
 

A peer-reviewed version of this preprint was published in PeerJ
on 20 March 2019.

View the peer-reviewed version (peerj.com/articles/6643), which is the
preferred citable publication unless you specifically need to cite this
preprint.

Chen G, Zheng C, Wan N, Liu D, Fu VWK, Yang X, Yu Y, Liu Y. 2019. Low
genetic diversity in captive populations of the critically endangered
Blue-crowned Laughingthrush (Garrulax courtoisi) revealed by a panel
of novel microsatellites. PeerJ 7:e6643
https://doi.org/10.7717/peerj.6643

https://doi.org/10.7717/peerj.6643
https://doi.org/10.7717/peerj.6643


Low genetic diversity in captive populations of the critically

endangered Blue-crowned Laughingthrush (Garrulax

courtoisi) revealed by a panel of novel microsatellites

Guoling Chen  1  ,  Chenqing Zheng  2  ,  Nelson Wan  3  ,  Daoqiang Liu  4  ,  Vivian Wing Kan Fu  5  ,  Xu Yang  2  ,  Yat-

tung Yu  5  ,  Yang Liu Corresp.  1 

1 Department of Ecology, School of Life Sciences, The State Key Lab of BioControl and Sun Yet-sen University, Guangzhou, Guangdong, China

2 Shenzhen Realomics Biological Technology Ltd, Shenzhen, Guangdong, China

3 Ocean Park Hong Kong Corporation, Aberdeen, Hong Kong S.A.R., China

4 Nanchang Zoo, Nanchang, Nanchang, Jiangxi, China

5 The Hong Kong Bird Watching Society, Kowloon, Hong Kong S.A.R., China

Corresponding Author: Yang Liu

Email address: liuy353@mail.sysu.edu.cn

Background. Understanding genetic diversity and population structure is critically important for the

conservation and management of endangered species. These factors are particularly relevant for species

with small populations and/or restricted ranges, such as the critically endangered Blue-crowned

Laughingthrush, Garrulax courtoisi, which has only two wild populations left in Wuyuan, Jiangxi and

Simao, Yunnan, China.

Methods. In this study, novel microsatellites markers were developed using whole-genome sequencing

of the target species. We genotyped 14 and nine individuals from the Oceanic Park of Hong Kong, which

are of unknown origin, and the Nanchang Zoo, which were introduced from the wild Wuyuan population,

respectively, using the novel microsatellite markers. The genetic diversity of captive Blue-crowned

Laughingthrush populations was estimated based on genetic polymorphisms revealed by a new

microsatellite data set and mitochondrial sequences.Then, we characterised the population structure

using STRUCTURE, principal coordinates analysis, population assignment test using the microsatellite

data, and haplotype analysis of mitochondrial data. Additionally, we quantified genetic relatednessbased

on the microsatellite data with ML-Relate.

Results. This is the first study to describe this novel set of 12 microsatellite markers for Blue-crowned

Laughingthrush. Our results based on the microsatellite dataset and mitochondrial sequences showed

equally low levels of genetic diversity of the two captive Blue-crowned Laughingthrush populations. The

population structure analysis, population assignment test using the microsatellite data, and haplotype

analysis of the mitochondrial data showed some population structuring between these two populations.

The average pairwise relatedness coefficient was not significant, and their genetic relatedness was

quantified.

Discussion. This study provided a genetic tool which allowed the first estimate of captive population

genetic diversity and relatedness for a critically endangered bird species. Furthermore, our results

indicate that we cannot exclude the possibility that the origin of the Hong Kong captive population was

the wild Wuyuan population. These results provide valuable knowledge that can help improve

conservation management and planning for both captive and wild Blue-crowned Laughingthrush

populations.
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27 Abstract

28 Background. Understanding genetic diversity and population structure is critically important for 

29 the conservation and management of endangered species. These factors are particularly 

30 relevant for species with small populations and/or restricted ranges, such as the critically 

31 endangered Blue-crowned Laughingthrush, Garrulax courtoisi, which has only two wild 

32 populations left in Wuyuan, Jiangxi and Simao, Yunnan, China.

33 Methods. In this study, novel microsatellites markers were developed using whole-genome 

34 sequencing of the target species. We genotyped 14 and nine individuals from the Ocean Park 

35 Hong Kong, which are of unknown origin, and the Nanchang Zoo, which were introduced from 

36 the wild Wuyuan population, respectively, using the novel microsatellite markers. The genetic 

37 diversity of captive Blue-crowned Laughingthrush populations was estimated based on genetic 

38 polymorphisms revealed by a new microsatellite dataset and mitochondrial sequences. Then, 

39 we characterised the population structure using STRUCTURE, principal coordinates analysis, 

40 population assignment test using the microsatellite data, and haplotype analysis of 

41 mitochondrial data. Additionally, we quantified genetic relatedness based on the microsatellite 

42 data with ML-Relate.

43 Results. This is the first study to describe this novel set of 12 microsatellite markers for Blue-

44 crowned Laughingthrush. Our results based on the microsatellite dataset and mitochondrial 

45 sequences showed equally low levels of genetic diversity of the two captive Blue-crowned 

46 Laughingthrush populations. The population structure analysis, population assignment test 

47 using the microsatellite data, and haplotype analysis of the mitochondrial data showed some 

48 population structuring between these two populations. The average pairwise relatedness 

49 coefficient was not significant, and their genetic relatedness was quantified.

50 Discussion. This study provided a genetic tool which allowed the first estimate of captive 

51 population genetic diversity and relatedness for a critically endangered bird species. 

52 Furthermore, our results indicate that we cannot exclude the possibility that the origin of the 
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53 Hong Kong captive population was the wild Wuyuan population. These results provide valuable 

54 knowledge that can help improve conservation management and planning for both captive and 

55 wild Blue-crowned Laughingthrush populations.

56

57 Introduction

58 Conservation genetics applies genetic theories and techniques to assist with the conservation 

59 and management of endangered populations and reduce extinction risk (Frankham et al., 2010). 

60 Genetic factors increase species9 extinction risk through inbreeding depression, loss of genetic 

61 diversity, and loss of evolutionary potential (Frankham, 2005). Conservation biologists have 

62 increasingly recognised that successful management of threatened species requires focus on 

63 both wild and captive populations (Canessa et al., 2016). 

64

65 Many endangered species require captive breeding to save them from extinction through 

66 genetic rescue and reintroduction, as they are incapable of surviving in inhospitable natural 

67 environments because of direct or indirect human impacts in the form of habitat loss, 

68 overexploitation, pollution, or introduced predators, competitors, or diseases (Frankham, 2008). 

69 Furthermore, captive populations provide ideal systems for ecological, evolutionary, and 

70 genetic research of endangered species. For captive populations, it is easier and safer to obtain 

71 DNA samples and observe the ecological habit of endangered species, because there is easier 

72 and more controlled access to individuals (Ballou & Foose, 1996; Frankham, 2010; Frankham et 

73 al., 2010). Therefore, it is both extremely important and efficient to use captive populations for 

74 elucidating the genetic status of endangered species, and appropriate genetic management can 

75 help conserve the entire population (Frankham, 2008; Frankham et al., 2010).  

76

77 The Blue-crowned Laughingthrush (Figure 1), Garrulax courtoisi, is listed as <Critically 

78 Endangered= by the IUCN Red Data Book (Birdlife International, 2017) and has an extremely 
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79 restricted distribution in southeastern China. The entire known wild population of the nominate 

80 subspecies, which consists of approximately 300 individuals, is restricted to six fragmented sites 

81 in Wuyuan County, Jiangxi Province, China (He et al., 2017). Historical records indicate a 

82 disjunct population of the subspecies G. c. simaoensis in southern Yunnan Province (He et al., 

83 2017). However, its current status is not known, and it has not been encountered in the wild 

84 since 1956 (Wilkinson & He, 2010a). In addition, around 200 captive Blue-crowned 

85 Laughingthrush individuals are kept in several zoos in China, Europe, and America without 

86 known subspecies origin (Wilkinson & Gardner, 2011; Wilkinson et al., 2004). The worryingly 

87 low population size and severely restricted distribution strongly indicates that this species is of 

88 high conservation concern.

89

90 Most recent studies on this rare species focused on habitat use and ecology in the wild Wuyuan 

91 population (He et al., 2017; Wilkinson & He, 2010a; Zhang et al., 2017), breeding ecology of 

92 captive populations (Liu et al., 2017; Liu et al., 2016; Wilkinson et al., 2004), and its taxonomic 

93 status and conservation management (Cheng & Tang, 1982; Collar et al., 2016; Wilkinson & He, 

94 2010b; Wilkinson & He, 2010c). However, there is no information on the genetic diversity, 

95 population structure, or other important issues pertaining to conservation genetics in either the 

96 wild or captive Blue-crowned Laughingthrush populations. In fact, most taxa are not driven to 

97 extinction before genetic factors adversely affect them (Spielman et al., 2004). Recent 

98 conservation genetic studies have shown that a loss of genetic diversity in small populations is 

99 expected to increase extinction risk by reducing population fitness. This pattern may adversely 

100 affect the capacity of populations to evolve to cope with environmental change (i.e. by 

101 decreasing its evolutionary potential) (Frankham, 2005; Spielman et al., 2004). Elucidating 

102 genetic diversity is important for producing a better understanding of microevolutionary 

103 processes and developing appropriate conservation and management strategies. Therefore, it is 

104 extremely necessary to obtain basic information on the genetic diversity and population 
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105 structure of captive Blue-crowned Laughingthrush populations for effective ex situ conservation. 

106 Moreover, this research provides valuable information that can benefit effective ex situ 

107 conservation efforts and can help conserve the critically endangered wild Blue-crowned 

108 Laughingthrush populations. 

109  

110 Here, we present the first conservation genetic analysis of Blue-crowned Laughingthrush using 

111 mitochondrial DNA and a novel set of microsatellite markers developed by next-generation 

112 sequencing using the Illumina high-throughput sequencing platform. Specifically, we 

113 characterised the genetic diversity, genetic structure, and relatedness and origins of two 

114 captive populations in Ocean Park Hong Kong and Nanchang Zoo. These efforts can objectively 

115 help relevant conservation agencies, such as governments, zoos, and NGOs, develop 

116 appropriate conservation and management strategies for the Blue-crowned Laughingthrush.

117

118 Materials and Methods

119 Sample collection and DNA extraction

120 The Ocean Park Hong Kong (OPHK) population was introduced in 1998, and there are 16 

121 individuals in the existing population. Both the number and source of Blue-crowned 

122 Laughingthrush they introduced in 1989 are unknown because of foot ring loss and lack of 

123 records. The Nanchang Zoo (NCZ) population in Jiangxi was introduced in 2010 and 2011 from 

124 the wild Blue-crowned Laughingthrush population in Wuyuan County, Jiangxi Province, and is 

125 the only captive population that has a confirmed source. In this population, six individuals are 

126 from the wild population and the other seven individuals are their descendants. 

127

128 Since this study involved sampling of endangered species, all the animal operations were 

129 approved by the Institutional Ethical Committee of Animal Experimentation of Sun Yat-sen 

130 University and strictly complied with the ethical conditions by the Chinese Animal Welfare Act 
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131 (20090606). And all sampling procedures were performed with assistance of veterinarians or 

132 zoo keepers.

133

134 We collected Blue-crowned Laughingthrush samples from 23 individuals of two captive 

135 populations: 14 individuals from the long-established OPHK population and nine individuals 

136 from the recently established NCZ population. Fresh blood samples from the 14 OPHK 

137 individuals were obtained in a non-invasive manner during regular veterinary examinations, and 

138 muscle samples from dead individuals and three egg remains were obtained from the NCZ 

139 population. All samples were stored in 95% ethanol at 280°C. We extracted total genomic DNA 

140 using the QIAamp DNA Mini Kit (Qiagen, GmbH, Hilden, Germany) following the manufacturer9s 

141 protocol, and quantified DNA quality with a NanoDrop ND-1000 (Thermo Fisher Scientific, 

142 Waltham, MA, USA).

143

144 Genome sequencing, microsatellite loci identification, and primer design

145 We sequenced a Blue-crowned Laughingthrush draft genome from an OPHK specimen. P5 and 

146 P7 adapters were ligated to the fragments after the genomic DNA was digested. The P5 adapter 

147 contains a forward amplification primer site, an Illumina sequencing primer site, and a barcode. 

148 The selected fragments were end-repaired and 3» adenylated, and these fragments were PCR 

149 amplified with P5- and P7-specific primers. Our library was validated using the Agilent 

150 Technologies 2100 Bio-analyzer and ABI StepOnePlus Real-Time PCR System. After adapter 

151 ligation and DNA cluster preparation, the samples were sequenced using a Hiseq X-ten 

152 sequencer (BGI, Shenzhen, China).

153

154 Raw data from this single individual were processed by removing adapter sequences and 

155 subsequently removing the reads. Sequences with a low-quality rate [quality value f 5 (E)] 

156 greater than or equal to 50% and with more than 10% unknown (8N9) bases were removed. The 
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157 final read length was trimmed to 82 nucleotides (minimum length). Then, the high-quality 

158 sequences were selected to assemble the reference scaffolds. The genome was assembled 

159 using a short-read assembly method in SOAPdenovo2 (Li et al., 2010). A de Bruijn graph was 

160 built by splitting the reads into K-mers from the short-insert libraries (270 bp) without using 

161 pairing information. After a series of graph simplifications, the reads were assembled into 

162 contigs. All available paired-end reads were realigned onto the contig sequences to infer 

163 linkage between contigs. The linkage was removed if it was supported by unreliable paired-end 

164 reads. To simplify the contig linkage graph, we used subgraph linearisation, which extracted 

165 information on unambiguously linear paths. Iterative scaffolding was carried out to estimate 

166 insert size. Finally, to fill the intra-scaffold gaps, a local assembly was performed to locate the 

167 reads in the gap region, thus ensuring the other end of a scaffold was uniquely mapped to the 

168 linked contig. 

169

170 We identified the microsatellites by screening the sequence data for di-, tri-, tetra-, and penta-

171 nucleotide motifs with a minimum of six, five, five, and five repeats, respectively, by using the 

172 polymorphism information from the Blue-crowned Laughingthrush draft genome. Then we 

173 designed the primers in MSATCOMMANDER v.1.0.8 (Faircloth, 2008) and Primer 3 (Rozen & 

174 Skaletsky, 2000) to minimize  potential structural or functional defects. After these procedures, 

175 we arbitrarily selected a panel of 20 novel di-nucleotide markers and 10 tri-nucleotide markers.

176

177 Microsatellite genotyping

178 The 30 selected loci were arranged into eight PCR multiplex sets (234 loci per set); each forward 

179 primer was labelled with fluorescent dye on the 5» end of the forward primers, and the 

180 sequence GTTTCTT was placed on the 5» end of the reverse primer (Brownstein et al., 1996). 

181 PCR amplifications were performed in a reaction volume of 10 ¿l, containing, 5 ¿L 2× PCR mix 

182 (QIAGEN Multiplex Kit), 2 ¿L 5× Q-Solution, 1 ¿L of a primer mix and 1 ¿L of template DNA. The 
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183 cycling conditions were as follows: initial denaturation at 95 °C for 15 min, followed by 35 cycles 

184 of denaturation at 94 °C for 30 s, annealing at 58 °C for 90 s and at 72 °C for 90 s, and a final 

185 extension at 72 °C for 10 min. Products were isolated and detected on an ABI Prism 3730XL 

186 Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA), and the fragment lengths were 

187 determined against an internal size standard (GeneScan# 500 LIZ Size Standard, Applied 

188 Biosystems, Carlsbad, CA, USA) with GeneMapper v.3.7 (Applied Biosystems, Carlsbad, CA, USA). 

189 All samples were genotyped at the 30 microsatellite loci that were developed from the Blue-

190 crowned Laughingthrush draft genome. We ultimately selected 19 microsatellite loci for our 

191 study and discarded 11 microsatellite loci because they had low polymorphism levels.  

192

193 Mitochondrial DNA sequencing 

194 To infer maternal relatedness of sampled individuals, partial mitochondrial cytochrome b (cytb) 

195 sequences were amplified and sequenced using the primers L14995 and H16065 (Groth, 1998). 

196 PCR amplifications were performed in a 20-¿L reaction volume that contained 132 ¿L template 

197 DNA (503100 ng), 10 ¿L 2× buffer, 2 ¿L dNTPs (2 mM), 0.5 ¿L MgCl2 (2.5 mM), 0.5 ¿L of each 

198 primer (10 mM), and 0.5 ¿L (1 unit/¿L) KOD DNA polymerase (Toyobo, Osaka, Japan). The PCR 

199 cycling conditions were as follows: an initial denaturation step of 4 min at 94 °C followed by 35 

200 cycles of 40 s denaturation at 94 °C, 40 s annealing at 56 °C, and 90 s extension at 72 °C, 

201 followed by a final 10 min extension at 72 °C. The purified products were sequenced with both 

202 forward and reverse primers using a BigDye Terminator v.3.1 Cycle Sequencing Kit (Applied 

203 Biosystems, Carlsbad, CA, USA) according to the manufacturer9s guidelines. The products were 

204 sequenced on an ABI Prism 3730 Automated DNA sequencer (Shanghai Majorbio Bio-pharm 

205 Technology Co., Ltd., Shanghai, China). Additional PCR profile information is provided as 

206 supplementary information (Supplementary Material Appendix 1, Table S2).

207

208 Genetic diversity estimates
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209 For each microsatellite locus, we calculated the frequency of null alleles using Cervus v.3.0.7 

210 (Kalinowski et al., 2010); then, we used Arlequin v.3.5 (Excoffier & Lischer, 2010) to further test 

211 for Hardy3Weinberg equilibrium using 1000 permutations and pairwise linkage disequilibrium 

212 by performing 100,000 Markov chain steps. Based on these three tests, seven out of 19 loci 

213 were removed from the dataset. To obtain genetic diversity estimates, we calculated the 

214 number of different alleles (Na), average allelic richness (AR), observed heterozygosity (Ho), and 

215 expected heterozygosity (HE) using the remaining 12 loci in GenAlEx v.6.5.1 (Peakall & Smouse, 

216 2012). We also calculated the inbreeding index (FIS) for each population and assessed the 

217 significance of this index based on 10,000 permutations in Arlequin v.3.5. 

218

219 In addition, we carried out rarefication analysis using POWSIM v.4.0 (Ryman & Palm, 2006) to 

220 assess the statistical power of our microsatellite markers to detect levels of population 

221 differentiation and relatedness (e.g. Liu et al., 2013). Using an estimated effective size (Ne) of 

222 1000 for the base population, we performed 1000 runs and generated eight predefined levels 

223 of population differentiation (FST = 0.001, 0.0025, 0.005, 0.01, 0.02, 0.025, 0.05, 0.075), with 

224 sample sizes, numbers of markers, and allele frequencies corresponding to the empirical data. 

225 The proportion of significant outcomes (P < 0.05) then corresponded to an estimate of power. 

226 The HO at each locus was tested for equal allele frequencies by both Pearson9s traditional 

227 contingency chi-square and Fisher9s exact tests. The information from all loci was then 

228 combined by summing the data from chi-square and Fisher9s methods (Ryman & Jorde, 2001; 

229 Ryman & Palm, 2006).

230

231 Genetic population structure

232 For the microsatellite dataset, we applied four methods to estimate genetic population 

233 structure. First, we calculated pairwise FST between these two populations, and derived 

234 significance levels using 10,000 permutations in Arlequin v.3.5. Sequential Bonferroni 
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235 correction (Rice, 1989) was used to adjust the significance levels for multiple testing. Second, 

236 we further tested the genetic structure using the Bayesian clustering method in STRUCTURE 

237 v2.3 (Falush et al., 2003; Pritchard et al., 2000). Using the Bayesian admixture model with the 

238 correlated allele frequencies option, we performed 1,000,000 Markov chain Monte Carlo 

239 (MCMC) iterations, with the first 200,000 discarded as burn-in. We conducted 10 independent 

240 runs for each K-value (K = 134) for the entire dataset. We then used Structure Harvester v.0.6.8 

241 (Earl & Vonholdt, 2012) to identify the most likely number of genetic clusters based on the ad 

242 hoc statistics described in Evanno et al. (2005). The final results for individual memberships 

243 were visualised by bar plot in DISTRUCT v.1.1 (Rosenberg, 2004). Third, principal coordinates 

244 analysis (PCoA) with pairwise Euclidian distances was carried out in GenAlEx v.6.5.1 (Peakall & 

245 Smouse, 2012) to visualise genetic relationships among individuals. Last, the biplots of pairwise 

246 population assignment likelihood values was computed using gamete-based Monte Carlo 

247 resampling method with a threshold of 0.01 in GenAlEx v.6.5.1 (Paetkau et al., 2004; Peakall & 

248 Smouse, 2012). This method uses genotype likelihoods to assign the possible population origins 

249 of individuals and allows estimation of dispersal events (Paetkau et al., 2004).

250

251 For DNA sequence data, we aligned the mitochondrial sequences using the Clustal W algorithm 

252 (Thompson et al., 1994) in MEGA v.6.06 (Tamura et al., 2013) with default parameters. The 

253 alignment was checked and manually adjusted when needed. To estimate the level of genetic 

254 polymorphism, basic genetic polymorphism statistics, such as haplotype number (h), haplotype 

255 diversity (Hd), number of segregating sites (S), and nucleotide diversity (Ã), of each population 

256 were calculated in DnaSP v.5.10.1 (Librado & Rozas, 2009). Then, this gene was analysed by 

257 haplotype network analysis using the reduced median-joining method (Bandelt et al., 1999) in 

258 PopART v.4.8.4 (Leigh & Bryant, 2015).

259

260 Relatedness analysis
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261 For all relatedness estimates, the individuals from the OPHK and NCZ populations were 

262 separately analysed. For each pair of individuals from the OPHK or NCZ population, we 

263 calculated the Queller and Goodnight (1989) estimator of relatedness (RQG) using GenAlEx 

264 v.6.5.1 (Peakall & Smouse, 2012). The genetic relatedness coefficient is defined as the 

265 proportion of ancestral alleles that are shared between descendants (Lynch & Walsh, 1998). 

266

267 Then, the maximum likelihood estimates of relatedness (R) was calculated in ML-Relate 

268 (Kalinowski et al., 2006), and the likelihood of four relatedness categories [unrelated: R = 0; 

269 close kin (e.g. half-siblings, aunt3niece): R = 0.25; full-siblings: R = 0.5; parent3offspring: R = 0.5] 

270 was used to determine the proportion of a specific relatedness category. To assess the 

271 likelihood of a given relatedness category relative to the other three categories, a likelihood 

272 ratio test using a 95% confidence level and 1000 simulations was carried out in ML-Relate 

273 (Kalinowski et al., 2006).

274

275 Results

276 Genome sequencing, microsatellite loci identification, and primer design

277 The whole genome of the endangered Blue-crowned Laughingthrush was first assembled using 

278 the high-coverage (approximately 40ô) sequence reads. After processing of the approximately 

279 41.18 Gb of raw data and removal of ambiguous barcodes, about 39.1 Gb of clean data were 

280 retained. The assembly generated 1089819 scaffolds larger than 100 bp, with an N50 contig size 

281 of 1297 bp and an N50 scaffold size of 4548 bp. The microsatellite detection generated 70310 

282 markers with 31216 di-nucleotide repeats, 21195 tri-nucleotide repeats, 10892 tetra-nucleotide 

283 repeats, and 7007 penta-nucleotide repeats. 

284  

285 Genetic diversity
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286 For the microsatellite dataset, we obtained the 12 loci from 14 individuals from the OPHK 

287 population and nine individuals from the NCZ population (Table 1). We found no evidence of 

288 genotypic disequilibrium after Bonferroni correction. The number of alleles per locus ranged 

289 from 2 to 5, and the polymorphic information content per locus ranged between 0.16 and 0.70. 

290 For all microsatellite loci, Na for each population was approximately 3.25, and Na of the NCZ 

291 population was slightly higher than that of the OPHK population. We found low to moderate 

292 genetic diversity with a mean HO of 0.3630.45 and a mean HE of 0.3430.44. Moreover, we found 

293 no sign of inbreeding at the loci, with FIS ranging from 20.283 (p = 0.923) to 20.214 (p = 0. 784) 

294 (Table 2).

295

296 Genetic population structure

297 The simulations performed in POWSIM using our particular microsatellite data and selected 

298 sample size showed that the statistical power was sufficient (> 90%) to detect genetic 

299 substructure if the true FST g 0.075 (Figure S1).

300

301 Using multiple approaches, we found evidence of genetic differentiation between OPHK and 

302 NCZ populations. First, significant genetic differentiation in the microsatellite dataset was 

303 revealed by a significant FST value (0.065, p = 0.003) between the two populations (Table 1); this 

304 was probably caused by two loci which have significant genetic differentiation between the two 

305 populations (BCLT_L5: FST = 0.154, p = 0.007; BCLT_L6: FST = 0.143, p = 0.006) (Table 3). The 

306 remining 10 loci had non-significant FST values (range, 20.03230.137). The STRUCTURE analysis 

307 revealed that there are most likely two genetic clusters (Figure 2) based on the mean posterior 

308 probabilities (Figure 2b) and �K estimator (Figure 2c). Under the two genetic cluster scenario, it 

309 was shown that the genetic background of the NCZ population was more uniform than that of 

310 the OPHK population, whereas the OPHK population had an uneven genetic background (Figure 

311 2a).
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312

313 For the PCoA plot based on the 12 microsatellite sites of these two populations, we found that 

314 there was no differentiation between the OPHK and NCZ populations in the first principal 

315 coordinate but some differentiation in the second principal coordinate (Figure 3a). Assignment 

316 test results showed that, for the OPHK population, 100% of the individuals (n = 14) were 

317 assigned to the OPHK population. For the NCZ population, 77.8% of the individuals (n = 7) were 

318 assigned to the NCZ population, whereas 22.2% of the individuals (n = 2, individuals 6041 and 

319 6043) were assigned to the OPHK population (Figure 3b). 

320

321 For the mitochondrial cytb dataset, we obtained 1027 bp from each individual (GenBank 

322 Accession No. MH4235823MH423604). The average level of genetic diversity was similar 

323 between OPHK and NCZ populations (Table 2). Haplotype networks showed that there were 

324 five haplotypes among these individuals, and the most frequent haplotype was shared by 18 

325 individuals. Three and one private haplotypes were shared by OPHK and NCZ populations, 

326 respectively (Figure 4).

327

328 Relatedness analysis

329 The average pairwise relatedness coefficient based on the 12 microsatellite loci within 

330 populations ranged from 20.013 to 20.05, and none of these values significantly differed from 

331 zero (Table 2). Such a low level of relatedness probably results from the fact that a small 

332 proportion of individuals from both populations are closely related (Figure 5). A dominant 

333 proportion of dyads came from unrelated individuals (72.53% in the OPHK population, 86.11% 

334 in the NCZ population). 

335

336 Discussion

337 Newly developed polymorphic genetic markers of Blue-crowned Laughingthrush
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338 In this study, we provided a set of polymorphic genetic markers for the Blue-crowned 

339 Laughingthrush, which is intended to be a useful genetic tool for efficient conservation of this 

340 species. Consequently, we were able to estimate the genetic diversity, population structure, 

341 and genetic relatedness of wild and captive populations of this endangered bird species. 

342 Furthermore, for the first time, we provided a set of markers that can be broadly applied to 

343 conservation genetic and evolutionary studies of Garrulax laughingthrushes, which is a popular 

344 group of captive species in zoos. We found that there is a lack of research on the genetic 

345 diversity and other important issues pertaining to conservation genetics of Garrulax (Collar & 

346 van Balen, 2013; Li, 2009; Wu et al., 2012). 

347

348 Microsatellites are commonly used genetic markers in evolutionary, behavioural, and 

349 conservation genetics, because of their relatively high level of polymorphism and repeatability 

350 in genotyping, which is extremely advantageous for threatened species (Faria et al., 2016; 

351 Wang et al., 2017). Additionally, with the development of next-generation sequencing, the 

352 development of reliable microsatellites are no longer inefficient or time-consuming, even for 

353 birds that have few known microsatellite loci in their genomes (Castoe et al., 2012; Yang et al., 

354 2017). Whole-genome sequencing determines the complete DNA sequence of an organism's 

355 genome and provides unprecedented genomic information that is orders of magnitude larger 

356 than alternative strategies that use high-throughput sequencing methods, such as reduced-

357 representation and transcriptome sequencing, by which only a subset of information is 

358 obtained (Yue et al., 2012).

359

360 Low genetic diversity of two captive populations and its implications 

361 We documented low genetic diversity of two captive populations of the critically endangered 

362 species Blue-crowned Laughingthrush. Our results showed that genetic diversity of the OPHK 

363 population was slightly lower than that of the NCZ population, but there was no significant 
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364 difference between them. Because the genetic diversity of species is likely to vary considerably 

365 among different taxonomic units (Frankham et al., 2010; Li et al., 2014), we compared genetic 

366 diversity of the Blue-crowned Laughingthrush with other closely related songbird species with 

367 different endangerment statuses (Table 3). Because this inference was based on genetic 

368 diversity genotyped from different microsatellites, we caution over-interpretation of our results. 

369 We found that level of genetic diversity in Blue-crowned Laughingthrush at microsatellite and 

370 mitochondrial DNA (cytb) are lower than those in the threatened Jankowski9s Bunting, Emberiza 

371 jankowskii (Li, 2017), and much lower than those of non-threatened species (Li, 2009; McKay et 

372 al., 2010; Wu et al., 2012; Yang et al., 2017) (Table 2). This finding is consistent with the idea 

373 that threatened species usually have lower levels of genetic diversity than non-threatened 

374 species (Evans & Sheldon, 2008; Frankham et al., 2010), and probably results from the long-

375 term decreased effective population size of Blue-crowned Laughingthrush (He et al., 2017). 

376

377 Recent conservation genetic studies have shown that loss of genetic diversity can aggravate the 

378 risk of extinction in small populations (Frankham, 2005; Spielman et al., 2004). Both theoretical 

379 and empirical studies have revealed that loss of genetic diversity is related to inbreeding and 

380 thus leads to reduced fitness in small and endangered populations (Frankham, 2005; Hedrick & 

381 Garcia-Dorado, 2016). Unexpectedly, we found no evidence of inbreeding among closely 

382 related individuals in both Hong Kong and Nanchang captive populations. For the OPHK 

383 population, the best explanation is that this captive population likely originated from different 

384 wild sources (as described in the section below), and this might provide genetic rescue that 

385 prevented loss of genetic diversity. The results of the NCZ population may be related to the 

386 short amount of time (< 5 years) that this population has been captive. And our result of 

387 relatedness estimator may also support these results, most value of the pairwise relatedness 

388 (RQG) are negative in both OPHK population and NCZ population (Table S2). The more negative 

389 value means the more confident of unrelated of that two individuals, and it further indicate the 
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390 detection of recent immigrants that carry novel alleles (Konovalov & Heg, 2008; Queller & 

391 Goodnight, 1989). Another factor that must be considered is the statistical power of the 

392 microsatellite data: although this power was high (90%), the probability still exists that the data 

393 underestimated the inbreeding and relatedness (Liu et al., 2013). 

394

395 Overall, results of this study have important conservation implications. First, understanding 

396 genetic diversity and relatedness is a critical step for complementing effective management of 

397 endangered animal species (Frankham, 2005; Seymour et al., 2001). Captive population 

398 research provides a valuable opportunity to estimate genetic diversity in the Blue-crowned 

399 Laughingthrush. Second, although we found no evidence of inbreeding in the two Blue-crowned 

400 Laughingthrush populations, larger surveys of genetic diversity and relatedness may reveal 

401 inbreeding in other captive populations in different zoos in Europe and North America 

402 (Wilkinson & Gardner, 2011; Wilkinson et al., 2004). Using such resulting information, 

403 management action plans can be made to maintain genetic health and avoid inbreeding by 

404 exchanging non-related individuals among zoos worldwide. Finally, it is also necessary to carry 

405 out in situ conservation efforts (Zhang et al., 2017) for species which are facing different 

406 conservation challenges. This study provides genetic tools for conservation and evolutionary 

407 genetic studies, and baseline information that can be compared between wild and captive 

408 populations if needed by future reintroduction programs.

409

410 Uncertainty of OPHK population origin

411 Our sampling design also facilitated the first evaluation of OPHK population origin. Previous 

412 studies hypothesised that captive OPHK individuals may belong to the subspecies from Simao 

413 but without any clear evidence (Wilkinson & Gardner, 2011; Wilkinson et al., 2004). Using 

414 multilocus analysis, we found evidence of genetic differentiation between OPHK and NCZ 

415 populations based on significant FST, Bayesian-clustering analysis in STRUCTURE, and PCoA. 
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416 Mitochondrial DNA data analysis also supported this result, although most individuals shared 

417 the same haplotype, but both the OPHK and NCZ populations had private haplotypes. Moreover, 

418 assignment analysis revealed that two individuals of the NCZ population were inferred to be 

419 from the OPHK population; this result, which may be due to the low sample size of the NCZ 

420 population, further implies that higher genetic variation is present among individuals in the 

421 OPHK population. 

422

423 It is known that the NCZ population was from the wild Wuyuan population; therefore, we are 

424 unable to exclude a single source of individuals in the OPHK population. The Simao population, 

425 which is represented by the subspecies G. c. simaoensis, was the only known wild source other 

426 than the Wuyuan population. Consequently, individuals from both Wuyuan and Simao 

427 populations may have contributed to the OPHK captive population. However, it is impossible to 

428 diagnose subspecies without having samples of G. c. simaoensis. Because the population status 

429 of G. c. simaoensis is unclear and it may have already been regionally extirpated (Wilkinson & 

430 He, 2010a), research on DNA extracted from museum specimens of G. c. simaoensis has great 

431 potential to resolve this issue.

432

433 Conclusions

434 The Global Species Management Plan for the Blue-crowned Laughingthrush has already been 

435 approved and facilitates management of Blue-crowned Laughingthrush zoo populations as a 

436 single unit worldwide (Gardner, 2013; WAZA, 2017). A European studbook of Blue-crowned 

437 Laughingthrush is maintained to manage captive populations in this region, but the genetic 

438 diversity and population structure of these populations are not clear, and no relatedness 

439 analysis based on genetic data has been conducted. Absence of such information can hinder 

440 management and conservation of this species, and understanding of other genetic problems, 

441 such as inbreeding depression (Frankham et al., 2010). With the new set of markers we 
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442 proposed, we estimated genetic diversity and relatedness of captive Blue-crowned 

443 Laughingthrush populations for the first time, which provides important information that can 

444 help prevent implementation of inappropriate recovery strategies and population 

445 reintroduction programs (Frankman, 2005). Information obtained from this study can benefit 

446 effective ex situ and in situ conservation efforts to recover bird species from the brink of 

447 extinction.
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587 Figure legends

588 Figure 1. A Blue-crowned Laughingthrush (Garrulax courtoisi) and its fledglings observed in 

589 Wuyuan, Jiangxi Province, China. Photographed by Lanhua Wang.

590

591
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592 Figure 2. (a) Population structure results for Blue-crowned Laughingthrush. Each line represents 

593 one individual, and the possibility of individual that assigned to the given genetic cluster is 

594 represent by the length of each line. Abbreviations indicate different Blue-crowned 

595 Laughingthrush populations (OPHK: Ocean Park Hong Kong, NCZ: Nanchang Zoo). (b) Posterior 

596 probability means; Ln P(D) (± SD) increased per K. (c) Two genetic clusters were revealed based 

597 on the maximum value of �K and the order rate of change in posterior probability per K.

598

599 Figure 3. (a) Principal coordinates analysis results for 12 novel microsatellite loci of Blue-

600 crowned Laughingthrush individuals genotyped at 12 microsatellite loci. Different colours 

601 represent postulated populations. (b) A biplot of the respective log-likelihood values for 

602 individuals from two populations. With log-likelihoods converted to positive values, the lowest 

603 value indicates the most likely population of origin. The abbreviations represent the different 

604 Blue-crowned Laughingthrush populations (OPHK: Ocean Park Hong Kong, NCZ: Nanchang Zoo). 

605

606 Figure 4. Haplotype network analysis results for the cytb gene dataset (1017 bp) of Blue-

607 crowned Laughingthrush. Black lines on branches indicate the inferred number of mutation 

608 steps between haplotypes or ancestral haplotypes. Circle size is proportional to the number of 

609 individuals with a particular haplotype. Abbreviations indicate different Blue-crowned 

610 Laughingthrush populations (OPHK: Ocean Park Hong Kong, NCZ: Nanchang Zoo).

611

612 Figure 5. Pairwise genetic relatedness among Blue-crowned Laughingthrush individuals. 

613 Different colours represent the two study populations (OPHK: Ocean Park Hong Kong, NCZ: 

614 Nanchang Zoo). Abbreviations indicate different levels of genetic relatedness (U: unrelated, HS: 

615 half-siblings, FS: full-siblings, PO: parent3offspring).

616

617 SUPPORTING INFORMATION 

618 Additional supporting information may be found in the online version of this article: 

619

620 Table S1. Sample voucher numbers and sequence GenBank accession numbers of two captive 

621 Blue-crowned Laughingthrush (Garrulax courtoisi) populations used in this article.

622

623 Table S2. Genetic relatedness among analysed pairs of Blue-crowned Laughingthrush 

624 individuals.

625

626 Table S3. Reads of the 12 microsatellite loci in a sample set of two captive Blue-crowned 

627 Laughingthrush populations.

628
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629 Figure S1. Analysis of statistical power to detect significant differentiation based on the 12 

630 microsatellite markers used in this study. Datasets with eight predefined levels of population 

631 differentiation (FST values of 0.001, 0.0025, 0.005, 0.01, 0.02, 0.05, 0.075) were generated using 

632 POWSIM. Statistical power was defined as the proportion of times the null hypothesis of equal 

633 allele frequencies across populations was rejected using a chi-square test or a Fisher9s exact 

634 test.

635

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27038v2 | CC BY 4.0 Open Access | rec: 15 Oct 2018, publ: 15 Oct 2018



Figure 1

A Blue-crowned Laughingthrush (Garrulax courtoisi) and its fledglings observed in

Wuyuan, Jiangxi Province, China.

Photographed by Lanhua Wang.
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Figure 2

Population structure results for Blue-crowned Laughingthrush.

(a) Population structure results for Blue-crowned Laughingthrush. Each line represents one individual, and

the possibility of individual that assigned to the given genetic cluster is represent by the length of each line.

Abbreviations indicate different Blue-crowned Laughingthrush populations (OPHK: Ocean Park Hong Kong,

NCZ: Nanchang Zoo). (b) Posterior probability means; Ln P(D) (± SD) increased per K. (c) Two genetic

clusters were revealed based on the maximum value of �K and the order rate of change in posterior

probability per K.
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Figure 3

Principal coordinates analysis results � and the respective log-likelihood values for

individuals from two populations.

(a) Principal coordinates analysis results for 12 novel microsatellite loci of Blue-crowned

Laughingthrush individuals genotyped at 12 microsatellite loci. Different colours represent

postulated populations. (b) A biplot of the respective log-likelihood values for individuals

from two populations. With log-likelihoods converted to positive values, the lowest value

indicates the most likely population of origin. The abbreviations represent the different Blue-

crowned Laughingthrush populations (OPHK: Ocean Park Hong Kong, NCZ: Nanchang Zoo).

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27038v2 | CC BY 4.0 Open Access | rec: 15 Oct 2018, publ: 15 Oct 2018



PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27038v2 | CC BY 4.0 Open Access | rec: 15 Oct 2018, publ: 15 Oct 2018



Figure 4

Haplotype network analysis results for the cytb gene dataset (1017 bp) of Blue-crowned

Laughingthrush.

Black lines on branches indicate the inferred number of mutation steps between haplotypes

or ancestral haplotypes. Circle size is proportional to the number of individuals with a

particular haplotype. Abbreviations indicate different Blue-crowned Laughingthrush

populations (OPHK: Ocean Park Hong Kong, NCZ: Nanchang Zoo).
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Table 1(on next page)

Characteristics of 12 microsatellite loci in a sample set of two captive Blue-crowned

Laughingthrush (Garrulax courtoisi) populations.

The average number of different alleles (N
A
), average allelic richness (A

R
), mean observed

(H
O
±SD), mean expected (H

E
±SD), polymorphism information content (PIC), and genetic

differentiation index (FST, * indicates p < 0.05) for the OPHK and NCZ populations were

estimated for each locus, and values in bold indicate significant deviations from

Hardy3Weinberg equilibrium after Bonferroni correction.
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1 Table 1. Characteristics of 12 microsatellite loci in a sample set of two captive Blue-crowned Laughingthrush (Garrulax courtoisi) 

2 populations. 

3 The average number of different alleles (NA), average allelic richness (AR), mean observed (HO±SD), mean expected (HE±SD), 

4 polymorphism information content (PIC), and genetic differentiation index (FST, * indicates p < 0.05) for the OPHK and NCZ populations 

5 were estimated for each locus, and values in bold indicate significant deviations from Hardy3Weinberg equilibrium after Bonferroni 

6 correction.

Locus
Repeat 

motif 
Primer sequence 

Annealing 

temperature (°C)

Size 

range(bp)
NA AR HO HE PIC FST

BCLT_L1 (TG)6 F: CCAAATTCCCCCAGTCCTCC 58-60 101 3 3 0.261 0.241 0.222 -0.008 

R: ATGTCAGACACAGCCCGAAC

BCLT_L2 (AC)7 F: CCTGCGCATTACCTTGCATC 58-60 101 3 4 0.087 0.086 0.082 -0.019 

R: GCAGACACACAGCATTGCAA

BCLT_L3 (GT)7 F: ACAAGTCCCACGTGCTTTCA 58-60 102 3 4 0.261 0.300 0.262 0.137 

R: AAACAGTATCCCCTCCCTGC

BCLT_L4 (CT)6 F: TGACAAACTCTCCCAAGGCC 58-60 121 3 4 0.391 0.341 0.308 0.075 

R: GCTTTAGCAGGGATGTGGGT

BCLT_L5 (AC)7 F: TCCTCAGCTTTCAACCAGGT 58-60 131 4 16 0.696 0.764 0.700 0.154*

R: TCCAGGTGTTGTTCAGTGCA

BCLT_L6 (TA)8 F: AAACCAGCCCTCGACCAAAA 58-60 188 5 12 0.739 0.705 0.633 0.143*

R: TCGAGGCTTAATCTGGGTGC

BCLT_L7 (TA)6 F: CCCTTCATTAGCCCTGTGCA 58-60 216 3 4 0.522 0.565 0.456 0.024 

R: TTGTGTGTGTGCATGCCATG

BCLT_L8 (GT)6 F: AGCAGACCAGAGAGCAACAC 58-60 238 2 2 0.304 0.264 0.225 0.005 

R: TGGCAAAGAAGTTGGGGGTT

BCLT_L9 (TA)6 F: TGGAAGCATACACCACACAGA 58-60 258 5 5 0.565 0.538 0.484 0.028 
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R: GCATTTTCTTCTTGGCTCTCAGT

BCLT_L10 (TAT)5 F: GACAGACACGTGCTTCTCCA 58-60 137 3 6 0.478 0.530 0.405 -0.024 

R: GCAGGTCACCTCCTGAACTC

BCLT_L11 (GCA)6 F: GGTTCACAGCCTCTGGTCTC 58-60 184 2 6 0.261 0.232 0.201 -0.032 

R: AGTTCTGGTTGGGAGTGCTG

BCLT_L12 (TAG)5 F: TCCACTTCAGTCCCAGGTCA 58-60 254 3 9 0.174 0.165 0.154 0.007 

0 0 R: ATGGCAGTTGGGTTGGAACT 0 0 0 0 0 0 0 0
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Table 2(on next page)

Genetic variability in two captive Blue-crowned Laughingthrush (Garrulax courtoisi)

populations of the analysed mitochondrial cytochrome b and 12 microsatellite loci.

The number of individuals for which mtDNA (Nmt) and microsatellites (Nmi) were analysed are

shown. For mtDNA, the average number of nucleotide differences (K), number of haplotypes

(NH), haplotype diversity (H ± SD), and nucleotide diversity (Ã ± SD, in percent) were

calculated. For microsatellites, the average number of different alleles ( NA ± SD), average

allelic richness (AR ± SD), mean observed heterozygosity (HO ± SD), and mean expected

heterozygosity (HE ± SD) were quantified. The multilocus inbreeding coefficients (FIS, none of

the coefficients were significant) and average pairwise relatedness based on the Queller and

Goodnight estimator (RQG ± SD) are provided for each population, and values in bold indicate

significant deviations from Hardy3Weinberg equilibrium after Bonferroni correction.
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1 Table 2. Genetic variability in two captive Blue-crowned Laughingthrush (Garrulax courtoisi) populations of the analysed 

2 mitochondrial cytochrome b and 12 microsatellite loci. 

3 The number of individuals for which mtDNA (Nmt) and microsatellites (Nmi) were analysed are shown. For mtDNA, the average number 

4 of nucleotide differences (K), number of haplotypes (NH), haplotype diversity (H ± SD), and nucleotide diversity (Ã ± SD, in percent) 

5 were calculated. For microsatellites, the average number of different alleles (NA ± SD), average allelic richness (AR ± SD), mean observed 

6 heterozygosity (HO ± SD), and mean expected heterozygosity (HE ± SD) were quantified. The multilocus inbreeding coefficients (FIS, 

7 none of the coefficients were significant) and average pairwise relatedness based on the Queller and Goodnight estimator (RQG ± SD) 

8 are provided for each population, and values in bold indicate significant deviations from Hardy3Weinberg equilibrium after Bonferroni 

9 correction.

10

0 Mitochondrial DNA 0 Microsatellites

Population n K NH H ± SD Ã ± SD (%) 0 n Na ± sd AR ± sd HO ±s d HE ± sd FIS RQG

OPHK 14 1.06 4 0.38±0.11 0.10±0.12 14 2.50±0.80 4.42±3.92 0.36±0.27 0.34±0.22 -0.214 -0.08±0.52

NCZ 9 1.10 2 0.37±0.11 0.11±0.17 9 2.75±0.97 5.42±4.10 0.45±0.24 0.44±0.22 -0.283 -0.13±0.29

Total 23 1.11 5 0.38±0.09 0.11±0.13 0 23 3.25±0.97 6.25±4.11 0.41±0.25 0.39±0.21 -0.231 -0.05±0.33
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Table 3(on next page)

Genetic diversity measured by mitochondrial and microsatellite loci in different songbird

species (order Passeriformes).

For mtDNA, the haplotype diversity (H) and nucleotide diversity (Ã) are presented. For

microsatellites, the average number of different alleles (N
A
), and mean observed (H

O
) and

mean expected (H
E
) heterozygosity are presented. CR: Critically endangered, EN:

endangered, VU: vulnerable, LC: least concern.

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27038v2 | CC BY 4.0 Open Access | rec: 15 Oct 2018, publ: 15 Oct 2018



1 Table 3. Genetic diversity measured by mitochondrial and microsatellite loci in different songbird species (order Passeriformes).

2 For mtDNA, the haplotype diversity (H) and nucleotide diversity (Ã) are presented. For microsatellites, the average number of different 

3 alleles (NA), and mean observed (HO) and mean expected (HE) heterozygosity are presented. CR: Critically endangered, EN: endangered, 

4 VU: vulnerable, LC: least concern.

5

Mitochondrial DNA 0 Microsatellites References

Common name Scientific name

Conservation 

status H Ã NA HO HE

Blue-crowned Laughingthrush Garrulax courtoisi CR 0.38 0.0011 2.58 0.40 0.37 This study

Jankowski9s Bunting Emberiza jankowskii EN 0.75 0.009 14.2 0.61 0.76 (Li, 2017)

Emei Shan Liocichla Liocichla omeiensis VU 44 44 6.08 0.66 0.71 (Yang et al., 2017)

Steere9s Liocichla Liocichla steeriia LC 44 44 19.6 0.76 0.79 (McKay et al., 2010)

Chinese Hwamei Garrulax canorus LC 0.96 0.003 44 44 44 (Li et al., 2009)

Black-throated Laughingthrush Garrulax chinensis LC

0.943

0.971

0.004

0.006 0 44 44 44 (Hurt, 2004)
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