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Background.  The captive cetacean industry is very profitable and popular worldwide, focusing mainly

on leisure activities such as “Swim-with-dolphins” (SWD) programs. However, there is a concern for how

captivity could affect the bottlenose dolphin Tursiops truncatus, which in nature is a highly social and

widespread species. To date, there is little information regarding to the impact of restricted population

size on their genetic structure and variability.

Methods.  The aim of this study was to estimate the genetic diversity of a confined population of T.

truncatus,  composed of wild-born (n=25) from Cuba, Quintana Roo and Tabasco, and captive-born

(n=24) dolphins in southern Mexico, using the hypervariable portion of the mitochondrial DNA and ten

nuclear microsatellite markers: TexVet3, TexVet5, TexVet7, D18, D22, Ttr19, Tur4_80, Tur4_105,

Tur4_141 and GATA098.

Results.  Exclusive mtDNA haplotypes were found in at least one individual from each wild-born origin

populations and in one captive-born individual; total mean haplotype and nucleotide diversities were

0.912 (±0.016) and 0.025 (±0.013) respectively. At microsatellite loci, low levels of genetic diversity

were found with a mean number of alleles per locus of 4 (±2.36), and an average expected

heterozygosity over all loci of 0.544 (±0.163). Measures of allelic richness and effective number of alleles

were similar between captive-born and wild-born dolphins. No significant genetic structure was found

with microsatellite markers, whereas the mtDNA data revealed a significant differentiation between wild-

born organisms from Cuba and Quintana ROO.

Discussion.  Data analysis suggests the occurrence of a recent genetic bottleneck in the confined

population probably because of a strong founder effect, given that only a small number of dolphins with a

limited fraction of the total species genetic variation were selected at random to start this captive

population. The results herein provide the first genetic baseline information on a captive bottlenose

dolphin population in Mexico.

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26891v1 | CC BY 4.0 Open Access | rec: 26 Apr 2018, publ: 26 Apr 2018



1 Short title: Améndola-Pimenta et al; Genetic drift in captive dolphins.

2

3 Genetic bottleneck and founder effect signatures in a captive population of common 

4 bottlenose dolphins Tursiops truncatus (Montagu 1821) in Mexico

5

6 Monica Améndola-Pimenta1, Miriam Camelo-Marrufo1, Jesús Alejandro Zamora-Briseño1, 

7 Ioreni Margarita Hernández-Velázquez1, Roberto Zamora-Bustilos2, Rossanna Rodríguez-

8 Canul1*

9

10 1Laboratorio de Inmunología y Biología Molecular, Centro de Investigación y de Estudios 

11 Avanzados del IPN (CINVESTAV-IPN) Unidad Mérida, Carretera Antigua a Progreso Km. 6, 

12 CP 97310, Mérida, Yucatán, México.

13 2Laboratorio de Genética Molecular, Instituto Tecnológico de Conkal, Avenida Tecnológico 

14 S/N, CP 97345, Conkal, Yucatán, México.

15

16 *Corresponding author:

17 Rossanna Rodríguez Canul

18 e-mail: rossana.rodriguez@cinvestav.mx

19

20

21

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26891v1 | CC BY 4.0 Open Access | rec: 26 Apr 2018, publ: 26 Apr 2018



22 Abstract:

23 Background. The captive cetacean industry is very profitable and popular worldwide, focusing 

24 mainly on leisure activities such as “Swim-with-dolphins” (SWD) programs. However, there is a 

25 concern for how captivity could affect the bottlenose dolphin Tursiops truncatus, which in nature 

26 is a highly social and widespread species. To date, there is little information regarding to the 

27 impact of restricted population size on their genetic structure and variability. 

28 Methods. The aim of this study was to estimate the genetic diversity of a confined population of 

29 T. truncatus, composed of wild-born (n=25) from Cuba, Quintana Roo and Tabasco, and captive-

30 born (n=24) dolphins in southern Mexico, using the hypervariable portion of the mitochondrial 

31 DNA and ten nuclear microsatellite markers: TexVet3, TexVet5, TexVet7, D18, D22, Ttr19, 

32 Tur4_80, Tur4_105, Tur4_141 and GATA098. 

33 Results. Exclusive mtDNA haplotypes were found in at least one individual from each wild-born 

34 origin populations and in one captive-born individual; total mean haplotype and nucleotide 

35 diversities were 0.912 (±0.016) and 0.025 (±0.013) respectively. At microsatellite loci, low 

36 levels of genetic diversity were found with a mean number of alleles per locus of 4 (±2.36), and 

37 an average expected heterozygosity over all loci of 0.544 (±0.163). Measures of allelic richness 

38 and effective number of alleles were similar between captive-born and wild-born dolphins. No 

39 significant genetic structure was found with microsatellite markers, whereas the mtDNA data 

40 revealed a significant differentiation between wild-born organisms from Cuba and Quintana 

41 ROO. 

42 Discussion. Data analysis suggests the occurrence of a recent genetic bottleneck in the confined 

43 population probably because of a strong founder effect, given that only a small number of 

44 dolphins with a limited fraction of the total species genetic variation were selected at random to 
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45 start this captive population. The results herein provide the first genetic baseline information on a 

46 captive bottlenose dolphin population in Mexico. 

47

48 Introduction

49 According to the World Association of Zoos and Aquariums (WAZA), the most important 

50 function of modern zoos and aquariums is to protect vulnerable and endangered species through 

51 the promotion of activities in three broad fields: recreation, conservation and education/scientific 

52 research (WAZA, 2006). Still, despite their potential to inspire positive emotions in visitors 

53 (Bruni, Fraser & Schultz, 2008), and thereby to promote indirect actions to help the conservation 

54 of endangered species, zoos and aquariums might have a negative effect on species at risk 

55 because a limited group of organisms kept in captivity are often confined. The small effective 

56 size of captive populations could contribute to a rapid loss of genetic variation within a few 

57 generations, caused by founder effects and random genetic drift, associated with the increment of 

58 inbreeding levels (Briscoe et al., 1992; Woodworth et al., 2002). As a result, captive populations 

59 often have lower levels of genetic diversity than populations from natural habitats (Wisely, 

60 McDonald & Buskirk, 2003). Their long-term sustainability depends on management measures 

61 that could help to prevent the deterioration of genetic diversity (Frankel, 1983; Thévenon & 

62 Couvet, 2002). 

63

64 The common bottlenose dolphin Tursiops truncatus is a species worldwide distributed in tropical 

65 and temperate waters (Leatherwood & Reeves, 1990; Wells & Scott, 1999; Reynolds, Wells & 

66 Eide, 2000), with a complex and highly fluid population dynamics, exhibiting a fission-fusion 

67 social structure (Tsai & Mann, 2013; Oudejans et al., 2015). The species is categorized as Least 
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68 Concern by the IUCN Red List (Hammond et al., 2012), but some local populations are 

69 decreasing at a fast pace as a result of habitat disturbance, mostly induced by human activities 

70 (Bearzi et al., 2008; Currey, Dawson & Slooten, 2009; Gaspari et al., 2015; Vermeulen & 

71 Bräger, 2015). In this sense, the Mediterranean T. truncatus subpopulation has been classified as 

72 Vulnerable by the IUCN due to habitat´s disturbance by human activities (Bearzi, Fortuna & 

73 Reeves, 2012). Genetic variability and population structure of this species has been reported for 

74 different regions along its geographic distribution, showing evidence of a strong genetic structure 

75 even in small geographic distances, suggesting a limited gene flow among groups and philopatry 

76 (Krützen et al., 2004; Natoli, Peddemors & Hoelzel, 2004; Parsons et al., 2006; Quérouil et al., 

77 2007; Caballero et al., 2011; Mirimin et al., 2011; Fruet et al., 2014; Gaspari et al., 2015; 

78 Vermeulen & Bräger, 2015). Also, morphological, ecological and genetic studies in the North 

79 Atlantic and the Gulf of Mexico, revelead two distinctive ecotypes: the inshore (coastal) and the 

80 offshore (pelagic) forms (Hoelzel, Potter & Best, 1998; Sellas, Wells & Rosel, 2005; Caballero 

81 et al., 2011; Oudejans et al., 2015). Inshore populations of bottlenose dolphins tend to show less 

82 genetic variability than offshore populations (Hoelzel, Potter & Best, 1998; Natoli, Peddemors & 

83 Hoelzel, 2004; Quérouil et al., 2007; Mirimin et al., 2011; Lowther-Thieleking et al., 2015).

84

85 In captivity, bottlenose dolphins are usually engaged in activities of “Swim-with-dolphins” 

86 (SWD) programs, participating in a series of a interactions with visitors, such as hugs, kisses, 

87 swirls, handshakes and footpushes (Curtin & Wilkes, 2007). The SWD programs represent a 

88 very lucrative income derived from tourism. It has been estimated that one dolphin with special 

89 training can produce almost US$1 million a year (Curtin & Wilkes, 2007). However, the 

90 widespread implementation of these programs, there is raising concerns about the welfare of 
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91 these dolphins (Kyngdon, Minot & Stafford, 2003; Trone, Kuczaj & Solangi, 2005; Curtin & 

92 Wilkes, 2007; Moorhouse et al., 2015). Captivity daily routines and the establishment of 

93 artificial social groups produce high levels of social stress in dolphins that affect not only their 

94 behavior but also their reproductive success and mates assessment (Gubbins et al., 1999; Waples 

95 & Gales, 2002; Kyngdon, Minot & Stafford, 2003; Morgan & Tromborg, 2007; Marino & 

96 Frohoff, 2011; Ugaz et al., 2013). Eventually, changes in the social structure of captive 

97 populations could lead to an increment of non-random mating, producing an impact in the 

98 distribution of genetic variability. 

99

100 In Mexico, the dolphin captivity industry started in 1970 with exhibitions of few captive 

101 dolphins in public shows held in Mexico City (Alaniz, 2010). This activity became very 

102 profitable soon. By 2008, the last census performed during the national inspection of the 

103 Mexican dolphinariums carried out by the Federal Attorney for Environmental Protection 

104 (PROFEPA - Procuraduría Federal de Protección al Ambiente) recorded 270 captive bottlenose 

105 dolphins (Tursiops truncatus and T. aduncus), 189 of them (70%) registred in the three leading 

106 companies at the Yucatan Peninsula (southern Mexico) (PROFEPA, 2008; Alaniz, 2010). Apart 

107 from the census of 2008, there is no new official information regarding the status of captive 

108 dolphin populations in the country. All activities related to transport, exhibition and maintenance 

109 of dolphins kept in captivity are regulated by a special Official Standard (NOM-135-

110 SEMARNAT-2004) (SEMARNAT, 2004), nevertheless this regulation does not include any 

111 section on genetic management. 

112

113 Genetic studies with wild Mexican dolphin populations are scarce (Segura et al., 2006; Caballero 
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114 et al., 2011), and there is no information about the genetic structure of confined dolphins used for 

115 recreational purposes. The aim of our study was to evaluate the actual level of genetic diversity 

116 in a captive population of common bottlenose dolphins conformed by founders (wild-born) and 

117 captive-born individuals, to provide baseline information that can be used to monitor and prevent 

118 eventual loss of gene diversity in future generations. For that, we estimated the genetic 

119 variability and structure of T. truncatus kept in one of the largest dolphinariums in Mexican 

120 territory (Delphinus – Via Delphi), using ten nuclear microsatellite loci and sequences of the 

121 control region of mitochondrial DNA (mtDNA) as molecular markers.

122

123

124 Material and methods

125 All samples were collected by trained personnel of the dolphinarium, and all procedures were 

126 done in compliance with the Mexican law, following the Ethical Guidelines for the performance 

127 of Research on Animals by Zoo and Aquariums. No animals were directly targeted or killed for 

128 this or any other associated study. Only trained vets (staff of the dolphinarium) collected a blood 

129 sample from the tail of each dolphin. They followed the Mexican Official standard [NOM-059-

130 SEMARNAT-2010 enforced by the Secretariat of Environment and Natural Resources 

131 (SEMARNAT)]. Experimental protocols were approved by the Institutional Animal Care and 

132 Use Committee of the Center for Research and Advanced Studies (Centro de Investigacion y de 

133 Estudios Avanzados del IPN) and comply with the applicable Mexican Official Norm (NOM-

134 062-ZOO-1999) “Technical Specifications for the Care and Use of Laboratory Animals”.

135

136  “Comite Institucional para el Cuidado y uso de Animales” (CICUAL No. 0126-15).
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137

138

139 DNA extraction and amplification

140 We analyzed samples from 49 common bottlenose dolphins (22 males and 27 females) of inshore 

141 (coastal) form, confined in the main dolphinarium located in the Mayan Riviera along the 

142 Caribbean Mexican Sea. A total of 25 individuals were wild-born and identified according to 

143 their original site of capture: 7 from Tabasco, Mexico; 8 from Quintana Roo, Mexico and 10 

144 from Cuba (Fig. 1), while the remaining 24 dolphins were first-generation captive-born 

145 individuals. All captive-born dolphins analyzed were the offspring of wild-born parents. 

146 Figure 1

147

148 Two ml of whole blood were collected from the caudal vein of each animal, using a BD 

149 Vacutainer system® with EDTA as an anticoagulant, and stored at -20°C for subsequent DNA 

150 extractions. Total gDNA was isolated from leukocytes using the Wizard® Genomic DNA 

151 Purification kit (Promega, USA) and stored at -20°C.

152

153 A portion of the mtDNA including the 5’ end of the control region was amplified using the pairs 

154 of primers: L15824 (5’-CCT CAC TCC TCC CTA AGA CT-3’) and H16265 (5’-GCC CGG 

155 TGC GAG AAG AGG-3’) (Sellas, Wells & Rosel, 2005). Polymerase chain reaction (PCR) 

156 amplification was carried out in a volume of 20 µL containing: 1x PCR reaction buffer 

157 (Promega), 150 µM of dNTPs, 0.3 µM of each primer, 1.5 mM MgCl2, 0.5 U of Taq polymerase 

158 (Promega) and approximately 100 ng of the DNA template. PCR amplification conditions 

159 consisted of initial denaturation at 94°C for 30 seconds, followed by 30 cycles of denaturation 
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160 for 1 min at 94°C, annealing for 1 min at 52°C and extension for 1 min at 72°C, with a final 

161 extension step at 72°C for 10 min, in a Gene Amp PCR System 2400 thermocycler (Perkin 

162 Elmer). PCR products were purified and sequenced in both directions to ensure accuracy using 

163 an ABI310 automatic sequencer (Applied Biosystem Inc., Foster City, CA) (Sanger, Nicklen & 

164 Coulson, 1997). 

165

166 Also, ten nuclear microsatellite loci were amplified, using primers designed for T. truncatus: 

167 TexVet3, TexVet5, TexVet7 (Rooney, Merritt & Derr, 1999), D18, D22 (Shinohara, Domingo-

168 Roura & Takenaka, 1997), Ttr19 (Rosel, Forgetta & Dewar, 2005), AAT44 (Caldwell, Gaines & 

169 Hughes, 2002); primers for T. aduncus: Tur4_80 and Tur4_105 (Nater, Kopps & Krützen, 2009); 

170 and primers designed for baleen whales: GATA098 (Palsboll et al., 1997). Amplifications were 

171 performed using a C-1000 TouchTM Thermal Cycler (BIO-RAD ®) under the following 

172 conditions: initial denaturation at 94oC for 10 min, 35 amplification cycles (denaturing at 94oC 

173 for 40s, annealing at specific temperature [TexVet5: 52oC; D22, GATA098: 54oC; TexVet3, 

174 AAT44: 55oC; D18: 56oC; TexVet7: 57oC; Ttr19, Tur4_80, Tur4_105, Tur4_141: 60oC] for 40s, 

175 and extension at 72oC for 1 min), with a final extension step at 72oC for 5 min. Each 15 µL 

176 reaction volume contained 1X DreamTaq Green PCR Master Mix (Thermo Scientific®), 0.25 

177 mM of each primer, and 3 µL of gDNA (50-100 ng). Negative controls were used in all 

178 amplification series. PCR products were loaded for a capillary electrophoresis in the QIAxcel 

179 Advanced System using a DNA High Resolution kit (QIAGEN Inc., Hilden, Germany). The 

180 ScreenGel QIAxcel v1.4.0 program was used to determine the size (in bp) of amplified PCR 

181 products. 

182
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183 Data analysis

184 For statistical analyses, calculations were done for the whole captive population (including wild-

185 born and captive-born organisms) and separating sampled dolphins according to their place of 

186 birth: wild-born group and captive-born group. For population structure analysis, wild-born 

187 dolphins were further subdivided according to their original capture locations (Tabasco, 

188 Quintana Roo, or Cuba). 

189

190 The mtDNA sequences (forward and reverse) were aligned using ClustalW (Thompson, Higgins 

191 & Gibson, 1994) implemented in MEGA version 6.0 (Tamura et al., 2013) and edited manually 

192 to create a consensus sequence. The number of haplotypes, the haplotype diversity (h) and the 

193 nucleotide diversity (π) were used to estimate genetic diversity and population structure and were 

194 calculated using Arlequin v.3.5 (Excoffier, Laval & Schneider, 2005). A minimum spanning 

195 network (MSN) was constructed applying Median-Joining (MJ) algorithm using NetWork v. 

196 5.0.0.0 (Bandelt, Forster & Röhl, 1999) to visualize base pair changes and relationships between 

197 the haplotypes.

198

199 For the nuclear microsatellite analyses, basic genetic analyses were performed using GENEPOP 

200 v. 4.2 (Raymond & Rousset, 1995), FSTAT version 2.9.3.2 (Goudet, 1995) and POPGENE 

201 v.1.32 (Yeh et al., 1997). Nuclear genetic diversity was measured as an average number of 

202 alleles per locus (Na), the number of effective alleles (Ne), observed heterozygosity (Ho) and 

203 Nei´s (1973) expected heterozygosity (He). As observed number of alleles is highly dependent 

204 on some sampled dolphins at each group, we also calculated allelic richness (AR), a measure of 

205 allele diversity corrected for differences in sample sizes. We performed pairwise tests for linkage 
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206 disequilibrium (LD) for all pairs of loci. Deviations from Hardy–Weinberg equilibrium (HWE) 

207 were assessed for each locus and over all loci, employing a Markov chain method for exact 

208 probabilities tests, with 10,000 dememorizations, 1,000 batches and 10,000 interactions per batch 

209 (Guo & Thompson, 1992). Inbreeding coefficient (FIS) was calculated and their significance was 

210 tested (Weir & Cockerham, 1984), and we adjusted p-values for multiple tests using Bonferroni 

211 sequential correction (Rice, 1989). Since we found heterozygote deficiencies in the whole 

212 captive population as well as in the groups formed by wild-born and captive-born individual (see 

213 Results), we assessed possible scoring errors due to large allele dropout and to the presence of 

214 null alleles using the software MICROCHECKER version 2.2.3(Van Oosterhout et al., 2004). 

215 After that, we estimated null alleles frequencies for each locus using the Expectation 

216 Maximization (EM) algorithm and generated a corrected dataset using FreeNA software 

217 (Chapuis & Estoup, 2007). 

218

219 The software package Arlequin v.3.5 (Excoffier, Laval & Schneider, 2005) was used to measure 

220 population structure by pairwise FST values for both microsatellite and mtDNA sequences data. 

221 Significance tests were performed by 10,000 permutations and adjusted using Bonferroni 

222 correction (Rice, 1989). As a complement, pairwise FST values were calculated for microsatellite 

223 data using the ENA (Excluding Null Allele) correction method with 1,000 bootstrap repetitions, 

224 that corrects for positive bias on FST estimation induced by the presence of null alleles (Chapuis 

225 & Estoup, 2007).

226

227 The evidence for a possible cryptic population sub-structuring was tested with a Bayesian 

228 approach using the software STRUCTURE v2.3.4 (Pritchard, Stephens & Donnelly, 2000). This 
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229 analysis applies a quantitative clustering method that allows the inference of true K (number of 

230 populations) through the computation of the log likelihood for each K. Since the bias caused by 

231 null alleles have a very low magnitude causing a slight reduction in the power to correctly 

232 assigned individuals (0.2 to 1.0 percent units) suggesting that loci with null alleles can still be 

233 used for assignment testing (Carlsson, 2008), we used all microsatellite markers for the analysis. 

234 We ran 1,000,000 Markov chain Monte Carlo (MCMC) iterations with a burn-in period of 

235 100,000 iterations, with 10 repetitions for each number of hypothetical genetic clusters 

236 (K=number of populations), for a K ranging from 1 to 4 (considering the total number of origin 

237 sites). Results were visualized using STRUCTURE HARVEST v0.6.94 (Earl & VonHoldt, 

238 2012) and the most likely K was inferred using the Delta K method (Evanno, Regnaut & Goudet, 

239 2005) analyzing the variance of Ln likelihood for each tested K.

240

241 To test for genetic evidence of a recent historical reduction in the effective population size, we 

242 used the software BOTTLENECK 1.2.02 (Piry, Luikart & Cornuet, 1999). When a population 

243 bottleneck occurs, there is a reduction in heterozygosity levels and the number of alleles at 

244 polymorphic loci, but the allele loss is faster than the heterozygosity levels decrease. So, under 

245 mutation-drift equilibrium, the expected heterozygosity (calculated based on the allele number) 

246 become lower than the measured heterozygosity in the sense of Nei´s gene diversity (1987). We 

247 performed a Wilcoxon sign-rank test to determine the significance of heterozygosity excess, 

248 which is more appropriate than sign test to analyze a low number of individuals (Luikart & 

249 Cornuet, 1998; Piry, Luikart & Cornuet, 1999). We estimated the gene diversity under three 

250 models of molecular evolution: infinite allele model (IAM), stepwise mutation model (SMM), 

251 and two-phase model (TPM), an intermediate between IAM and SMM which is adequate for 
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252 microsatellite data (Di Renzo et al., 1994). The proportion of alleles attributed to SMM under the 

253 TPM tested was 70% with a variance of 12 and 10,000 iterations.

254

255 Results

256 The 373 bp fragment of the mtDNA control region amplified in 44 samples out of a total of 49 

257 individuals. We found 35 polymorphic sites for a total of 13 unique haplotypes in the mtDNA 

258 aligned sequences (Table S1). The sequences were deposited in the GenBank™ database with 

259 the accession numbers KX151147 to KX151159. Exclusive haplotypes were found in Captive-

260 born (H3), and wild-born (H10: Cuba; H11 and H12: Quintana Roo; H13: Tabasco) dolphins and 

261 the most common haplotype (H8) was shared among Tabasco, Cuba and Captive-born dolphins 

262 (Table 1). Overall haplotype and nucleotide diversity were of 0.912 (±0.016) and 0.025 (±0.013), 

263 respectively, with Captive-born dolphins presenting a slightly reduced haplotype diversity (0.900 

264 ±0.016). 

265

266 Table 1

267

268 In the minimum spanning network (Fig. 2), three main haplogroups are observed: one with 

269 haplotypes found in Cuba that are associated with haplotypes from Tabasco and captive-born 

270 dolphins, another integrated mostly by dolphins from Quintana Roo and captive-born dolphins, 

271 and one more formed by haplotypes from all locations. Haplotypes from captive-born dolphins 

272 are distributed in the entire spanning network, while haplotype H13 from Tabasco is the most 

273 differentiated one, separated by eight mutational steps from their closest related haplotype.

274
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275 Figure 2

276

277 All microsatellite loci genotyped were polymorphic across the sampled populations. Exact tests 

278 for linkage disequilibrium between pairs of loci were not significant, and all loci were 

279 genetically independent. Overall low levels of genetic diversity were found; the total number of 

280 alleles per locus ranged from 2 to 10, with a mean of 4 (±2.36), the mean effective number of 

281 alleles was 2.57 (±1.29), the average expected heterozygosity over all loci was 0.544 (±0.163), 

282 ranging from 0.300 to 0.829, and the average observed heterozygosity was 0.449 (±0.169), 

283 ranging from 0.204 to 0.771 (Table 2). In general, genetic variability of wild-born and captive 

284 born dolphins was highly similar, with no evidence of reduced diversity in the captive-born 

285 group (Table 3). 

286

287 Table 2

288 Table 3

289

290 Based on the original dataset including all individuals from captive population, a significant 

291 departure from Hardy-Weinberg equilibrium (HWE) was observed over all loci after Bonferroni 

292 adjustments (p<0.01,) with a heterozygote deficit at loci Ttr19 (FIS=0.519, p<0.01), Tur4_80 

293 (FIS=0.545, p<0.01), Tur4_105 (FIS=0.080, p<0.01) and GATA098 (FIS=0.269, p<0.01). For 

294 wild-born dolphins, significant departures from Hardy-Weinberg equilibrium were observed 

295 after Bonferroni adjustments with heteorzygote deficit at loci Tur4_80 (FIS=0.631, p>0.01), and 

296 heterozygote excess at loci Tur4_105 (FIS=-0.047, p<0.01), while for captive-born dolphins a 

297 heterozygote deficit was observed at loci Ttr19 (FIS=0.657, p<0.01), Tur4_80 (FIS=0.464, 
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298 p<0.01), and Tur4_105 (FIS=0.192, p<0.01) (Table 4). The MICROCHECKER analysis 

299 suggested the presence of null alleles and their frequencies per locus were calculated by FreeNA, 

300 ranging from 0 to 0.33 (Table S2). 

301

302 Table 4

303

304 The analysis of population differentiation by pairwise FST comparisons was done for both 

305 microsatellite and mtDNA data. For mtDNA data, a significant differentiation (FST=0.302, 

306 p<0.05) was found between individuals from Cuba and Quintana Roo (Table 5). For 

307 microsatellites, results from pairwise FST estimated from original dataset and from corrected 

308 dataset for null alleles (ENA method correction, (Chapuis & Estoup, 2007), Table S3) were very 

309 similar, suggesting that the presence of null alleles had very little influence on the estimates of 

310 population differentiation, therefore all further tests were performed with uncorrected allele 

311 frequencies. No significant genetic structure was detected, as pairwise FST values were not 

312 different from zero (Table 5), revealing an almost null genetic differentiation among common 

313 bottlenose dolphins’ origin sites. 

314 Table 5

315

316 According to the pairwise FST findings, the Bayesian analysis of population substructuring done 

317 with STRUCTURE indicated that the most likely number of populations (K) was 1, since K=1 

318 presented the lower variance of Ln likelihood (Table S4), pointing out that all common 

319 bottlenose dolphins analyzed herein comprise a single population, regardless of their origin 

320 location.
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321

322

323 The one-tailed Wilcoxon test for evidence of population bottleneck was done excluding data 

324 from microsatellite Tur4_80 which was the only microsatellite marker that presents an estimated 

325 frequency of null alleles above 0.20 at global level (Table S2). When comparing measured Nei´s 

326 heterozygosity (Nei, 1987) with heterozygosity under mutation-drift model, we detected a 

327 significant heterozygosity excess (p<0.05) for both infinite allele model (IAM) and two-phased 

328 model (TPM) for the global captive population (Table 6). When dolphins were separated 

329 according to their site of birth, the signal for a population bottleneck was detected for IAM and 

330 TPM in the group formed by captive-born individuals and for IAM in the group formed by wild-

331 born dolphins. Considering that TPM is the best model to fit empirical data regarding the 

332 microsatellite mutation process (Di Renzo et al., 1994), our results suggest that the population of 

333 captive bottlenose dolphins studied here presents a clear sign of a bottleneck event, and this 

334 result could be a consequence of the already depleted genetic variability of the founder 

335 organisms since wild-born dolphins also present a sign of a genetic bottleneck. 

336 Table 6

337

338 Discussion

339 In thise study, overall low level of genetic diversity was found using nuclear microsatellite 

340 markers, with a small number of alleles per locus and reduced heterozygosity, for both wild-born 

341 and captive-born dolphins. Previous genetic studies with T. truncatus inhabitating open waters 

342 from the Irish coasts, the Adriatic Sea and the Wider Caribbean region have reported higher 

343 levels of allelic richness, observed heterozygosity and number of alleles than those found in our 
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344 captive population using the same nuclear microsatellites markers (Caballero et al., 2011; Galov 

345 et al., 2011; Mirimin et al., 2011). For example, data obtained using microsatellite D22 recorded 

346 only 3 alleles with an allelic richness of 3.00 and observed heterozygosity of 0.449 for the 

347 population at captivity, while for free ranging T. truncatus populations the number of alleles 

348 ranged from 7 to 10, with an allelic richness from 6.14 to 7.90 and observed heterozygosity from 

349 0.667 to 0.783. It has been previously established that coastal populations of T. truncatus present 

350 less genetic variation compared to pelagic populations (Parsons et al., 2002; Natoli, Peddemors 

351 & Hoelzel, 2004; Segura et al., 2006; Quérouil et al., 2007; Mirimin et al., 2011; Lowther-

352 Thieleking et al., 2015). The captive population evaluated here was all composed by individuals 

353 captured in coastal waters and by individuals born in captivity from wild-born parents of coastal 

354 form, so a low genetic diversity was expected. Whereas, at the mtDNA control region, the 

355 genetic diversity of this confined population was similar to levels of nucleotide and haplotype 

356 diversities from wild populations from the Gulf of Mexico and the Caribbean Sea using the same 

357 molecular markers (Natoli, Peddemors & Hoelzel, 2004; Sellas, Wells & Rosel, 2005; Tezanos-

358 Pinto et al., 2009; Caballero et al., 2011). 

359

360 For the dolphin captive population, we observed a heterozygote deficit for microsatellite loci 

361 Ttr19, Tur4_80, Tur4_105 and GATA098. The heterozygote deficiency could be a result of 

362 several factor such as inbreeding, the presence of null alleles or the Wahlund effect (sampling 

363 more than one genetic population and treating it as one) (Thévenon & Couvet, 2002). In our 

364 study, the Wahlund effect is not likely because the levels of population differentiation were 

365 practically null, being the presence of null alleles the most probable explanation for the 

366 deviations from Hardy-Weinberg expectations detected.  Null alleles are common in cross-
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367 species PCR amplifications, such as the case of microsatellites Tur4_80, Tur4_105, developed 

368 for T. aduncus (Nater, Kopps & Krützen, 2009), and GATA098, developed for baleen whales 

369 (Palsboll et al., 1997). 

370

371 Previous genetic analyses using microsatellites and mtDNA data of wild bottlenose dolphin 

372 populations across their distribution detected a strong spatial genetic structuring among 

373 populations at local scale, suggested the existence of highly cohesive social groups at a fine 

374 geographic scale (Natoli, Peddemors & Hoelzel, 2004; Sellas, Wells & Rosel, 2005; Viaud-

375 Martínez et al., 2008; Tezanos-Pinto et al., 2009; Mirimin et al., 2011). This finding is expected 

376 in species with a stable social organization because of a differentiated use of habitat and 

377 resources (Mirimin et al., 2011). However, in our study no genetic structure was observed 

378 between origin populations of wild-born dolphins analyzed, even with correction of allele 

379 frequencies for the presence of null alleles, suggesting that in this area, free-ranging dolphins are 

380 part of one single population with constant gene flow among locations. In contrast, the analysis 

381 of the maternally inherited mitochondrial markers reveals that wild-born T. truncatus from Cuba 

382 and Quintana Roo had a signal of differentiation, although their haplotypes are distributed 

383 through the entire haplotype network. One possible explanation for the pattern observed, with no 

384 genetic structure at nuclear level but differentiation observed in matrilineal markers could be the 

385 occurrence of female philopatry and male-biased dispersal, a tendency that has been already 

386 observed in bottlenose dolphins (Krützen et al., 2004; Möller & Beheregaray, 2004). 

387

388 Species kept in captivity suffer loss of genetic diversity, inbreeding depression, accumulation of 

389 new mildly deleterious mutations, a genetic adaptation to captivity (Frankham, Ballou & 
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390 Briscoe, 2002; Armbruster & Reed, 2005; Frankham, 2008; Christie et al., 2012) and elevate 

391 presence of null alleles that are scarce in wild populations (Leary, Allendorf & Knudsen, 1993). 

392 Captive organisms show a reduced reproductive fitness when reintroduced to the wild, and this 

393 reduction is proportional to the number of generations in captivity and sometimes just a single 

394 generation is enough to reduce fitness (Frankham, 2008; Christie et al., 2012). (Natoli, 

395 Peddemors & Hoelzel, 2004; Sellas, Wells & Rosel, 2005; Tezanos-Pinto et al., 2009; Caballero 

396 et al., 2011). Also, captive populations have low number of individuals, and may suffer the Allee 

397 effect, a declining in viability and reproductive success due to demographic reasons (negative 

398 density-dependent processes) not related with genetic aspects (Lande, 1988). 

399 Generally, the captivity establishment is made with a limited number of organisms, causing a 

400 population bottleneck and a founder effect that reduce the genetic variability and increase the 

401 differentiation among captive and wild populations (Launey et al., 2001; Muñoz-Fuentes, Green 

402 & Sorenson, 2008; Biebach & Keller, 2009; Swatdipong, Primmer & Vasemägi, 2010; Yu et al., 

403 2011; Price & Hadfield, 2014). Even if the captive populations experience a recovery in the total 

404 number of individuals, the genetic diversity is hardly restored to the original levels (Biebach & 

405 Keller, 2009). In this study, we found evidence of a population bottleneck on a global scale  in a 

406 captive population of bottlenose dolphins by analyzing nuclear microsatellite data; gene flow 

407 could help to reduce the genetic impact of the genetic bottleneck and inbreeding (Biebach & 

408 Keller, 2009; Swatdipong, Primmer & Vasemägi, 2010; Price & Hadfield, 2014), but there is no 

409 documented evidence of implemented measures to increase the income of new genetic material 

410 to this captive population. 

411

412 The sporadic introduction of new specimens from the wild could help to minimize the impact of 
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413 genetic adaptation to captivity (Price & Hadfield, 2014), but in the particular case of captive 

414 bottlenose dolphins in Mexico, this is not possible because Mexican legislation banned the 

415 capture of wild individuals since 2002 and the importation and exportation of specimens of any 

416 marine mammal species since 2006 (SEMARNAT, 2010). One alternative might be to establish 

417 a program that enables regular translocations of captive dolphins among the dolphinariums for 

418 breeding and allowing with this strategy, the introduction of new genetic material to small 

419 captive populations to increase the gene flow. However, this strategy has serious limitations such 

420 as the rivalry among different companies, the high cost of transportation, the elevated risk of 

421 spreading infectious diseases and the exposure of translocated animals to accidents, injuries and 

422 stress when they are being moved. Semen collection and artificial inseminations are regular 

423 procedures at dolphinariums (Robeck & O’Brien, 2004) but they are usually done with the same 

424 captive individuals and does not improve the captive population genetic pool. 

425

426 In conclusion, this is the first study that evaluates the genetic diversity of a captive population of 

427 T. truncatus in a major dolphinarium from southeast Mexico. It included wild-born dolphins 

428 originally captured in the Gulf of Mexico and Cuba and captive-born dolphins. Considering the 

429 reduced population size and because the Mexican law has banned the income of new individuals, 

430 bottlenose dolphins at Mexican dolphinariums are kept in conditions of extremely restricted gene 

431 flow where a strong founder effect is expected to occur because of the limited diversity of the 

432 founders of this captive population and inbreeding in further generations might be very high.

433
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Table 1(on next page)

Haplotype frequencies, ofindividuals (n), number of haplotypes (k), number or polymorphicsites (PS), and

haplotype (h) and nucleotide (π) diversities forthe D-loop control region in T. truncatus.
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1

Haplotypes 

(Accession number)

Wild-born

(origin site)

Captive-born GLOBAL

H1 (KX151147) 2 (1QR,1C) 3 5

H2 (KX151148) 4 (2QR, 2C) 1 5

H3 (KX151149) 1 1

H4 (KX151150) 1 (QR) 5 6

H5 (KX151151) 1 (QR) 3 4

H6 (KX151152) 2 (1T, 1C) 3 5

H7 (KX151153) 3 (2T, 1C) 2 5

H8 (KX151154) 5 (1T, 4C) 2 7

H9 (KX151155) 1 (1T) 1 2

H10 (KX151156) 1 (1C) 1

H11 (KX151157) 1 (1QR) 1

H12 (KX151158) 1 (1QR) 1

H13 (KX151159) 1 (1T) 1

n 23 21 44

k 12 9 13

PS 34 25 35

h ± SD 0.917 ± 0.034 0.900 ± 0.036 0.912 ± 0.016

π ± SD 0.025 ± 0.0133 0.025 ± 0.013 0.025 ± 0.013

2 QR= Quintana Roo, T=Tabasco, C=Cuba.
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Table 2(on next page)

Overall genetic diversity of captive commonbottlenose dolphin population at nine nuclear microsatellite loci.
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1

Locus Na Ne AR Ho HE

TexVet3 2 1.71 2.00 0.592 0.417

TexVet5 3 1.63 2.93 0.449 0.387

TexVet7 3 2.11 2.72 0.388 0.527

D18 2 1.43 2.00 0.286 0.300

D22 3 2.46 3.00 0.449 0.594

Ttr19 3 1.72 2.93 0.204 0.418

AAT44 5 3.07 5.00 0.564 0.674

Tur4_80 4 2.61 4.00 0.286 0.618

Tur4_105 10 5.83 9.81 0.771 0.829

GATA098 5 3.07 4.98 0.500 0.675

MEAN 4 2.57 3.98 0.449 0.544

Standard Dev. 2.36 1.29 2.30 0.169 0.163

2 Na = number of alleles; Ne = effective number of alleles, AR = allelic richness; Ho = observed 

3 heterozygosity, HE = Nei´s (1973) expected heterozygosity.
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Table 3(on next page)

Mean measures of microsatellite diversityof captive-born and wild-born bottlenose dolphins.
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1

Na

(SD)

Ne 

(SD)

AR

(SD)

Ho 

(SD)

HE 

(SD)

Captive-born 3.9

(2.08)

2.65 

(1.41)

3.84

(1.99)

0.437 

(0.171)

0.549 

(0.170)

Wild-born 4.0

(2.36)

2.37 

(0.98)

3.85

(2.14)

0.459 

(0.189)

0.524 

(0.154)

Global 4.0

(2.36)

2.57 

(1.29)

3.98

(2.30)

0.449 

(0.169)

0.544 

(0.163)

2 Na = number of alleles; Ne = effective number of alleles, AR = allelic richness; Ho = observed 

3 heterozygosity, HE = Nei´s (1973) expected heterozygosity. 
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Table 4(on next page)

Wright´s fixation index ( F IS ) per locus ( Weir and Cockerham, 1984 ).
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1

Locus Wild-born Captive-born Global

TexVet3 -0.333 -0.484 -0.412

TexVet5 -0.211 -0.086 0.152

TexVet7 0.325 0.236 0.273

D18 0.072 0.064 0.058

D22 0.150 0.380 0.253

Ttr19 0.405 0.657 0.519

AAT44 0.178 0.165 0.176

Tur4_80 0.631 0.464 0.545

Tur4_105 -0.047 0.192 0.080

GATA098 0.106 0.435 0.269

2 ** p<0.01 after Bonferroni’s correction
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Table 5(on next page)

Populationdifferentiation estimated by pairwise F ST  values for microsatellite(below

diagonal) and mtDNA (above diagonal) data
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1

Cuba Quintana Roo Tabasco Captive-born

Cuba  **** 0.302*   -0.031   0.031

Quintana Roo 0.009 **** 0.320 0.061 

Tabasco 0.023 -0.018 **** 0.07101   

Captive-born 0.005 -0.008 -0.006 ****

2 * p<0.05 after Bonferroni’s correction

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26891v1 | CC BY 4.0 Open Access | rec: 26 Apr 2018, publ: 26 Apr 2018



Table 6(on next page)

Results of the one-tailed Wilcoxon test forheterozygosity excess for a population bottleneck under three

models ofmolecular evolution.

SMM (stepwise mutation model), TPM (two-phased model) and IAM (infinite allele model).
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1

Mutation 

model

Proportion of 

SMM (%)

Wild-born Captive-born Global

SMM p = 0.590 p = 0.326 p = 0.097

TPM 70 (default) p = 0.150 p = 0.014* p = 0.001*

IAM p = 0.001* p = 0.002* p = 0.001*

2 * p < 0.05
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Figure 1

Original sampling sites of Tursiopstruncatus captive dolphins.  Capture locationsof wild-born

dolphins: Tabasco (T), Quintana Roo (QR) and Cuba (C). Thesample sizes are indicated in brackets
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Figure 2

Minimum spanning network showing therelationship between haplotypes of

captive Tursiops truncatus.  Circle sizes are proportional to haplotype frequency.

Haplotype names correspond to the same used in Table 1. Small black circles represent ancestral extinct or

not sampled haplotypes, and each hash mark represents one mutational event.
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