable (Fig 5, full color histogram) with 

381 a mean of 0.039 (± 0.067SD, min = 0.000, max = 0.474) for U (blue in Fig 5), 0.230 (± 0.068SD, 

382 min = 0.087, max = 0.388) for HS (yellow in Fig 5), 0.383 (± 0.083SD, min = 0.230, max = 0.625) 

383 for FS (green in Fig 5), and 0.536 (± 0.046SD, min = 0.500, max = 0.611) for PO (red in Fig 5). 

384 When the likelihood ratio test was applied to compare the putative relationship (highest value of 

385 likelihood) with the alternative ones proposed by the confidence interval, we obtained: 91.0% of 

386 U, 7.5% of HS, 1.4% of FS, and 0.1% of PO for the same dataset (a total of 85 pairs of individuals 

387 presented half-sibling or greater kinship relation), also with a highly variable relatedness 

388 coefficient (Fig 5, hatched color histogram) with a mean of 0.060 (± 0.085SD, min = 0.000, max 

389 = 0.500) for U (blue in Fig 5), 0.342 (± 0.067SD, min = 0.228, max = 0.511) for HS (yellow in Fig 

390 5), 0.509 (± 0.099SD, min = 0.340, max = 0.625) for FS (green in Fig 5), and for PO only one data 

391 (red in Fig 5).

392

393 Fig 5. Distribution of cumulative frequencies of relatedness coefficient (r) determined by ML-

394 RELATED for female x male dyads of Trachemys venusta venusta in the UMA. Estimation based 

395 on the highest likelihood (full color) and the estimation obtained after the likelihood ratio test 
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396 (hatched color). Four relationships were considered: unrelated (blue), half-sibling (yellow), full-

397 sibling (green), and parent-offspring (red). Numbers inside each bar of the histogram correspond 

398 to the number of pairs observed in this category.

399

400 To optimize reproduction with the best females and males in terms of kinship relation, we analyzed 

401 all female x male dyads (total of 949) and identified which pairs presented half-sibling or greater 

402 kinship relation. In the first instance, we considered kinship relation based on the highest likelihood 

403 prediction (letters of kinship relation type in bold in Table 4) and subsequently, we looked at which 

404 of these relationship could be changed to unrelated considering the likelihood ratio test results 

405 (letters of kinship relation type in grey in Table 4). From 73 female founders of the UMA, only 19 

406 have no strict kin relationship with the 13 males (females highlighted in grey in Table 4). All other 

407 females present a minimum of one kin relationship with the male founders of the UMA.
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408 Table 4. Pedigree relationships for all female x male dyads (n = 949) of Trachemys venusta venusta of the UMA determined by 

409 ML-RELATE.

410

Males

10 13 21 22 25 31 35 37 46 47 60 75 83

HL 0.40 0.27 0.38 0.34 0.25 0.26 0.11 0.23 0.60 0.50 0.48 0.47 0.14

1 0.52 HS FS HS

2 0.13 HS

3 0.40 HS

4 0.23 HS HS

5 0.49 HS HS HS HS

6 0.11 HS HS HS HS

7 0.13 HS HS

8 0.36 HS HS HS

9 0.25 HS HS HS HS

Fe
m

al
es

11 0.36 HS HS
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12 0.48 HS HS HS HS

14 0.40 HS PO

15 0.26 FS HS HS

16 0.02 HS HS HS

17 0.60 HS FS HS HS HS

18 0.24 HS HS

19 0.39 HS HS

20 0.20 HS HS HS HS

23 0.52 HS HS

24 0.41 HS FS HS

26 0.37 HS HS FS HS

27 0.11 HS FS HS

28 0.27 FS HS FS

29 0.26 FS HS FS HS

30 0.40 HS PO FS

32 0.43 FS HS PO
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33 0.10 PO PO FS

34 0.13 HS PO HS FS HS

36 0.37 FS HS HS HS HS

38 0.24

39 0.22 FS HS

40 0.52 HS

41 0.37 HS HS HS HS

42 0.23 FS HS HS

43 0.41 HS PO HS

44 0.35 HS HS HS

45 0.23 FS PO HS HS HS

48 0.62 HS FS

49 0.27 HS HS PO

50 1.00 FS

51 0.51 HS

52 0.22 FS
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53 0.36 HS

54 0.49

55 0.36 FS

56 0.49 HS HS HS

57 0.49 HS HS

58 0.11 HS HS HS HS

59 0.11 HS HS FS HS HS

61 0.36 HS FS HS

62 0.34 HS HS FS

63 0.22 HS HS

64 0.36 HS FS HS

65 0.47

66 0.40 FS FS

67 0.68 HS HS

68 0.49 HS

69 0.49 FS HS
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70 0.28 HS HS

71 0.33 HS HS PO HS

72 0.25 FS HS HS

73 0.22 HS HS HS HS PO

74 0.33 HS HS FS

76 0.22 HS HS

77 0.40 FS HS HS HS HS

78 0.16 HS

79 0.21 HS FS

80 0.45 HS HS HS

81 0.14 HS HS HS

82 0.12 FS

84 0.39 HS FS

85 0.41 HS HS

86 0.41 HS FS

411 Only three kinds of relationship are indicated: Half-sibling (HS), full-sibling (FS), and parent-offspring (PO) meaning that when a pair 

412 has no indication it is unrelated. Pedigree indicated in bold corresponds to result of highest likelihood prediction while the grey color 
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413 indicates that this pedigree changed to unrelated after we applied the likelihood ratio test. Females highlighted in grey have no kin 

414 relationship with the 13 males. For all individuals, homozygosity (HL) is given as informative and values above 0.5 are indicated in bold.

415
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416 Discussion 

417

418 There are numerous studies on Trachemys spp, including topics such as general ecology [25, 55-

419 56], biogeography [57], systematics [17, 58], and even as an invasive species [59-61]. This is 

420 probably because many species in this genus are included within the IUCN Red List and TFTSG 

421 list (Tortoise and Freshwater Turtle Specialist Group) or are not yet evaluated [62]. Genetic studies 

422 are also largely represented, generally focusing on phylogenic or biogeographic considerations [13-

423 14, 16], for hybridization process [15], or even identifying genetic damage under radioactive effect 

424 [63]; however, population genetic studies are rarer [64-67]. Particularly, for Trachemys venusta, 

425 no genetic population study is reported to date. We present, the first results related to the population 

426 genetics of wild population of T. venusta venusta in Mexico compared to founder individuals of a 

427 captive group (Mexican UMA).

428

429 With the exception of some studies that present low genetic diversity (value of He < 0.4; [68-69]), 

430 freshwater turtles exhibit high values of genetic diversity (generally He > 0.6-0.7; see Table 4 in 

431 [69] for examples, and [70]) based on microsatellites. Our values could be considered lower (He < 

432 0.6) than many other freshwater turtles or even threatened species (see Table 4 in [69] for examples, 

433 and [70-71]), and are in agreement with values for wild populations of Elusor macrurus Cann & 

434 Legler 1994 (Testudines, Chelidae) an endangered Australian freshwater turtle [72]. The sole 

435 genetic study that reports value of genetic diversity for Trachemys spp. based on microsatellites 

436 showed low values for T. taylori Legler, 1960 (He from 0.442 to 0.569; Ho from 0.458 to 0.590) 

437 and very high values for T. scripta elegans Wied-Neuwied, 1839 (He = 0.809; Ho = 0.828) [67]. 

438 Other population genetic studies that report levels of genetic diversity for Trachemys spp used 
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439 allozymes which makes comparison with microsatellites data difficult. In this respect, all studies 

440 showed very low values of genetic diversity (H < 0.15; [64-66]). The relatively low value of genetic 

441 diversity observed for wild population of T. venusta venusta compared to other turtle species, 

442 suggests that this species deserves reinforced attention and probably higher level of protection 

443 considering the threshold of 0.54 proposed by Willoughby et al. [73] as a value to consider a species 

444 as Critically Endangered [72]. 

445

446 Values of genetic diversity for captive population were slightly higher than wild population as 

447 reported for Elusor macrurus [72] and for Dermatemys mawii Gray, 1847 (Testudines, 

448 Dermatemydidae) [74]. Because founder individuals of the UMAs (captive population) come from 

449 two distinct localities: Pomposu that is within the Grijalva River Sub-Basin and El Espino in the 

450 Usumacinta River Sub-Basin (see Fig 1), the genetic pool of those founders could be higher due to 

451 the mix of genetic sources. This situation was reported for Lithobates sevosus Goin & Netting, 

452 1940 (Anura, Ranudae), a critically endangered frog from the southeastern USA [75], and for 

453 Dermatemys mawii a critically endangered freshwater turtle [74], suggesting that the captive 

454 population is genetically representative of natural populations [75] and could be used to found new 

455 wild populations [76]. Also, founder individuals are approximately 40 years of age, and genetic 

456 diversity represents the situation from several decades ago. The genetic diversity of the wild 

457 population of T. venusta venusta may have declined since the UMA was founded, probably due to 

458 habitat fragmentation and water pollution [19]. Indeed, the state of Tabasco lost around 60% of its 

459 wetlands at the beginning of the 21st century, mainly due to anthropogenic activities such as the 

460 oil industry, the establishment of new crop areas and grassland for livestock use, road construction, 

461 population growth, and increased pollution derived from these activities [20, 77]. Additionally, in 

462 Tabasco state, freshwater turtles are subject to intense hunting and illegal trading and trafficking 
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463 [78-80] that has contributed to a decline in population numbers leading to a loss of genetic 

464 diversity. It is reported that in Villahermosa and surrounding cities (e.g., Nacajuca, Comalcalco, 

465 Jalpa de Méndez, and Cunduacán) freshwater turtles were abundant, but today it is difficult to find 

466 turtles such as T. venusta [80]. Many species of turtles are characterized by a long generation time 

467 (often > 25 years), making a loss of genetic diversity or genetic differentiation among populations 

468 due to recent and/or anthropogenic events (e.g., habitat fragmentation) very difficult or impossible 

469 to detect (see examples in [70]). However, sexual maturity of T. venusta has been evaluated at 

470 approximately four to seven years [81] which results in five to 10 generations (40 years) between 

471 UMA founder individuals and the wild population analyzed in this study, thus allowing the 

472 observation of a loss of genetic diversity in the wild population due to recent anthropogenic 

473 pressure.

474

475 Although captive population (UMA) did not demonstrate a significant loss of heterozygotes, wild 

476 population shows significant loss of heterozygotes that could reveal high level of inbreeding and 

477 small population size that are probably a consequence of recent anthropogenic pressures (see 

478 above) on freshwater turtles in Tabasco state. Several species of freshwater turtles, such as Apalone 

479 spinifera emoryi Agassiz, 1857 (Testudines, Trionychidae), Mesoclemmys dahli Zangerl & 

480 Medem, 1958 (Testudines, Chelidae), Chrysemys p. picta Schneider, 1783 (Testudines, Emydidae), 

481 and Clemmys guttata Schneider, 1792 (Testudines, Emydidae) have shown evidence of genetic 

482 isolation, genetic differentiation as well as modest to high inbreeding rates, but surprisingly the 

483 values of heterozygosity in these species are medium to high (0.6-0.7) despite experiencing 

484 anthropogenic pressures [82-84]. As mentioned before, the decrease in genetic diversity of many 

485 species of turtles, even after a prolonged decrease in population size, may not be observed due to 

486 their long generation times and late maturity associated with chelonian life history [84-86]. 
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487

488 Bayesian and PCoA analysis of genetic structure among wild and captive populations revealed a 

489 relatively good separation between both probably reflecting the low-connectivity among sites 

490 where founder individuals originated. Indeed, as mentioned before, the Pomposu locality depends 

491 on the Grijavlva River Sub-Basin as well as wild populations considered in this work (captive 

492 individuals showing a dominant wild genetic profile in analysis). El Espino depends on the 

493 Usumacinta River Sub-Bassin (see Fig 1) and could be represented by captive individuals with the 

494 other genetic profile in STRUCTURE analysis.

495

496 Kindship analysis 

497

498 The relationship coefficient evaluated for captive population (Tabasco State Government UMA) 

499 suggest a relatively low level of kinship (considering all pairs: female-male, female-female, and 

500 male-male) which probably reflects that the founding individuals of the UMA came from different 

501 populations. However, we highlighted the differences observed between programs (STORM and 

502 ML-RELATE) and between methods used in ML-RELATE (using or not the likelihood ratio test to 

503 evaluate the more probable relationship) which can give values of single to double (e.g., 45% for 

504 unrelated using STORM and 91% using ML-RELATE with ratio test). 

505

506 From all founder females of the UMA (n = 73), the stricter analysis provided by ML-RELATED 

507 enabled the identification of 19 females that present no kin relationship with males (n = 13). This 

508 could result in a total of 247 potential dyads to establish an optimal breeding program in the UMA. 

509 In order to develop the optimal reproduction in a captive population, the number and the identity 
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510 of the founders is a key factor for the genetic pool [87]. According to these authors, only 15 

511 individuals are necessary to preserve a He of 0.54 based on a revision of 188 studies where genetic 

512 conservation approaches are used for breeding programs. Considering this, if only unrelated 

513 founders were considered for reproduction, the captive population of Tabasco would have an 

514 optimal number of founding individuals to ensure genetic diversity. The captive population of 

515 Tabasco could be used for the reintroduction of T. venusta venusta, considering that this species is 

516 in decline in its natural habitat with low genetic diversity (see above). For this, we recommended 

517 the use of the optimal females (no kin relationship with all males of the UMA), and the introduction 

518 of new founders to avoid generic erosion [87]. To date, very few studies have used genetic 

519 information of founders to optimize breeding program and avoid inbreeding in turtle programs. For 

520 example, Miller et al. [2] evaluated the pedigree on three seasons of a captive breeding program of 

521 the Galápagos giant tortoise showing that the genetic diversity of the progeny was reduced in a 

522 single generation and there was a tendency towards the reduction of the physical shape when more 

523 related individuals were bred. Also, Spitzweg et al. [88] analyzed the genetic diversity and kin 

524 relationship of a turtle (Batagur baska Gray, 1830; Testudines, Geoemydidae) in captivity, and 

525 showed that most of the founder individuals that came from wildlife had a high kinship relation. 

526

527 Successful management and conservation programs for long-lived organisms are those that 

528 recognize the need for protection and biological knowledge of all life stages of the species they 

529 breed [89]. For this reason, our results have important implications for the conservation and 

530 management of T. venusta venusta, as they contribute to a better selection of pairs, decreasing the 

531 possibility of inbreeding in the generations born in captivity. Furthermore, through good genetic 

532 management, individuals could be released into the wild to improve the genetic diversity of the 

533 species. The program conducted with the highly endangered species of freshwater turtle Batagur 
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534 trivittata Duméril & Bibron, 1835 (Testudines, Geoemydidae) is an example of a successful genetic 

535 management program, where the breeding, reproduction, and release of captive individuals has 

536 resulted in an improvement in the wild population. A captive management program has been 

537 established for this species, and it was thought that only 12 breeding turtles existed in the wildlife. 

538 Since 2002, more than 700 individuals of this species have been obtained and after selecting 

539 individuals with a high genetic diversity and reintroducing them to their natural habitat, the 

540 program reported an increase in the fertility of the eggs [90]. Furthermore, our results could be 

541 used to create predictive models of exploitation, since T. venusta venusta is a highly valued species 

542 for human consumption and as pet, as has been proposed for the turtle Trachemys scripta elegans 

543 Wied-Neuwied, 1839 (Testudines, Emydidae), that is principally exploited as a pet [91].

544

545 Finally, we believe that it is convenient to analyze the offspring of the founders already in the UMA 

546 in order to make a better use of this captive population. Another recommendation to consider in 

547 the implementation of a genetic management program for T. venusta could be the storage of sperm 

548 and the study of the multiple paternity, since it has been reported in several species of turtles [76] 

549 as a reproductive strategy that serves to maximize the genetic diversity of the offspring of long-

550 lived organisms [92].

551
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817 S1 Table. Analysis of molecular variance (AMOVA) for Trachemys venusta venusta in south 

818 Mexico. When two groups are considered (UMA vs wild populations) (A), and when localities of 

819 wild individuals are included in the analysis (B).
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821 S1 Fig. Distribution of frequencies of internal relatedness (IR) for Trachemys venusta venusta 

822 in south Mexico. In UMA (purple) and in wild population (blue).
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824 S2 Fig. Distribution of frequencies of homozygosity by loci (HL) for Trachemys venusta venusta 

825 in south Mexico. UMA (purple) and wild population (blue).
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827 S3 Fig. Identification of the optimal number of groups (clusters) using the Delta K method 

828 implemented in STRUCTURE Harvester website.
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