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Abstract

Pseudoroegneria libanotica is an important herbage diploid species possessing the St genome. The St genome
participates in the formation of nine perennial genera in Triticeae (Poaceae). The whole chloroplast (cp) genome of
P. libanotica is 135 026 bp in length. The typical quadripartite structure consists of one large single copy of 80 634 bp,
one small single copy of 12 766 bp and a pair of inverted regions (20 813 bp each). The cp genome contains 76 coding
genes, four ribosomal RNA and 30 transfer RNA genes. Comparative sequence analysis suggested that: /) the 737 bp
deletion in the cp of P. libanotica was specific in Triticeae species and might transfer into its nuclear genome; 2) hot-
spot regions, indels in intergenic regions and protein coding sequences mainly led to the length variation in Triticeae;
3) highly divergence regions combined with negative selection in rpl2, rpsi2, ccsA, rps8, ndhH, petD, ndhK, psbM,
rps3, rpsl8, and ndhA were identified as effective molecular markers and could be considered in future phylogenetic
studies of Triticeae species; and 4) ycf3 gene with rich cpSSRs was suitable for phylogeny analysis or could be used for
DNA barcoding at low taxonomic levels. The cpSSRs distribution in the coding regions of diploid Triticeae species was
shown for the first time and provided a valuable source for developing primers to study specific simple sequence repeat
loci.
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Introduction

Chloroplasts are multifunctional organelles possessing
own genetic material. The function of chloroplasts is to

90 kb) and small single-copy region (SSC, 16 - 27 kb)
(Palmer 1991). The gene content and structure of the

perform photosynthesis, to storage starch, to metabolize
nitrogen and sulfate, and synthesize chlorophyll,
carotenoids, fatty acids, and nucleic acids (Neuhaus and
Emes 2000, Rodriguez-Ezpeleta et al. 2005). Chloroplast
(cp) genome consists of two copies of inverted repeats
(IRs) separating the large single-copy region (LSC, 80 -

majority of angiosperm cp genomes are highly conserved
(Wicke et al. 2011), but expansion and contraction of the
IR, as well as gene inversion, loss and rearrangements,
even transferring into nuclear genome have been reported
(Matsuo et al. 2005). Because of the highly conservative
nature and slow evolutionary rate of the cp genome,
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Abbreviations: BS - bootstrap value; CNS - conserved noncoding sequences; cp - chloroplast; cpSSR - chloroplast simple sequence
repeat; dy/ds - ratio of nonsynonymous and synonymous substitution rates; indel - insertion and deletion; IR - inverted region; LSC -
large single copy; ML - maximum likelihood; rRNA - ribosomal RNA; SSC - small single copy; TE - transposable element; tRNA -
transfer RNA.

Acknowledgments: The authors are thankful to the National Natural Science Foundation of China (Grant Nos. 31470305, 31270243,
and 31200252), the National Key Research and Development of China (2016YFD0102000), and the fund from the Science and
Technology Bureau and Education Bureau of Sichuan Province, China. We are very grateful to the American National Plant
Germplasm System (Pullman, Washington, USA) for providing seed material for this study. The first two authors contributed equally
to this work.

* Corresponding author; fax: (+86) 28 82650350, e-mail: zhouyh@sicau.edu.cn

231



D.D. WU et al.

extensive molecular evolution data demonstrated that
cpDNA sequences are suitable and invaluable tool for
phylogenetic relationships and the maternal donors
studies in polyploids (Mason-Gamer et al. 2002, Zhang
et al. 2009, Sha et al. 2010).

The tribe Triticeae, an economically important plant
group, includes not only economic crop species (e.g.,
wheat, rye, triticale, and barley) but also significant
forage resources (e.g., Pseudoroegneria strigosa, Elymus
sibiricus, Leymus chinensis). Pseudoroegneria is a
perennial genus of Triticeae, including 11 species (Yen
and Yang 2011). The basic genomic constitution was
designed as St genome. Extensive cytological studies
have suggested that the St genome with the other basic
genomes W, H, Y, P, and E constitute in various
combinations different genera such as Douglasdeweya
(StP), Elymus (StH), Roegneria (StY), Trichopyrum
(StE), Anthosachne (StYW), Campeiostachys (StYH),
Kengyilia  (StYP),  Psammopyrum  (EStP), and
Pascopyrum (StHNsXm). The P, H, and W genomes are
derived from Agropyron, Hordeum, and Australopyrum,
respectively (Jensen 1989, Torabinejad and Mueller
1993, Lu 1994, Yen and Yang 2011). Phylogenetic
analysis based on limited cpDNA sequences (rpod, ndhF,
trnH-psbA, etc.) have concluded that Pseudoroegneria
species served as the maternal donor during the

Materials and methods

Plant material, DNA extraction, and high-throughput
sequencing: Genomic DNA was extracted from fresh
young leaves of diploid Pseudoroegneria libanotica
(Hackel) D.R. Dewey (P1228392) using the mCTAB
method (Li ef al. 2013a). This material was planted at the
Greenhouse of Sichuan Agriculture University in 2015
and the voucher specimen was deposited in the herbarium
of the Triticeae Research Institute, Sichuan Agricultural
University, China. Genomic DNA was fragmented by
ultrasound treatment, and gel extraction was used to
obtain DNA fragments with sizes between 400 - 600 bp.
The NEBNext® kit (New England Biolabs, Ipswich, MA,
USA) was applied to construct a 500 bp DNA library,
and Hiseq 4000 PE150 (Illumina, CA, USA) was utilized
for sequencing.

Genome assembly, annotation, comparison and
sequence analyses: High-throughput sequencing data
were assembled by SPAdes 3.6.1 (Bankevich et al. 2012),
CLC Genomics Workbench 8 and SOAPdenovo2 (Luo
et al. 2012). Chloroplast contigs were screened from
whole genome sequences using the BLAST process.
Assembly of cp reads was conducted with the help of
Sequencher 4.10 (Gene Codes, Ann Arbor, MI, USA).
Geneious 8.1 (Kearse et al. 2012) was used to map all
reads to the total cp sequence to confirm the validity of
contigs. Specific primers were designed for PCR in order
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speciation of the St-containing polyploid species in
Triticeae (Redinbaugh et al. 2000, Mason-Gamer et al.
2002, Liu et al. 2006, Sha et al. 2010, Dong et al. 2015).
Nevertheless, on the basis of #nL-F region Zhang et al.
(2009) demonstrated that the maternal donor of Kengyilia
melanthera and K. thoroldiana may originate from
Agropyron (P genome) species. Although these studies
add to our understanding of phylogeny and maternal
donor of Triticeae species, discordance still exists in
St-containing species due to incomplete and different cp
molecular markers. A robust phylogenetic analysis
requires a substantial sequence length and primarily
uniparental inheritance, which makes the cp genome a
valuable source for genetic markers (Provan et al. 2001).
The complete plastid genome information is very useful
within maternal donors and it helps to decipher species
evolution (Gornicki ef al. 2014, Ma et al. 2014).

In this work, [llumina reads from a partial genome
sequence of Pseudoroegneria libanotica were used to
assemble the cp genome. The objectives in this study
were: /) to determine the complete cp genome of
P. libanotica, and 2) to compare whole cp genomes
among eight diploid Triticeae species. Based on those
data sets, we revealed a solid resource for phylogenetic
studies and comparative genomics of the Triticeae
species.

to repair gaps. PCR condition: at 94 °C for 4 min,
34 cycles at 94 °C for 30 s, at 55 °C for 30 s, at 72 °C for
1.5 min, then at 72 °C for 10 min. The PCR products
were sequenced by ABI 3730 (Applied Biosystems, Foster
City, CA, USA).

The cp genome was annotated using the program
DOGMA (Wyman et al. 2004), coupled with manual
corrections for start and stop codons. The coding and
RNA genes were identified using BLASTX and BLASTN.
The border of exons and introns, and some short exons
(such as rpsi6, petB, petD) which could not be identified
by DOGMA, were referred to published sequences.
OrganellarGenomeDRAW  (http://ogdraw.mpimp-golm.
mpg.de/index.shtml) was used to construct the total cp
genome structure. Adobe Illustrator CS5 was utilized for
editing.

Chloroplast simple sequence repeats (cpSSRs) of
P. libanotica were screened by SSRHunterl.3 (Li and
Wan 2005), with thresholds of eight repeat units for
mononucleotide SSRs, four repeat units for di- and tri-
nucleotide SSRs (8 and 12 bp, respectively), and three
repeat units for tetra- and penta-nucleotide SSRs (12 and
15 bp, respectively). Eight complete plastid genomes of
cereal species were downloaded from NCBI (http://www.
ncbi.nlm.nih.gov/) (Table 1 Suppl.). To align the cp
genome of P. libanotica with other cp genomes mVISTA
(Frazer et al. 2004) was employed in Shuffle-LAGAN



mode. Alignment of the complete cp genome and coding
regions of eight diploid Triticeae species were conducted
by MAFFT (http://mafft.cbrc.jp/alignment/ server/)
independently. Protein coding sequences alignments were
carried out by DNAMAN 6.0.3.48 (Lynnon Biosoft,
Quebec, Canada). To detect selective constraints on the
coding portions (introns were excluded) of all protein
coding genes, the ratio of non-synonymous to
synonymous substitution (dy/ds) were computed using
the modified Nei-Gojobori method in MEGA 6.0 software
(Tamura et al. 2013). Pairwise sequence divergences
were calculated by using the Kimura’s two-parameter
model and nucleotide polymorphisms estimates for each
gene was completed by DNASp 4.0 (Rozas et al. 2003).

Phylogenetic analyses: Phylogenetic analysis was

Results

The total reads obtained from P. libanotica by Illumina
sequencing were 13 265 148 and 102 083 mapped reads
were screened for the entire cp genome. The whole cp
genome of P. libanotica was 135 026 bp in length. The
typical quadripartite structure consisted of one LSC of
80 634 bp, one SSC of 12 766 bp, and a pair of IRs of
20813 bp each (Fig. 1 Suppl). The overall
guanine/cytosine (GC) content of the P. libanotica cp
genome was 38.35 %. The GC content of the IR regions
(44.02 %) was higher than that of the LSC (36.39 %) and

COMPLETE CHLOROPLAST GENOME SEQUENCE

conducted using maximum likelihood (ML) with two sets
of the data-complete cp (non-coding and protein coding)
and protein-coding sequence (cds). The evolutionary
model used for the phylogenetic analysis was determined
using ModelTest v. 3.0 with Akaike Information Criterion
(AIC) (Posada and Crandall 1998). The optimal model
identified was generalized time-reversible + gamma
distribution + proportion of invariable sites (GTR+GI).
The ML analysis was performed using PAUP*4.0b10
(Swofford and Sinauer Associates, http:/www.
sinauer.com). The ML heuristic searches were performed
with 100 random addition sequence replications and tree
bisection and reconnection (TBR) branch swapping
algorithm. The robustness of the trees was estimated by
bootstrap support (BS). Trees were viewed in FigTree
v. 1.4.1 (http://tree.bio.ed.ac.uk/).

SSC regions (32.23 %). High GC content in IR regions is
mainly due to the presence of the rRNA gene group.

The cp genome of P. [libanotica contained
110 encoding genes, including 30 tRNA, four rRNA
(23S, 16S, 5S, and 4.5S) and 76 protein coding genes.
Thirteen genes included one intron and one gene (ycf3)
included two introns. Based on the position of 76 protein
coding regions, 60 of them located in LSC, 10 in SSC,
and six in IR regions. The cp genes can be divided into
three functional types (Table 1). The first type contains

Table 1. Genes in the chloroplast genome of Triticeae. Intron-containing genes are marked by asterisks.

Name of gene

Category for genes Group of gene
Photosynthesis related genes Rubisco
photosystem I

assembly/stability of photosystem |

photosystem 1I

ATP synthase

cytochrome b/f complex

cytochrome c synthesis

NADPH dehydrogenase
Transcription and translation transcription transcription
related genes

ribosomal proteins

translation initiation factor

RNA genes ribosomal RNA
transfer RNA

Other genes RNA processing
carbon metabolism
proteolysis

rbeL

psaA,B,C,1.J

*yef3,ycf4

psbA, B,C,D,E, F,H I,J K, L, M\,N, T, Z
atpA, B, E, *F, H, |

petd, *B, *D, G, L, N

ccsA
*ndhA, *B, C, D, E, F ,G, H, I, J K
1pod, B, C1, C2

ps2, 3,4, 7,8 11,12, 14, 15, 16, 18, 19;
*rpl2, 14, *16, 20, 22, 23, 32, 33,36

infA

rrnS, rrn4.5, rrnl6, rrn23

*trnA-UGC, C-GCA, D-GUC, E-UUC, F-GAA,
*G-UCC, *G-GCC, H-GUG, I-CAU, *I-GAU,
*K-UUU, L-CAA, *L-UAA, L-UAG, fM-CAUI,
M-CAU, N-GUU, P-UGG, Q-UUG, R-ACG,
R-UCU, §-GCU, S-GGA, S-UGA, T-GGU,
T-UGU, V-GAC, *V-UAC, W-CCA, Y-GUA
matK

cemA

clpP
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60 genes, which are involved in transcription and
translation. The second type contains 47 genes involved
in photosynthesis. The third type contains three genes,
responsible for the biosynthesis of amino acids and fatty
acids and of unknown function.

Chloroplast SSRs are generally short mononucleotide
tandem repeats and randomly spread throughout cp
genomes, stretching from one to six nucleotide units.
Perfect SSRs which are longer than 8 bp were detected in
the P. libanotica cp genome. This threshold was set
because SSRs of 8 bp or longer are prone to slipstrand
mispairing, which is thought to be the primary mutational
mechanism causing their high level of polymorphism
(Rose and Falush 1998, Huotari and Korpelainen 2012).
In P. libanotica complete cp genome, 128 cpSSRs repeats

were found. Total cpSSRs consisted of five types:
mononucleotides (91 SSRs: 71 %), dinucleotides (28
SSRs: 22 %), trinucleotides (two SSRs: 1 %),
tetranucleotides (six SSRs: 5 %), and pentanucleotides
(only one SSR: 1 %). There were 98 (76.6 %),
15 (11.7 %), and 15 (11.7 %) SSR repeats distributing in
LSC, IR, and SSC regions, respectively (Fig. 14). There
were 38 (29.7 %) SSRs in exon regions, 11 (8.6 %) in
intron regions, and 79 (61.7 %) in intergenic spacer
(Fig. 1B). According to the distribution of SSR loci in
coding genes of cp genome, the coding region of rpoC2
contained the highest number of repeats with 6 SSRs rich
in adenosine/thymine (A/T). Coding regions of ndhF and
yef3 included five SSRs each (Table 2 Suppl.).

Structural mutations occur at hot-spot regions,
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Fig. 1. The distribution of cp simple sequence repeats (cpSSRs) in Pseudoroegneria libanotica. A - SSR location according to type:
mononucleotide, dinucleotide, trinucleotide, tetranucleotide, and pentanucleotide repeats. The number of SSR type in LSC, IR and
SSC are displayed. B - Different SSRs type distribute among exon, intron, and intergenic spacer.
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Fig. 2. Insertions and deletions in Pseudoroegneria libanotica
and other species.
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containing AT-rich content which contribute to the
variation of genome size, rather than randomly. The
cpDNA is well-known by AT-rich. Gene spacer regions
are especially AT-rich. The overall AT content in the cp
sequences of Triticeae diploid species is not as high as in
liverwort (61.65 % and 80 %, respectively) whereas the
intergenic regions of rps4-trnL-trnL (about 1 600 bp) and
rbeL-psal (about 1200 bp) in Triticeae diploid species
showed an AT content of more than 80 % (Fig. 2 Suppl.).
TrnL-F, a widely used phylogenetic analyses marker,
belongs to rps4-trnL-trnL hot-spot region. The hot-spots
region rbcL-psal includes the rpl23 gene, which exhibits
multiple mutations in different Triticeae diploid species.
In the LSC region of P. libanotica, rpl23 fulfils its
function normally while it turned out to be a pseudogene
or completely lost in the same position of other Triticeae
diploid species.

Comparison of seven Triticeae cp genomes except the
outgroup Bromus vulgaris (Table 1 Suppl.), revealed that
Triticum monococcum (136886 bp) and T. wurartu
(136 865 bp) possessed the biggest cp genome. Hordeum
Jubatum (136 826 bp) and H. vulgare subsp. vulgare
(136 462 bp) were second in size. Aegilops speltoides var.
ligustica (135 660 bp), Ae. tauschii (135568 bp), and



Secale cereale (135 604 bp) had a cp genome of similar
size. P. libanotica (135 026 bp) exhibited the smallest cp
genome. P. libanotica displayed the highest GC content
(38.35 %), followed by Ae. speltoides var. ligustica
(38.31 %) and Ae. tauschii (38.34 %). The lowest GC
content showed T. monococcum (38.27 %) and T. urartu
(38.2 8%). Moreover, the total number of cp genes
differed among the Triticeae species. Most of Triticeae
species contained about 76 coding genes. H. vulgare
subsp. vulgare had 75 coding regions in all and lacked
yef4, S. cereale encoded 75 genes. In S. cereale, 73 of the
protein coding regions were the same as in other species
while it was short for rp/20 and rp/23. However,
S. cereale possessed two unique ycf regions (ycf2 and
yefl5). Four conserved rRNAs were identified in all
diploid Triticeae species.

The organization of the cp genome is rather conserved
within diploid Triticeae species (Fig. 3 Suppl.) but
316 indels were found in total and 250, 27, and 40 indels
in the LSC, IR and SSC regions, respectively (Fig. 2).
Most of indels were located in intergenic spacer. In
contrast, six indels exist in protein coding regions. In Ae.
speltoides var. ligustica and Ae. tauschii, the rpl2 gene

COMPLETE CHLOROPLAST GENOME SEQUENCE

lost a large proportion of the intron (total intron is 651 bp,
lost 586 bp) and the complete exon-2 with respect to
P. libanotica (Table 3 Suppl.). Similarly, petB, petD,
rpll6, and rpsi2 (in IRa) genes lost their introns in
Ae. speltoides var. ligustica, Ae. tauschii, S. cereale,
T. monococcum, and T. urartu, respectively, whereas they
retained in P. libanotica. The infA gene length in
P. libanotica (342 bp) was larger than in Ae. speltoides
var. ligustica, Ae. tauschii, and S. cereale. The
P. libanotica retained one copy of rpl23 in LSC.
Nevertheless, it showed early termination and formed a
pseudo-gene in Ae. speltoides var. ligustica. The rpl23 is
absent in the LSC region of H. vulgare subsp. vulgare,
Ae. tauschii, and H. jubatum while it was completely lost
in cp genome of S. cereale.

P. libanotica contains 20 indels, 16 of them situated
in LSC, three in IR, and one in SSC region (Fig. 2). Most
of those indels were less than 100 bp in length. The
longest sequences change was 737 bp absences in the
trnl-trnL intergenic spacer of IRa and IRb regions in spite
of IR regions were considered as more stable than single
copy regions (LSC and SSC).

The non-synonymous (dy) and synonymous (ds)

dn/ds

rpl2
psbA
petD
atpl
psbB
rps2
psaB
rps3
ycf4
ndhG
ndhl
rps8
rbcL
psaA
ndhD
atpE
rpoB
ycf3
rpl22
rpoC1
ndhK
pshC
rpoA
ndhA

0.06

atpB
ccsA
atpA
rps11
rps4
petB
ndhH
rps12
psbM
psaC
matk
rpoC2
petA
ndhF
psbD
infA
ndhE
rpl16
rpl32
clpP
pshJ

0.05
0.04
0.03
0.02
0.01

Par. Inf. ratio

Fig. 3. Selective pressures in protein coding genes of eight diploid Triticeae species. 4 - dy/ds in protein coding genes in eight diploid
Triticeae species (excluding genes where dy and/or dg = 0). B - Evolutionary rate of chloroplast genes in eight diploid Triticeae
species (excluding genes where dy and/or dg= 0). Par. Inf. - parsimony-informative, K2P = Kimura’s two-parameter model.

substitution rates (o = dy/ds) of >1, =1 and, <I indicate
positive selection, neutral evolution and purifying
selection on the coding portions, respectively (Yang and
Bielawski 2000). Parsimony-informative (Par. Inf.) ratios
and evolutionary rate of coding regions were intended to
analyse the most divergent coding regions in our species.
No changes were observed in the synonymous rate of
psal, rpl33, rpl36 and the nonsynonymous rate of the
atpF, cemA, ndhB (IR region), ndhC, ndhJ, petL, psbE,
psbH, psbl, psbK, psbL, rpll4, rpl20, rpsi4, rpsl5 (IR

region) and rps/9 (IR region). Furthermore, atpH, petG,
petN, psbF, psbN, psbT, rpl23 (IR region), rps7 (IR
region) and rpsi2 (IR region) showed no synonymous
and non-synonymous changes. Most of the genes in IR
(ndhB, rpsl5, rpsl9, rpl23, rps7 and rpsi2) had no
changes in the synonymous rate and/or nonsynonymous
rate. The dy/dg ratio indicates most of the protein coding
sequences got through purifying selection, except four
genes (cIpP, psbJ, rpll6, and rpl32) underwent positive
selection (Fig. 34).
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Parsimony-informative = characters and pairwise
sequence divergences in coding regions showed similar
changing tendency (Fig. 3B). Most cp genes contained
less mutation. The rpl2, located in IRs, possessed the
highest percentage of Par. Inf. characters and evolu-
tionary rate (0.0521 and 0.0424, respectively), followed

A 100
100
100

100

100

0.001

by rpsi6 (0.0296 Par. Inf. and 0.0169 pairwise sequence
divergences). In addition, analysis of matK, rpsi2, ccsA,
rps8, ndhH, petD, ndhK, rpoA, rbcL, psbM, ndhA, rpsi$,
rps3, and ndhF coding regions analysis showed a high
Par. Inf. ratio (ranging from 0.0175 to 0.0063) and
evolutionary rate (0.0164 to 0.0061).

Triticum monococcum (A™)
Triticum urartu (A)
Aegilops tauschii (D)
Aegilops speltoides var. ligustica (S)
Secale cereale (R)
L Pseudorogneria libanotica (St)
100 Hordeum jubatum (H)

Hordeum vulgare ssp. vulgare (1)
Bromus vulgaris

Triticum urartu (A)

B sgr— Aegilops tauschii (D)
100
100
100 Triticum monococcum (A™)

0.001

Aegilops speltoides var. ligustica (S)

Secale cereale (R)

Pseudorogneria libanotica (St)
Hordeum jubatum (H)
Hordeum vulgare ssp. vulgare (l)

Bromus vulgaris

Fig. 4. Phylogenetic analyses based on complete cp sequences and coding regions, using the maximum likelihood (ML) tree.
Numbers at nodes indicate bootstrap values (BS). 4 - ML tree based on the whole cp genomes; B - ML tree based on the coding

region of cp genomes.

Bromus vulgaris was used as outgroup. The ML
analysis of whole cp sequences yielded a single
phylogenetic tree (-Ln likelihood = 220179.81568), with
the assumed nucleotide frequencies A = 0.31140,
C = 0.18900, G = 0.18980, T = 0.30980, o shape
parameter = 0.7954, and the proportion of invariable sites
= (.778. Numbers above ML tree branches are bootstrap
support (BS). The phylogenetic tree showed that
Hordeum was firstly separated from the other Triticeae
diploid species. P. [libanotica had a relatively far
relationship with Triticum. S. cereale was aparted from
Triticum/Aegilops complex clade gradually with high
statistical support. Based on the whole cp genome
phylogenetic analysis, Ae. speltoides var. ligustica (S)
separated first, followed by Ae. tauschii (D),
T. monococcum (A™), and T. urartu (A) with 100 % BS
in Triticum/Aegilops complex (Fig. 44).

The ML analysis of coding region sequences resulted
in a single phylogenetic tree (-Ln likelihood =

Discussion

Cp genomic features of P. libanotica: Previous studies
have shown an association between repeats and genome
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93615.16235), with the assumed nucleotide frequencies
A =0.29990, C = 0.18110, G = 0.20810, T = 0.31090,
o shape parameter = 0.8795, and the proportion of
invariable sites = 0.7704. Hordeum indicated more far
relationship with other diploid species and was followed
by P. libanotica. S. cereale formed a group with
Triticum/Aegilops complex. But the genetic diffe-
rentiation of Triticum/Aegilops complex was more
complex. In Triticum/Aegilpos complex sub-clade,
T. urartu (A), Ae. tauschii (D), and Ae. speltoides var.
ligustic (S) clustered together with low support rate and
deviated from T. monococcum (A™) based on the protein
coding regions genetic analysis (Fig. 4B).

Phylogenetic analyses based on cp protein coding
sequences yielded no well-supported contradicting
topologies. In contrast, complete cp sequences resulted in
quite high node support values (BS = 100 %) and
identical topologies.

rearrangement breakpoints (Lee et al. 2007, Guisinger
et al. 2011). The cpSSRs and indels were mainly



distributed in the LSC region of P. libanotica. This
observation could be explained by the large genome size,
low GC content, and higher point mutation rate in
comparison to the IR region. LSC occupies 59.72 % of
the complete cp genome of P. libanotica. The GC content
of single copy regions (36.39 and 32.23 % in LSC and
SSC regions, respectively) were less than in IR regions
(44.02 %). Li et al. (2013b) observed that IR regions of
cp genome were more conserved in land plants compared
to the single copy regions. Perry and Wolfe (2002)
showed that the nucleotide substitution rate is 2.3 times
higher in the single-copy regions relative to the inverted
repeats. The cpSSRs and indels mainly distributed in the
non-coding regions of the cp genome, indicating an
uneven distribution of SSRs and indels within the cp
genomes. The distribution preference of cpSSRs and
indels in P. libanotica is in accordance with previous
studies in cultivated olives and Salvia miltiorrhiza
(Mariotti et al. 2010, Qian et al. 2013).

It is worth pointing out that a 737 bp deletion was
located in the frnl-trnL intergenic spacer of IRa and IRb
region in P. libanotica. Interspecies differentiation,
transposable elements (TE), or gene transfer might
explain this deletion. We preferred the possibility of
transfer of the 737 bp sequence from the cp into its
nuclear genome. The hypothesis of interspecific
differentiation was rather unlike because the 737 bp
absence existed in all cp genomes of Triticeae species.
The specific deletion even showed high similarity
(identify = 98 %) with Pooideae species. Consequently,
the 737 bp deletion might be a relatively conserved
sequence existing in all of Pooideae. The TEs were out of
the question because of the 737 bp failed to match with
any TE in the Triticcae repeat (http://wheat.
pw.usda.gov/ITMI/repeats/). Following evidences
support our hypothesis that the loss of the 737 bp
fragment was caused by gene transfer. Primarily,
numerous researches demonstrated that the nuclear
genomes of higher plants harbour a significant amount of
promiscuous DNA of plastid origin (Ayliffe ef al. 1998,
Timmis et al. 2004). Moreover, high sequence similarity
exists in the horizontal transfer from different host
species (Schaack et al. 2010). BLAST analysis was
carried out and we found that the 737 bp deletion was
exactly similar (identities = 99 %) to a genomic scaffold
of chromosome 3B of 7. aestivum and it possess high
similarity (identify = 98 %) with cp sequences in
Pooideae species.

Variation and phylogenetic relationship within diploid
Triticeae species: Generally, the organization of the cp
genome is relatively conserved within Triticeae, whereas
length variation is caused by the presence of some hot-
spot regions and sequences losses. The whole cp genome
size of eight Triticeae species varied from 135 026 bp
(P. libanotica) to 136 886 bp (T. monococcum). On one
hand, the genome size varies along with the changes of
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the AT-rich content in hot-spot regions (Kim and Lee
2004). TrnL-F sequence, a part of an AT-rich region in
rps4-trnL-trnl, has been extensively applied to
evolutionary investigation in Triticeae owing to its
abundant informative-sites (Zhang et al. 2009, Dong et
al. 2015). Various rpl23 genes in rbcL-psal hot-spot
region are presumed to be translocated by illegitimate
recombination mediated by these short repeat sequences
in diploid Triticeae species (Ogihara et al. 1992). It
should be emphasized that the region around the sites
where rearrangements took place, such as deletion/
insertions with multiple nucleotides, translocation, and
truncation, are highly AT-rich.

On the other hand, numerous indels in intergenic
spacer regions and length variations in protein coding
regions result in the size differences in diploid Triticeae
species. The rpl2 (in IR regions), petB, petD, rpll6, and
rps12 genes retained their intron in P. libanotica, while
some of them were absent in the Triticum/Aegilops
complex. These intron losses are not unique in diploid
Triticeae species. It have been demonstrated that the
rpoCl intron is absent in some Poaceae lineages
(Katayama and Ogihara 1993). The rp/i6 and rpl2 lost
their introns in Geraniales (Weng et al. 2014). In
addition, protein coding sequences can be responsible for
those gene length changes. Most coding regions length
variations occurred at the beginning and the end of the
sequences. InfA, ranging from 342 to 294 bp in length in
Triticeae species, possessed the maximum gene length in
P. libanotica. 1t is absent in the Arabidopsis, Lotus, and
Medicago cp genomes and present as a truncated
pseudogene in ginseng cp genome (Kim and Lee 2004).

The phylogenetic tree inferred from total cp genomes
and protein coding regions showed a similar topology
while incongruence still existed in the Triticum/Aegilops
complex. The reason may be inferred as the whole cp
genome possessed more variation sites than coding
regions. Parks et al. (2009) illustrated that the noncoding
sequences should be especially considered when inferring
phylogenies at lower taxonomic levels, resulting from
numerous variation sites. Phylogenetic relationship
inferred from entire cp sequences in this study was
consistent with two single-copy nuclear genes (4ccl and
Pgkl) (Fan et al. 2013) as well as the cp genomes from
wheat, barley, rye, and their relatives (Middleton et al.
2014).

Evolution of cp genes in Triticeae: Erixon and Oxelman
(2008) indicated that positive selection of the c/lpP gene
in various plant lineages correlates with repeated
duplication of the cIpP gene and surrounding regions,
repetitive amino acid sequences, and increasing
synonymous substitution rates. The c¢/pP gene in
Triticeae contains no repeat but display numerous indels
on surrounding regions, which may result in adaptive
evolution. However, clpP and rpl/i6 show a purified
pressure in Asteraceae family and Chinese Apiaceae
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subfamily, respectively (Curci et al. 2015). Although a
majority of those genes are conserved and essential for
cell survival and plant development in some taxa, some
genes were disappeared during long evolution. The cplP
genes are totally absent in algae Euglena, Odontella, and
Porphyra (Wakasugi et al. 1997). Millen et al. (2001)
revealed that rpl22, 1psl6, and infd genes partly
disappered during angiosperm evolution or they were
completely lost in Legume species.

In accordance with previous investigations, most of
genes located in the LSC or SSC regions displayed a
more rapid evolution rate compared to sequences in the
IR regions (Perry and Wolfe 2002, Qian et al. 2013, Li
et al. 2013b, Weng et al. 2014). Some genes in the IR
region, however, have a faster divergence than those
genes from the LSC or SSC regions. The rpl2 gene is the
fastest evolving gene in diploid Triticeae species. It
showed more variations than several genes in the LSC or
SSC regions. Usually, majority of the genes in IR (ndhB,
rpsl5, rpsl9, rpl23, rps7, and rpsi2) regions show no
synonymous rate and/or nonsynonymous rate changes
while rps and rpl/ genes in single-copy regions possess
higher divergence. Therefore, the divergence levels of cp
genes are influenced not only by the location of the genes
on the cp genome but also by the functional constraints of
the genes.

Li et al. (2015) recently has proposed the use of
taxon-specific barcodes for species identification using
dedicated cp DNA regions that have a sufficiently high
mutation rate. We confirmed the informative values for
rpsl6, matK, rpoA, rbcL and ndhF regions previously
adopted for the phylogenetic evolution of Triticeae
species (Mason-Gamer 2002, Sun 2007, Hodge et al.
2010, Dong et al. 2015). Moreover, rpl2, rpsi2 (LSC),
ccsA, rps8, ndhH, petD, ndhK, psbM, rps3, rpsi8, and
ndhA, exhibiting K,P values, which means faster gene
divergence, are identified in this work as highly Par. Inf.
regions and thus can be considered in future phylogenetic
studies, especially rpl2. Although those protein coding
genes displayed a fast evolutionary rate and high Par. Inf.
characters, genes which possess positive dy/ds ratios were
also included. As a result, a gene used for phylogeny
analysis should have fast evolutionary rate, high Par. Inf.
characters and negative dy/dg ratio. Meanwhile, those
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