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ABSTRACT

In recent years, the sharp increase in droughts has led to water shortages, making it even more difficult to con-
duct farming on non-irrigated lands. The widespread impact of this stress factor also leads to the degradation of
natural pastures. In such conditions, research on the selection of promising varieties of drought-resistant crops
is of urgent importance. In selecting promising crops and varieties for arid regions, it is important to determine
the physiological properties of plants under different water regimes, especially photosynthetic activity and pro-
ductivity. In this study, experiments were conducted to study the effects of growing under conditions of stable
water supply (SWS) and water limitation (WL) on the photosynthetic activity and productivity of Triticosecale
varieties. As a result of the experiments, it was found that the values of photosynthetic productivity and grain
yield in some varieties among the studied varieties do not differ much from the values observed in plants grown
under conditions of moderate water supply. The experiments provided an opportunity to select varieties that are
adapted to climate change, are resource-efficient and can produce stable yields. The results obtained can serve
to develop eco-agrotechnologies aimed at sustainable cultivation of Triticosecale under conditions of limited
water supply, and to maintain and restore the stability of arid regions undergoing degradation through the use
of these agrotechnologies.
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INTRODUCTION

The global climate shift towards drought
poses a serious threat to agricultural production
and, in turn, food security. Global warming, re-
duced precipitation, and soil moisture deficiency
are reducing agricultural productivity and mak-
ing it more difficult to meet the food needs of hu-
manity at a time when the population is rapidly
increasing (Ruziyev et al., 2023). For this rea-
son, the world community is paying special at-
tention to the cultivation of crop species that can

374

produce stable yields in arid climates and require
less water (Mahmudov et al., 2025). The growth
and development of cereal crops in drought con-
ditions are affected by many negative factors,
including various rust diseases, insect pests, and
agrotechnical difficulties (Akramov et al., 2025;
Makhramova et al., 2025). In such conditions, the
lack of disease and pest-resistant varieties sharply
increases the cost of grain products. This, in turn,
requires the development and widespread intro-
duction into practice of new types of cereal crops
that are resistant to stress factors, productive and
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adaptable to agroecological conditions (Urokov
et al., 2024; Ergasheva et al., 2024).

Triticosecale is a promising crop derived
from a hybrid of wheat and rye, resistant to high
temperatures, salinity, low nutrient and water
requirements, and highly resistant to diseases.
It quickly adapts to adverse soil and climat-
ic conditions, gives stable yields, and has high
nutritional value. Therefore, in-depth study of
the physiological properties of Triticosecale, in
particular, its photosynthetic activity and factors
affecting productivity in drought conditions,
is currently one of the most urgent issues (Us-
manova et al. 2024).

Triticosecale is now an important crop in
many countries around the world (Kendal et al.,
2016). Originally grown primarily as a grain and
green fodder, in recent years Triticosecale grain
has been increasingly used for the production of
food products, including alcoholic beverages.
Since the end of the last century, Triticosecale
has been considered a potential energy source.
To date, a number of studies have been conduct-
ed on the production of biofuels, in particular
bioethanol and biogas, from its biomass (Mer-
goum et al., 2009). Triticosecale is widely used,
in particular, for fodder, flour products and green
mass (Giunta et al., 1993). Scientific sources in-
dicate that Triticosecale grain is recommended
to be added to the feed composition of livestock
and poultry in an amount of up to 50% instead
of conventional feeds (Tratwal et al., 2021). Its
green mass is high in carotenoids and sugars,
which distinguishes it as a high-value feed for
animals. In countries such as Spain, Hungary,
Poland, Canada and the USA, Triticosecale is
even grown as a pasture plant (Zhu et al., 2018).

The aim of this study was to determine the
mechanisms of drought adaptation of different
Triticosecale varieties and to study the effects of
growing under moderate and limited water sup-
ply conditions on the photosynthetic activity and
yield indicators of Triticosecale varieties in order
to select stable and productive varieties.

MATERIALS AND METHODS

Research objects and experimental site

The Triticosceles varieties “Farhod”, “Odis-
sey”, “Valentin”, “Svat”, “Tikhon” were used
as the research objects. Field experiments were

conducted in the irrigated meadow-gray soil ar-
eas of the Payariq district of the Samarkand re-
gion (39°51°03.2”N 66°54°23.0”E) under model
conditions of stable water supply (SWS) and
water limitation (WL). In this case, the stable
water supply conditions were created by using
irrigation that allowed maintaining soil moisture
at 70%, and the water limitation conditions were
created by using soil moisture at 50%. Other
agrotechnical measures were carried out in the
same way for all variants. Laboratory experi-
ments were conducted in the scientific labora-
tory of the Department of Plant Physiology and
Microbiology, Institute of Biochemistry, Samar-
kand State University. All parameters were eval-
uated by comparing the performance of plants
grown under stable water supply (SWS) and
water-limited (WL) conditions.

Determination of the amount of pigments in
leaves

The amount of pigments in leaves was deter-
mined by calculating the amount of chlorophylls
and carotenoids in Wettstein’s 96% alcohol so-
lution using SF-26 in the Zlatev method (2023)
(Zlatev et al., 2023).

Calculation of photosynthetic net and
biomass dry productivity

The photosynthesis productivity (PP) and net
photosynthesis productivity (PPn) were calculat-
ed by the method of A.A. Nichiporovich using the
formula (Nichiporovich 1972):

PP =" hx1m*day (D

PPn = YBiol./PP(g % day/m?) 2)
where: / — the leaf surface area on the day of mea-
surement; (m* ) / — duration of the growing

period (days); Ybiol — biological yield.

The dry matter content was determined by
drying to constant mass in a drying cabinet.

Biometric indicators determining
productivity and determining yield

The weight of 1000 grains was determined
by measuring the weight of 50 grains of each
variety and dividing the determined weight by
1000 (Ruziev et al., 2024). Spike length, number
of grains per spike, grain weight per spike were
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studied according to the generally accepted pro-
cedure in the method of Guo et al. (2018) (Guo
et al., 2018). Yield was determined in centners
by determining the total grain mass in 5 plots of
4 m? for each variety under conditions of SWS
and WL and by proportionalizing kg per 1 m? of
area to 10.000 m? and dividing it by 100 (Erga-
sheva et al., 2024).

Statistical methods

The digital data obtained in the study were
statistically processed using the Statistics King-
dom (https://www.statskingdom.com) and Medi-
cal Statistics (https://medstatistic.ru) programs,
and the experimental results were statistically
summarized by evaluating the arithmetic means
of 3-5 replicate experiments at a statistical signif-
icance level of p <0.05 (Rayimova et al., 2024).

Table 1. Content of plastid pigments in leaves (n = 3)

RESULTS

Effect of water regime on the amount of
pigments of leaves of Triticosecale

The quantitative changes in plastid pigments,
in particular chlorophyll “a”, chlorophyll “b” and
carotenoids in leaves of Triticosecale varieties were
analyzed at different phenological stages of de-
velopment, under agroecological conditions with
stable water supply and water limitation (Table 1).

According to the results of the study, the
amount of plastid pigments in Triticosecale va-
rieties differed significantly depending on the
plant development phases. The total amount of
chlorophyll pigments, as a rule, increased from
the budding stage to the flowering stage, and a
decrease was observed at the grain ripening stage.
In both conditions, the amount of chlorophyll

Sws* WL
Cultivar | Dvelopmen- Chlorophyll Chlorophyll
tal phase Carotenoid Carotenoid
a B a B
Farhod 267011 | 1.2240.11 1.4740.16 2.63£0.11 | 1.240.11 1.49+0.14
Odyssey 2.91:0.14 | 1.25£0.10 1.49:0.14 2.85:0.08 | 1.27+0.11 1.5240.12
Valentin Tri)"'gislg 2.82:011 | 1.27%0.12 152017 | 2.7740.14* | 1.22+0.09 1.55+0.11
Svat 2724013 | 1.24%0.09 1.46£0.14 2.70£0.14 | 1.23£0.09 1.5120.14
Tikhon 2.84+0.13 | 1.28£0.10 1.54+0.14 2.81£0.14 | 1.25:0.11 1.5740.13
Farhod 2.93:0.07 | 1.33£0.12 1.5540.17 2.85:0.10 | 1.29+0.11 1.6120.15
Odyssey Stem 3.12:¢0.19 | 1.36£0.13 1.5620.17 2.98:0.13 | 1.38£0.14 1.64+0.09
Valentin | elongation | 3.08:0.15 | 1.35:0.12 1.5840.14 2.88£0.17 | 1.34£0.12 1.68+0.08
Svat phase 2.92¢0.14 | 1.30£0.10 1.57+0.17 2.9240.13 | 1.30£0.10** 1.57+0.13
Tikhon 3.04£0.20 | 1.34£0.09 1.6120.10 2.95:0.15 | 1.35£0.12 1.6120.12
Farhod 3.19:0.11 | 1.4240.11 1.6240.18 3.09:0.06 | 1.420.10 1.7540.18
Odyssey 3.35:0.18 | 1.4740.15 1.65+0.16 3.27+0.18 | 1.45:0.14 1.8740.08
Valentin H;::Sizg 3.32+0.16 | 1.4620.11 1.66+0.07 3.12£0.23 | 1.46£0.10 1.8120.17
Svat 3.25:0.15 | 1.44%0.13 1.64£0.11 3.22£0.16 | 1.42+0.12 1.8740.11
Tikhon 3.29+0.18 | 1.4740.16 1.64+0.11 | 3.25¢0.18** | 1.4740.13 1.84£0.11
Farhod 3.21:0.11 | 1.460.14 1.7320.15 3.15:0.09 | 1.49:0.14 1.96£0.11
Odyssey 3.39:0.17 | 1.53£0.16 1.7740.16 3.32£0.16 | 1.480.13 1.9840.13
Valentin F'ghw:srrg 3.35:0.18 | 1.51£0.14 1.7620.12 3.11£0.23 | 1.4410.14 1.8740.13*
Svat 3274017 | 1.49£0.14 1.7340.07 3.25¢0.20 | 1.45:0.13 1.9740.12
Tikhon 3.33:0.16 | 1.51+0.08 1.75+0.14 3.29¢0.15 | 1.50£0.10 1.950.13
Farhod 2.81:0.18 | 1.3240.12 1.8540.17 2.76:0.15 | 1.39£0.13 2.08£0.15
Odyssey 2.99:0.15 | 1.410.12 1.8940.15 2.93:0.14 | 1.35:0.11 2.12+0.14
Valentin Gr?)::afs"gng 2.95:0.14 | 1.39:0.11 1.84+0.06 2724013 | 1.32£0.10** 2.01£0.19
Svat 2.89:0.15 | 1.36£0.10 1.8240.07 2.86:0.13 | 1.36£0.10 2.110.16
Tikhon 2.92+0.15 | 1.39£0.06 1.84+0.09 2.89:0.15 | 1.39£0.09 2.10£0.16

Note: *SWS — stable water supply; WL — water limited; **statistically significant at p < 0.05.
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“a” was higher than that of chlorophyll “b”. The
amount of carotenoids was also characterized
by a gradual increase during the vegetation pe-
riod. Under conditions with stable water supply,
the highest amount of pigments was determined
in the flowering phase. In particular, the amount
of chlorophyll “a” was in the range of 3.21-3.39
mg/g, chlorophyll “b” was in the range of 1.46—
1.53 mg/g. Carotenoids were recorded to reach
1.73-1.77 mg/g at this stage.

Under water-limited conditions, the content
of chlorophyll “a” in the flowering phase ranged
from 3.11-3.32 mg/g, and chlorophyll “b” from
1.44-1.50 mg/g. Notably, the content of carot-
enoids was relatively higher under water-limited
conditions, increasing to 1.87-1.98 mg/g. In gen-
eral, although the total content of chlorophyll pig-
ments was slightly higher in all varieties studied
under conditions of stable water supply, the con-
tent of carotenoids prevailed in varieties under
water-limited conditions. Under both conditions,
the variety Odysseus was distinguished by a high
concentration of plastid pigments, which indicates
the relative resistance of this variety to stress.

The effect of water regime on net
photosynthetic productivity of Triticosecale

Net photosynthesis productivity is an impor-
tant physiological process that determines the
photosynthetic activity of crops. The level of net
photosynthesis productivity is of great importance

o
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photosynthesis productivity, g/m?
v N

~

tillering stem elongation

heading

in the cultivation of cultivated plants. The amount
of organic matter formed as a result of photosyn-
thesis depends on a number of factors, and varies
depending on external abiotic factors, the biologi-
cal characteristics of varieties, and the results of
agrotechnical measures taken. In our research, we
studied the net photosynthesis productivity in the
development phases of Triticosecale varieties un-
der two different conditions (with a stable supply
of water and with limited water) (Figure 1).

In all Triticosecale varieties, net photosynthe-
sis productivity increased from the head phase to
the flowering phase under both conditions, while
a decrease in net photosynthesis productivity was
observed in the grain ripening phase. In Tritico-
secale varieties, net photosynthesis productivity
had the highest index in the flowering phase. In
conditions of stable water supply, it was found
that in the flowering phase, the Odyssey variety
was 9.51 g/m? day, while in the Farkhod variety
it was 8.30 g/m? day. The remaining varieties oc-
cupied an intermediate position. In the flowering
phase, the relatively low net photosynthesis pro-
ductivity in water-limited conditions was found
to be 7.55 g/m? day in the Valentin variety, while
the highest index among the varieties was found
to be 8.01 g/m2 day in the Odyssey variety.

It was observed that the net photosyn-
thetic productivity of Triticosecale varieties
grown under conditions of stable water sup-
ply was slightly higher in all phases than in
water-limited conditions. It was found that the

SWS WL SWsS WL SWS

WL SWS WL SWs WL

flowering grain filling

Plant development phases

® Farhod ®Odyssey ®Valentin ®Svat m Tikhon

Figure 1. Photosynthetic productivity at different stages of Triticosecale cultivars grown under stable water
supply (SWS) and water-limited (WL) conditions (n = 3)
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net photosynthetic productivity was higher in
the varieties Odyssey and Valentin in all phas-
es under stable water supply conditions, and in
the varieties Odyssey and heading in all phases
under water-limited conditions and in the later
phases in the varieties Tikhon.

The effect of water regime on biomass
productivity of Triticosecale

The biomass production of plants is closely
related to their genetic characteristics, environ-
mental conditions and developmental stages. In
this study, the dry matter (biomass) production
of Triticosecale varieties under water-limited and
water-stable conditions was evaluated during the
growth phases (Figure 2).

According to the analysis results, dry mat-
ter production in all varieties increased with in-
creasing growth phases. Under water-stable con-
ditions, the highest dry matter production was
observed during the flowering and grain ripening
phases. In particular, during the flowering phase,
the Valentin variety produced 36.4 g/bush, the
Odyssey 34.9 g/bush, and the Farhod 32.9 g/

bush biomass. During the grain ripening phase,
the highest results were obtained for the Val-
entin (39.8 g/bush) and Odyssey (38.5 g/bush)
varieties. Under water-limited conditions, dry
matter production was relatively low, which is
thought to be due to limited soil water availabil-
ity. However, some varieties, in particular Odys-
sey and Valentin, were more drought-tolerant. At
the grain ripening stage, Odyssey (33.6 g/bush)
and Valentin (32.3 g/bush) varieties maintained
high biomass. In Swat and Tikhon varieties, bio-
mass production was relatively low under both
conditions, indicating that these varieties have
a lower dry matter production potential. In gen-
eral, among Triticosecale varieties, Valentin and
Odysseus have high biomass production rates
and can be recommended as varieties resistant
to drought conditions.

The effect of water regime on biometric
indicators of productivity of Triticosecale

The study analyzed the yield-related traits of
Triticosecale varieties under both water-limited
and water-stable conditions (Table 2).

tillering SWS

40

5

grain filling WL

grain filling SWS </

flowering WL

flowering SWS

tillering WL

stem elongation SWS

stem elongation WL

heading SWS

heading WL

—o—Farhod =—e—Odyssey

—o—Valentin =e—Svat =e—Tikhon

Figure 2. Dry biomass productivity, g/plant, at different phases of Triticosecale varieties grown under stable
water supply (SWS) and water-limited (WL) conditions (n = 3)
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Table 2. Yield-related traits of Triticosecale cultivars under moderate and drought conditions (n = 5)

Cultivar Spike length (cm) Number of grains per spike | Grain weight per spike (g) 1000 grain weight
*SWS *WL SWsS WL SWS WL SWS WL
Farhod 13.8+0.38 | 13.2+0.52 54.7+2.9 51.5+2.4 2.4+0.04 2.2+0.11 45.6+£1.01 | 43.5+1.21
Odyssey | 14.5+0.60 | 14.0+0.56 60.3+2.1 57.5+2.4* | 2.7+0.14 2.5+0.10 47.5+1.16 | 45.3t1.14
Valentin | 13.8+0.48 | 13.0+0.58** 57.4+2.5 52.6+3.0 2.5+0.11 2.2+0.11 43.7+1.19 | 42.1£1.27*
Svat 13.4+0.50 | 13.0+0.63 51.5+2.4 49.3+2.5 2.4+0.07 2.3+0.11 46.7+1.12 | 43.9+1.13
Tikhon 12.6+0.52 | 12.3+0.58 50.7+2.4 48.7+2.6 2.5+0.10 2.4+0.08** | 50.8+1.21 | 48.2+1.31

Note: *SWS — stable water supply; WL — water limited; **statistically significant at p < 0.05.

The results showed that drought stress nega-
tively affected all measured parameters, i.e., spike
length, number of grains per spike, grain weight
per spike, and 1000-grain weight. However, this
reduction was different for each variety, indicating
that the level of drought tolerance among Tritico-
secale varieties is related to genotypic differenc-
es. Under water-stable conditions, the Odysseus
variety showed the highest results: spike length —
14.5 cm, number of grains per spike — 60.3 grains,
and grain weight per spike — 2.7 g. Although these
indicators decreased slightly under water-limited
conditions, the Odysseus variety still maintained
relatively high results, indicating that it was well
adapted to water scarcity.

The Farhod variety was selected as a control
variety and showed a moderate decrease under
water-limited conditions: spike length decreased
from 13.8 cm to 13.2 cm, the number of grains
per spike decreased from 54.7 to 51.5, and the
1000-grain mass decreased from 45.6 g to 43.5
g. This decrease was relatively lower than that of
the Valentin and Swat varieties, which had signif-
icantly reduced grain number and spike mass. It
is noteworthy that the Tikhon variety showed the
highest 1000-grain mass under both water-limit-
ed (50.8 g) and water-limited (48.2 g) conditions.
This means that despite the decrease in spike
length and grain number, its grains remained al-
most unchanged in terms of volume.

Table 3. Grain yield of Triticosecale varieties, c/ha (n = 5)

These results confirm the differences in
drought response among Triticosecale varieties.
In particular, the varieties Odyssey and Tikhon
are recommended as promising varieties for culti-
vation in water-stressed regions, due to their more
stable yield characteristics.

The effect of water regime on the yield of
Triticoscele

During the research, the productivity of Tri-
ticosecale varieties was evaluated by comparing
agrocenoses under water-limited and water-stable
agroclimatic conditions. Under water-stable con-
ditions, the productivity ranged from 80.8 cent-
ners/hectare for the Farkhod variety to 107.07
centners/hectare for the Odyssey variety, while
under drought conditions, this indicator varied
from 67.17 centners/hectare for the Valentin va-
riety to 87.40 centners/hectare for the Odyssey
variety (Table 3).

Among the Triticosecale varieties, the Odys-
sey and Tikhon varieties were distinguished by a
high level of drought tolerance, water retention
capacity, stable pigment system, and organic
matter accumulation. These physiological traits
indicate drought tolerance. On the contrary, the
Valentin variety showed the strongest sensitivity
to water deficit, which indicates its low level of
physiological tolerance.

2022 2023 2024
Cultivar
*SWS *WL SWS WL SWS WL

Farhod 77.4+£3.4 67.312.6 84.8+3.7 73.5+2.8 80.2+3.8 72.1+2.2
Odyssey 106.2+2.4 84.5£2.0** 108.61£2.3 87.5+2.1 106.3£2.1 90.1+2.1
Valentin 85.3+1.4 65.5£1.5 91.2+1.2 70.9+1.2 92.5+£2.2 65.1£2.6™

Svat 83.7+1.2 72.6£2.7 86.5+£1.7 76.4+2.6 84.6+£2.8 75.1+£2.8
Tikhon 81.3+2.4 78.4+0.9 86.1+0.6 82.2+0.9** 94.6+0.5 81.5+2.8

Note: *SWS - stable water supply; WL - water limited; **statistically significant at p < 0.05.
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DISCUSSION

As one of the promising crops in agriculture,
the mechanisms of physiological processes and
adaptive properties of Triticosecale varieties un-
der the influence of various environmental stress
factors have been studied by a number of fore-
ign and domestic researchers (Mukhtorova et al.,
2024). The high productivity of Triticosecale va-
rieties is directly related, in particular, to their sto-
matal activity, in which a high rate of carbon as-
similation and low respiratory intensity are reco-
gnized as important factors. The crop’s resistance
to abiotic stresses - in particular, drought, salinity,
low pH, nutrient deficiency or excess, and water-
logging - is associated with the presence of a rye
component in its genome. Triticosecale is also
close to rye in terms of cold resistance (Zhukov et
al., 2022). In addition, Triticosecale is a crop with
high genetic diversity. Therefore, some of its va-
rieties show strong resistance to various adverse
factors. However, it would be wrong to consider
each variety as tolerant to abiotic stress, since re-
sistance depends on the genetic characteristics of
each species (Blum, 2014). Under drought stress,
plants exhibit various physiological and biochem-
ical adaptation mechanisms. One of them is the
accumulation of soluble carbohydrates (including
sucrose, glucose, and fructose) inside the cells to
maintain osmotic balance. The concentration of
these substances serves as an important indica-
tor of the degree to which the plant is exposed to
stress (Huang et al., 2011).

Unlike wheat and barley, Triticosecale crops
have a high tolerance to water deficit. This is par-
ticularly evident in photosynthetic activity, with
water deficit having a less negative impact on
photosynthesis in Triticosecale than in other cere-
als (Roohi et al., 2013). According to Méndez-Es-
pinoza, soil moisture deficits in the Mediterrane-
an region are mainly observed in the spring and
summer months, leading to a sharp decrease in
grain yield. Studies show that even under wa-
ter-stressed conditions, Triticosecale grain yields
are often higher than those of wheat. However, its
water-resistance mechanisms and physiological
properties have not yet been fully studied (Mén-
dez-Espinoza et al., 2019).

According to international forecasts, by 2050,
the global demand for cereals will increase by
42-59%, while prices may increase by 13-30%
(Fischer et al., 2014). This situation necessi-
tates the development and implementation of
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high-yielding, environmentally stress-resistant
crop varieties (Khojakulov et al., 2024). Tritico-
secale is one of the promising crops that can be
used in many areas in this regard. It is known that
more than 90% of plant biomass is formed due to
the products of photosynthesis. Therefore, nitro-
gen and water supply are among the main factors
controlling productivity (Olszewski et al., 2014).

Nitrogen nutrition is a crucial factor that di-
rectly affects the intensity of photosynthesis, the
synthesis of carbon compounds and the accumu-
lation of total biomass in plants. Enhancing the
photosynthesis process and adapting it to en-
vironmental conditions is one of the important
agrotechnical goals in agriculture (Gonzalez et
al., 2010). Photosynthetic activity is significant-
ly affected by a number of external and internal
factors, in particular, leaf age, architecture and lo-
cation (Olszewski et al., 2014), as well as factors
such as air temperature, light intensity, nutritional
status and water regime (Garofalo et al., 2015; Er-
gashev et al., 2025). In addition, changing humid-
ity and temperature conditions as a result of glob-
al climate change can also disrupt the photosyn-
thesis process (Hura et al., 2011). Photosynthetic
properties also differ significantly between plant
genotypes and their growth stages (Gonzalez et
al., 2010). Photosynthetic intensity can even vary
with nutritional status (Olszewski et al., 2014),
which is important for developing breeding and
agronomic management strategies.

These analyses confirm that photosynthetic
activity and productivity in Triticosecale under
water-limited conditions are based on physiolog-
ical mechanisms.

CONCLUSIONS

This study was conducted for the first time
in Uzbekistan to determine the effect of water-li-
mited field conditions on the main physiological
indicators of plant productivity of Triticosecale
varieties and their effect on the yield of plants.
As a result of the studies, it was noted that wa-
ter limitation leads to a decrease in the amount
of pigments in the leaves, photosynthesis and
dry matter productivity, as well as grain yield in
Triticosecale varieties. However, the Odyssey
and Tikhon varieties showed drought tolerance,
and the studied indicators were close to those of
plants under conditions of stable water supply. In
areas subject to degradation in arid and semi-arid
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regions, it is recommended to implement measu-
res that ensure natural stability by planting and
cultivating the Odyssey and Tikhon varieties.
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