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ABSTRACT:

The coding sequences of 27,448 genes each of 72 accessions of Aegilops tauschii, representing the entire species range, were
obtained using next generation sequencing of transcriptomes from leaf tissue. 9,660 of these genes exhibited high Ka/Ks values
exceeding 0.8. 4,336 different GO terms were present in the annotations for this gene set, with 193 of them occurring statistically
significantly more often among the genes with high Ka/Ks, indicating variation in what functions and processes were involved in the
adaptive intraspecies divergence of A. tauschii. It was shown that A. tauschii genes with high Ka/Ks ratios are primarily those which
help plants to adapt to different ecological conditions and respond to changing environments. Those genes whose allelic variation
played an essential role in A. tauschii intraspecies divergence included R-Genes (marked with GO terms: GO:0043531, ADP binding,
+ GO:0051707, response to other organisms, + GO:0006952, defence response); as well as genes involved in photosynthesis,
response to light stimulus, the respiratory electron transport chain, transcriptional regulation, microtubule motor activity, and the
regulation of the jasmonic acid mediated signalling pathway, etc.
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Revision accepted: Aegilops tauschii Coss. (syn. Aegilops squarrosa auct. non L.) is a wild diploid,
10 April 2025 mostly self-pollinating goat-grass (genome DD, 2n = 14) which donated its D

genome to common wheat, Triticum aestivum L. (genome AABBDD, 2n = 42).
As the most important wild progenitor of common wheat, Aegilops tauschii is
a key source of agriculturally important genes for its improvement (KIMBER
& FELDMAN 1987; KILIAN et al. 2011). It inhabits a vast area in Central Eura-
sia, expanding from Turkey and Georgia to Kyrghystan and the Yellow River
region (China), with a high level of genetic variation (DubpNIKOV 1998, 2021;
PEsTsova et al. 2000; M1zUNO et al. 2010; MATSUOKA et al. 2013; ZHOU et al.
2021). The species has occupied its range since the end of the Tertiary period
(Zrukovsky 1928). It is distributed in hilly or mountainous regions where its
primary habitats are dwarf-shrub steppe-like formations, usually just below
the edge of a forest belt. Such habitats have not been disturbed by man since
they are not suitable for any kind of agriculture. Therefore A. tauschii is a per-
fect model object for evolutionary studies.

UDC: 582.542.11:575.113 The species is presented by its two subspecies: A. tauschii subsp. tauschii
and A. tauschii subsp. strangulata (Eig) Tzvelev (Eic 1929; HAMMER 1980;
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Jaaska 1981). Molecular-genetic methods display Aegilops tauschii subsp.
tauschii as gene-pool TauLl and A. tauschii subsp. strangulata is presented as
gene-pools TauL2 + TauL3. TauL3 is the most ancient, relict gene-pool of A.
tauschii (DUDNIKOV 1998, 2012, 2017; PEsTSOVA et al. 2000; MATSUOKA et al.
2013)). Studies have shown that the intraspecies divergence of A. tauschii was
mostly adaptive, and different phylogenetic lineages of the species essentially
differ ecologically (DupNikov 2014, 2021). Therefore, it seems interesting to
investigate which genes were involved in the adaptive evolution of A. tauschii.
(It is of interest both from a theoretical point of view, to understand the evolu-
tion of the plant species, and also from an applied point of view, since genetic
variation, essential for the adaptation of A. tauschii in the wild, could also
be promising in T. aestivum breeding). The peculiarities of natural selection
could be reflected by the ratio of non-synonymous (Ka) to synonymous (Ks)
substitutions in the coding sequence of a gene. A low Ka/Ks value indicates
that the gene variation is under purifying selection and the trait it encodes
remains rather unchanged in the course of a species’ evolutionary history. A
high Ka/Ks reveals that a gene is under positive natural selection and its vari-
ation is involved in adaptive changes in the species’ population (HURST 2002).
In this study we used transcriptome sequences of a set of A. tauschii accessions
representing all entire species range, and the results are presented below.

MATERIALS AND METHODS

Plant materials. 72 Aegilops tauschii accessions were used in the study (Table
S1). The sources of the plant material are as follows: (1) N.I. Vavilov All-Rus-
sian Institute of Plant Genetic Resources (VIR), (“k”); (2) Kyoto University
(“KU”); (3) IPK Gatersleben (“AE”); Triticeae Research Institute, Sichuan Ag-
ricultural University (“As”) and (4) the collection of Dudnikov (1998) (“t”).
The accessions for the study were specially chosen using cpDNA and nuclear
gene Got2 DNA sequencing data (DupNIkov 2021; DUDNIKOV et al. 2023) to
present as much A. tauschii genetic variability as possible in a sample of such
a size.

Molecular genetic methods. Aegilops tauschii plants were grown in a green-
house at a temperature of 22 degrees Celsius, 80% humidity and round the
clock illumination. RNA was extracted from the leaves of two-week old plants
using a Qiagen RNeasy Plant Mini Kit. The quality of the RNA samples was
evaluated using an Agilent Bioanalyzer 2100. All the samples had RIN of 7.8
or higher. RNAseq library preparations were carried out with Imkg of total
RNA using a TruSeq Stranded mRNA Library Prep Kit (Illumina, USA) ac-
cording to the manufacturer’s instructions for barcoded libraries with minor
modifications (4 min RNA fragmentation time and 12 PCR cycles were used).
After normalisation the barcoded libraries were pooled and sequenced on a
NextSeq550 sequencer 2 x 150 bp using NextSeq 500/550 High Output v2.5
Kit 300 cycles (Illumina).

Data analysis. The obtained raw sets of about 20 billion 150 b.p. paired-end
reads were analysed as follows. The adapter sequences were removed using
Cutadapt (MARTIN 2011), followed by trimming and subsequent filtering with
PRINSEQ. De novo transcriptome assembly was carried out with the help of
Trinity (GRABHERR et al. 2011; Haas et al. 2013). The transcriptomes were
then aligned to the reference genome using minimap2 (L1 2018). (Aegilops_
tauschii.Aet_v4.0.dna.toplevel.fa.gz genome from Ensembl Plants was used
as a reference.) Samtools were used to convert the alignments from SAM to
BAM format and then to sort BAM for SNP calling. SNPs calling was car-
ried out using bcftools, and bcftools was also used to filter SNPs, converting



Dudnikov and Vasiliev: Intraspecies divergence of Aegilops tauschii

Table 1. GO terms with the most distinct effects in Aegilops tauschii adaptive divergence: GO terms with “Ghl” higher than
1.7 and a p-value lower than 0.009 are presented. (“nh” - the number of times the GO term occurred among genes with Ka/
Ks higher than 0.8 and some GO term(s) available (6,565 in total); “nl” - the number of times the GO term occurred among
genes with Ka/Ks equal to or lower than 0.8 and having some GO term(s) (12,137 in total); Ghl = (nh/(6565)/((nl + 1)/(12137));
“F” - molecular function; “C” - cellular component; “P” - biological process.)

GO term nh nl Ghl Barnards p-value GO term GO term definition
test score type
GO:0043531 310 159 3.581 14.243 1.097e-43 F ADP binding
GO:0051707 287 166 3.177 12.754 2.057¢-35 P response to other organisms
GO:0006952 337 229 2.708 12.369 1.903e-33 P defence response
GO:0006353 46 28 2932 4.886 1.122e-06 P DNA-templated transcription termination
GO:0008194 98 97 1.848 4.456 5.955e-06 F UDP-glycosyltransferase activity
GO0:0007166 70 66 1931 4.013 4.75le-05 P cell surface receptor signalling pathway
GO0:2000022 16 7  3.697 3.464 0.000446 P regulation of jasmonic acid mediated signalling pathway
G0:0009882 6 0 11.09 3.331 0.000528 F blue light photoreceptor activity
GO:0003690 49 47 1.887 3.280 0.000595 F double-stranded DNA binding
GO0:0003777 27 21 2268 3.073 0.00118 F microtubule motor activity
GO:0009538 5 0 9243 3.040 0.00134 C photosystem I reaction centre
GO0:0008017 50 51 1.777 3.041 0.00134 F microtubule binding
GO0:0007018 26 21 2.184 2.907 0.00207 P microtubule-based movement
G0:0043488 11 5 3.389 2.821 0.00269 P regulation of mRNA stability
GO:0070940 6 1  5.546 2.806 0.00285 F dephosphorylation of RNA polymerase II C-terminal
domain
GO:0036297 6 1 5.546 2.806 0.00285 P DNA interstrand cross-link repair
GO0:0019344 4 0 7394 2719 0.00364 P cysteine biosynthetic process
GO:0000226 18 13 2377 2.681 0.00395 P microtubule cytoskeleton organisation
GO:0022904 8 3 3.697 2.615 0.00476 P respiratory electron transport chain
GO0:0004402 8 3 3.697 2615 0.00476 F histone acetyltransferase activity
GO:1990247 9 4 3328 2.579 0.00530 F N6-methyladenosine-containing RNA reader activity
G0:0009522 21 18 2.043 2.455 0.00744 C photosystem I
GO0:0045892 27 26 1.849 2.420 0.00822 P negative regulation of DNA-templated transcription

BCF into final VCF. VCF was annotated using SnpEff (CINGOLANTI et al. 2012).
The resulting snpEff_genes.txt file containing Ka and Ks values for each gene
studied was used for further analysis using original programmes for Python
(File S1). Since many genes were presented by several different transcripts,
the Ka/Ks value for each gene was calculated as follows: (average Ka value per
one transcript) / ((average Ks value per one transcript) + 1). The Go term(s)
for each gene under study were taken from Ensembl Plants annotation for
Aegilops_tauschii.Aet_v4.0 genome (https:/ftp.ebi.ac.uk/ensemblgenomes/
pub/release-57/plants/embl/aegilops_tauschii/). The value 0.8 was taken as an
arbitrary dividing line between high and low Ka/Ks (J1a et al. 2013). For each
GO term four values were used to test the hypothesis as to whether the GO
term occurs more frequently among genes with high Ka/Ks: the total number
of genes with low Ka/Ks and GO terms available (“nlow”); the total number
of genes with high Ka/Ks and GO terms available (“nhigh”); the number of
occurrences of the particular GO term among genes with low Ka/Ks (“nl”);
the number of occurrences of the particular GO term among genes with high
Ka/Ks (“nh”)) The hypothesis was tested using Barnard’s exact test, which
is a more powerful alternative to Fisher’s exact test for 2 x 2 contingency ta-
bles (BARNARD 1947; MEHTA & PRALAY 2003), using SciPy v1.12.0 for python
(https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.barnard_ex-
act.html#scipy.stats.barnard_exact).
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Fig. 1. 27,448 genes of
Aegilops tauschii are placed
on a scatter plot in accordance
with their Ka and Ks values.

Fig. 2. The distribution of
the occurrences of Ka/Ks
values among 27,448 genes of
Aegilops tauschii. The circles
on the plot show the number
of genes exhibiting Ka/Ks
values within the intervals

of 0.3.

vol. 49 (2)

300 .

250

200

100 S : -

12000

10000

8000

Z 6000

4000

2000

0.0 25 5.0 75 10.0 125 15.0 17.5

RESULTS

The coding sequences of 27,448 genes were obtained for each of the 72 A. taus-
chii accessions. 9660 of these genes exhibited high Ka/Ks values exceeding 0.8.
File S2 presents, for each gene: its ID; chromosomal location; Ka and Ks (their
average values per transcript); the Ka/Ks ratio (defined as Ka/(Ks + 1)); and
GO terms. The list ranged from highest to lowest Ka/Ks. A scatter plot of Ka
vs. Ks values for all the genes is shown in Fig. 1. The frequency distribution of
Ka/Ks is shown in Fig. 2. As expected, it is L-shaped.

The genes studied had 4,336 different GO terms in total. (Among the 9,660
genes with high Ka/Ks, - 6,565 (nhigh) had GO terms, while among the 17,788
genes with low Ka/Ks, 12,137 (nlow) had GO terms.) In File S3 each of these
GO terms is presented together with the number of occurrences among genes
with high Ka/Ks (i.e. higher than 0.8) (nh), the number of times it occurred
among genes with low Ka/Ks (nl), and the ratio: Ghl = ((nh/(nhigh)/((nl + 1)/



Table 2. Aegilops tauschii genes exhibiting GO:0009882 or GO:0009538. (The average Ka and Ks values per transcript are

presented.)
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GO term Gene ID Location Ka Ks Ka/Ks Description
GO:0009882 AET5Gv20917800 5D:479446729-479723471 16.04 9.31 1.72
blue light
photoreceptor activity
AET2Gv20723000 2D:405917414-405922243 4.7 4.7 1.00
AET2Gv20613400 2D:333812790-333832637 11.74 4.13 2.84  Phototropin-2
AET3Gv20935900 3D:535845557-535862024 10.32 4.32 2.39
AET6Gv20603300 6D:322175163-322181028 2.8 0.7 4.00 Cryptochrome 2, blue light
photoreceptor, Promotion of
flowering time
AET6Gv20511100 6D:243988399-243998488 5.11  4.88 1.05
GO:0009538 AET3Gv20112600 3D:21931135-21932637 495 180 275
photosystem I
reaction centre
AET5Gv21059900 5D:522276054-522278708 56.25 11.75 4.79
AET1Gv20942900 1D:473773388-473776240 21.66 8.66 2.50  Photosystem I reaction

centre subunit VI, chloroplast
precursor (PSI- H) (Light-
harvesting complex I 11 kDa
protein) (GOS5 protein)

AET5Gv21114600 5D:538800495-538801666 68.75 12.5 5.50

AET5Gv20956200 5D:492422895-492427465 166.0 50.0 3.32

(nlow)). The list was sorted in descending order according to this ratio, from
high to low values. From this list, the top 1,180 GO terms with the highest Ghl
are presented in File S4. Each entry contains: the GO term name; nh; nl; the
Ghl ratio; the Barnard’s test score statistic; and the p-value. (The list ranged
from lower to higher p-values). It can be seen that 193 of these GO terms oc-
curred significantly (P < 0.05) more frequently among genes with high Ka/Ks,
indicating that these functions (processes and cellular components) were im-
portant in A. tauschii adaptive intraspecies divergence (Fig. 3). Table S2 pre-
sents all these 193 GO terms, ranged in accordance with their p-values, while
Table 1 provides a shorter list of only those GO terms with a “Ghl” level higher
than 1.7 and a p-value lower than 0.009. (These GO terms are located in the
upper left part of the plot from Fig. 3a). Among the GO terms with the lowest
p-values, GO:0006952, “defence response”, took third place (P < 1.903 x 10-**),
while GO:0051707,’response to other organism”, ranked second place (P <
2.057 x 10* The lowest p-value, 1.097 x 10**, was recorded for GO:0043531,
“ADP binding”. A total of 469 of the genes studied had this GO term, with 310
of them having high Ka/Ks, indicating that this GO term occurred 3.58 times
more frequently among genes with high Ka/Ks in comparison with those with
low Ka/Ks (Table 1). (These three GO terms could be considered together since
many genes possess all of them (Fig. 4, File S2)).

G0O:0009882, “blue light photoreceptor activity”, (11.092; 0.0005) (the first
value in brackets is the Ghl ratio; the second is the p-value) had the highest nh/
(nl + 1) value. There are six genes with this GO term in the Aegilops_tauschii.
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Fig. 3. The scatter plot presents
the GO terms which occurred
significantly (P < 0.05) more
frequently among Aegilops
tauschii genes with high Ka/
Ks values (i.e. higher than 0.8)
than among those with low
Ka/Ks. The Y axis shows the
ratio Ghl = (nh/nhigh)/((nl +
1)/nlow), where “nhigh” and
“nlow” denote the number

of genes with high and low
Ka/Ks, respectively, and

with GO term information
available; “nh” and “nl”
indicate the number of times
the GO term occurred among
genes with high and low Ka/
Ks, respectively. The X axis
represents either (a) the
p-value or (b) the log(p-value).
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Aet_v4.0 genome, all of them present in the list of our genes studied (File S2),
and all exhibiting high Ka/Ks (Tables 1 & 2). GO:0009538, “photosystem I
reaction centre”, (9.2437; 0.0013) took second place. There are five genes with
this GO term in the A. tauschii genome, all of which are present in the list of
our genes studied (File S2) and all with high Ka/Ks (Tables 1 & 2). Table 1 also
presents several other GO terms whose effects in A. tauschii adaptive diver-
gence were statistically very distinct.

The data obtained indicated that the A. tauschii gene polymorphisms which
played an important role in the intraspecies adaptive divergence, deal with the
following processes, functions and cellular components.

(Some of the GO terms listed in Tables 1 and S2 are presented below. The
numbers in brackets indicate: the number of genes with the given GO term
among the set of 6,565 genes with high Ka/Ks and some GO term(s) available;
the number of genes with this GO term among the set of 12,137 genes with
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GO:0043531 ... G0:0051707

84

335

GO:0006952

Fig. 4. The number of genes (among the 27,448 genes studied) exhibiting GO terms:
GO0:0043531, ADP binding; GO:0051707, response to other organisms; GO:0006952, de-
fence response.

low Ka/Ks and some GO term(s) available; and the probability (p-value) of this
happening by chance, respectively. The letters “P”, “F”, “C” denote “biological
process”, “molecular function” and “cellular component”, respectively.)

Photosynthesis:

GO:0009507 (168; 229; 0.00132) chloroplast (C); GO:0009538 (5; 0; 0.00134)
photosystem I reaction centre (C); GO:0009522 (21; 18; 0.00744) photosystem
I (C); GO:0015979 (60; 75; 0.01175) photosynthesis (P); GO:0009535 (35; 40;
0.01839) the chloroplast thylakoid membrane (C); GO:0010196 (5; 2; 0.0227)
nonphotochemical quenching (P); GO:0009570 (20; 20; 0.02477) chloroplast
stroma (C); GO:1904821 (2; 0; 0.028) chloroplast disassembly (P); GO:1902326
(2; 0; 0.028) positive regulation of the chlorophyll biosynthetic process (P);
GO:0047746 (2; 0; 0.028) chlorophyllase activity (F); GO:0009579 (38; 47;
0.03226) thylakoid (C); GO:0019253 (3; 1; 0.0480) reductive pentose-phos-
phate cycle (P); GO:0045036 (3; 1; 0.0480) protein targeting to chloroplast (P).

Cell energy flow:

GO0:0022904 (8; 3; 0.00476) the respiratory electron transport chain (P);
GO:0019646 (2; 0; 0.028) the aerobic electron transport chain (P); GO:0045275
(2; 05 0.028) respiratory chain complex II (C).

Response to biotic and abiotic factors:

GO:0051707 (287; 166; 2.057 x 107°) response to other organisms (P);
G0:0006952 (337; 229; 1.903 x 10-**) defence response (P); GO:0050896 (49;
58; 0.01068) response to stimulus (P); GO:0048544 (46; 55; 0.01438) recogni-
tion of pollen (P); GO:0031347 (11; 8; 0.01963) regulation of defence response
(P); GO:0010118 (5; 2; 0.02273) stomatal movement (P); GO:0031540 (2; 0;
0.028) regulation of the anthocyanin biosynthetic process (P); GO:0009624
(2; 05 0.028) response to nematode (P).
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ADP binding:
(It should be part of the previous section, as explained further in the text.)
G0:0043531 (310; 159; 1.097 x 10-*) ADP binding (F).

Regulation of the jasmonic acid mediated signalling pathway:

(It should be part of the response to biotic and abiotic factors section since
jasmonic acid and its precursors and derivatives, referred to as jasmonates are
known to be important molecules in the regulation of numerous physiological
processes in plant growth and development, and especially the mediation of
plant responses to biotic and abiotic stresses (RUAN at al. 2019).)

GO:2000022 (16; 7; 0.000446) regulation of the jasmonic acid mediated sig-
nalling pathway (P);

Response to light stimulus:

G0:0009882 (6; 0; 0.000529) blue light photoreceptor activity (F); GO:0009785
(6; 2; 0.009475) blue light signalling pathway (P); GO:0048579 (4; 1; 0.0184)
negative regulation of long-day photoperiodism, flowering (P); GO:0009416
(11; 8; 0.0196) response to light stimulus (P); GO:0009637 (5; 2; 0.0227) re-
sponse to blue light (P);

Cysteine biosynthetic process:

(It could probably be included in the previous section according to the expla-
nation presented further in the text.)

GO0:0019344 (4; 0; 0.00364) the cysteine biosynthetic process (P);

Regulation of transcription:

GO:0006355 (494; 634; 5.0396 x 107'°) the regulation of DNA-templated tran-
scription (P); GO:0006353 (46; 28; 1.122 x 10°6) DNA-templated transcription
termination (P); GO:0003700 (236; 344; 0.00229) DNA-binding transcription
factor activity (F); GO:0043488 (11; 5; 0.00269) the regulation of mRNA sta-
bility (P); GO:0070940 (6; 1; 0.00285) dephosphorylation of the RNA polymer-
ase II C-terminal domain (F); GO:0036297 (6; 1; 0.00285) interstrand cross-
link repair (P); GO:1990247 (9; 4; 0.005296) N6-methyladenosine-containing
RNA reader activity (F); GO:0045892 (27; 26; 0.008216) the negative regula-
tion of DNA-templated transcription (P); GO:0008420 (6; 2; 0.009475) RNA
polymerase II CTD heptapeptide repeat phosphatase activity (F); GO:1900369
(3; 05 0.00970) the negative regulation of post-transcriptional gene silencing by
regulatory ncRNA (P); GO:0003714 (12; 11; 0.04388) transcription corepressor
activity (F).

Cell surface receptor signalling pathway:

(This could be included in the previous section, since this pathway may culmi-
nate in the regulation of transcription.)

GO:0007166 (70; 66; 4.75 x 107) cell surface receptor signalling pathway (P).

Histone acetyltransferase activity:

(This could be included in the regulation of transcription section, since his-
tone acetylation influences the levels of gene transcription (VERDONE et al.
2006))

GO0:0004402 (8; 3; 0.00476) histone acetyltransferase activity (F); GO:0070461
(4; 1; 0.0184) SAGA-type complex (C);

Double-stranded DNA binding:

(This could be included in the regulation of transcription section, since a set
of transcription termination factors belongs to GO:0003690)

GO0:0003690 (49; 47; 0.000596) double-stranded DNA binding (F).
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Microtubule processes and functions:

GO0:0003777 (27; 21; 0.00118) microtubule motor activity (F); GO:0008017 (50;
51; 0.00134) microtubule binding (F); GO:0007018 (26; 21; 0.00207) micro-
tubule-based movement (P); GO:0000226 (18; 13; 0.00395) microtubule cy-
toskeleton organisation (P); GO:0003774 (23; 22; 0.01289) cytoskeletal motor
activity (F).

Plant organ morphogenesis:

GO0:1905392 (2; 05 0.028) plant organ morphogenesis (P); GO:0010051 (2; 0;
0.028) xylem and phloem pattern formation (P); GO:2000014 (2; 0; 0.028) the
regulation of endosperm development (P); GO:0010222 (2; 0; 0.028) stem vas-
cular tissue pattern formation (P); GO:0080006 (2; 0; 0.028) internode pat-
terning (P); GO:2000280 (3; 1; 0.0480) the regulation of root development (P).

Synthesis of wax:
GO:1904278 (2; 0; 0.028) the positive regulation of the wax biosynthetic pro-
cess (P).

DISCUSSION

It can be seen that among the genes whose polymorphisms played an essential
role in A. tauschii intraspecies divergence are those involved in photosynthe-
sis, cell energy flow, transcription regulation, response to biotic and abiotic
factors, response to light stimulus, and microtubule motor activity, etc. The
genes in A. tauschii with high Ka/Ks ratio are predominantly those which
facilitate the plant’s adaptation to different ecological conditions and effective
responses to environmental changes.

Previous studies have shown that the TauLl, TauL2 and TauL3 gene-pools
of A. tauschii essentially differ in their genetic expression patterns. More than
two thousand genes exhibit statistically significantly differences in their genetic
expression levels in the leaves of TauLl, TauL2 and Taul3 (DuDNIKOV et al.
2024). These findings are in line with those obtained in the present study, in-
dicating that positive natural selection in genes regulating transcription in A.
tauschii have made a considerable impact on the species’ adaptive divergence.

Those genes which control response to light stimulus have been subject
to positive natural selection in A. tauschii. (Among them is the gene AET-
2Gv20613400 encoding Phototropin-2, and the gene AET6Gv20603300 en-
coding Cryptochrome-2 (Table 2)). They affect flowering time which is of
particular importance for A. tauschii. The species inhabits environments
characterised by moist winters and hot dry summers. Plants which flower too
early, before the optimal period for tillering, will form fewer seeds than they
potentially could. Conversely, plants which start flowering late do not have
enough time to form seeds before the dry season begins, and consequently
may form no seeds at all. Therefore, the precise regulation of the flowering
time for each environment is crucial for A. tauschii.

Phototropins are also involved in chloroplast movements in response to
changes in light intensity, light-induced stomatal opening, etc.

Genes encoding the cysteine biosynthetic process exhibit high Ka/Ks in
A. tauschii (Table 1). The reason for this could be the fact that cysteine residue
in the photosensoric part of phototropin plays an important role in its func-
tioning. Phototropin is a light-activated autophosphorylating serine/threo-
nine kinase which binds two flavin mononucleotide (FMN) molecules which
function as blue light-absorbing chromophores. In darkness the chromophore
of phototropin is noncovalently bound to the protein and absorbs light at 447
nm. Illumination activates FMN to form a covalent bond with the cysteine
residue in the photosensoric part of phototropin. (BRIGGs et al. 2001).
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As well as the blue light mediated regulatory pathway, the regulation of
the jasmonic acid mediated signalling pathway has also been subject to pos-
itive natural selection during the course of the intraspecies divergence of A.
tauschii. This is not unexpected, taking into account that jasmonic acid and its
precursors and derivatives are important molecules in the regulation of many
physiological processes in plant growth and development, and especially the
mediation of plant responses to biotic and abiotic stresses. Jasmonic acid sig-
nalling plays a central role in plant defences against necrotrophic pathogens
and herbivorous insects, which target both roots and shoots. This pathway is
also activated during interactions with beneficial microbes which may lead to
induced systemic resistance. (RUAN et al. 2019).

The data obtained in this study indicated that many resistance genes
(R-Genes) (marked with GO terms: GO:0043531, ADP binding, + GO:0051707,
response to other organisms, + GO:0006952, defence response) were under
positive natural selection in A. tauschii (Table 1, Fig 3b).

In the A. tauschii genome, as annotated in Ensemble Plants, 639 genes with
GO0:0043531, ADP binding, are presented, one of which, AET3Gv21194500,
had an available description: NB-ARC domain containing protein (https:/
plants.ensembl.org/Aegilops_tauschii/Gene/Summary?g=AET3Gv2119450
0;r=3D:611383074-611395000;t=AET3Gv21194500.1;db=core). The gene was
also associated with GO terms GO:0051707, response to other organisms, and
GO:0006952, defence response. The AET3Gv21194500 gene is also included in
our dataset, exhibiting Ka, Ks, Ka/(Ks + 1) - 10.76, 2.53 and 3.05 respectively
(File S2). The NB-ARC domain is a functional ATPase domain, and its nucle-
otide-binding state is thought to regulate R protein activity. Resistance (R)
proteins in plants are involved in pathogen recognition and the subsequent
activation of innate immune responses (VAN OOIJEN ef al. 2008). R-genes are
of considerable interest in crop breeding, providing a large part of the immu-
nity required by agricultural pathosystems (ARORA et al. 2019).

Microtubule motor activity provides the intracellular transport of vesicles
and organelles through the cytoplasm. It is required for maintaining homeo-
stasis within the cell by responding to physiological signals (BARLAN & GEL-
FAND 2017). In this study microtubule motor activity was found to be under
positive selection in A. tauschii (Table 1).

Previous research has shown that the trait of “waxiness” exhibits specific
geographic patterns in A. tauschii. Waxy plants have been observed only in
A. tauschii subsp. strangulata, and only in relatively dry habitats which were
not optimal for this subspecies (DubpNIKOV 2011). Two genes in the A. tauschii
genome Aegilops_tauschii.Aet_v4.0 are known to control the positive regu-
lation of the wax biosynthetic process (GO:1904278): AET4Gv20312600 and
AET6Gv20348000. Both genes are included in the set of genes investigated in
this study, and both exhibited high Ka/Ks values (File S2).

It can be seen that the vast range of the A. tauschii set of accessions used
in this study reveals the adaptive allelic polymorphisms of numerous genes in-
volved in the functions and processes which are of key importance for adapta-
tion to different environments, effective responses to environmental changes,
and the energy efficiency of plants. The information obtained and the plant
material of A. tauschii investigated in this study could be further used for
both detailed studies of the molecular genetic basis of adaptation and for ap-
plied purposes. A. tauschii genetic lines with known geographical origin and
distinct allelic variants of genes encoding different regulatory pathways may
serve for the development of new prospective varieties of T. aestivum.

The requirements of plants in nature can differ greatly from those val-
ued in agriculture, e.g. agriculturally important traits such as soft glumes and
tough rachis are deleterious for wild Triticeae species. However, as demon-
strated in the present study, in general, the genes whose variation was particu-
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larly important for A. tauschii adaptive evolution in the wild are extremely
also interesting for T. aestivum breeding. Notably, resistant genes which have
avery important and distinct effect in A. tauschii evolution (Fig. 3b) are now-
adays among the most popular and effective tools for creating new prospective
varieties of common wheat. The set of 72 genetic lines of A. tauschii, specially
chosen in order to present as much genetic variability of the species as possible
for a sample of such a size (Table S1) together with information about 27,448
genes, their chromosomal location, function and Ka/Ks values (File S2), could
serve as the perfect tool for the breeding of T. aestivum. When a breeder trans-
fers a segment of an A. tauschii chromosome into T. aestivum, its gene content
is already known. In addition, the high value of Ka/Ks of the gene (File S2)
indicates that its different alleles obtained from ecologically different lineages
of A. tauschii, e.g. from the TauLl and TauL2 gene-pools, will have different
effects on plant phenotype.
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Koji geni su ukljuceni u adaptivnu intraspecijsku divergenciju kod
Aegilops tauschii?

Alexander Ju. DubNikov i Gennady V. VASILIEV

Kodirajuce sekvence 27,448 gena u 72 uzorka Aegilops tauschii, koji predstavljaju ¢itav ar-
eal vrste, dobijene su kori$¢enjem sekvenciranja transkriptoma sledece generacije iz tkiva
lista. 9.660 ovih gena pokazalo je visoke vrednosti Ka/Ks koje prelaze 0,8. 4.336 razli¢itih
GO termina bilo je prisutno u anotacijama za ovaj skup gena, od kojih je 193 bilo statisti¢ki
znacajno i ¢esto se javljalo medu genima sa visokim Ka/Ks, §to ukazuje na varijacije u rel-
evantnim funkcijama i procesima uklju¢enim u adaptivnu intraspecijsku divergenciju A.
tauschii. Pokazano je da su geni A. tauschii sa visokim odnosima Ka/Ks prvenstveno oni
koji pomazu biljkama da se prilagode razli¢itim ekoloskim uslovima i reaguju na promen-
ljiva okruZenja. Oni geni ¢ija je alelna varijacija igrala sustinsku ulogu u intraspecijskoj
divergenciji A. tauschii ukljudivala je R-gene (oznacene GO terminima: G0:0043531,
vezivanje za ADP, + GO:0051707, odgovor na druge organizme, + GO:0006952, odbram-
beni odgovor); kao i gene ukljucene u fotosintezu, odgovor na svetlosni stimulus, respira-
torni lanac transporta elektrona, transkripcionu regulaciju, motori¢ku aktivnost mikro-
tubula i regulaciju signalnog puta posredovanog jasmonskom kiselinom.

Kljucne reci: Aegilops tauschii, intraspecijska divergencija, Ka/Ks, prirodna selekcija, se-
kvenciranje sledece generacije, geni otpornosti, transkriptomske sekvence
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