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Abstract. One of the ways to increase yield stability of bread wheat under changing climatic conditions is through
improving the photosynthesis efficiency. For this purpose, various genetic strategies are used. They include marker-
assisted selection and the use of the genetic potential of wild wheat relatives. Previously, using introgression wheat
lines carrying different segments of chromosome 2D from Aegilops tauschii in the genetic background of the wheat
(Triticum aestivum) variety Chinese Spring (CS), we mapped QTLs associated with variability in shoot biomass and
gas exchange under contrasting water supply conditions. In this work, by “splitting” the primary introgressions, we
obtained secondary introgression CS lines with reduced segments of Ae. tauschii introgressions in the short and long
arms of chromosomes 2D. The aim of this study was to investigate the tolerance of the photosynthetic apparatus to
soil water deficit in these lines. We estimated the size of drought effect on shoot biomass, gas exchange parameters,
photosynthetic pigment content, slow and fast chlorophyll fluorescence parameters, and fast light curve parameters.
The results showed that line 1004 with an introgression in chromosome 2DS limited by microsatellite loci Xgwm296
and Xgwm261 was little affected by drought in respect of the chlorophyll (a+b)/carotenoid ratio and primary pho-
tosynthetic processes. In line 1005 with a single introgression in the region of the Xgwm261 marker, the chlorophyll
(a+b)/carotenoid ratio and indicators of the functional activity of photosystems significantly decreased under water
deficiency. The chlorophyll (a+b)/carotenoid ratio, CO, assimilation rate, and chlorophyll fluorescence parameters
remained stable in line 1034 with an introgression in chromosome 2DL near the Xgwm1419 and Xgwm157 loci. In
line 1021 with an introgression in the region of the Xgwm539 marker on the same chromosome, we observed a
strong negative effect of drought on the rate of CO, assimilation and indicators of the functional activity of photosys-
tems. The Xgwm1419 and Xgwm296 markers can be recommended for use in marker-assisted breeding for drought
tolerance of bread wheat in the cases where Ae. tauschii acts as a donor of genetic material.
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3acyxoyCTOMUYMBOCTb IMHUI NweHuLbl T. aestivum
C VIHTporpeccuamu oT Ae. tauschii B xpomocome 2D

AHHoTaumA. YnyyweHune 3¢peKTMBHOCTU GOTOCKMHTE3A B UBMEHAIOLLMXCA KNMMATUYECKUX YCIIOBUAX ABMAETCA OfHUM 13
Cnoco6oB NOBbILEHNA CTAOUSIBHOCTY YPOXKas CeNTIbCKOXO3ANCTBEHHbIX PACTEHWNIA. [1N1A 3TOro NPUMEHAIOT pas3finyHbIe reHe-
TUYeCKre cTpaTernu, B YaCTHOCTY MapKep-OpPUEHTUPOBaHHYIO CeNeKLMIo, a TakKe NPUBMEKaloT reHeTUYeCKnin noTeHuman
AVIKMX copoanyen nweHnubl. PaHee, ncnonb3ya MHTPOrpeccnBHbIe IMHUN MLLEHULbI, COAepKalyme pasfinyHble CerMeHTbl
xpomocombl 2D ot Aegilops tauschii B reHeTuyeckom ¢oHe nweHuubl Triticum aestivum copta YanHuz CnpuHr (4C), Mbl
kaptuposanu QTL, accounmpoBaHHble C BaprmabenbHOCTblo 6uoMacchl nobera U ra3006MeHa B KOHTPACTHbIX YCIOBUAX
BOJOCHAbXeHVsA. B faHHOI paboTe nyTem «Apo6naeHnA» NEPBUYHbBIX MHTPOIPECCUA Mbl MONTYYMSIV BTOPUYHbIE MHTPOrpec-
cuBHble NHUK NweHuLbl YC ¢ 6onee KOPOTKMMY CermeHTaMm MHTporpeccuii ot Ae. tauschii. Lienbto nccnegosaHma 6110
N3y4nTb YCTONUMBOCTb POTOCMHTETMYECKOTO annapaTta K aeduumTy BoAbl B MOYBE Y BTOPUUHBIX MHTPOrPECCUBHbIX JINHWI,
cofepalynx pefyLmpoBaHHble MHTporpeccun ot Ae. tauschii B KOPOTKOM 1 ANMHHOM Mieyax XpoMocombl 2D. Mbl oueHm-
nn pasmep 3dpdekTa 3acyxu Ha bruomaccy nobera, napameTpbl ra3006MeHa, coaepKaHe GOTOCUHTETUYECKNX MUFMEHTOB,
napameTpbl MefIeHHO 1 6bicTpoli GpnyopecueHuUn xnopodunna 1 napameTpbl GbICTPbIX CBETOBbIX KPUBbIX. Pe3ynbTaTbl
nokasanu, 4to y nnHum 1004 ¢ yyacTkom MHTporpeccumn B xpomocome 2DS, orpaHnyeHHOM MUKPOCaTeTIUTHBIMU NTOKYyCa-
Mu Xgwm296 n Xgwm261, 3acyxa He3HaunTeNbHO BNMANA HAa COOTHOLIeHMe xnopodunnbl a+b/KapoTuHonabl 1 NepBuy-
Hble npouecchbl poTocmHTesa. Y NIMHMM 1005 € yYaCcTKOM UHTPOrpeccum B painoHe Mapkepa Xgwm261 npu geduunte Bogbl
3HAUNTENbHO CHWXaNNCb COOTHOLeHMe Xnopodunnbl a+b/kapoTuHonabl U nokasatenn GyHKUMOHaNbHOM aKTUBHOCTH
doTocuctem. Y nuHunm 1034 ¢ nHTporpeccrein B xpomocome 2DL B paiioHe nokycoB Xgwm 1419 n Xgwm157 cooTHOLEHNe
xnopodunnbl a+b/KapoTrHonapl, ckopocTb accummnaumm CO, 1 napameTpbl dayopecueHLnn xanopodunnia npu 3acyxe
oCTaBanuCb CTabunbHbIMU. Y IMHKMM 1021 C y4acTKOM MHTPOFPeccu B paioHe Mapkepa Xgwm539 Ha 3Tol e XpomMocome
Mbl Habnogany cunbHOe HeraTUBHOE BAMUAHME 3aCyXy Ha ckopocTb accumunaumm CO, 1 nokasatenn GyHKLUMOHaNbHOWN
aKTUBHOCTM dpoTocncTem. Mapkepbl Xgwm 1419 n Xgwm296 MOXXHO peKkoMeH0BaTb AJA NCNOJIb30BaHUA B MapKep-OpueH-
TUPOBAHHOW CeneKkLUM Ha 3aCyXOyCTONYMBOCTb MAMKOW MLUEHULbI B C/TyYanX, KOraa JOHOPOM FreHeTMYyeCcKoro matepuana
BbICcTynaet Ae. tauschii.

KnioueBble cnoBa: mMArkasa nweHnLa; NoYBeHHas 3acyxa; buomacca nobera; razoobmeH; dnyopecueHuua xnopodunna;

VHTPOrPEeCcUy; MONeKysiPHbIe MapKepbl

Introduction

Improving the efficiency of photosynthesis is considered
one of the most important issues of breeding work aimed at
increasing productivity of bread wheat (Triticum aestivum L.)
through improving tolerance to unfavorable factors. Various
genetic strategies are effective in achieving these goals, in-
cluding the use of the genetic potential of wild relatives of
wheat and marker-assisted selection (Reynolds et al., 2012).

Wild relatives represent a valuable gene pool for bread
wheat improvement, since this crop has a limited genetic di-
versity for meeting the challenges of modern breeding. Various
species of the genus Aegilops L., which is most closely related
to the genus Triticum L., are considered a source of beneficial
alleles for bread wheat fortification against abiotic stresses,
pests, and diseases (Przewieslik-Allen et al., 2019; Pour-
Aboughadareh et al., 2021). One such species is Ae. tauschii,
known as the donor of the D genome of bread wheat and
containing favorable allelic variations in genes associated
with stress responses (Jia et al., 2013). Its homology with
the D subgenome of bread wheat simplifies the introgression
process during breeding and for genetic analysis. Therefore,
Ae. tauschii is widely used in research aimed at improving
the productivity and stability of wheat under various climatic
conditions (Nyine et al., 2021; Ma et al., 2023).

An intermediate step in the transfer of genetic diversity
from this genome is synthetic hexaploid wheats with the
BBAADD genome, homologous to bread wheat. The first
synthetic, called Synthetic 6x (Syn6x) (McFadden, Sears,
1946), was used to obtain single-chromosome substituted
lines of Chinese Spring (CS)(Syn6x) (Nicholson et al., 1993).
Subsequently, on the basis of substitution lines D-genome
chromosomes, introgressive lines carrying single chromosome
segments from Ae. tauschii of different sizes were obtained
(Pestsova et al., 2001). Using this set of eighty introgressive
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lines CS(Syn6x), we mapped quantitative trait loci (major
QTL) associated with variability in shoot biomass (SB) and
gas exchange parameters under soil water deficit in two re-
gions of chromosome 2D (Osipova et al., 2016). One of the
regions was located on the short arm between microsatellite
markers Xgdm5 and Xgwm296, and the second was flanked
by markers Xgwm539 and Xgwm1419 on the long arm. The
size of the first region was 11.4 cM, and the second, 10.5 cM
(Roder et al., 1998).

Further refinement of the position of loci associated with
photosynthesis variability on chromosome 2D and search for
putative candidate genes became possible by obtaining the
lines with reduced segments of introgressions and studying the
stability of the functioning of the photosynthetic apparatus in
the new lines. Chlorophyll (Chl) fluorescence parameters are
considered a reliable source of information about the physi-
ological state of photosynthetic apparatus of plants (Goltsev
et al., 2016). They have been successfully used in screening
of adult bread wheat plants for drought tolerance in the field
and in that of wheat seedlings in the laboratory (Botyanszka
et al., 2020; Persic¢ et al., 2022).

The aim of this study was to investigate the tolerance
of the photosynthetic apparatus to soil water deficiency in
the introgressive lines containing short introgressions from
Ae. tauschii.

Materials and methods

Genetic material, molecular analysis and experimental
conditions. The two groups of secondary introgressive lines
(SILs) obtained on the basis of two introgressive lines, Chi-
nese Spring CS(Syn6x 2D-4) and CS(Syn6x 2D-6) (Pestsova
et al., 2001), along with a recipient variety CS were used in
the work. To narrow down the regions of introgressions, a
“splitting” approach was used, consisting of hybridization
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Fig. 1. Schematic arrangement of introgression regions of chromosome 2D in secondary introgressive lines CS(Syn6x 2D-4) (lines 1004 and 1005)
and CS(Syn6x 2D-6) (lines 1021, 1022, 1028 and 1034).

Microsatellite markers of chromosome 2D represented by allelic variants of Syn6x and relevant to the previously identified positions of QTL clusters associated
with drought response (Osipova et al.,, 2016) are shown in bold. The sequence of markers and the distances between them (not to scale) are presented according

to the maps of M.S. Roder et al. (1998) and E.G. Pestsova et al. (2001).

of these two primary lines with the recipient CS. Secondary
introgressive lines were obtained by a single backcrossing
followed by subsequent self-pollination into F,. The plants
were then analyzed for their microsatellite marker composi-
tion. Those plants were selected that showed allelic differences
in the target chromosome 2D regions where clusters of QTL
loci associated with drought response had previously been
detected (Osipova et al., 2016).

DNA extraction was performed according to the protocol
of Plaschke et al. (1995). The obtained PCR products were
separated in 3 % agarose gel and photographed under UV light
using the Molecular Imager® Gel DocTM XR+ system (Bio-
Rad Laboratories, Inc., California, USA). Two lines, numbered
1004 and 1005, were selected among F, plants from the cross
between CS and IL CS(Syn6x 2D-4) (Fig. 1). These lines
differed only in the allelic state of marker Xgwm296. Allelic
variants of this marker obtained using the PCR reaction are
presented in Figure S1 in Supplementary Material'.

Four lines numbered 1021, 1022, 1028 and 1034 were
selected among F, plants from the cross between CS and
IL CS(Syn6x 2D-6). They differ in the allelic state of mark-
ers Xgwm1419, Xgwm157 and Xgwm539 (Fig. S2). The
plants were grown under controlled conditions in a CLF
PlantMaster climate chamber (CLF Plant Climatic GMBH,
Germany) installed in the phytotron of SIPPB SB RAS, with
a 16-hour photoperiod, a temperature of 23 °C during the day
and 16 °C at night, air humidity of 60 % and a light intensity
0f 300 pmol/(m?-s). Ten grains of each genotype were sown in
two Mitscherlich pots filled with a mixture of humus, sand and
peat (1:1:1). The moisture content of the soil in one pot was
maintained at an optimal level (60 % of the total soil moisture
capacity). In the second pot, watering was reduced by half, to
30 % of the total soil moisture capacity starting from the third
leaf stage. The water regime was maintained gravimetrically.
At the flowering stage, the gas exchange parameters and chlo-

1 Figures $1-53 and Tables S1, S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Osipova_Engl.xIsx
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rophyll (Chl) fluorescence were measured in plants. At this
stage, the main shoot mass was measured and samples were
collected to determine the content of photosynthetic pigments.

Gas exchange, chlorophyll fluorescence and photosyn-
thetic pigment content. Net photosynthesis rate (A), stomatal
conductance (Gs) and transpiration rate (E) were measured
using a portable leaf gas exchange system GFS-3000 (Heinz
Walz, Germany). The following values of light intensity, CO,
concentration, relative humidity, temperature and airflow rate
were set: 800 pmol/(m?-s), 400 pmol/mol, 60 %, 25 °C and
750 umol/s, respectively. Water use efficiency (WUE) was
calculated as A/E. The mean values and standard deviations
for gas exchange parameters are given in Table S1.

Using a PAM 2500 fluorimeter (Heinz Walz, Germany)
integrated with PamWin 3.05 software, the following para-
meters were measured: the kinetics of slow Chl fluorescence
induction; the parameters of fast light curve; the kinetics of
fast Chl fluorescence induction (OJIP test). To record the
minimum Chl fluorescence yield in the dark-adapted state
(F,), the leaves were darkened for 30 min and then illumina-
ted with modulated measuring light of low-frequency (5 Hz)
and low-intensity (630 nm). The chlorophyll fluorescence
intensity under conditions of closed reaction centers (Fm)
was measured after exposure to a high-intensity light pulse of
25,000 pmol (photon)/(m?-s), wavelength 630 nm, 0.1 s. Red
actinic light (677 pmol photons/(m?-s)) was used to maintain
photosynthesis and achieve a steady state (F). Based on the
measured values of chlorophyll fluorescence parameters,
the PamWin 3.50 program calculated other parameters. We
assessed the response to rapid irradiance increases (every
30 s) by exposing leaves to light intensities ranging from
0 to 1,935 pmol/(m?-s) PAR photons and recorded the initial
slope of the fast light response curve (o), maximum electron
transfer rate (ETR ) and minimum saturating irradiance (I,).
Chl fluorescence induced by strong light pulses was sampled
in the range from 0.1 to 300 ms in the View instrument mode
under the Fast Kinetics tab (Chen K. et al., 2013, Srivastava
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et al., 2021). All Chl fluorescence parameters measured and
calculated during the study, as well as the size of drought
effect (SDE) on each parameter, are listed and described in
Table S2.

Determination of photosynthetic pigments content. The
preparation and measurement of the optical density of extracts
containing photosynthetic pigments were carried out accord-
ing to the previously described method (Osipova et al., 2024).
To calculate the content of chlorophyll a (Chl @), chlorophyll b
(Chl b) and carotenoids (Car) in the leaves, the formulas given
in the work of D. Wettstein (1957) were used.

Search for coordinates of molecular markers and
candidate genes that may participate in the formation
of drought tolerance on chromosome 2D. To search for
coordinates of markers Xgwm261 and Xgwm157, the primer
sequences presented in the GrainGenes information resource
(https://wheat.pw.usda.gov/GG3) were used. For marker
Xgwm1419, the primer sequences were provided by Martin
Ganal (TraitGenetics GmbH). Using the BLASTN program,
coordinates were determined for them in the wheat genome
assembly Chinese Spring IWGSC RefSeq v2. The coordinates
of markers Xgwm296 and Xgwm539 are specified in this as-
sembly (https://wheat.pw.usda.gov, last accessed February 05,
2025). In the regions limited by these markers, a search for
the most probable candidate genes was carried out. Candidate
genes annotated by the International Wheat Genome Sequenc-
ing Consortium (IWGS, 2018) with a high degree of reliability
were considered.

Statistics. A single plant was taken as a biological repli-
cate. At the flowering stage, gas exchange parameters were
measured in six plants of each genotype under each water
regime. Chl fluorescence parameters were measured in three
plants of each genotype. Then, the aboveground part of the
main shoot of nine plants of each genotype was cut off and
weighed. Three samples taken from the flag leaves of three
plants were frozen with liquid nitrogen and stored at —70 °C
for subsequent determination of pigment content. The pigment
content is given in mg/g fresh leaf weight. The tables present
the average values + standard deviations. The effect of soil
water deficit on chlorophyll fluorescence, pigment content,
and shoot biomass was assessed using the size of drought
effect (SDE) index (Hedges, Olkin, 1985). The formulas for
calculating SDE are given in the work of S.V. Osipova et al.

2025
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(2024). The higher the effect size, the greater the increase
in the parameter under drought conditions compared to the
control. Negative values indicate a decrease in the parameter
compared to the control.

All calculations, including average values, pooled standard
deviation, adjusted SDE value, and diagram plotting were
performed in Microsoft Excel, version 14.0.7268.5000 (Mic-
rosoft Corporation, 2010). The significance of differences was
assessed using Student’s t-test. The fluorescence data pool was
processed using nonmetric multidimensional scaling in Past,
version 3.01 (Hammer et al., 2001).

Results

Shoot biomass and photosynthetic

pigments content in leaves

The biomass of the main shoot in the lines varied from 2.6
to 3.5 g in the control and from 1.5 to 2 g under soil drought
conditions (Table 1). Under normal watering, only one line,
1005, exceeded the recipient for this trait, and the lowest
value was found in line 1021. Under water deficit conditions,
the shoot biomass in two lines, 1028 and 1034, exceeded the
values of this trait in CS, while in lines 1021 and 1022, on the
contrary, it did not reach CS values. SDE was negative in all
the studied genotypes, but the value of this indicator varied
from —1.69 in line 1021 to —7.06 in line 1005. Line 1021 was
distinguished by reduced values of shoot biomass, both under
optimal irrigation and under drought conditions. The high
shoot biomass of line 1005 in the control was significantly
reduced under drought. Line 1004 was more stable than line
1005 in this trait.

Under drought conditions, the content of Chl a, Chl b
and Car in CS decreased, and SDE on Chl a+b/Car ratio
was close to zero (Table 2). Pigment content in leaves of
the lines changed differently. In lines 1004 and 1034, Chl a
content significantly increased under drought. Car content
also increased in all lines, except for line 1022. The greatest
positive effect of drought on Car content was observed in
lines 1004, 1005 and 1034, in ascending order. Chl a+b/Car
ratio changed insignificantly in all genotypes, except for line
1005. The negative effect of drought on this trait in line 1005
was due to the fact that Chl a content remained stable under
different conditions, and Car content increased.

Table 1. Shoot biomass (g) and its size of drought effect (SDE) of the recipient Chinese Spring and the studied lines

at the flowering stage in the control and under water deficit

Genotype Line number Control Drought SDE
Chinese Spring (CS) 3.0+03 1.7 £0.1%** -4.74
Secondary introgressive lines

CS(Syn6x 2D-4) 1004 28+0.7 1.6 £ 0.4*** -1.96
1005 3.5+£0.3% 1.6 + 0.3¥** -7.06

CS(Syn6x 2D-6) 1021 26+0.6 1.5+ 0.1%%* -1.69
1022 29+0.5 1.5+ 0.1%%* -3.82
1028 27+03 2.0 £0.27%* -2.85
1034 29+05 1.9 + 0.12%** -3.04

**p<0.01,**p<0.001 - significant differences between each genotype in control and drought conditions; p < 0.05; #p < 0.01 - significant differences between

CS and lines.
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Table 2. Content of photosynthetic pigments (mg/g of raw weight) and their size of drought effect in the leaves of the recipient
Chinese Spring and the studied lines (n = 9) in the control and under water deficiency

Trait Chinese Spring 1004 1005 1021 1022 1028 1034
Control
Chlorophyll a 24+£0.2 29+0.1 29+0.1 27+0.2 26+0.1 - 23+0.1
Chlorophyll b 1.1+£0.1 1.3+0.1 1.2+0.0 1.2+0.1 1.2+0.1 - 1.1+£0.1
Carotenoids 0.7 £0.1 0.6 £0.1 0.5+0.0 0.6+0.0 0.7 +0.0 - 0.4£0.1
Chlorophyll a+b/Carotenoids 56+0.3 11.6+44 7.8+0.3% 6.9+0.2° 58+03 - 10.6 +3.7
Drought
Chlorophyll a 22+0.1 34+02%® 29%0.1 3.1+0.12 29+0.2 3.1+£0.2° 2.8+0.2*
Chlorophyll b 1.0+ 0.0 1.4+0.1 1.3+0.0° 1.4+0.1° 1.0+0.1 1.4+0.1° 1.2+0.1
Carotenoids 0.6 £ 0.0* 0.7 £0.0° 0.6 £ 0.0* 0.7£0.1 0.7+£0.0 0.7£0.0 0.6 £ 0.0%*
Chlorophyll a+b/Carotenoids 57+0.1 6.9+0.1° 6.6+02**  7.1+0.7° 58+04 6.3+0.5 7.2+0.12
Size of drought effect
Chlorophyll a -1.2 3.2 0 2.2 22 - 3.0
Chlorophyll b -1.3 1.2 2.1 1.8 -2.0 - 1.2
Carotenoids -33 1.7 3.8 14 -0.5 - 53
Chlorophyll a+b/Carotenoids 0.3 -0.1 -4.4 0.4 0.0 - -0.1

*p < 0.05, ** p < 0.01 - significant differences between each genotype in control and drought conditions; @p < 0.05; @ p < 0.01 - significant differences between

CS and lines.

Gas exchange and chlorophyll fluorescence

Figure 2 shows SDE values for gas exchange parameters of
CS and six secondary introgressive lines. Of all the studied
genotypes, the recipient had the most stable gas exchange
parameters, although its net photosynthesis rate significantly
decreased under drought. The lines with introgression in the
short arm of chromosome 2D showed similar changes for
these traits. E and Gs significantly decreased, while net pho-
tosynthesis rate, to a lesser extent. As a result, WUE increased
under drought. The lines with introgressions in the long arm
of 2D chromosome showed various changes in gas exchange
parameters. In line 1021, all gas exchange parameters, as well
as WUE were significantly reduced. Lines 1022 and 1028
demonstrated atypical stomatal effects, increased E, Gs, and
net photosynthesis rates under drought conditions. Line 1034
showed a classic adaptive response to water deficit, with de-
creased E and Gs, and stable net photosynthesis rate, resulting
in a significant increase in WUE under drought.

To reveal the influence of introgressions on variability of
Chl fluorescence parameters under water deficit conditions,
we applied multidimensional nonmetric scaling of SDE
indices for 39 Chl fluorescence parameters (Fig. S3). Three
lines (1004, 1022, and 1028) formed a tight cluster with CS,
indicating minor differences in SDE among these genotypes.
This suggests that the existing introgression has a small effect
on the structural and functional characteristics of photosyn-
thetic apparatus under drought. Three other lines (1005, 1021,
and 1034) were located at a significant distance from CS.
This indicated significant differences in the responses of
photosynthetic apparatus of these lines from others included
in the cluster.

Next, we compared the size of drought effect on Chl fluo-
rescence parameters in the recipient CS and lines 1004 and
1005 with introgression in the short arm of chromosome 2D
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(Fig. 3a) and in CS and lines 1021 and 1034 with introgres-
sions in the long arm of the same chromosome (Fig. 3b).
Figure 3 demonstrates that CS had relatively stable Chl fluo-
rescence parameters under different irrigation conditions. The
same is true for line 1004. Line 1005, on the contrary, demon-
strated large differences for Chl fluorescence in the control and
under drought indicating a stressed state of the photosynthetic
apparatus under water deficiency. This conclusion follows
from a statistically significant increase in Fy and NPQ under
drought, a decrease in F /F, ¢, F,/F and ETR, as well as
the productivity indices Pl and Plyy. Lines 1021 and 1034
with introgressions in the long arm of chromosome 2D dif-
fered significantly in their responses to drought (Fig. 3b). The
photosynthetic apparatus of line 1034 adapted well to water
deficit as indicated by an insignificant difference between the
average values in the control and under drought and a zero
value of SDE for Plyy. In line 1021, ®pgyp, qP, ETR and both
productivity indices (Pl,,s and PL,) significantly decreased
under drought. These changes indicated a stressed state of the
photosynthetic apparatus under water deficit.

Discussion

Effect of introgression from Ae. tauschii in the short arm
of chromosome 2D on the stability of photosynthetic
processes and shoot biomass. Line 1004 carried the in-
trogression in chromosome 2D region flanked by markers
Xgwm296 and Xgwm?261, which is limited by coordinates
2D:18085000-19623173 bp. Line 1005 carried the introgres-
sion in the region adjacent to marker Xgwm261. The lines
differed substantially in the magnitude of SDE on chlorophyll
and carotenoid content. This variability of photosynthetic
pigments content and Chl a+b/Car ratio was more favorable
for drought adaptation in line 1004 than in line 1005. In both
lines, the size of PSII light-harvesting antenna increased

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 - 29 - 4



C.B. Ocunosa, A.B. Mepmsakos, A.B. Pyankosckunin

E.l. Pyankosckas, T.A. MweHnYyHNKOBa

SDE, gas exchange parameters
I

G

S

WUE

3acyxoyCTOMUYMBOCTb IMHUI NweHuLbl T. aestivum
C VIHTporpeccuamu oT Ae. tauschii B xpomocome 2D

2025
29-4

cs

1004

*X¥

X%

1005

1021

*%

1022

1028

1034

Fig. 2. Size of drought effect (SDE) on transpiration rate (E), stomatal conductance (Gs), photosynthetic rate (A) and water use

efficiency (WUE) in CS and secondary recombinant introgressive lines.

*p < 0.05,* p<0.01,***p <0.001 - significant differences between average values of the traits in control and drought conditions.
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Fig. 3. Size of drought effect for Chl fluorescence parameters in CS and secondary introgressive lines 1004 and 1005 (a); 1021 and 1034 (b).

The Chl fluorescence parameters (after Goltsev et al., 2016): F, - the minimum fluorescence of dark-adapted leaves; F, /F,;, - the maximum photochemical activity
of photosystem Il (PSIl); ®pg, — the effective quantum yield of PSII; NPQ - the non-photochemical fluorescence quenching; gP - the photochemical fluorescence
quenching; ETR - the rate of linear electron transport through the photosystems; ¥, - the efficiency with which an exciton captured by a reaction center moves
an electron along the chain after QA; F,/F, - the ratio of the rate constants of the primary photochemical reaction to the total rate of non-photochemical losses;
Pll,ps - an indicator of the functional activity of PSlI related to the absorbed energy; M, - a parameter that reflects the rate of closure of the reaction centers of
PSlI; ABS/RC - the energy flow absorbed by one reaction center; Dly/RC - the total amount of energy dissipated by one reaction center; Pl — an indicator of the
functional activity of PSII, PSI and the electron transport chain between them.
*p < 0.05; ** p < 0.01, significant differences between average values of the traits in control and drought conditions.
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during drought, but in line 1005, this adaptation did not result
in efficient energy use. The energy flux absorbed by one PSII
reaction center during drought (ABS/RC) increased in this
line compared to the recipient CS, while energy dissipation
(DI/RC parameter) increased. In line 1005, F, significantly
increased under drought indicating disturbances in the ex-
citation energy transfer in antenna and from the antenna
to PSII reaction center (Goltsev et al., 2016). We observed
a similar effect earlier on other wheat genetic material, in
Saratovskaya 29 lines with modifications in the distal region
of the short arm of chromosome 2A (Osipova et al., 2023),
indicating the involvement of these chromosomal regions of
the second homoeologous group in the control of primary
photosynthesis processes.

The only difference between lines 1004 and 1005 was
the introgression from Ae. tauschii in the region of marker
Xgwm296, which was detected in line 1004 (Fig. 1). The
genes associated with this marker probably determined the
observed differences in drought tolerance of the two lines.
The most likely candidate gene to explain them may be the
gene TraesCS2D03G0092600 encoding the plant-specific
transcription factor (TF) TCP. The coordinates of this gene
are 2D:18667052—-18667318 bp (https://wheat.pw.usda.gov/
cgi-bin/GG3). The TCP family of TFs regulate cell division,
affect meristem growth (Cubas et al., 1999), and are involved
in regulating responses to external signals (Danisman, 2016).
The gene TraesCS2D03G0092600 was likely involved in the
formation of high shoot biomass, characteristic of line 1005
under optimal watering, an advantage that the line lost under
drought. The same gene is presumably associated with large
differences between lines 1004 and 1005 in Chl a accumula-
tion under water deficit, since TCP TFs have been shown to
regulate chlorophyll biosynthesis in Arabidopsis (Zhen et
al., 2022). In general, the physiological differences between
the two lines were that line 1005 exhibited an imbalance be-
tween growth and adaptation to water stress, while line 1004
remained relatively stable.

Effect of introgression from Ae. tauschii in the long
arm of chromosome 2D on photosynthesis stability.
We studied four lines with introgressions of different size in
the region of the long arm of chromosome 2D, limited by
markers Xgwm157, Xgwm1419 and Xgwm539. Line 1034
with introgression in the region of markers Xgwm1419 and
Xgwm157 and line 1021 with introgression in the region
of marker Xgwm539 were the most contrasting in stability.
Line 1034 was distinguished by the stability of net pho-
tosynthesis and chlorophyll fluorescence indices, as well
as by the relatively stable shoot biomass. In line 1021, on
the contrary, the stability of photosynthetic parameters and
shoot biomass were reduced compared to CS. The marker
Xgwmb539 coordinates are 2D:515210161-515210309 bp.
This region has a very high gene density. We believe that the
most likely candidate gene for explaining the negative effect
of introgression in line 1021 is the gene under the number
TraesCS2D03G008700 with coordinates 2D:515214093—
515217180 bp (https://wheat.pw.usda.gov/cgi-bin/GG3). One
of the two transcripts of this gene is annotated as correspond-
ing to the homeodomain-like, Myb-containing protein. Its
sequence is similar to that of the plant-specific GARP family
of transcription factors (Hosoda et al., 2002). These proteins,
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including the Golden2-like proteins, play an important role
throughout the plant’s life cycle (Ohama, Yanagisawa, 2024).
In particular, among other processes, they control the develop-
ment of chloroplasts and determine the quantitative aspects
of photosynthesis (Chen M. et al., 2016). Our results suggest
that this gene plays an active role in adaptation of CS wheat
to soil drought. The genetic modification of the chromosome
segment in the region of its localization led to a significant
decrease in the stability of photosynthesis and shoot biomass
in line 1021. Golden2-like (GLK) transcription factors have
recently been considered as potential candidates for impro-
ving photosynthesis in agricultural crops (Hernandez-Verdeja,
Lundgren, 2024). Our data support the idea that GLK genes
may be a promising biotechnological tool for improving
drought tolerance in bread wheat, if the donor genotype is
properly selected.

Three lines (1022, 1028 and 1034) had segments from
Ae. tauschii in the region of marker Xgwm1419 in chromo-
some 2D. Additionally, line 1034 had introgression in the
region of marker Xgwm157 (Fig. 1). According to GrainGenes
data, genes functionally significant for drought tolerance are
not localized in the region of this marker. This is probably
why lines 1028 and 1034 were similar in terms of stability
of the shoot biomass. At the same time, lines 1022 and 1028
differed from lines 1034 and 1021 in the response of stomatal
apparatus to water deficit. We suggest that this phenom-
enon is associated with the gene TraesCS2D03G0081400
(2D:494675291-494678461 bp), localized relatively close to
marker Xgwm1419. This gene encodes a protein, a member of
the GTL1 family of transcription factors. GTL1 is known to
be involved in the regulation of stomatal density, transpiration,
stomatal conductance and, as a consequence, affects water use
efficiency (Yoo et al., 2011). In addition, using RT-PCR, its
significant expression was shown in many organs of wheat
plants at the flowering stage, as well as an immediate (within
3 hours) response to osmotic stress (Zheng et al., 2016). The
increase in transpiration and stomatal conductance in lines
1022 and 1028 and the decrease in WUE, especially in line
1022, could be associated with a change in the functionality
of the GTL1 gene.

Lines 1021 and 1034 differed contrastingly for the stabi-
lity of chlorophyll fluorescence indices (Fig. 3). In line
1021, unlike 1034, the real efficiency of PSII, the rate of
electron transport, the index of functional activity of PSII
(PLps), and the integral index of functional activity of PSI
and PSII (Pl decreased under water deficiency. These
differences are presumably due to introgression from
Ae. tauschii into chromosome 2D. Line 1034 had the intro-
gression in the region of marker Xgwm1419, which is located
in coordinates 2D:472226450—472226470 bp, close to the
TraesCS2D03G0058100 gene (coordinates 2D:480941598—
481111682 bp), encoding the PsbQ protein. The functions
of this protein are associated with the coordination of the
activities of the donor and acceptor functions of PSII and the
stabilization of the active form of the light-harvesting complex
of PSII (Ifuku et al., 2011). Introgression from Ae. tauschii in
the region of marker Xgwm1419 could have a positive effect
on the functioning of photosystem II, which makes the main
contribution to chlorophyll fluorescence.
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Conclusion

A comparative study of the stability of photosynthesis and
shoot biomass in wheat variety CS and secondary introgres-
sive lines CS(Syin6x) for chromosome 2D showed significant
diversity in these traits. Considering that the genotypes were
grown under controlled conditions, the found differences
in soil drought tolerance are presumably associated with
introgressions from Ae. tauschii. Based on the results of the
study, it can be concluded that the single introgression into the
short arm of chromosome 2D limited by molecular markers
Xgwm296 and Xgwm261 was favorable for drought tolerance.
Introgression into the long arm of the same chromosome in the
region of marker Xgwm1419 also supported drought tolerance.
Introgression in this chromosome arm restricted by marker
Xgwm539 was unfavorable for photosynthetic stability and
shoot biomass. Markers Xgwm296 and Xgwm1419 can be
recommended for the use in marker-assisted breeding of wheat
for drought tolerance in cases where Ae. tauschii is used as a
donor of genetic material
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