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As the diploid progenitor of common wheat, Aegilops tauschii Cosson (DD, 2n = 2x = 14) is
regarded to be a potential genetic resource for improving common wheat, which is
naturally distributed in central Eurasia, spreading from northern Syria and Turkey to
western China. In this work, the chloroplast genomes of seventeen Ae. tauschii accessions
showed 135 551~ 136 009 bp in length and contained the typical quadripartite structure
of angiosperms. Meanwhile, a total of 127 functional genes, including 78 protein-coding
genes, 4 rRNAs, 26 tRNAs, and 19 duplicated genes were identiûed. Overall genomic
structure including gene number, gene order were well conserved with identical IR/SC
boundary regions, but few variations predominantly were detected in non-coding regions
(intergenic spacer regions). IR expansion and contraction with identical structure among
17 Aegilops tauschii accessions were not inûuence chloroplast genomes in length. Four
cpDNA markers including rpl32-trnL-UAG, ccsA-ndhD, rbcL-psaI and rps18-rpl20 showed
high nucleotide polymorphismsÿwhich may be used to study on inter- and intra-speciûc
genetic structure and diversity of Ae. tauschii. The ndhF gene in AY46 accession appeared
the highest Ë value, which might be involved in the adaptation to high altitude ecological
environment during the evolution of AY46 accession. The phylogenetic relationships
constructed by the complete genome sequences strongly support that Ae. tauschii in the
Yellow River region might be directly originated from Central Asia rather than Xinjiang. The
speciûc spreading route of Ae. tauschii revealed in this work, reûects the frequent cultural
exchange through the silk road from one point of view. We conûrmed that Ae. tauschii
derived from monophyletic speciation rather than hybrid speciation at the chloroplast
genome level.
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35 Abstract

36 As the D genome progenitor of bread wheat, Aegilops tauschii Cosson (DD, 2n = 2x = 14) is considered to be 

37 a potential genetic resource for improving bread wheat, which is naturally distributed in central Eurasia, 

38 ranging from northern Syria and Turkey to western China. In this work, the chloroplast genomes of seventeen 

39 Ae. tauschii accessions showed 135 551~ 136 009 bp in length and contained the typical quadripartite structure 

40 of angiosperms. Meanwhile, a total of 127 functional genes, including 78 protein-coding genes, 4 rRNAs, 26 

41 tRNAs, and 19 duplicated genes were identified. Overall genomic structure containing gene order, gene 

42 number were well conservative with identical IR/SC boundary regions, but few variations predominantly were 

43 detected in non-coding regions (intergenic spacer regions). IR expansion and contraction with identical 

44 structure among 17 Aegilops tauschii accessions were not influence chloroplast genomes in length. Four 

45 cpDNA markers including rpl32-trnL-UAG, ccsA-ndhD, rbcL-psaI and rps18-rpl20 showed high nucleotide 

46 polymorphismsÿwhich may be used to study on interspecific and intraspecific genetic structure and diversity 

47 of Ae. tauschii. The ndhF gene in AY46 accession appeared the highest Ë value, which might be involved in 

48 the adaptation to high altitude ecological environment during the evolution of AY46 accession. The 

49 phylogenetic relationships constructed by the complete genome sequences well sustained that Ae. tauschii in 
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50 the Yellow River region might be directly originated from Central Asia rather than Xinjiang. The specific 

51 spreading route of Ae. tauschii revealed in this work, reflects the frequent cultural exchange through the silk 

52 road from one point of view. We confirmed that Ae. tauschii derived from monophyletic speciation rather than 

53 hybrid speciation at the chloroplast genome level.

54

55 Keywords: inverted repeats region, next-generation sequencing, phylogenetic tree, genetic 

56 differentiation, selective pressure 

57 Introduction

58 Aegilops tauschii Cosson (DD, 2n = 2x = 14) is the donor of common wheat D genome contained abundant 

59 genetic variation, especially strong tillering ability and high plant tolerance including disease resistance, 

60 drought resistance and abiotic stress resistance (Singh et al., 2012). Naturally, it is widely distributed in central 

61 Eurasia, spreading from northern Syria and Turkey to western China (Yili area of Xinjiang). In addition, as a 

62 kind of farmland weed accompanying common wheat, Ae. tauschii is also found in the middle reaches of the 

63 Yellow River (including Henan and Shannxi provinces, China) (Wei et al., 2008). In genetic studies, Ae. 

64 tauschii is preferable to be further divided into into two sublineages based on nuclear genome sequences, 

65 recognized as L1 and L2, broadly affiliating with Ae. tauschii ssp. strangulata and Ae. tauschii ssp. tauschii, 

66 respectively (Mizuno et al., 2010; Dvorak et al., 1998). Previous studies have shown that L2 lineage is 

67 involved in the origin of common wheat, which is limited in a narrow area within the whole species 

68 distribution (Wang et al., 2013; Dvorak et al., 2012). Relatively, L1 lineage could adapt to more diversified 

69 ecologoical enviorment conditions (Dudnikov, 2012). It is proposed that the genetic differentiation types of Ae. 

70 tauschii (mainly L1 lineage) are more enrich than that of the common wheat D genome with the long genetic 

71 distance between L1 and L2 (Lubbers et al., 1991; Wang et al., 2013; Dvorak et al., 2012). Thus, as many wild 

72 crop progenitors, Ae. tauschii is considered to be a valuable gene germplasm for genetic improvement research 

73 of common wheat (Kilian et al., 2011).

74  Iran is widely regarded as the center of the origin and genetic diversity for Ae. tauschii (Dvorak et al., 
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75 1998). After a long period of dispersal and adaptation, the spatial distribution of Ae. tauschii shows distinctly 

76 difference. L2 lineage is mainly restricted from Transcaucasia (Armenia and Azerbaijan) to eastern Caspian 

77 Iran, whereas L1 lineage widely spreads across the whole species range, including the middle reaches of the 

78 Yellow River and the Yili area of Xinjiang in China (Kihara et al., 1965; Jaaska 1980; Matsuoka et al., 2015; 

79 Wei et al., 2008). Owing to its prominent advantages such as moderate nucleotide replacement rate, significant 

80 variations in molecular evolution speed between non-coding and coding regions, moderate genome in size and 

81 the desirable collinear properties among different species (Kimura et al., 1984), chloroplast sequence has been 

82 considered to be an effective strategy in exploring intra- and interspecific evolutionary relationships as well as 

83 comparative genomic studies (Matsuoka et al., 2005; Yamane and Kawahara 2005;  Tabidze et al., 2014; 

84 George et al., 2015; Liu et al., 2017). In angiosperms, the size of chloroplast (cp) genome and its gene 

85 arrangement are highly conserved with a circular chromosome ranging from 120 to 160 kb, including a small 

86 single-copy region (SSC), a large single-copy region (LSC) and a couple of inverted repeats region (IRs) 

87 (Palmer, 1991; Yang et al., 2010). Particularly, the phylogenetic analysis of chloroplast sequences could 

88 provide specific identification on maternal lineages because the chloroplasts are primarily non-recombining 

89 and uniparentally inherited (Sang, 2002). Up to now, genetic variation and phylogenetic analysis in common 

90 wheat and its relatives have been researched based on the complete chloroplast genomes (Middleton et al., 

91 2014; Gornicki et al., 2014; Gogniashvili et al., 2016). To shed light on the genetic variation of Ae. tauschii 

92 and the origin of Chinese landraces, here we report a sequence analysis of seventeen complete chloroplast 

93 genomes of Ae. tauschii from western Turkey to eastern China. The results not only supplements new 

94 molecular phylogenetic information for taxonomy optimization of Ae. tauschii, but also provides promising 

95 germplasm resources for the genetic improvement of bread wheat.

96 Materials and methods

97 Plant materials

98 Ae. tauschii accessions included in this study, containing origin country and collection region, were listed in 

99 Table 1. The accessions marked as 8XJ9, 8T9, and 8S9 represent those from Xinjiang, Henan, and Shannxi, 

100 respectively. The other accessions named 8AY9 and 8AS9 were respectively provided by the US National Plant 

101 Germplasm Center and Institute of Genetics and Developmental Biology, Chinese Academy of Sciences. The 

102 accessions locate in a rather wide range from Turkey, Georgia, Iran, Turkmenistan, Kazakhstan, Tajikistan, 
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103 Afghanistan, Pakistan, India to Xinjiang, Shannxi and Henan provinces in China (Figure 1), including 15 

104 accessions for L1 lineages and 2 accessions for L2 lineages based on single nucleotide polymorphisms (Wang 

105 et al., 2013). 

106 Next-generation sequencing of chloroplast genomes and annotation

107 Total genomic DNA of 17 Ae. tauschii accessions were extracted from fresh leaves of seedling on one-week 

108 old by plant genomic DNA kit (TIANGEN Biotech (Beijing) Co., Ltd)ÿrespectively. Approximately 5 ~ 10 ¿g 

109 of DNA was trimmed to generate fragments. Then, the quality of DNA sequences was examined by Agilent 

110 Bioanalyzer 2100 (Agilent Technologies). A paired-end sequencing library was constructed using ~400 bp 

111 fragment by Genomic DNA Sample Prep Kit (Illumina) in accordance with the manufacturer9s protocal. Then, 

112 the genome sequencing was carried out on Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) using 

113 the HiSeq X ten sequencing platform (Illumina Inc., San Diego, CA) with 150 bp read length. Low quality 

114 reads with phred score < 30 and 0.001 probability error were sheared utilizing Trimmomatic v0.36   

115 (http://www.usadellab.org/cms/index.php?page=trimmomatic), and the remaining high quality fragments were 

116 assembled into contigs employing the SOAPdenovo v2.21 (http://soap.genomics.org.cn/soapdenovo.html). The 

117 assembled contigs were further aligned to the reference genomes of AL8/78 (GenBank No. KJ 614412) using 

118 BLASTN (http://www.ncbi.nlm.nih.gov). Finally, the sequence gaps of genome were filled by GapCloser 

119 v1.12 (http://soap.genomics.org.cn/soapdenovo.html).

120 The complete chloroplast genome of Ae. tauschii was annotated using Dual Organellar GenoMe 

121 Annotator program (DOGMA, Wyman et al., 2004), which were further verified artificially. The annotation of 

122 the tRNA genes was verifed using tRNAscan-SE. The circular chloroplast genome of Ae. tauschii was 

123 constructed using the online software OGDRAW (Lohse et al., 2013). 

124 Comparative chloroplast genomic analysis

125 In order to study intraspecific variations, LSC, SSC and expansion and interspecific variations of inverted 

126 repeats region (IR) were conducted by Geneious 9.0.5 software (Biomatters, Auckland, New Zealand). 

127 Utilizing AL8/78 as a reference genome, the chloroplast genomes of T093 and AY81 were aligned by 

128 mVISTA to visualize sequence variations between L1 and L2 (Gogniashvili et al., 2016). 

129 Analysis of sequences divergence and molecular markers 

130 The divergence analysis of chloroplast genome was performed based on homologous regions of 17 Ae. tauschii 

131 accessions employing MAFFT alignment (Katoh et al., 2002). Polymorphic sequences within complete 

132 chloroplast genomes were selected based on nucleotide diversity (Pi) analysis utilizing DnaSP v5.0 software 

133 (Librado and Rozas, 2009). 
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134 Synonymous (Ks) and Non-synonymous (KA) substitution rates analysis

135 To compute synonymous and non-synonymous substitution rates, the uniform encoding exons from individual 

136 cp genomes were extracted and aligned separately with Chinese spring TA3008 (GenBank No. KJ614396) as 

137 the reference genome utilizing Geneious v9.0.5 software (Biomatters, Auckland, New Zealand). The relative 

138 evolutionary rates were calculated based on synonymous and non-synonymous substitutions as well as their 

139 ratios (Ë = KA/KS). 

140 Phylogenetic analysis

141 The phylogenetic relationships of Ae. tauschii were conducted using the complete chloroplast genome 

142 sequences of seventeen accessions. In addition, in order to verified the origin of Ae. tauschii within Triticeae, 

143 ninety-nine accession were used for phylogenetic analysis, including seventeen assembled from in this study, 

144 representatives of fifty-six species of Aegilops genus, twenty-four of Triticum genus with two species of 

145 Hordeum vulgare as outgroups. 

146 These chloroplast genome sequences were aligned using Geneious 9.0.5 software (Biomatters, Auckland, 

147 New Zealand). Gaps were adjusted manually or removed. The alignment length with all gap positions removed 

148 were determined to be 135 984 bp (17 accessions) and 131 116 bp (99 accessions). The two phylogenetic trees 

149 was constructed based on the maximun-likehood (ML) method utilizing MEGA7.0 software (Kumar et al., 

150 2016). The bootstrap values were evaluated with 1000 replications. The best-fit nucleotide substitution model 

151 (GTR+I+G) was selected by jModelTest 2.1.4 software (Posada, 2008) with default parameters.

152 Results

153 The characteristic and comparison of Ae. tauschii chloroplast genomes

154 In this work, seventeen Ae. tauschii chloroplast genomes were similar in size and gene content. They are 

155 generally 135 551~ 136 009 bp long and contain four blocks: two IR regions separated by a SSC region (12 

156 773 ~ 12 826 bp) and a LSC region (79 723 ~ 80 140 bp) (Figure2 and Table 2). The cp genome sequences 

157 were submitted into GenBank with the accession number in Table 1.The intergenic regions of these sequences 

158 range within 75 635 ~ 77 699 bp in length, accounting for the total genomes of 53.2 ~ 57.2 %. The remaining 

159 gene regions are composed of coding regions, intron regions, tRNA genes, and rRNA genes. Particularly, GC 

160 contents are relatively stable in 17 chloroplast genomes, ranging from 38.31 % to 38.35 % (Table 2).

161 The compositions of seventeen Ae. tauschii chloroplast genomes are highly conservative which all 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27932v1 | CC BY 4.0 Open Access | rec: 31 Aug 2019, publ: 31 Aug 2019



162 contain a total of 122 functional genes, containing 82 protein-coding genes, 8 rRNAs, 32 tRNAs, with 16 

163 duplicated genes in each one accession of Ae. tauschii (Table 2). Among the 106 unique genes, in which 56 

164 fragments are related to self-replication and 46 genes are associated with photosynthesis. In addition, the 

165 functions of 4 other genes are also annotated: maturase (matK),  envelope membrane protein (cemA), C-type 

166 cytochrome synthesis (ccsA) as well as protease (clpP) (Table S1). 

167 The representative genomes of three Ae. tauschii accessions were relatively conservative, and any 

168 translocations or inversions compared to any of the genomes were not identified. IR regions hand lower 

169 sequence variation than that in the LSC and SSC regions (Figure S1). Further, the exact IR/SSC and IR/LSC 

170 boundary location and their neighbor genes among the 17 Ae. tauschii chloroplast genomes were strictly 

171 identical in length (21 548 bp) and border structure (Figure S2). 

172

173 Sequence divergences and molecular marker development of Ae. tauschii chloroplast genomes 

174 The sequence divergences of coding genes, intron regions and intergenic regions, and were further 

175 analyzed to elucidate the variation characteristics among 17 Ae. tauschii chloroplast genomes. Totally 56 

176 variation loci were detected, in which 38 loci were located in non-coding regions (34 intergenic regions and 4 

177 intron regions) and the other 18 loci were found in coding genes. As a result, relatively high value of 

178 nucleotide variability (Pi) was determined for non-coding regions, ranging from 0.00008 to 0.00635 with an 

179 average of 0.00133, which was approximately 3 times than that in the coding regions (averaged 0.000432) 

180 (Figure 3).  Specifically, four of these variable loci, rpl32-trnL-UAG (0.00478), ccsA-ndhD (0.00483), rbcL-

181 psaI (0.00492), and rps18-rpl20 (0.00635) locating in intergenic regions displayed more higher nucleotide 

182 polymorphisms (Figure 3), of which the former two loci were in the SSC region and the latter two loci were 

183 located in the LSC region. 

184

185 Synonymous and non-synonymous substitution rates analysis
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186 To measure selection pressures of cp genes, the Ks, KA and Ë values of 78 protein-coding genes were 

187 calculated and compared among 17 Ae. tauschii chloroplast genomes with Chinese Spring TA3008 as a 

188 reference genome. Only 9 protein-coding genes exhibited Ë values, with KA and Ks values ranging from 0.004 

189 ~ 0.006 and 0.0027 ~ 0.0069 (Table S2), respectively, which was neglected for the remaining genes due to Ks 

190 or KA = 0. Synonymous and non-synonymous substitution rates among intraspecific accessions of Ae. tauschii 

191 were conservative (Figure 4). Specially, ndhF in AY46 displayed the largest evolutionary rate (Ë = 1.4605). In 

192 addition, we found that only atpB gene are under positive selection in Ae. tauschii based on the Ka/Ks values.  

193

194 Phylogenetic tree

195 The two datasets of the seventeen complete cp genome sequences assembled in this study and ninety-nine the 

196 chloroplast genome sequence were used to construct the phylogenetic relationships. As shown in Figure 5, 

197 seventeen Ae. tauschii are obviously clustered into three groups. Group I are sister to the remaining accessions, 

198 group II and group III, which form one clade. Interestingly, group a is found derived from the L2 lineage, 

199 while groups a and c are all originated from the L1 lineage, in accordance with the observation using 7185 

200 SNP markers (Wang et al., 2013). This indicates that complete chloroplast genome sequences were equal 

201 effective to nuclear sequences for the phylogenetic construction of Ae. tauschii. In group c, SC1 and T093 

202 from the Yellow River region display a close genetic relationship, clustering into a small branch with AY22 

203 from Pakistan. In addition, Ae. tauschii in the Yellow River region shows a larger distance with landraces of 

204 Xinjiang compared with AY22. The above results imply that the chloroplast genome of Ae. tauschii derived 

205 from the Yellow River region (Henan and Shaanxi) has closer relationship with that from Central Asia, which 

206 exhibits relatively larger genetic differentiation with that from Xinjiang.

207 Ninety-nine accessions were used to constructed phylogenomic tree of Poaceae faminly. The two genetic 

208 clusters were retrieved, one was Triticum cluster, another cluster was refered to the Aegilops species (Figure 6). 

209 Ae. speltoides are gathered with a polytomy together with almost all Triticum species comprised the Triticum 

210 clulster. Triticum urartu and Triticum monococcum combined with the remaining Aegilops species formed the 

211 Aegilops cluster. All D-genome species including Ae. tauschii, Ae. ventricosa and Ae. cylindrica clustered into 
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212 one clade. 

213 Discussion

214 In this study, all the seventeen cp genomes displayed the typical structure of angiosperms, and identically 

215 harbored 106 unigenes arrayed in the same order (Figure 2). The chloroplast genomes of seventeen Ae. 

216 tauschii accessions were relatively conservative, and the IR region were more conservative than the LSC or 

217 SSC regions (Figure S1). Intraspecific differences among cp genome of Ae. tauschii mainly contributed to 

218 genome size, rather than expansion and contraction of IR regions. The seventeen cp genome present similar 

219 size, with ranging from 135 551 bp to 136 009 bp (Table 2), of which AY22 exhibited the biggest cp genome, 

220 and AY46 had the smallest one. IRs regions of all observed cp genomes had identical length (21548 bp). We 

221 detected the differences in length is mainly attributed to to the variation in the non-coding regions, especially 

222 in intergenic regions size (Table 2). Compared to the reference genome, the seventeen analyzed genome had 

223 no any gene loss. Inconsistent with interspecific statement (Terakami et al., 2012), in this study, identical 

224 LSC/IR and SSC/IR border regions among Ae. tauschii accessions is not suitable for a useful evolutionary tool 

225 at intraspecific level. Thus, general cp genome structure including gene order, gene number were well 

226 conservative with identical IR/SC boundary regions, but few variations predominantly were detected in non-

227 coding regions (intergenic spacer regions). 

228 To identify the genetic divergence, the nucleotide variability (Pi) of coding genes, intron regions and 

229 intergenic regions from seventeen Ae. tauschii individuals were performed using DnaSP. The results showed 

230 IRs appeared the lower sequence divergence than the LSC and SSC regions, which also occured in other 

231 angiosperm and possibly on account of copy correction of IR regions by gene conversion (Khakhlova and 

232 Bock, 2006). The four non-coding regions contained rpl32-trnL-UAG, ccsA-ndhD, rbcL-psaI and rps18-rpl20 

233 showed high nucleotide polymorphisms. Two of them (rpl32-trnL-UAG, ccsA-ndhD) were in the SSC region, 

234 whereas the other two loci (rbcL-psaI , rps18-rpl20) were in the LSC region (Figure 3). Previous studies 

235 identified Ae. tauschii accessions using chloroplast non-coding sequences trnF-ndhJ, trnC-rpoB, atpI-atpH 

236 and ndhF-rpl32  (Yamane and Kawahara, 2005; Dudnikov, 2012). In this study, we developed additional four 

237 regions (rpl32-trnL-UAG, ccsA-ndhD, rbcL-psaI and rps18-rpl20) with relatively high levels of intraspecific 
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238 variation, which can be used for population genetic  analyses or serve as specific DNA barcodes of Ae. 

239 tauschii (Zhang et al., 2011; Maier et al., 1995).

240 To pinpoint whether genes of intraspecific species underwent adaptive evolution in Ae. tauschii 

241 plastomes, we carried out the identification of substitution rates for individual genes. Comparing with the 

242 outgruoup Triticum aestivum, the values (Ë) showed few differences among gene individuals (Fig.4). Identical 

243 KA/KS value of atpB among seventeen cp genomes are more than 1, indicating atpB are under positive 

244 selection in Ae. tauschii. The remaining genes manifested purifying selection on the cp encoding genes of Ae. 

245 tauschii due to less than one of KA/KS values. Specially, ndhF gene in AY46 accession appeared the highest Ë 

246 value. The ndhF gene encoding the F subunit of NADH dehydrogenase is involved in photosystem I and 

247 electron transport in chloroplast thylakoid membranes (Lascano et al., 2003). Previous research indicated that 

248 the evolutionary rates of ndhF were positively correlated with altitude (Li et al., 2016). In this study, we found 

249 that the highest Ë value was 1.4605 for ndhF gene, far surpassing one in AY46 accession compared to other 16 

250 Ae. tauschii accessions. ndhF gene had been identified as the most differentiation one in plastome of vascular 

251 plant (Kim et al., 2004). Moreover, AY46 accession showed the largest evolutionary pressure under 1296 

252 meters in altitude, implying that ndhF gene may be involved in the adaptation to the high altitude environment 

253 during the evolutionary process of AY46 accession. 

254       A substantial sequence length is believed to be required in a robust phylogenetic analysis due to the 

255 lower nucleotide substitution rates in chloroplast genomes than those in nuclear genomes (Wolfe et al., 1987; 

256 Khakhlova and Bock, 2006). Therefore, the complete chloroplast genome sequence is beneficial for exploring 

257 the phylogenetic relationship of angiosperms to acquire more comprehensive information (Kim et al., 2015). 

258 As for the origin of Ae. tauschii in China, Yili area of Xinjiang is undoubtably considered to be the 

259 easternmost of the natural distribution for Ae. tauschii wild population (Matsuoka et al., 2015; Gogniashvili et 

260 al., 2016; Wang et al., 2013), whereas the origin of landraces in the Yellow River region is still controversial. 

261 The result in this work provides an evidence that Ae. tauschii in the Yellow River region might be directly 

262 originated from Central Asia. Analogously, Iran is believed to be the origin of Ae. tauschii in the Yellow River 

263 region according to the results of Wei et al., (2008). Based on the above recognition, the possible introduction 

264 route for Ae. tauschii dispersing eastward to China is proposed. Specifically, Ae. tauschii accessions 
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265 distributed in Iran were eastward spread to Central Asia and Yili of Xiinjiang through human activities or 

266 natural extension, followed by further eastward spreading to the Yellow River region from the former area 

267 through the south line of silk road, which gradually evolved to Ae. tauschii accessions of the Yellow River 

268 region.

269 In order to further illuminate D genomes origin of common wheat, ninety chloroplast genomes were 

270 constructed, with the similar topological structure to Bernhardt (2017). Most researchers consider that Ae. 

271 tauschii, the donator of the D genome of common wheat, derived from monophyletic speciation (Dvorak et al., 

272 1998, 2012; Wang et al., 2013; Matsuoka et al., 2015). However, another study estimate the evolution 

273 relationship of the A, B and D genome lineages based on the genome sequences (2269 genes) of hexaploid 

274 bread wheat subgenomes and five diploid realtives. The results suggest that the D genome are produced by 

275 homoploid hybrid speciation of the A and B genomes (Marcussen et al., 2014). Li (2018) also pointed out that 

276 a maternal origin of the D genome lineage might be the A-genome or some other relatively close lineage 

277 through ancient hybridization based on phylogenetic analysis of chloroplast DNAs. In this study, Ae. tauschii 

278 together with the other Ae. species cluster into a small branch and then sister to Triticum urartu clade, 

279 excluding that D genome is derived from ancient hybridization and A genome acts as maternal parent. While, 

280 there is an evidence for D genome is not derived from A crossing with B (B genome acting as maternal parent), 

281 Ae. tauschii has closer genetic distance between Triticum urartu than to Ae. speltoides. We propose that these 

282 results presented phylogeny estimates as a reference framework for future studies on Triticeae or Ae. tauschii. 

283 Conclusion

284 In this work, genomic structure in gene order, gene number were well conservative with identical IR/SC 

285 boundary regions among assembled the seventeen Ae. tauschii chloroplast genomes determined using Illumina 

286 nest-generation DNA sequencing technology. Intraspecific differences dominantly were detected in non-

287 coding regions (intergenic spacer regions) among cp genome of Ae. tauschii mainly contributed to genome size. 

288 Four cpDNA markers including rpl32-trnL-UAG, ccsA-ndhD, rbcL-psaI and rps18-rpl20 can be used to study 

289 on inter- and intraspecific genetic structure and diversity of Ae. tauschii. The phylogenetic relationships 

290 performed by the complete genome sequences well sustained that Ae. tauschii in the Yellow River region 
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291 might be directly originated from Central Asia rather than Xinjiang. We confirmed that Ae. Tauschii derived 

292 from monophyletic speciation rather than hybrid speciation.
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Figure 1
Geographical distribution of 17 Aegilops tauschii accessions from western Turkey to
eastern China
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Figure 2
Chloroplast genome map of 17 Aegililops tauschii accessions.

The genes lying outside and inside of circle are transcribed in the counterclockwise and
clockwise directions, respectively. Diûerent colored bars are used to represent diûerent
functional gene groups. The darker gray area in the inner circle displays GC content. The ûne
lines indicate the boundary of the inverted repeats (IRA and IRB) that split the genomes into

large single copy (LSC) and small single copy (SSC) regions.
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Figure 3
Comparative analysis of the nucleotide variability (Pi) values among 17 Aegililops
tauschii accessions.

The homologous regions are oriented according to their locations in the chloroplast genomes.

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27932v1 | CC BY 4.0 Open Access | rec: 31 Aug 2019, publ: 31 Aug 2019



Figure 4
Synonymous (Ks) and non-synonymous (Ka) substitution rates for individual genes in 17
Aegililops tauschii chloroplast genomes.
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Figure 5
Phylogenetic tree constructed based on the complete chloroplast genomes of 17
Aegililops tauschii accessions by maximum likehood (ML) method.

Bootstrap support values (<50%) were hided. The phylogenetic tree resulting from analysis
of 135 984 bp in the alignment length of chloroplast genomes with all gap positions removed,
including long stretches of the same nucleotide, short sequences appearing in opposite
orientation and some sequences consisting short repeats.
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Figure 6
Phylogenetic tree constructed based on the complete chloroplast genomes of 99
Triticeae accessions by maximum likehood (ML) method.

The phylogenetic tree resulting from analysis of 131 116 bp in the alignment length of
chloroplast genomes with all gap positions removed, including long stretches of the same
nucleotide, short sequences appearing in opposite orientation and some sequences
consisting short repeats.
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Table 1(on next page)

The origin country and collection regions of 17 Aegilops tauschii accessions
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1 Table 1

Accessions Source Regions

GenBank 

accession 

number

SC1 Shannxi, China N (34.158997), E (108.90699), Elevation: 428 meters MN258085

AY81 IzmirÿTurkey Elevation: 30 meters MN258083

AY34 KhujandÿTajikistan N (39.771944), E (68.809444), Elevation: 433 meters MN258078

AY22 BaluchistanÿPakistan N (30.925), E (66.44638889), Elevation: 675 meters MN223978

AY320 KarsÿTurkey

N (40.13333333), E (43.06666667), Elevation: 1275 

meters

MN258084

AY21 KhujandÿTajikistan N (40.67388889), E (70.54694444), Elevation: 462 meters MN223977

XJ04 Xinjiang, China N (44.321239), E (80.77766), Elevation: 892 meters MN258087

XJ0109 Xinjiang, China N (43.386026), E (83.5977), Elevation: 1269 meters MN258089

T093 Henan, China N (35.728123), E (115.242698), Elevation: 52 meters MN258086

XJ098 Xinjiang, China N (43.386026), E (83.5977), Elevation: 1269 meters MN258088

AY78 Kondoz, Afghanistan N (36.68333333), E (68.05), Elevation: 362 meters MN258082

AS060 Iran Unknown MN223975

AY48 Turkmenistan, Balkan N(38.48333333), E(56.3), Elevation: 730 meters MN258080
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2 The origin country and collection regions of 17 Aegilops tauschii accessions

3

4

5

AY076 Turkistan N (45), E (70), Elevation: 210 meters MN258090

AY20 India N(20)ÿE(77), Elevation: 509 meters MN223976

AY72 Georgia N (43),E (47) , Elevation: 90 meters MN258081

AY46 Iran, Tehran N(35.8), E(50.96666667), Elevation: 1296 meters MN258079
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Table 2(on next page)

Comparative analysis of the chloroplast genomes among 17 Aegilops tauschii
accessions
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1 Table 2

2 Comparative analysis of the chloroplast genomes among 17 Aegilops tauschii accessions

Accessions AY21 AY22 AY320 AY34 AY81 SC1 T093 XJ04 XJ098 XJ0109 AY78 AS060 AY20 AY72 AY48 AY076 AY46

Total size(bp) 135858 136009 135978 135777 135890 135608 135850 135610 135611 135613 135656 135634 135617 135813 135836 135854 135551

GC% 38.32 38.31 38.33 38.32 38.31 38.33 38.32 38.33 38.33 38.33 38.32 38.32 38.33 38.33 38.31 38.33 38.35

Gene total length(bp) 59706 59703 59559 59703 59628 59703 63575 58583 59703 57914 59703 59703 59703 59934 59916 59916 59916

Gene average length(bp) 719 719 717 719 718 719 722 709 719 699 719 719 719 722 721 721 721

Gene density(genes per kbÿ 0.61 0.61 0.61 0.611 0.61 0.612 0.647 0.61 0.612 0.611 0.611 0.611 0.612 0.611 0.611 0.61 0.612

GC content in gene 

region(%)

38.9 38.9 38.9 38.9 38.9 38.9 38.8 38.8 38.9 39.1 38.9 38.9 38.9 38.9 38.9 38.9 38.9

Gene/Geonme(%) 43.9 43.9 43.8 44 43.9 44 46.8 43.3 44 42.8 44 44 44 44.1 44.1 44.1 44.2

Intergenic region length (bp) 76152 76306 76419 76074 76262 75905 72275 77027 75908 77699 75953 75931 75914 75879 75920 75938 75635

GC content in intergenic 

region(%)

37.8 37.8 37.8 37.8 37.8 37.8 37.8 37.9 37.8 37.7 37.8 37.8 37.8 37.8 37.8 37.8 37.8

Intergenic 

length/Genome(%)

56.1 56.1 56.2 56 56.1 56 53.2 56.7 56 57.2 56 56 56 55.9 55.9 55.9 55.8

LSC(bp) 79991 80142 80111 79910 80020 79741 79983 79744 79743 79746 79789 79766 79749 79946 79969 79987 79723

SSC(bp) 12771 12771 12771 12771 12774 12771 12771 12771 12772 12771 12771 12772 12772 12771 12771 12771 12732

IR(bp) 21548 21548 21548 21548 21548 21548 21548 21548 21548 21548 21548 21548 21548 21548 21548 21548 21548

Total number of genes 122 122 122 122 122 122 122 122 122 122 122 122 122 122 122 122 122

Number of protein-coding 

genes 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6) 82(6)

Number of rRNA genes 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4) 8(4)
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3

4

5

Number of tRNA genes 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6) 32(6)

Duplicated genes in IR 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
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