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k-20970 can be considered different species. A com-
parison of the chloroplast genomes of einkorn wheats 
showed a common origin of the plastomes of three 
closely related species —T. sinskajae, T. monococcum 
and T. boeoticum, while T. urartu can be assigned to 
another clade.
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Introduction

Einkorn wheat is a group of three diploid species 
with genome A: Triticum monococcum L., Triticum 
boeoticum Boiss. and Triticum urartu Thum. ex Gan-
dil. Triticum sinskajae A. Filat. et Kurk. (Sinskaya 
wheat) is sometimes considered the fourth species of 
this group. It has been discovered in the early 1970s 
during the reproduction of T. monococcum samples 
(accession k-20970) at the Central Asian and Dag-
estan VIR stations. Samples of accession k-20970 
were brought by P.M. Zhukovsky from surroundings 
of the city of Daday, Kastamonu province (Turkey) in 
1926 (Filatenko and Kurkiev 1975).

Sinskaya wheat grows up to 120 cm in height. T. 
sinskajae differs from T. monococcum morphologi-
cally, by soft ear glumes, shorter but denser ears, 
larger spikelets, and a less developed awn (Filatenko 
and Kurkiev 1975). Glossy smooth glumes of 

Abstract Triticum sinskajae A. Filat. et Kurk. 
has been discovered in the early 1970s during the 
reproduction of Triticum monococcum L. accession 
k-20970. It is still debated whether it is a new species 
or a spontaneous mutant of T. monococcum. Although 
T. sinskajae appears to be genetically distinct from 
several T. monococcum lineages, there is still no data 
on the differences from accession k-20970, from 
which it may have originated. The purpose of this 
study was to compare the chloroplast genomes of T. 
sinskajae and T. monococcum accession k-20970 
and clarify the phylogenetic relationships between 
einkorn wheats. Complete chloroplast genomes of 
T. sinskajae k-48993 (Dagestan), T. monococcum 
k-20970 (Turkey), T. boeoticum k-58674 (Armenia) 
have been sequenced and annotated for the first time. 
Chloroplast genome sequences of T. monococcum 
subsp. monococcum and T. urartu were used for com-
parative analysis. However T. monococcum k-20970 
and T. sinskajae k-48993 had common mutations 
that were absent in T. monococcum subsp. monococ-
cum, they also were polymorphic in 10 nucleotides, 
including 1 transversion, 1 deletion, 4 insertions and 
4  bp inversion of AGAA to TTCT in the rbcL-psal 
intergenic region. Due to genetic and phenotypic dif-
ferences T. sinskajae k-48993 and T. monococcum 
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Sinskaya wheat are longer and wider than those of 
T. monococcum, and it has compact and non-fragile 
spike (Watanabe 2017; Vavilova et al. 2020). T. sin-
skajae is the only free-threshing species among 
einkorn wheats (Dorofeev et  al. 1979; Simons et  al. 
2006). There is a suggestion that Sinskaya wheat 
could have occurred as a result of a spontaneous 
mutation of T. monococcum (Kurkiev and Filatenko 
2000). It turned out that in T. sinskajae there is an 
additional very narrow scale between the ear glume 
and outer flower scales. Authors described that on 
the ear there is a small step and suggested that T. sin-
skajae originated as a mutant of T. monococcum in 
which functions of poorly developed soft ear glumes 
were performed by the lower floral glumes. Accord-
ing to Kurkiev and Filatenko (2000), this mutation 
could occur through the loss of a chromosome locus 
with a block of genes.

Since T. sinskajae is a poorly studied plant, rarely 
included in phylogenetic studies of the Triticeae tribe, 
it is important to sequence its nuclear and chloroplast 
genomes. It is also of great interest to study its phy-
logenetic position in the Triticum-Aegilops alliance. 
The chloroplast genome of another einkorn wheat T. 
boeoticum also has not been completely sequenced. 
Previously, sequences of a number of marker genes 
were compared in T. monococcum accession k-20970 
and T. sinskajae. Analysis of the nuclear gene Acc-1 
(acetyl-CoA carboxylase) revealed a 46 bp deletion 
in intron 11 of T. monococcum (k-20970), which 
was absent in in T. sinskajae (k-48993). Moreover, T. 
monococcum (k-20970) did not have a T/C substitu-
tion at position 3709, which was common for T. sin-
skajae (k-48993) and several other T. monococcum 
samples. Based on these results, the authors of the 
study suggested that there is not yet enough evidence 
to divide T. monococcum and T. sinskajae into two 
distinct species (Golovnina et al. 2009).

We have previously sequenced the chloroplast 
genome of T. sinskajae. Comparison of the chloro-
plast genomes of T. sinskajae and T. monococcum 
subsp. monococcum (LC005977) showed 99.96% 
similarity between the samples. The total number 
of polymorphisms was 48, which supports the rec-
ognition of T. sinskajae as species (Kuluev et  al. 
2020). However, plastome of its possible ancestor 
T. monococcum accession k-20970 has not yet been 
sequenced. Based on the above, the objective of our 
research was to sequence and compare the chloroplast 

genomes of T. sinskajae and T. monococcum acces-
sion k-20970, as well as the chloroplast genome of T. 
boeoticum k-58674 (Armenia) in order to clarify the 
phylogenetic relationships in tribe Triticae. Compar-
ison of the chloroplast genomes of T. sinskajae and 
other einkorn wheats and Aegilops species may help 
answer a number of questions concerning the study of 
phylogenetic relationships in the Triticum-Aegilops 
alliance.

Materials and methods

Plant material and chloroplast DNA extraction and 
sequencing

Chloroplast DNA was isolated from 15  g of fresh 
green leaves of T. sinskajae, T. monococcum and T. 
boeoticum using modified protocol (Farrar and Don-
nison 2007). Young green leaves were homogenized 
with liquid nitrogen in a mortar and transferred into 
200  ml of ice-cold HBS buffer: 1xHB stock with 
addition of 0.5 M sucrose (pH 9.4–9.5). Composition 
of HB stock: 0.1 M Tris, 0.8 M KCl, 0.1 M EDTA, 
10  mM spermidine-HCl, 10  mM spermine-HCl. 
β-mercaptoethanol was added to the buffer immedi-
ately before use. The solution was stirred on ice for 
30 min, filtered through two layers of miracloth mate-
rial consisting of viscose-polyester with an acrylic 
binder and centrifuged at 4 °C for 2 min at 2000 rpm 
on a 5804R centrifuge (Eppendorf, Germany). The 
precipitate was dissolved in 25  ml of HB buffer to 
reduce the concentration of sucrose. The resulting 
solution was centrifuged for 15  min at 5000  g. The 
supernatant was partially poured out and the precipi-
tate was carefully resuspended in the remaining vol-
ume of HBS buffer (5–8 ml).

Chloroplasts isolated with a HBS buffer were 
transferred to ultracentrifuge tubes with sucrose gra-
dient consisting of 30% sucrose carefully loaded onto 
50% sucrose. The chloroplast suspension was care-
fully layered onto the gradient to avoid mixing. Tubes 
were centrifuged for 45 min at 4 °C and 10,000 g on 
an Optima L-90 K ultracentrifuge (Beckman Coulter, 
USA). Intact chloroplasts accumulated between 50 
and 30% sucrose layers were collected into test tubes 
using a Varioperpex II Pump (LKB, Sweden). The 
resulting solutions were concentrated by centrifuga-
tion, resuspended in Triton X-100 (0.15% v/v) and 



Genet Resour Crop Evol 

1 3
Vol.: (0123456789)

then concentrated again. Chloroplast DNA was iso-
lated from precipitates using the standard method of 
phenol–chloroform extraction (Graham 1978). The 
quality of the isolated chloroplast DNA was evaluated 
using a Nanodrop spectrophotometer (Thermo Fisher 
Scientific, USA). Ultrasonic chloroplast DNA frag-
mentation was performed on an M220 focused-ultra-
sonicator (Covaris, USA). Chloroplast DNA libraries 
were prepared with the KAPA HyperPrep kit (Roche, 
Switzerland) and dual-indexed adapters according to 
the manufacturer’s protocol. Paired-end sequencing 
was performed on a Genolab M sequencer (Gene-
Mind Biosciences, China) using Sequencing Reagent 
Kit v2.5 (FCM 300 Cycles). A read length of 150 bp 
and a coverage of 8–10 million reads per sample were 
achieved. Raw data was filtered via Trimmomatic 
v0.22 to obtain clean reads (Bolger et al. 2014).

Gene assembly and annotation

The chloroplast genomes were assembled by 
NOVOwrap (Wu et  al. 2021) using the chloro-
plast genome of T. monococcum subsp. monococ-
cum (LC005977.1) as a reference. The complete 
chloroplast genome sequences were annotated 
using Chloroplast Genome Annotation, Visualiza-
tion, Analysis, and GenBank Submission 2 web 
server (CPGAVAS2) (http:// 47. 96. 249. 172: 16019/ 
analy zer/ home (accessed on 15 September 2023)) 
(Shi et  al. 2019). The circular genome map was 

generated using Chloroplot tool (https:// irsco pe. 
shiny apps. io/ Chlor oplot/ (accessed on 15 Septem-
ber 2023)) (Zheng et al. 2020). The annotated genes 
were checked, and the errors were corrected manu-
ally. Accession numbers of the chloroplast genomes 
of analyzed Triticum and Aegilops species are given 
in Table  1. Multiple sequence alignments of full 
chloroplast genomes were performed using MAFFT 
v7.427 (scoring matrix = 200, PAM = 2, gap open 
penalty = 1.53, offset value = 0.123, FFT-NS-1 
method) (Katoh and Standley 2013). Subsequently, 
the aligned sequences, boundaries of four regions 
(large single-copy (LSC), small single-copy (SSC), 
and a pair of invert repeats (IRs)) of the chloroplast 
genomes were analyzed by Ugene v48.1 software. 
Multiple sequence alignments were visualized 
using Jalview v2.11.2.7 (Waterhouse et  al. 2009). 
Nucleotide numbering was designated according 
to the consensus sequence generated by the Jalview 
v2.11.2.7 program.

Phylogenetic analysis

A phylogenetic tree was reconstructed by Archae-
opteryx JavaPlugin with 1000 bootstrap repeti-
tions (Han and Zmasek 2009). The Secale cereale 
subsp. segetale chloroplast genome from GenBank 
(MZ507427) have been chosen as an outgroup 
species.

Table 1  Some species 
of wheat and Aegilops 
subjected to comparative 
analysis of chloroplast 
genomes

Species and genomes Accession number

Genus Aegilops, section Sitopsis, subsection Emarginata
Aegilops longissima  Sl

Aegilops searsii  Ss

Aegilops bicornis  Sb

Aegilops sharonensis  Ssh

subsection Truncata
Aegilops speltoides var. speltoides  Ssp

Aegilops speltoides var. ligustica  Ssp

Section Vertebrata
Aegilops tauschii D

NC_024830
NC_024815
NC_024831
NC_024816
KJ614406
KJ614405
KJ614412

Genus Triticum
Triticum urartu  Au

Triticum monococcum subsp. monococcum  Am

KJ614411
LC00597

Triticum turgidum subsp. durum BA
Triticum timopheevii GA
Triticum timopheevii subsp. araraticum

KM352501
KJ614410
LC655300

Triticum aestivum BAD
Triticum zhukovskyi GAA 

CM022232
NC_046698

http://47.96.249.172:16019/analyzer/home
http://47.96.249.172:16019/analyzer/home
https://irscope.shinyapps.io/Chloroplot/
https://irscope.shinyapps.io/Chloroplot/
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Results

Annotation of the chloroplast genomes of T. 
sinskajae, T. monococcum k-20970 and T. boeoticum 
k-58674

Analysis with CPGAVAS2 revealed that the size 
of the chloroplast genome of T. sinskajae was 
136,885  bp, which corresponds to the size of the 
chloroplast genomes of other cereal species (Zhang 
et  al. 2011; Bernhardt et  al. 2017; Gogniashvili 
et  al. 2018; Su et  al. 2020). Chloroplast genome 
of T. sinskajae has the typical quadripartite struc-
ture with a pair of inverted repeats (IRA- and IRB 
regions, each 21,547  bp in size), one SSC region 
(12,809  bp) and one LSC (80,982  bp). The total 
coding sequence is 73,226  bp. The GC content in 
the complete chloroplast genome of T. sinskajae is 
38.3% (39.6% in the SSC, 36.2% in the LSC, 43.9% 
in the IR). The higher GC content in the IR region 
can be explained by the presence of four rRNA 
genes, which is consistent with previous analyses 
of chloroplast DNA of other plants (Bosacchi et al. 
2015; Nie et al. 2018).

In Sinskaya wheat, 130 structural chloroplast genes 
were annotated: 83 protein-coding genes, 22 tRNA 
genes, 4 rRNA genes and 1 gene of unknown function 
(ycf4). Among them, 5 protein-coding genes (rpl2, 
rpl23, ndhB, rps7, rps12B), 8 tRNA genes (trnH-
GUG, trnl-CAU, trnL-CAA, trnV-GAC, trnI-GAU, 
trnA-UGC, trnR-ACG, trnV-GUU ), 4 rRNA genes 
(rRNA4.5, rRNA23, rRNA16 and rRNA5) were dupli-
cated due to being in the IR repeat region. Besides, 10 
protein-coding and 1 tRNA genes were found in SSC, 
and 62 protein-coding genes and 21 tRNA genes 
were found in LSC. Out of 130 genes, 11 have one 
intron (atpF, ndhB, petB, petD, rpl2, trnI-GAU, ndhA, 
rpl16, rps12A, rps16, trnG-UCC ) and 9 genes have 2 
introns (trnK-UUU, trnS-CGA, trnL-UAA, trnV-UAC, 
trnT-CGU, trnA-UGC, ycf3). Among 17 genes with 
introns, 2 protein-coding genes and 2 tRNA genes 
are located in the IR. The SSC region contains the 
ndhA gene with an intron. The LSC region contains 
12 genes with introns, including 8 protein-coding 
genes, 4 tRNA-coding genes, and one gene with two 
introns (ycf3). The largest intron (2479 bp) is located 
in the trnK-UUU  gene which includes matK gene. All 
obtained results are presented in Fig. 1 as a circular 
structure built via the Chloroplot tool. Various color 

blocks on the outer circle reflect the genes belonging 
to certain functional groups.

The chloroplast genomes of T. monococcum 
k-20970 and T. boeoticum k-58674 were also anno-
tated using CPGAVAS2. The same genes with the 
same copy number and intron location were found in 
their chloroplast genomes. There was only one excep-
tion: in T. monococcum k-20970 and T. boeoticum 
k-58674 there was a ycf15 gene of unknown function 
duplicated in the IR region (Table  2). The annota-
tion of the chloroplast genomes of T. monococcum 
k-20970 and T. boeoticum k-58674 was visualized 
using the Chloroplot tool (Figs. 2 and 3).

Basic information on the annotation results of 
all three analyzed chloroplast genomes of einkorn 
wheats, as well as data on T. monococcum subsp. 
monococcum (LC005977) and T. urartu (KJ614411) 
are presented in Table 3. Overall, there were few sig-
nificant differences among all einkorn wheats. T. boe-
oticum had the largest chloroplast genome, and the 
genome of T. urartu was the smallest. T. monococcum 
k-20970 and T. boeoticum k-58674 had 2 more genes 
(2 × ycf15) in the chloroplast genome than the other 
three einkorn wheats (Table 3).

Identification of T. sinskajae-specific mutations in the 
chloroplast genome

To identify T. sinskajae-specific mutations, pairwise 
alignment and comparison of nucleotide sequences 
of einkorn chloroplast genomes of all species of 
einkorn wheats were performed. The comparison 
of the chloroplast genomes of T. sinskajae and T. 
monococcum subsp. monococcum (LC005977) via 
BLAST tool showed 99.96% similarity between 
these species. The total number of polymorphisms 
was 48. Comparison of the chloroplast genome 
sequences of T. sinskajae and T. urartu showed 
99.82% similarity with a greater number of poly-
morphisms (245). Comparison of the chloroplast 
genome sequences of T. monococcum (k-20970) and 
T. monococcum subsp. monococcum, as well as T. 
boeoticum (k-58674) and T. monococcum subsp. 
monococcum using BLAST showed 99.96% simi-
larity in the chloroplast genomes of these species. 
Alignment of chloroplast genomes of T. sinska-
jae and T. monococcum subsp. monococcum using 
the MAFFT v7.427 program revealed 17 single-
nucleotide substitutions, including 5 transitions 
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and 12 transversions, and GAA → TTC inversion 
at position 107,906–107908. There were 9 single-
nucleotide and 2 dinucleotide insertions, 7 single-
nucleotide deletions and two deletions ATAGC and 
TTTT in T. sinskajae (20 indels in general), com-
pared with T. monococcum subsp. monococcum. 
Between T. monococcum k-20970 and T. monococ-
cum subsp. monococcum, 49 polymorphisms were 
identified, including 9 deletions, 10 insertions, 5 
transitions and 9 transversions. It is interesting to 
note that there are common mutations in the chlo-
roplast genomes of T. sinskajae and T. monococcum 
k-20970 that are absent in T. monococcum subsp. 
monococcum (Fig.  4). For example, ATAGC dele-
tion at position 1503–1507 (Fig.  4a), TT insertion 
at position 8255–8256 (Fig.  4b), TTTT deletion at 
position 17,764–17,768 (Fig.  4c), AA insertion at 
position 105,192–105199 (Fig.  4d), TTC → GAA 
inversion at position 107,906–107908 (Fig.  4e) 
were found in both T. sinskajae and T. monococcum 
k-20970. It should be noted that the TTC sequence 
at position 107,906–107908 was present only in T. 
monococcum subsp. monococcum (Fig. 4e).

The comparison of the chloroplast genomes of T. 
sinskajae and T. monococcum k-20970 was of great-
est interest, since their almost complete coincidence 
would indicate that one originated from another as a 
result of a spontaneous mutation. It was shown that 
the chloroplast genome of T. sinskajae differs from 
T. monococcum k-20970 in 10 nucleotides, includ-
ing 1 deletion (Fig. 5a), 4 insertions (Fig. 5b, c, f, g), 
1 inversion of AGAA to TTCT (Fig.  5d). An inver-
sion occured in the rbcL–psal intergenic region in 
the chloroplast genome of T. monococcum k-20970 
(Fig. 5e), and in T. monococcum subsp. monococcum 
and T. sinskajae, this mutation was not detected.

The transversion A → T occured in the trnL-UAA 
–trnF-GAA  intergenic region at position 47,765, A 
insertion in the petN-trnC-GCA  intergenic region, T 
insertion in the ycf4-cemA intergenic region at posi-
tion 59,120, A insertion in the ndhE–ndhG inter-
genic region at position 110,826, and T deletion in 
the psbI-trnS intergenic region at position 7469. All 
these mutations most likely do not affect the func-
tions of the proteins, since they are located in inter-
genic regions. Insertion of an A at position 33,805 in 

Fig. 1  Visual circular rep-
resentation of the sequenced 
chloroplast genome of T. 
sinskajae generated using 
the Chloroplot resource. 
Genes are shown in differ-
ent colors; the purple area 
in the middle of the circle 
shows the level of GC con-
tent. IRA—inverted repeat 
region (A), IRB—inverted 
repeat region (B). Genes 
located outside the outer 
circle are transcribed clock-
wise, and those located 
inside are transcribed 
counterclockwise
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the atpF gene, responsible for ATP synthesis causes 
an open reading frame shift, which should affect the 
function of the protein.

Comparison of SSC, LSC, IRB, and IRB borders in 
the chloroplast genomes of einkorn wheats

An analysis of the LSC–IRa, Ira–SSC, and 
SSC–IRb borders was carried out to identify differ-
ences between the chloroplast genomes of einkorn 
wheats. The border of LSC/IRb in einkorn wheats 
is located in the psbA–rps19 intergenic region. In T. 
sinskajae, the size of the intergenic spacer is 27  bp 
before the border of this region and 51  bp after the 
border. T. urartu is the most diverged from other 
einkorn wheats by the border of LSC/IRb. The size 
of the psbA–rps19 intergenic region in this species is 
29  bp before the border and 39  bp after the border. 
T. monococcum and T. sinskajae were similar in this 
region of the chloroplast genome (Fig. 6a).

There were only minor differences between all ana-
lyzed einkorn wheat species at the border of Irb/SSC, 
which is located in the rps15–ndhH intergenic region 

of the chloroplast genome (Fig. 6b). As for the bor-
der of SSC/IRa, which is located in the ndhF–rps15 
intergenic region, T. sinskajae, T. monococcum subsp. 
monococcum, T. monococcum k-20970, T. boeoticum 
k-58674, and T. urartu were not polymorphic.

Phylogenetic analysis of einkorn wheats and some 
other species of the Triticum-Aegilops alliance based 
on comparison of chloroplast genomes

Sequencing and comparative analysis of nucleotide 
sequences showed the common origin of the chlo-
roplast genomes of T. sinskajae, T. boeoticum, T. 
monococcum and T. urartu. However, some differ-
ences were identified between T. sinskajae and both 
samples of T. monococcum, which may indicate that 
these are two different species. According to the pre-
viously described analysis of the chloroplast genome 
and a resulting phylogenetic tree, T. sinskajae turned 
out to be closer to T. monococcum than to T. boeoti-
cum and T. urartu (Fig. 7a). It was specifically close 
to the accession k-20970, from which it may have 
originated. In general, T. sinskajae and two samples 

Table 2  Gene composition in chloroplast genome of T. monococcum k-20970 and T. boeoticum k-58674

* The duplicated ycf15 gene was identified only in T. monococcum k-20970 and T. boeoticum k-58674, and ycf4 was found in all 
einkorn wheats. The identification of additional ORFs with the same genome size is explained by the possibility of the coding genes 
being located in both nucleotide chains of chloroplast DNA

Category of genes Group of genes Name of genes

Genes for photosynthesis Subunits of ATP synthase atpA, atpB, atpE, atpF, atpH, atpI
Genes for photosynthesis Subunits of photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbI, psbJ, psbK, psbL, 

psbM, psbN, psbT, psbZ, ycf3
Genes for photosynthesis Subunits of NADH-dehydrogenase ndhA, ndhB, ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, 

ndhJ, ndhK
Genes for photosynthesis Subunits of cytochrome b/f complex petA, petB, petD, petG, petL, petN
Genes for photosynthesis Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ
Genes for photosynthesis Subunit of RuBisCO rbcL
Self replication Large subunit of ribosome rpl14, rpl16, rpl2, rpl2, rpl20, rpl22, rpl23, rpl23, rpl32, rpl33, 

rpl36
Self replication DNA dependent RNA polymerase rpoA, rpoB, rpoC1, rpoC2
Self replication Small subunit of ribosome rps11, rps12, rps12, rps14, rps15, rps15, rps16, rps18, rps19, 

rps19, rps2, rps3, rps3, rps4, rps7, rps7, rps8
Other genes c-type cytochrom synthesis gene ccsA
Other genes Envelop membrane protein cemA
Other genes Protease clpP
Other genes Translational initiation factor infA
Other genes Maturase matK
Unkown Conserved open reading frames ycf15, ycf15, ycf4*
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of T. monococcum turned out to be closely related and 
formed a separate cluster on the tree. T. boeoticum 
was more distant from T. sinskajae, and T. urartu was 
the most diverged (Fig. 7a).

Then, we compared the chloroplast genomes of 
einkorn and some polyploid wheats and representa-
tives of Aegilops, using MAFFT v7.427 for align-
ment and Archaeopteryx JavaPlugin for construction 
of a phylogenetic tree (Fig. 7b). Chloroplast genome 
sequences of T. sinskajae, T. monococcum k-20970 
and T. boeoticum k-58674 obtained in this study were 
aligned with chloroplast genome sequences of other 
wheat species from the GenBank (Table 1).

It is to note that the Aegilops species from the sec-
tion Sitopsis belong to independent distant clades, 
one including a single species of Ae. speltoides, and 
another—Ae. sharonensis, Ae. longissima, Ae. searsii, 
Ae. bicornis. Actually, separation of two clades con-
firm the suggestion that this section consists of two 
subsections—Truncata and Emarginata, respectively 
(Miki et al. 2019). A separate branch is formed by Ae. 
tauschii, which is expected since this species comes 
from another section of Vertebrata. The chloroplast 

genomes of Ae. speltoides (both subspecies) and 
tetra- and hexaploid wheats from the timopheevii 
group represent two branches of the same clade. At 
the same time, T. aestivum L. and T. turgidum subsp. 
durum (Desf.) Husn. are distanced from them.

Discussion

T. sinskajae is a poorly studied einkorn wheat, prob-
ably originated as a result of a spontaneous muta-
tion of T. monococcum (Filatenko and Kurkiev 
2000). We earlier obtained new evidence that T. sin-
skajae can be considered a new species using classi-
cal molecular genetic analysis (Kuluev et al. 2018), 
and sequencing of chloroplast genomes (Kuluev 
et al. 2020). However, Sinskaya wheat is genetically 
compatible with T. monococcum and T. boeoticum 
(Kurkiev and Filatenko 2000). The combination T. 
boeoticum var. boeoticum x T. sinskajae has the 
highest crossability rate: the hybrid grain setting 
is 89%, the field germination of hybrid grains is 
78.8%. In the hybrid combination T. sinskajae x T. 

Fig. 2  Visual circular rep-
resentation of the sequenced 
chloroplast genome of T. 
monococcum k-20970. 
Genes are shown in differ-
ent colors; the purple area 
in the middle of the circle 
represents the GC content. 
IRA—inverted repeat 
region (A), IRB—inverted 
repeat region (B). Genes 
located outside the outer 
circle are transcribed clock-
wise, and genes located 
inside are transcribed 
counterclockwise
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monococcum var. hornemanii, the setting of hybrid 
grains was only 2.52%, indicating reproductive iso-
lation, which could contribute to rapid speciation 
(Chelak and Chebotar 1983). However, it cannot 

be excluded that T. sinskajae originates from spon-
taneous mutagenesis in T. monococcum accession 
k-20970, where it was first discovered (Filatenko 
and Kurkiev 1975).

Fig. 3  Visual circular rep-
resentation of the sequenced 
chloroplast genome of T. 
boeoticum k-58674. Genes 
are shown in different 
colors; the purple area in 
the middle of the circle 
represents the GC content. 
IRA—inverted repeat 
region (A), IRB—inverted 
repeat region (B). Genes 
located outside the outer 
circle are transcribed clock-
wise, and genes located 
inside are transcribed 
counterclockwise

Table 3  Main characteristics of the chloroplast genomes of T. sinskajae k-48993, T. monococcum k-20970, T. boeoticum k-58674, T. 
monococcum subsp. monococcum (LC005977) and T. urartu (KJ614411)

Genome characteristics T. sinskajae 
k-48993

T. monococ-
cum k-20970

T. boeoticum 
k-58674

T. monococcum subsp. 
monococcum (LC005977.1)

T. urartu 
(KJ614411.1)

Genome size (bp) 136,885 136,882 136,935 136,886 136,865
LSC length (bp) 80,983 80,981 81,035 80,986 80,948
SSC length (bp) 12,808 12,807 12,806 12,806 12,823
IR length (bp) 21,547 21,547 21,547 21,547 21,547
Genome length with one copy of the 

IR region (bp)
115,338 115,335 115,388 115,339 115,318

Number of different genes 130 132 132 130 130
Number of protein-coding genes 83 85 85 83 83
Number of tRNA genes 39 39 39 39 39
GC-content in LSC, % 36.24 36.24 36.24 36.24 36.25
GC-content in SSC, % 32.14 32.15 32.13 32.13 32.15
GC-content in IR, % 43.91 43.91 43.91 43.91 43.91
Total GC-content in the genome, % 38.27 38.27 38.27 38.27 38.28
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Therefore, search for genetic differences between 
T. sinskajae and T. monococcum k-20970 is required 
to determine the status of Sinskaya wheat. Previ-
ously, such studies were carried out only using DNA 
markers. No differences between these wheats were 
detected in the chloroplast gene matK (Golovnina 
et  al. 2007), but an insertion was found in the 11th 
intron of the nuclear Acc-1 gene in T. sinskajae (Gon-
charov et al. 2007). One of the effective methods for 
phylogenetic analysis of Triticeae is the compari-
son of nucleotide sequences of complete chloroplast 
genomes (Gornicki et  al. 2014). However, the chlo-
roplast genome of T. monococcum k-20970 has not 
previously been sequenced. The deposited chloro-
plast genome of T. boeoticum (MG958551) has many 
long insertions and deletions that are absent in other 
einkorn wheats. Therefore, until now it has not been 
possible to perform a proper phylogenetic analysis of 
einkorn wheats. Within the framework of this study, 
the complete chloroplast genomes of T. sinskajae 

Fig. 4  Identical mutations detected in the chloroplast genomes 
of T. sinskajae and T. monococcum k-20970: a ATAGC dele-
tion at position 1503–1507, b TT insertion at position 8255–
8256, c TTTT deletion at position 17,764–17,768, d AA inser-
tion in position 105,192–105199, e inversion GAA → TTC 
in position 107,906–107908. Nucleotide numbering is given 
according to the consensus sequence generated by the MAFFT 
v7.427 program

Fig. 5  Localization of mutations in the chloroplast genomes of 
T. sinskajae and T. monococcum k-20970. a deletion T at posi-
tion 7463, b insertion A at position 18,070, c insertion A at 
position 33,769, d substitution of A with T at position 47,679, 
e inversion of AGAA to TTCT at position 56,314–563,117, 
f insertion T in position 59,027, g insertion A in position 
110,697. Nucleotide numbering is given according to the con-
sensus sequence generated by the MAFFT v7.427 program

Fig. 6  Comparison of border positions of the LSC–IRb (a) 
and IRb–SSC (b) regions in the chloroplast genomes of T. sin-
skajae, T. monococcum subsp. monococcum, T. monococcum 
k-20970, T. boeoticum k-58674 and T. urartu 
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k-48993, T. monococcum k-20970 and T. boeoticum 
k-58674 were sequenced and annotated for the first 
time. Comparison with data from GenBank made 
it possible to perform a phylogenetic analysis of all 
einkorn wheats. In general, all three chloroplast 
genomes were very similar in structure to previously 
published chloroplast genomes of einkorn wheats 
(KJ614411 and LC005977).

A more detailed analysis of the nucleotide 
sequences revealed differences between T. sinska-
jae and other einkorn wheats. T. sinskajae chloro-
plast genome had 48 polymorphisms compared to T. 
monococcum subsp. monococcum, and 245—com-
pared to T. urartu. It is to note that only 10 poly-
morphisms were found in T. sinskajae compared to 
T. monococcum k-20970, including an inversion of 

4 nucleotides,1 transversion, 1 deletion and 4 inser-
tions. According to the results of a study of the 
chloroplast genome, T. sinskajae and T. monococ-
cum have a common maternal origin and are closely 
related. However, several deletions, insertions and 
substitutions in the chloroplast genome of T. sinska-
jae suggest that its unique phenotype is not a result 
of a single spontaneous mutation of T. monococcum. 
These two wheats most probably evolved in repro-
ductive isolation for a long time, but within the same 
area. There is no doubt that T. sinskajae separated 
from the whole branch of einkorn wheats or from T. 
monococcum later than other einkorns, but neverthe-
less managed to accumulate quite a significant num-
ber of mutations both in the nuclear (Goncharov et al. 
2007; Watanabe 2017; Kuluev et al. 2018) and in the 

Fig. 7  a phylogenetic tree 
based on the alignment of 
chloroplast genomes of 
einkorn wheats T. sinska-
jae, T. monococcum subsp. 
monococcum (LC005977), 
T. monococcum (k-20970), 
T. boeoticum (k-58674) and 
T. urartu (KJ614411); b 
phylogenetic tree of some 
species of the Triticum-
Aegilops alliance, forming 
the turgidum-aestivum and 
timopheevii lineages, built 
on the basis of comparison 
of the complete chloroplast 
genomes. In both trees, 
Secale cereale subsp. 
segetale (MZ507427.1) is 
represented as an outgroup 
species
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chloroplast genomes. Representatives of the genus 
Aegilops are considered different species despite the 
similarity of chloroplast genomes and morphology. 
Comparison of plastomes in Emarginata subsection 
(from the Sitopsis section) revealed that there were 
very few differences between species. Ae. bicornis 
differs from Ae. searsii, Ae. longissima and Ae. sha-
ronensis by 27 nucleotide substitutions. Ae. sear-
sii differs from Ae. longissima and Ae. bicornis by 
27 substitutions, and by 28 substitutions—from Ae. 
sharonensis. Ae. longissima chloroplast genome has 
12 substitutions compared to Ae. sharonensis, and 
17 substitutions compared to Ae. searsii and Ae. 
bicornis. Ae. sharonensis differs from Ae. longissima 
by 23 substitutions, from Ae. bicornis—by 26 sub-
stitutions, and from Ae. searsii by 27 substitutions. 
It should be noted that other types of mutations were 
not detected between chloroplast genomes of repre-
sentatives of Emarginata subsection. Despite a few 
number of nucleotide substitutions and 99.98–99.99% 
homology of the chloroplast genomes sequences, they 
are considered distinct species (Kuluev et  al. 2020; 
Miki et al. 2019).

Therefore, 10 mutations of different types we iden-
tified in T. sinskajae, compared to T. monococcum 
accession k-20970, indicate distinct species status 
of Sinskaya wheat. Nevertheless, 49 polymorphisms 
were found between T. monococcum subsp. monococ-
cum and T. monococcum accession k-20970. Accord-
ing to this data, T. monococcum accession k-20970 
and T. sinskajae are equally distant from T. mono-
coccum subsp. monococcum. Therefore, these three 
einkorn wheats could also be considered as subspe-
cies of T. monococcum. It should be noted that T. 
monococcum has a large number of lineages, some 
of which should be elevated to subspecies status. In 
this regard, status revision of numerous T. monococ-
cum lineages should be continued using genetic meth-
ods such as sequencing and analysis of chloroplast 
genomes. In general, the results of phylogenetic anal-
ysis support clear identification of distinct species—
T. boeoticum, T. monococcum and the most diverged 
T. urartu (Fig. 7). Obviously, T. urartu was the earli-
est to separate from the general evolutionary lineage 
of einkorn wheat.

We also carried out phylogenetic analysis of 
some species of the Triticum-Aegilops alliance 
from the turgidum-aestivum and timopheevii lin-
eages. Our results confirm that Aegilops species 

from the Sitopsis section belong to independent 
clades, one represented by the only species Ae. spel-
toides, and another—by Ae. sharonensis, Ae. long-
issima, Ae. searsii, Ae. bicornis. These two clades 
of Aegilops belong to two different subsections—
Truncata and Emarginata, respectively (Miki et  al. 
2019). Ae. tauschii is slightly diverged (Fig. 7) from 
the subsection Emarginata, because this Aegilops is 
considered to belong to another section—Vertebtata 
(Wang et  al. 1997). Chloroplast genomes of Ae. 
speltoides (both subspecies) and tetra- and hexa-
ploid wheat from the timopheevii lineages belong 
to different branches of the same clade. Minor dif-
ferences between T. timopheevii and T. zhukovskyi 
support the suggestion that the first species was the 
maternal ancestor of the second (Menabde and Yer-
itsyan 1960).

The wheats of the turgidum-aestivum lineages are 
further distanced, which may indicate that the donor 
of subgenome B for these wheats was not Ae. spel-
toides, but a closely related species or subspecies of 
Ae. speltoides, which is probably extinct.

For the past 100  years, the search for donors of 
subgenomes B, A and D of bread wheat has been of 
great interest to researchers, which allowed to clarify 
phylogenetic relationships among species of the gen-
era Triticum and Aegilops. Among all these species, 
T. sinskajae occupies a special position. For many 
years T. sinskajae was considered a naked sponta-
neous mutant of T. monococcum, and not a species. 
However, our results demonstrate that T. sinskajae is 
genetically different from T. monococcum. It is the 
only free-threshing species among einkorn wheats. Its 
phenotypic properties, such as a semi-compact spike, 
soft ear glumes which allow easy threshing, and the 
highest protein content among einkorns, indicate that 
this wheat is somewhat unique. T. sinskajae differs 
from T. monococcum in its more compact ear shape 
and shorter stem. All these traits could not result from 
one or even several spontaneous mutations, but most 
likely are an evolutionary acquisition of this species 
of wheat. Rapid speciation could occur in T. sinskajae 
as a result of reproductive isolation from T. monococ-
cum (Chelak and Chebotar 1983), however, additional 
research is required to confirm this hypothesis. In this 
regard, it is of great interest to sequence and compare 
the nuclear genomes of T. sinskajae and T. monococ-
cum k-20970 to obtain more evidence of the species 
identity of Sinskaya wheat.
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T. sinskajae differs from T. monococcum in its 
more compact ear shape and shorter stem height. 
These traits cannot be the result of one or even sev-
eral spontaneous mutations, but most likely are an 
evolutionary acquisition of this species of wheat. The 
reason for rapid speciation in the case of T. sinska-
jae may be the resulting reproductive isolation with T. 
monococcum (Chelak and Chebotar 1983), however, 
additional research is required to confirm this hypoth-
esis. In this regard, it is of great interest to sequence 
and compare the nuclear genomes of T. sinskajae and 
T. monococcum k-20970, which will make it possi-
ble to put a final point on the question of the species 
identity of the first of them. The chloroplast genome 
sequences were deposited in GenBank, accession 
numbers: T. sinskajae (k-48993) OR803873, T. 
monococcum (k-20970) OR936050, T. boeoticum 
(k-58674) PP067985.
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