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Background: Climate change resulting in heat stress, is one of the most challenging environmental

conditions affecting poultry. Studying thermotolerance is crucial in the prevention of heat stress in

chickens because it may lead to the identification of genetic lines that can withstand adverse effects of

heat stress. This study aimed at investigating polymorphisms in heat shock protein 70 (HSP70) gene in

indigenous chicken ecotypes. We also analyzed the mitochondrial DNA (mtDNA) D-loop of indigenous

chickens to assess their origins and genetic diversity.

Methods: We collected samples From Turkana basin, Mt. Elgon catchment, Lake Victoria basin and Lamu

chicken ecotypes in Kenya. Genomic DNA was extracted from 280 chicken samples. The first 360 bp

region of HSP70 and the first 760 bp region of the mtDNA were then amplified via PCR. These were later

sequenced using Sanger ABI 3730 method.

Results: We reveal through a detailed analysis of the HSP70 gene fragment in 20 indigenous chickens

the presence of three HSP70 haplotypes (GC, AC, and AG) and 28 mtDNA haplotypes. Phylogenetic

analysis of HSP70 revealed the presence of the ancestral haplotype GC which dominated in Turkana

basin ecotype. The 28 mtDNA haplotypes clustered in haplogroups A, B, C, D, E and I. Haplogroup E

which has never been reported in commercial chickens dominated in Turkana basin ecotype indicating no

admixture with commercial chickens. mtDNA haplogroups were shown to have originated from various

parts of South and Southeast Asia. Lack of population structure in indigenous chicken ecotypes could be

an indication of genetic admixture. The mtDNA nucleotide and haplotype diversity indices were low for

Turkana basin ecotype and high for Lamu ecotype. High HSP70 nucleotide diversity indices were

recorded in Turkana basin ecotype, while low values were recorded in Lamu ecotype. Most of the mtDNA

genetic variations occurred within individuals for the three hierarchical categories considered while most

variations in HSP70 gene occurred within populations.

Conclusions: This is the first study to analyze the HSP70 polymorphisms in indigenous chickens in Africa

and results obtained should pave the way for further in-depth studies on heat stress.
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20 ABSTRACT

21 Background: Climate change resulting in heat stress, is one of the most challenging 

22 environmental conditions affecting poultry. Studying thermotolerance is crucial in the prevention 

23 of heat stress in chickens because it may lead to the identification of genetic lines that can 

24 withstand adverse effects of heat stress. This study aimed at investigating polymorphisms in heat 

25 shock protein 70 (HSP70) gene in indigenous chicken ecotypes. We also analyzed the 
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26 mitochondrial DNA (mtDNA) D-loop of indigenous chickens to assess their origins and genetic 

27 diversity.

28 Methods: We collected samples from Turkana basin, Mt. Elgon catchment, Lake Victoria basin 

29 and Lamu chicken ecotypes in Kenya. Genomic DNA was extracted from 280 chicken samples. 

30 The first 360 bp region of HSP70 and the first 760 bp region of the mtDNA were then amplified 

31 via PCR. These were later sequenced using Sanger ABI 3730 method.

32 Results: We reveal through a detailed analysis of the HSP70 gene fragment in 20 indigenous 

33 chickens the presence of three HSP70 haplotypes (GC, AC, and AG) and 28 mtDNA haplotypes. 

34 Phylogenetic analysis of HSP70 revealed the presence of the ancestral haplotype GC which 

35 dominated in Turkana basin ecotype. The 28 mtDNA haplotypes clustered in haplogroups A, B, 

36 C, D, E and I. Haplogroup E which has never been reported in commercial chickens dominated 

37 in Turkana basin ecotype indicating no admixture with commercial chickens. mtDNA 

38 haplogroups were shown to have originated from various parts of South and Southeast Asia. 

39 Lack of population structure in indigenous chicken ecotypes could be an indication of genetic 

40 admixture. The mtDNA nucleotide and haplotype diversity indices were low for Turkana basin 

41 ecotype and high for Lamu ecotype. High HSP70 nucleotide diversity indices were recorded in 

42 Turkana basin ecotype, while low values were recorded in Lamu ecotype. Most of the mtDNA 

43 genetic variations occurred within individuals for the three hierarchical categories considered 

44 while most variations in HSP70 gene occurred within populations.

45 Conclusions: This is the first study to analyze the HSP70 polymorphisms in indigenous chickens 

46 in Africa and results obtained should pave the way for further in-depth studies on heat stress. 

47 Keywords: candidate gene, climate change, genetic diversity, poultry, thermotolerance, Horn of 

48 Africa 
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49 INTRODUCTION

50 Climate change is one of the most significant challenges affecting Africa today. The African 

51 continent is vulnerable to climatic variation resulting in multiple stresses such as heat stress 

52 which has adverse effects on the agricultural sector since it causes diseases and low productivity, 

53 consequently threatening food security. Heat stress also affects the physiological and 

54 morphological functions of poultry. Diversity among livestock is crucial because it contributes 

55 significantly to livestock development in the face of changing threats such as climate change. 

56 Studies to understand diversity in indigenous chickens in developing countries have been done 

57 using microsatellite markers (Hillel et al., 2003; Mwacharo et al., 2007) and mtDNA (Fumihito 

58 et al., 1996; Liu et al., 2006).

59 The increasing human population has increased the demand for animal products such as meat 

60 and eggs, which has in turn resulted in the erosion of genetic resources due to crossbreeding 

61 especially in developing countries (including Kenya) where most diversity exists. While most of 

62 the crossbreeding programs aim at improving the production of chickens, they do not consider 

63 other factors such as the heat tolerance ability of these improved chickens. Heat tolerance should 

64 be considered when coming up with highly productive chickens because climate change may 

65 result in heat stress, making chickens to produce minimally which could contribute to their 

66 mortality. There are many existing technologies in breeding programs in poultry that consider 

67 climate change adaptation, and as such, indigenous chickens which are heat tolerant are bred 

68 with exotic breeds to improve on heat tolerance(Lu, Wen & Zhang, 2007; Aengwanich, 2009; 

69 Hoffmann, 2010; Renaudeau et al., 2012). 

70 Certain genes have been found to be beneficial in heat stress tolerance. These genes include the 

71 heat shock protein family such as the heat shock protein 70 (HSP70) gene (Kregel, 2002; 

72 Fujimoto & Nakai, 2010). HSP70 is a molecular chaperone required for correct folding of newly 
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73 synthesized proteins and maintaining protein homeostasis (Hartl, 1996; Kregel, 2002; Mayer & 

74 Bukau, 2005; Zeng et al., 2013). It is also involved in functions such as apoptosis (Kregel, 2002), 

75 but most importantly in the regulation of heat shock response and the acquisition of 

76 thermotolerance (Mayer & Bukau, 2005). 

77 Some genes such as the naked-neck gene (Na), dwarf (dw), frizzled (F) have been linked with 

78 heat tolerance in chickens (Deeb & Cahaner, 2001a; Deeb & Cahaner, 2001b; Magothe, Muhuyi 

79 & Kahi, 2010). The scaleless mutation which results in featherless chickens has been used to 

80 improve thermotolerance (Cahaner et al., 2008; Renaudeau et al., 2012). Various comb types 

81 have also been attributed to heat regulation in indigenous chickens (Moraa et al., 2015). 

82 Polymorphism studies in the HSP70 gene have shown sequence variations associated with 

83 mRNA expression levels. Results from the analysis of HSP70 in birds exposed to heat stress 

84 found that birds that were more resistant to heat had only PstI HSP70 allele located upstream 

85 from the coding region while the other breeds displayed two different alleles for that gene 

86 (Mahmoud & Edens, 2005). Polymorphisms have been detected in the coding and regulatory 

87 regions of HSP70 in chickens with several heat tolerance abilities (Zhang, Du & Li, 2002). The 

88 beginning of the coding region and the promoter region of HSP70 have been analyzed in 

89 chickens with various heat tolerance abilities, and two single nucleotide polymorphisms (SNPs) 

90 identified; A+258G and C+276G both of which were silent mutations (Mazzi et al., 2003). The 

91 different genotypes at polymorphism sites A+258G and C+276G were associated with the 

92 mRNA expression level of HSP70 in the liver and leg muscle with the heterozygotes having 

93 higher expression levels than the other genotypes (Zhen et al., 2006). 

94 This study aimed to analyze the functional polymorphism of HSP70 in relation to heat stress in 

95 Turkana basin, Mt. Elgon catchment, Lake Victoria basin and Lamu chicken ecotypes in Kenya. 
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96 The study also investigated variations in mtDNA to establish their genetic diversity. Our research 

97 will therefore play a significant role in future molecular programs primarily in the exploitation of 

98 genes deemed useful during heat stress in poultry.

99

100 MATERIALS & METHODS

101 Study clearance

102 This study received a “no objection to the research” from the Directorate of Veterinary Services, 

103 Ministry of Agriculture, Livestock and Fisheries in Kenya under permit number 

104 RES/POL/VOL.XXVII/162 to sample indigenous chickens in Kenya.

105 Sample collection and DNA extraction

106 We collected our samples at the farms by using the rural participatory approach method which 

107 involved explaining to the farmers about our research to get consent from them. We administered 

108 questionnaires to the farmers, recording information about their chickens in the process. We also 

109 collected blood samples from 280 genetically unrelated indigenous chickens. Two mature birds 

110 (above six months) were selected from each flock for study as previously described (Mwacharo 

111 et al., 2011). All blood samples were spotted on FTA® Classic Cards (Whatman Biosciences) and 

112 stored at room temperature before DNA extraction. We extracted genomic DNA from the air-

113 dried blood preserved on FTA classic cards according to the manufacturers’ instructions.

114 PCR amplification and sequencing

115 The first 360-bp of the HSP70 gene was amplified via PCR using forward primer HSPF 

116 (5’AACCGCACCACACCCAGCTATG-3’) and reverse primer HSPR 

117 (5’CTGGGAGTCGTTGAAGTAAGCG-3’) (Akaboot et al., 2012). The amplified region 
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118 corresponds to position 52,784,305-52,784,620 of the galGal4 Chromosome 5 of chicken HSP70 

119 (NP_001006686) (www.ensembl.org). 

120 PCR amplifications were carried out in 25µl reaction volumes containing 1 X PCR buffer 

121 (10mM Tris-HCl pH 8.3, 50mM KCL, 0.1% Triton X-100), 2.5 mM of each dNTP, 10 pM of 

122 each primer and 1 unit of Taq DNA polymerase (Promega, Madison WI, USA) and 20ng 

123 template genomic DNA. Thermocycling conditions were as follows: 940 C (3min), 35 cycles of 

124 940C (1 minute), 580C (1 minute) and 720C (2 minutes) and a final extension step at 720C (10 

125 minutes). 

126 The first 760bp of the mtDNA D-loop region was amplified via PCR using primers AV1F2 (5’-

127 AGGACTACGGCTTGAAAAGC-3’) and CR1b (5’-CCATACACGCAAACCGTCTC-3’) 

128 (Mwacharo et al., 2011). PCR amplifications were carried out in 10µlreaction volumes 

129 containing 3.8µl of double distilled water, 1µl of template genomic DNA, 5µl Dream Taq Green 

130 Master Mix (2X), 0.2µl Primer (forward + reverse, 20pmol/µl). Thermocycling conditions were 

131 as follows: 940 C (3min), 35 cycles of 940C (15 seconds), 600C (30 seconds) and 720C (30 

132 seconds) and a final extension step at 720C (10 minutes). 

133 The PCR products were run on 1% agarose gel using 1X TBE buffer (89Mm Tris, 89mM Boric 

134 acid, 2Mm Na2EDTA) in a voltage of 100V for 25 minutes. The gels were stained with 

135 GelRed™ Nucleic acid gel stain and visualized under UV light (BTS-20 model, UVLtec Ltd., 

136 UK). One kb DNA Ladder was used to identify the approximate size of the molecule run on a 

137 gel.

138 All PCR products that were positive upon visualization on agarose gel were sequenced at 

139 Macrogen in Europe. The products were sequenced in both the forward and reverse directions 

140 using the Sanger ABI 3730 method. 
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141 Data analysis

142 We visualized the chromatograms and edited them manually using Chromas Lite version 2.1.1 

143 (Avin, 2012) (Technelysium Pty Ltd, Australia). We trimmed out the primers and created a 

144 consensus nucleotide sequence. We aligned the consensus against reference sequences from 

145 GenBank using Clustal X version 2.1 (Thompson et al., 1997). We restricted our subsequent 

146 analyses to a 316bp promoter region of HSP70 and the first 343 bp mtDNA D-loop incorporating 

147 the first hypervariable segment (HSV1)

148 We constructed the haplotypes manually and by the use of DnaSP v 5.10 (Librado & Rozas, 

149 2009). Genetic diversity indices on HSP70 and mtDNA for the ecotypes were calculated using 

150 DnaSP v5.10 and ARLEQUIN v3.5.1.2 (Excoffier, Laval & Schneider, 2005).

151 We constructed a phylogenetic tree for HSP70 involving the haplotypes observed and the 

152 reference sequences downloaded from GenBank using the Maximum Likelihood algorithm as 

153 implemented in MEGA v6.06 following 1000 bootstrap replications (Tamura et al., 2013). We 

154 also constructed a splits decomposition network for both HSP70 and mtDNA haplotypes using 

155 splits tree v4.14.2 (Bandelt & Dress, 1992). We assessed the population genetic structure by the 

156 analysis of molecular variance (AMOVA) (Excoffier, Laval & Schneider, 2005).

157

158 RESULTS

159 Genetic Polymorphisms in HSP70 Gene 

160 We obtained good quality sequences of 277 sampled indigenous chicken ecotypes in Kenya. We 

161 compared these sequences with other avian HSP70 sequences downloaded from GenBank. We 

162 identified three HSP70 haplotypes which we renamed to haplotype AC, haplotype GC and 
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163 haplotype AG. We deposited the haplotype sequences in GenBank under accession numbers 

164 KT948639, KT948640, and KT948641 respectively.

165 We then did an alignment of the three haplotypes generated with the ancestral red jungle fowl 

166 (NC_006092.3), using Muscle Version 3 (Edgar, 2004). Two polymorphic sites were observed at 

167 positions 153 and 171 which correspond to position 52,784,398 and 52,784,416 respectively in 

168 the Gallus_gallus-4.0 chromosome 5 from UCSC genome browser. 

169 Phylogenetic analyses

170 To determine the model of sequence evolution and the rate of heterogeneity of the sequences we 

171 used MEGA Version 6 software (Librado & Rozas, 2009). Phylogenetic analysis of our HSP70 

172 haplotypes with other avian HSP70 sequences downloaded from GenBank (XM_009675580.1, 

173 XM_005022658.1, AB259847.1, EU622852.1, XM_009576438.1, XM_005506375.1, 

174 AB096696, JJRM01051595) showed clustering of haplotype GC to the ancestral red jungle fowl 

175 (Fig. 1), while haplotype AG and AC clustered together. The tree was rooted using the rock 

176 pigeon HSP70 sequence.

177

178

179

180 Fig. 1 A rooted maximum likelihood tree of the three HSP70 haplotypes and other avian HSP70 

181

182 We validated these results by constructing a splits decomposition network which shows the red 

183 jungle fowl clustering with haplotype GC and was genetically distant from haplotypes AG and 

184 AC which clustered together. The other avian species were genetically distant from the chicken 

185 haplotypes (Fig.2).
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186

187 Fig. 2 Phylogenetic network tree of the HSP70 haplotypes with other avian HSP70 sequences 

188

189 Distribution of the HSP70 haplotypes in the sampled chicken ecotypes

190 The relative frequencies of observed haplotypes in the sampled chicken ecotypes are shown in 

191 Fig.3. Haplotype GC was frequently distributed in all the ecotypes but dominant in Turkana 

192 basin chicken ecotype. Haplotype AG was equitably distributed in all the ecotypes while 

193 haplotype AC had the least frequencies in the ecotypes (Fig. 3).

194

195 Fig. 3 HSP70 haplotype distribution in the sampled indigenous chicken ecotypes

196

197 Green represents haplotype AG, Blue haplotype AC, and Yellow haplotype GC.

198 The various numbers represent the distribution of the haplotypes in the areas sampled. Pie chart 

199 1 represents Turkana east, 2: Turkana central, 3: Turkana West, 4: West Pokot, 5: Trans Nzoia, 

200 6: Bungoma, 7: Busia, 8: Lake Victoria basin, 9: Lamu north, 10: Lamu central, and 11: Lamu 

201 south.

202 We calculated several diversity indices for the indigenous chicken ecotypes (Table 1). Lower 

203 estimates of expected heterozygosity (HE) were calculated for Lamu ecotype compared to the 

204 other ecotypes. Turkana basin populations had highest estimates of HE. Mt. Elgon catchment 

205 ecotype displayed the least values for observed heterozygosity (HO), while Lake Victoria basin 

206 ecotype displayed the highest values. Turkana basin ecotype recorded the highest values for 

207 nucleotide diversity (Pi) while Lamu ecotype had the least values for nucleotide diversity (Table 

208 1).
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209

210 Table 1 Diversity indices of HSP70 gene in indigenous chicken ecotypes in Kenya

211

212 We performed an analysis of molecular variance (AMOVA) to infer the population genetic 

213 structure of HSP70 haplotypes of indigenous chicken ecotypes in Kenya. We assessed using 

214 1000 replicates the variations in HSP70 haplotypes among the ecotypes, among individuals 

215 within the ecotypes and within individuals using AMOVA (Excoffier, Laval & Schneider, 2005) 

216 of pairwise differences as implemented in Arlequin v.3.5.1.2 (Schneider, Roessli & Excoffier, 

217 2000). Based on pairwise differences in AMOVA, variance among the ecotypes and variance 

218 among individuals within the ecotypes accounted faor 7.99% and 2.39% respectively. On the 

219 other hand, the variance within individuals was high, and it accounted for 89.62% of the total 

220 variance (Table 2).

221

222

223 Table 2 AMOVA of the HSP70 gene in sampled indigenous chicken ecotypes

224

225 We used a Mantel test to assess the non-random association between genetic differentiation 

226 (FST) and the geographic distances between populations. We plotted a regression graph of the 

227 genetic and geographic distances using GenAIEx v6.501 software (Peakall & Smouse, 2006). 

228 From the results, a slight positive correlation (p>0.05) is observed between the genetic variation 

229 and the geographic location in indigenous chicken ecotypes in Kenya (Fig. 4). 

230

231 Fig. 4 A regression graph showing the relationship between geographic and genetic distance in 
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232 mtDNA haplotypes

233 mtDNA variation and haplotype distribution

234 We obtained partial 343 bp mtDNA D-loop sequences of 280 sampled indigenous chicken 

235 ecotypes in Kenya. These sequences were compared with other chicken mtDNA sequences 

236 downloaded from GenBank with accession numbers; AB114069, AB007744, AB114070, 

237 AY588636, AB114076, AF512285, AF515588, D82904, AB009434. We identified 28 mtDNA 

238 haplotypes which we renamed to Haplotype_1-Haplotype_28. We deposited these haplotypes in 

239 GenBank under accession numbers MH681612- MH681639. 

240 To determine the model of sequence evolution and the rate of heterogeneity of the sequences we 

241 constructed a splits decomposition network. We used our 28 haplotypes and nine reference 

242 haplogroup sequences downloaded from GenBank (Liu et al., 2006). We included Gallus gallus 

243 bankiva as an outgroup. The decomposition network revealed the presence of a major clade E. 

244 Most of the haplotypes in this clade were from Turkana basin chicken ecotype. Three haplotypes 

245 clustered around clade C while clade A, B, D and I had single haplotypes. None of the 28 

246 haplotypes centered around clade F, G and H (Fig. 5)

247

248 Fig. 5 A splits decomposition network of the mtDNA haplotypes with reference sequences

249

250 We calculated some diversity indices for the indigenous chicken ecotypes as shown in Table 3. 

251 All mtDNA haplotypes from studied populations were polymorphic with the number of 

252 haplotypes ranging from 3 to 9 (Table 3). Lamu North ecotype had the highest number of 

253 haplotypes while Turkana basin ecotype had the least number of haplotypes. Lamu ecotype had 
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254 the highest haplotype diversity (0.8895±0.0416), while Turkana basin ecotype had the lowest 

255 haplotype diversity (0.1700±0.1025). Lamu ecotype also recorded the highest values for 

256 nucleotide diversity (0.160150±0.091934) and Turkana basin ecotype had the lowest values of 

257 nucleotide diversity (0.024845±0.021751). The highest variation for the analysis of molecular 

258 variance (AMOVA) was recorded within the ecotypes (78.06%) (Table 5). 

259

260 Table 3 mtDNA haplotype diversity indices of sampled Kenyan indigenous chicken ecotypes

261

262 We used DnaSP v5 (Librado & Rozas, 2009) to study the historical and population dynamics of 

263 the studied indigenous chicken ecotypes. We calculated observed and expected distributions of 

264 mismatches under the population growth decline model (Rogers & Harpending, 1992). The 

265 mismatch distribution is multimodal as shown in Fig. 6.

266

267 Fig. 6 mtDNA Pairwise nucleotide difference under the population growth decline model in 

268 chicken ecotypes in Kenya

269

270 We calculated the demographic and spatial expansion of the mtDNA haplotypes using Arlequin 

271 as shown in Table 4. Harpendings spatial expansion raggedness index ″r″ of the mtDNA 

272 haplotype is significant for Busia chicken ecotype in Mt. Elgon catchment chicken ecotype 

273 (P=0.019). The demographic and spatial expansion raggedness index was not significant 

274 (P>0.05) for the other indigenous chicken ecotypes.

275

276 Table 4 Demographic and spatial expansion indices of mtDNA haplotypes
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277

278 To infer the maternal genetic structure of indigenous chicken ecotypes in Kenya, We assessed 

279 using 1000 replicates the variations in mtDNA haplotypes among ecotypes, among populations 

280 within ecotypes and within populations using AMOVA (Excoffier, Laval & Schneider, 2005) of 

281 pairwise differences as implemented in Arlequin v.3.5.1.2 (Schneider, Roessli & Excoffier, 

282 2000). Based on pairwise differences in AMOVA, variation among ecotypes and populations 

283 within the ecotypes accounted for 18.8% and 3.14% respectively. On the other hand, the 

284 variation within individuals was high, accounting for 78.06% (Table 5). 

285

286 Table 5 Summary of AMOVA of mtDNA haplotypes in indigenous chicken ecotypes in Kenya

287

288 DISCUSSION

289 Single nucleotide polymorphisms (SNPs) in the coding and non-coding regions have been 

290 shown to play a critical role in regulating their function, and this has led to a better 

291 understanding of the gene structure (Chen et al., 2016). To the best of our knowledge, this is the 

292 first study to provide insights into the genetic polymorphisms in HSP70 among indigenous 

293 chicken ecotypes in Kenya in relation to their genetic background. We identified three HSP70 

294 haplotypes -haplotype GC, AC, and AG. These haplotypes were shared within and between the 

295 chicken ecotypes. The extent of HSP70 and mtDNA haplotype sharing among indigenous 

296 chicken ecotypes which can be attributed to extensive inbreeding practices indicates lack of 

297 population structure (Makanjuolal et al., 2010). The HSP70 mantel test and the mtDNA 

298 AMOVA test revealed a lack of population structure within indigenous chicken ecotypes in 

299 Kenya. Lack of population structure has also been reported previously (Muchadeyi et al., 2008; 
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300 Mwacharo et al., 2011)

301 Haplotype AG was the most frequent haplotype in all the ecotypes while haplotype AC had the 

302 least frequencies in all the ecotypes. Phylogenetic analysis with other avian species including 

303 the ancestral red jungle fowl sequences indicated that haplotype GC is the ancestral haplotype 

304 since it clustered with the ancestral red jungle fowl. This haplotype dominated in Turkana basin 

305 chicken ecotype. This result is supported by the mtDNA data which indicates that the ancestral 

306 mtDNA haplotype E is dominant in Turkana basin chicken ecotype.

307 Polymorphisms in chicken HSPA70 gene has been shown to be related to resistance to heat 

308 stress (Zhang, Du & Li, 2002; Maak et al., 2003). It is clear from this study that haplotype AG 

309 and GC could be advantageous to heat tolerance in indigenous chickens since haplotype GC 

310 dominated in Turkana basin chicken ecotype while haplotype AG was dominant in Lamu 

311 chicken ecotype. Turkana baasin and Lamu are arid and semi-arid lands characterized by high 

312 ambient temperatures of up to 42ºC and we therefore hypothesize that the two haplotypes have a 

313 crucial role in heat tolerance. 

314 The percentage variation of HSP70 was highest within individuals. Therefore, we postulated 

315 that there is a clear genetic variation in HSP70 gene within individual indigenous chicken 

316 ecotypes in Kenya and that the sequence of the HSP70 gene that changed during the extensive 

317 history of evolution, natural and artificial selection could play a significant role in heat stress.

318 It has been shown that individual variations in heat shock responses may be related to DNA 

319 polymorphisms in the HSP70 gene in birds (Enrique et al., 1998; Iwamoto et al., 2008)

320 Genetic changes bring about variations in gene products and their expression levels. This could 

321 be one of the factors that contribute to phenotypic variations between various species (McManus 

322 et al., 2010). From our study, Indigenous chickens in Kenya are diverse and seem to have 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27589v1 | CC BY 4.0 Open Access | rec: 15 Mar 2019, publ: 15 Mar 2019



323 varying levels of thermal tolerance. High ambient temperatures have negative impacts on the 

324 poultry industry since it affects the growth and production performance in chickens (Mack et al., 

325 2013). Various studies have indicated that mutations in gene sequencing alter gene expression, 

326 morphology, and physiology (Deeb & Cahaner, 2001a; Maak et al., 2003; Mack et al., 2013). 

327 For instance, changes in the AT content of the promoter affects the expression of HSP70 which 

328 plays a significant role in regulatory evolution (Chen et al., 2011). This, therefore, is an 

329 indication that other changes in the gene sequence of HSP70 could contribute to the evolution of 

330 this gene. 

331 The different heat tolerant capability traits in chicken are brought about by the coding regions 

332 and polymorphism regulation of HSP70 (Zhang, Du & Li, 2002). Therefore, the use of modern 

333 molecular breeding technology to identify genetic markers related to thermotolerance could 

334 allow for the possibility of direct gene selection. It has been shown that the C.-69A>GSNP in 

335 the 5′-flanking region of the HSP70 gene affects chickens’ thermotolerance traits in white 

336 recessive rock chickens exposed to thermoneutral temperatures and the GG genotype might be 

337 advantageous for the prevention of heat stress. Thus, this SNP may be a potential molecular 

338 marker for further genetic improvement of thermotolerance in chicken (Chen et al., 2016).

339

340 Origins of indigenous chicken ecotypes in Kenya

341 Despite the lack of a population structure in indigenous chicken ecotypes, the splits 

342 decomposition network revealed distinct maternal lineages that existed in indigenous chicken 

343 ecotypes in Kenya. Overall, the 28 haplotypes observed in this study clustered into six 

344 genetically distinct clades: Clade A, B, C, D, E and I. These have been reported previously in 

345 indigenous chickens in other African countries (Oka et al., 2007; Muchadeyi et al., 2008; 
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346 Razafindraibe et al., 2008; Makanjuolal et al., 2010; Mwacharo et al., 2011). Clade A has been 

347 observed in indigenous chickens from South Africa (Muchadeyi et al., 2008; Razafindraibe et 

348 al., 2008) . Clades A and D have been reported to be the major haplogroups that occur in the 

349 African continent (Mwacharo et al., 2011) while clades A, B, and E are widely distributed in the 

350 world (Liu et al., 2006). Clade D, which is the dominant haplogroup in Africa has been reported 

351 previously in East Africa (Mwacharo et al., 2011); and West Africa (Makanjuolal et al., 2010). 

352 Clade A is the second dominant haplogroup in East Africa and has been previously reported in 

353 Kenya (Mwacharo et al., 2011). It has also been observed in Zimbabwe (Muchadeyi et al., 

354 2008) and Madagascar (Razafindraibe et al., 2008) although it is absent in West Africa 

355 (Makanjuolal et al., 2010). It is speculated that this clade could have originated from South and 

356 Southwest China and/or surrounding areas. It has been suggested that it originates from 

357 Southeast Asia (Muchadeyi et al., 2008), while Makanjuolal et al (Makanjuolal et al., 2010) 

358 suggests without evidence that it originated from Indonesia following Austronesian arrivals on 

359 the Island. The fact that this haplogroup has been reported in South and East African regions 

360 suggests either an early trading contact all along the coast of East Africa or an arrival in a single 

361 African coastal region and subsequent dispersal along the coastal area of the continent at an 

362 unknown point in time (Mwacharo et al., 2011). 

363 Clades B and C have similar biological history and were reported for the first time in the African 

364 village chickens (Mwacharo et al., 2011). It has been proposed that this haplogroup originated 

365 from Yunnan province and or surrounding areas (Myanmar, and Thailand). This haplogroup has 

366 been found to be identical to haplotypes found in the brown and white egg layers. This could be 

367 a manifestation of the crossbreeding programme of indigenous chickens with the commercial 

368 flocks and this introgression has been shown to have occurred in the Dutch fancy breed of 
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369 chicken based on mtDNA analysis (Dana et al., 2011). This could be an indication that the 

370 exotic commercial genotypes have been successfully introgressed into indigenous chicken 

371 ecotypes in Kenya. Clades A and B were observed in Mt. Elgon catchment chicken ecotype. 

372 Clade E was observed in all the indigenous chicken ecotypes. Turkana basin chicken ecotype had 

373 most haplotypes in this clade, followed by Mt. Elgon catchment ecotype, Lake Victoria basin 

374 ecotype then Lamu ecotype. This haplogroup demonstrated a star-like pattern and this is a clear 

375 indication of rapid population expansion (Mwacharo et al., 2011). Just like clade B, this clade 

376 was reported for the first time in African indigenous chickens in Ethiopia and Sudan (Mwacharo 

377 et al., 2011). It is worth noting that this clade has never been reported in commercial chickens 

378 indicating that it’s a pure indigenous breed (Muchadeyi et al., 2008; Mwacharo et al., 2011). 

379 This clade has a close relationship with mtDNA sequences from Yunnan province in China and 

380 this supports the origin of this haplogroup from Yunnan province and/or adjacent regions 

381 (Muchadeyi et al., 2008). It has been suggested that this haplogroup might have found its way to 

382 Africa via the horn of Africa and diffused southwards to Sudan and Ethiopia (Mwacharo et al., 

383 2013). It can, therefore, be concluded that this haplogroup found its way to Kenya through the 

384 Lake Turkana basin as an entry point from Ethiopia and Sudan.

385

386

387 CONCLUSIONS

388 Our data indicated that there are still some ancestral haplotypes that exist in Kenyan indigenous 

389 chicken ecotypes. It is also evident that indigenous chicken ecotypes in Kenya may genetically 

390 harbour different levels of thermal tolerance. This has been demonstrated by the variation in the 

391 partial HSP70 gene that was analyzed in this study. Further genomic studies should be 

392 conducted to establish whether other beneficial heat stress genotypes that could be utilized in 
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393 breeding programs primarily in the heat stressed environments exist. This should then improve 

394 on the breeding programs thus leading to improved poultry productivity hence ensuring food 

395 security.

396

397 ACKNOWLEDGEMENTS

398 We wish to thank the Director of veterinary services, the County veterinary officers, the local 

399 extension officers and farmers in the following Counties: Lamu, Turkana, Busia, Trans Nzoia, 

400 Bungoma, West Pokot and Homabay. 

401

402 ADDITIONAL INFORMATION AND DECLARATIONS

403 Funding

404 This work was supported by Jomo Kenyatta University of Agriculture and Technology (grant no. 

405 JKU/2/4/RP/181) and the Japan International Cooperation Agency Africa –ai-JAPAN 

406 project/task force for the research fellowship awarded through the innovation center for 

407 molecular biology and biochemistry (iCMoB) (reference number: iCMoB/01/2014). The funders 

408 had no role in study design, data collection and analysis, decision to publish or preparation of the 

409 manuscript.

410 Competing interests

411 The authors declare there are no competing interests

412 Author contributions

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27589v1 | CC BY 4.0 Open Access | rec: 15 Mar 2019, publ: 15 Mar 2019



413  Sheila C. Ommeh conceived the study, designed the experimets, data collection, data 

414 analysis, manuscript preparation, interpreted the data, revised and approved the final 

415 manuscript.

416  Grace M. Kennedy did data collection, data analysis, manuscript preparation, interpreted 

417 the data, revised and approved the final manuscript.

418  Philip M. Panyako did data analysis and manuscript preparation

419  Philip A. Oyier did data analysis, manuscript preparation, interpreted the data, revised 

420 and approved the final manuscript.

421  Emmanuel K. Ndiema did data collection, interpreted the data, revised and approved the 

422 final manuscript.

423  Jacqueline K. Lichoti interpreted the data, revised and approved the final manuscript. 

424 Data availability

425 GenBank accession numbers of mtDNA haplotypes: MH681612- MH681639 and HSP70 

426 haplotypes: KT948639, KT948640, KT948641.

427 REFERENCES

428 Aengwanich W. 2009. Comparative ability to tolerate heat between Thai indigenous chickens, 

429 Thai indigenous chickens crossbred and broilers by using percentage of lymphocyte. 

430 International Journal of Poultry Science 7:1071–1073

431 Akaboot P, Duangjinda M, Phasuk Y, Kaenechan C, Chinchiyanond W. 2012. Genetic 

432 characterization of Red Junglefowl (Gallus gallus), Thai indigenous chicken (Gallus 

433 domesticus), and two commercial lines using selective functional genes compared to 

434 microsatellite markers. Genetics and Molecular Research 11:1881–1890.

435 Avin FA. 2012. Phylogenetics analyses manual (Chromas 2.1, Mega4. 0, Arlequin 3.5, DNAsp 

436 5, TCS 1.21, Network 4.6).

437 Bandelt H-J, Dress AW. 1992. Split decomposition: a new and useful approach to phylogenetic 

438 analysis of distance data. Molecular phylogenetics and evolution 1:242–252

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27589v1 | CC BY 4.0 Open Access | rec: 15 Mar 2019, publ: 15 Mar 2019



439 Cahaner A, Ajuh JA, Siegmund-Schultze M, Azoulay Y, Druyan S, Zárate AV. 2008. 

440 Effects of the genetically reduced feather coverage in naked neck and featherless broilers on their 

441 performance under hot conditions. Poultry Science 87:2517–2527

442 Chen B, Jia T, Ma R, Zhang B, Kang L. 2011. Evolution of hsp70 gene expression: a role for 

443 changes in AT-richness within promoters. PLoS One 6: e20308

444 Chen ZY, Zhang WW, Gan JK, Kong LN, Zhang XQ, Zhang DX, Luo QB. 2016. Genetic 

445 effect of an A/G polymorphism in the HSP70 gene on thermotolerance in chicken. Genetics and 

446 Molecular Research 15

447 Dana N, Megens H-J, Crooijmans RP, Hanotte O, Mwacharo J, Groenen MA, van 

448 Arendonk JA. 2011. East Asian contributions to Dutch traditional and western commercial 

449 chickens inferred from mtDNA analysis. Animal Genetics 42:125–133

450 Deeb N, Cahaner A. 2001a. Genotype-by-environment interaction with broiler genotypes 

451 differing in growth rate. 1. The effects of high ambient temperature and naked-neck genotype on 

452 lines differing in genetic background. Poultry Science 80:695–702

453 Deeb N, Cahaner A. 2001b. Genotype-by-environment interaction with broiler genotypes 

454 differing in growth rate: 2. The effects of high ambient temperature on dwarf versus normal 

455 broilers. Poultry Science 80:541–548

456 Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 

457 throughput. Nucleic acids research 32:1792–1797

458 Enrique J, Vega-Núñez E, Morales AV, Serna J, Rubio E, De Pablo F. 1998. Modulation of 

459 the chaperone heat shock cognate 70 by embryonic (pro) insulin correlates with prevention of 

460 apoptosis. Proceedings of the National Academy of Sciences 95:9950–9955

461 Excoffier L, Laval G, Schneider S. 2005. Arlequin (version 3.0): an integrated software 

462 package for population genetics data analysis. Evolutionary bioinformatics 

463 1:117693430500100000.

464 Fujimoto M, Nakai A. 2010. The heat shock factor family and adaptation to proteotoxic stress. 

465 The FEBS journal 277:4112–4125

466 Fumihito A, Miyake T, Takada M, Shingu R, Endo T, Gojobori T, Kondo N, Ohno S. 1996. 

467 Monophyletic origin and unique dispersal patterns of domestic fowls. Proceedings of the 

468 National Academy of Sciences 93:6792–6795

469 Hartl FU. 1996. Molecular chaperones in cellular protein folding. Nature 381:571

470 Hillel J, Groenen MA, Tixier-Boichard M, Korol AB, David L, Kirzhner VM, Burke T, 

471 Barre-Dirie A, Crooijmans RP, Elo K. 2003. Biodiversity of 52 chicken populations assessed 

472 by microsatellite typing of DNA pools. Genetics Selection Evolution 35:533

473 Hoffmann I. 2010. Climate change and the characterization, breeding and conservation of 

474 animal genetic resources. Animal genetics 41:32–46

475 Iwamoto S, Sato S, Hosomichi K, Taweetungtragoon A, Shiina T, Matsubayashi H, Hara 

476 H, Yoshida Y, Hanzawa K. 2008. Identification of heat shock protein 70 genes HSPA2, HSPA5 

477 and HSPA8 from the Japanese quail, Coturnix japonica. Animal Science Journal 79:171–181

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27589v1 | CC BY 4.0 Open Access | rec: 15 Mar 2019, publ: 15 Mar 2019



478 Kregel KC. 2002. Invited review: heat shock proteins: modifying factors in physiological stress 

479 responses and acquired thermotolerance. Journal of applied physiology 92:2177–2186

480 Librado P, Rozas J. 2009. DnaSP v5: a software for comprehensive analysis of DNA 

481 polymorphism data. Bioinformatics 25:1451–1452

482 Liu Y-P, Wu G-S, Yao Y-G, Miao Y-W, Luikart G, Baig M, Beja-Pereira A, Ding Z-L, 

483 Palanichamy MG, Zhang Y-P. 2006. Multiple maternal origins of chickens: out of the Asian 

484 jungles. Molecular phylogenetics and evolution 38:12–19

485 Lu Q, Wen J, Zhang H. 2007. Effect of chronic heat exposure on fat deposition and meat 

486 quality in two genetic types of chicken. Poultry Science 86:1059–1064

487 Maak S, Melesse A, Schmidt R, Schneider F, Von Lengerken G. 2003. Effect of long-term 

488 heat exposure on peripheral concentrations of heat shock protein 70 (Hsp70) and hormones in 

489 laying hens with different genotypes. British poultry science 44:133–138

490 Mack LA, Felver-Gant JN, Dennis RL, Cheng HW. 2013. Genetic variations alter production 

491 and behavioral responses following heat stress in 2 strains of laying hens. Poultry science 

492 92:285–294

493 Magothe TM, Muhuyi WB, Kahi AK. 2010. Influence of major genes for crested-head, frizzle-

494 feather and naked-neck on body weights and growth patterns of indigenous chickens reared 

495 intensively in Kenya. Tropical animal health and production 42:173–183

496 Mahmoud KZ, Edens FW. 2005. Influence of organic selenium on hsp70 response of heat-

497 stressed and enteropathogenic Escherichia coli-challenged broiler chickens (Gallus gallus). 

498 Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 141:69–75

499 Makanjuolal B, Afolayanl O, Bjrzrnstadz G, Jianlin H, Hanottel O. 2010. Lack of 

500 phylogeographic structure in Nigerian village chickens revealed by mitochondrial DNA D-loop 

501 sequence analysis. International Journal of Poultry Science 9:503–507

502 Mayer MP, Bukau B. 2005. Hsp70 chaperones: cellular functions and molecular mechanism. 

503 Cellular and molecular life sciences 62:670

504 Mazzi CM, Ferro JA, Ferro MIT, Savino VJM, Coelho AAD, Macari M. 2003. 

505 Polymorphism analysis of the hsp70 stress gene in Broiler chickens (Gallus gallus) of different 

506 breeds. Genetics and Molecular Biology 26:275–281

507 McManus CJ, Coolon JD, O’Duff M, Eipper-Mains J, Graveley BR, Wittkopp PJ. 2010. 

508 Regulatory divergence in Drosophila revealed by mRNA-seq. Genome research.

509 Moraa GK, Oyier PA, Maina SG, Makanda M, Ndiema EK, Alakonya AE, Ngeiywa KJ, 

510 Lichoti J, Ommeh SC. 2015. Assessment of phenotypic traits relevant for adaptation to hot 

511 environments in indigenous chickens from four agro-climatic zones of Kenya. Livestock 

512 research for rural development 27:1–11

513 Muchadeyi FC, Eding H, Simianer H, Wollny CBA, Groeneveld E, Weigend S. 2008. 

514 Mitochondrial DNA D-loop sequences suggest a Southeast Asian and Indian origin of 

515 Zimbabwean village chickens. Animal genetics 39:615–622

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27589v1 | CC BY 4.0 Open Access | rec: 15 Mar 2019, publ: 15 Mar 2019



516 Mwacharo JM, Bjørnstad G, Han JL, Hanotte O. 2013. The history of African village 

517 chickens: an archaeological and molecular perspective. African Archaeological Review 30:97–

518 114

519 Mwacharo JM, Bjørnstad G, Mobegi V, Nomura K, Hanada H, Amano T, Jianlin H, 

520 Hanotte O. 2011. Mitochondrial DNA reveals multiple introductions of domestic chicken in 

521 East Africa. Molecular phylogenetics and evolution 58:374–382

522 Mwacharo JM, Nomura K, Hanada H, Jianlin H, Hanotte O, Amano T. 2007. Genetic 

523 relationships among Kenyan and other East African indigenous chickens. Animal Genetics 

524 38:485–490

525 Oka T, Ino Y, Nomura K, Kawashima S, Kuwayama T, Hanada H, Amano T, Takada M, 

526 Takahata N, Hayashi Y. 2007. Analysis of mtDNA sequences shows Japanese native chickens 

527 have multiple origins. Animal genetics 38:287–293

528 Peakall ROD, Smouse PE. 2006. GENALEX 6: genetic analysis in Excel. Population genetic 

529 software for teaching and research. Molecular ecology notes 6:288–295

530 Razafindraibe H, Mobegi VA, Ommeh SC, Bjørnstad G, Hanotte O, Jianlin H. 2008. 

531 Mitochondrial DNA origin of indigenous malagasy chicken. Annals of the New York Academy of 

532 Sciences 1149:77–79

533 Renaudeau D, Collin A, Yahav S, De Basilio V, Gourdine JL, Collier RJ. 2012. Adaptation 

534 to hot climate and strategies to alleviate heat stress in livestock production. Animal 6:707–728

535 Rogers AR, Harpending H. 1992. Population growth makes waves in the distribution of 

536 pairwise genetic differences. Molecular biology and evolution 9:552–569

537 Schneider S, Roessli D, Excoffier L. 2000. Arlequin: a software for population genetics data 

538 analysis. User manual version 2:2496–2497

539 Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 2013. MEGA6: molecular 

540 evolutionary genetics analysis version 6.0. Molecular biology and evolution 30:2725–2729

541 Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. 1997. The CLUSTAL_X 

542 windows interface: flexible strategies for multiple sequence alignment aided by quality analysis 

543 tools. Nucleic acids research 25:4876–4882

544 Zeng T, Jiang X, Li J, Wang D, Li G, Lu L, Wang G. 2013. Comparative proteomic analysis 

545 of the hepatic response to heat stress in Muscovy and Pekin ducks: insight into thermal tolerance 

546 related to energy metabolism. PloS one 8: e76917

547 Zhang X, Du H, Li J. 2002. Single nucleotide polymorphism of chicken heat shock protein 70 

548 gene. In: 7th World Congress on Genetics Applied to Livestock Production, Montpellier, France

549 Zhen F-S, Du H-L, Xu H-P, Luo Q-B, Zhang X-Q. 2006. Tissue and allelic-specific 

550 expression of hsp70 gene in chickens: basal and heat-stress-induced mRNA level quantified with 

551 real-time reverse transcriptase polymerase chain reaction. British poultry science 47:449–455

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27589v1 | CC BY 4.0 Open Access | rec: 15 Mar 2019, publ: 15 Mar 2019



Figure 1

A rooted maximum likelihood tree of the three HSP70 haplotypes and other avian

HSP70
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Figure 2

Phylogenetic network tree of the HSP70 haplotypes with other avian HSP70 sequences
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Figure 3

HSP70 haplotype distribution in the sampled indigenous chicken ecotypes
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Figure 4

A regression graph showing the relationship between geographic and genetic distance

in mtDNA haplotypes
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Figure 5

A splits decomposition network of the mtDNA haplotypes with reference sequences
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Figure 6

mtDNA Pairwise nucleotide difference under the population growth decline model in

chicken ecotypes in Kenya
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Table 1(on next page)

Diversity indices of HSP70 gene in indigenous chicken ecotypes in Kenya
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1 Table 1 Diversity indices of HSP70 gene in indigenous chicken ecotypes in Kenya

2

Ecotypes No. of homozygotes No. of heterozygotes HO HE Pi

Turkana basin 96 118 0.5514 0.6291 0.003036±0.002297

Mt.Elgon 

catchment

50 60 0.5455 0.6281 0.00294±0.002243

Lake Victoria 

basin

12 34 0.7391 0.6192 0.002685±0.002129

Lamu 80 104 0.5652 0.4995 0.001989±0.001730

3
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Table 2(on next page)

AMOVA of the HSP70 gene in sampled indigenous chicken ecotypes
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1 Table 2 AMOVA of the HSP70 gene in sampled indigenous chicken ecotypes

2

Variance components Hierarchy d.f. variation Percentage 

of variation

p-value

Among ecotypes 1 4 22.4 7.9 0.00000+/-

0.00000

Among individuals within 

ecotypes

2 549 164.9 2.3 0.21970+/-

0.00436

Within individuals 3 554 158 89.6 0.00337+/-

0.00057

3
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Table 3(on next page)

mtDNA haplotype diversity indices of sampled Kenyan indigenous chicken ecotypes
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1 Table 3 mtDNA haplotype diversity indices of sampled Kenyan indigenous chicken ecotypes

Ecotype Sample 

size

polymorphic 

sites

No. of 

haplotypes

haplotype 

diversity

Nucleotide diversity

Turkana basin

Turkana north east 37 8 3 0.2868±0.0880 0.028743±0.593763

Turkana north 23 8 3 0.1700±0.1025 0.024845±0.021751

Turkana west 21 13 4 0.6071±0.1640 0.024235±0.023361

Mt. Elgon catchment

West Pokot 27 13 7 0.8006±0.0506 0.107245±0.064330

Trans Nzoia 12 6 5 0.7576±0.0927 0.048701±0.036333

Bungoma 25 12 6 0.6567±0.0903 0.071786±0.046606

Busia 19 7 8 0.8304±0.0657 0.041771±0.031413

Lake Victoria basin

Rusinga 12 9 4 0.4545±0.1701 0.053571±0.039012

Mfangano 12 5 6 0.8030±0.0959 0.054654±0.039604

Lamu

Lamu North 20 11 9 0.8895±0.0416 0.160150±0.091934

Lamu central 46 12 8 0.7662±0.0392 0.146066±0.082310

Lamu South 26 12 7 0.6431±0.0934 0.138242±0.079897

2
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Table 4(on next page)

Demographic and spatial expansion indices of mtDNA haplotypes
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1 Table 4 Demographic and spatial expansion indices of mtDNA haplotypes

Ecotype Demographic expansion Spatial expansion

raggedness index raggedness p-value raggedness index raggedness p-value

Turkana basin

Turkana North East 0.62145 0.485 0.62145 0.599

Turkana North  0.57811 0.665 0.57811 0.757

Turkana West 0.24107 0.314 0.24107 0.291

Mt.Elgon 

catchment

West Pokot 0.09531 0.491 0.09531 0.344

Trans Nzoia 0.07071 0.676 0.07071 0.709

Bungoma 0.13966 0.356 0.13966 0.606

Busia 0.24161 0.019 0.24161 0.013

Lake Victoria basin

Rusinga 0.21579 0.989 0.21579 0.707

Mfangano 0.10445 0.406 0.10445 0.425

Lamu

Lamu North 0.06097 0.447 0.06097 0.73

Lamu Central 0.08215 0.183 0.08215 0.673

Lamu South 0.12914 0.437 0.12914 0.746

2
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Table 5(on next page)

Summary of AMOVA of mtDNA haplotypes in indigenous chicken ecotypes in Kenya
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1 Table 5 Summary of AMOVA of mtDNA haplotypes in indigenous chicken ecotypes in Kenya

2

Source of variation df variation percentage variation p-value

Among ecotypes 4 0.29534 18.8 0.00079±0.00027

Among populations within 

ecotypes 8 0.04936 3.14 0.02030±0.00147

Within populations 267 1.2261 78.06 0.00000±0.00000

3
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