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Abstract—The effect of drought on the morphophysiological, biochemical, and molecular genetic parameters
of plants Sedobassia sedoides (Pall.) Freitag & G. Kadereit with an intermediate C3–C4-type of photosynthe-
sis and Bassia prostrata (L.) A.J. Scott with a C4-NADP type of photosynthesis grown at different tempera-
tures (25 and 30°C) was studied. A decrease in the biomass, water content, and effective quantum yield
(ΦPSII) of PSII, as well as an increase in the expression of the psbA gene encoding the PSII D1 protein under
the action of drought, was observed in both species regardless of the growing temperature. Both species
showed a decrease in the content of photosynthetic enzymes ribulose-1,5-bisphosphate carboxylase/oxygen-
ase (Rubisco) and phosphoenolpyruvate carboxylase (PEPC) under drought conditions at 25°С, which was
accompanied by a significant increase in the expression of the rbcL and PPDK genes in S. sedoides. Acclima-
tion of S. sedoides plants to elevated temperatures led to an increase in the activity of cyclic electron transport
around PSI, to mitigation of the negative effect of drought on the light reactions of photosynthesis (reduction
in NPQ) and the content of the PEPC enzyme, as well as to a shift in the ionic balance caused by a decrease
in the potassium content. B. prostrata showed greater drought resistance and was characterized by greater
thermolability of photosynthetic enzymes, changes in the content and ratio of which allowed this species to
maintain growth in drought conditions at different temperatures.
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INTRODUCTION
Climate change is one of the most serious environ-

mental problems. Extreme hot and dry periods are
becoming more frequent and longer around the world
and are predicted to increase further with rising tem-
peratures [1–3]. Drought reduces the activity of pho-
tosynthesis and the content of pigments, as well as
impairs the integrity of membranes and osmotic regu-
lation, which limits the growth, development, and
yield of plants [1]. A decrease in photosynthesis may
be a consequence of “stomatal” or “nonstomatal”
(metabolic) limitations [4]. Water deficiency leads to a
decrease in noncyclic electron transport and the pho-
tochemical efficiency of PSII, often due to the degra-
dation of the D1 protein, which is the most vulnerable
among the internal components of PSII [5]. Also,
osmotic stress can cause activation of cyclic electron
transport (CET) of PSI [6]. At the same time, the
effect of drought on the expression of genes encoding

the main components of photosystems can be both
stimulating [7] and suppressing [8]. A decrease in CO2
availability due to stomatal limitations in leaf tissues
can lead to a decrease in the activity of the key enzyme
of photosynthesis, ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (Rubisco), depending on the inten-
sity of drought and species differences [9]. Drought
also differently affects the expression of the rbcL and
RbcS genes [3, 10], and a decrease in the content of
Rubisco may be, among other things, a consequence
of increased protein degradation processes caused by
stress conditions. It has been shown that Rubisco can
be used by plants as a reserve of nitrogen/amino acids,
which is excreted from chloroplasts and stored in vac-
uoles; under stress conditions, Rubisco is actively
cleaved by proteases and sent to other organs to main-
tain protein synthesis [11, 12]. The phosphoenolpyru-
vate carboxylase (PEPC) is the second key enzyme of
photosynthesis in C4-species, the change in the con-
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tent and activity of which, under drought conditions,
is associated with a change in the content and activity
of Rubisco in different species, both upward [13] and
downward [14]. It has been shown that the introduc-
tion of the C4-PEPC gene into C3-plants increases their
drought resistance [15]. Another important enzyme of
the C4-pathway is phosphate dikinase (PPDK), which
is present in the chloroplasts and cytoplasm of both
C4- and C3-plants and is involved in nitrogen assimi-
lation, the synthesis of fatty acids, and osmotically
active compounds [16]. The accumulation of this
enzyme is induced by various abiotic stresses, includ-
ing drought [16].

Most plants, regardless of the type of photosynthe-
sis, show a significant ability to adapt their photosyn-
thetic characteristics to the ambient temperature,
which is called thermal acclimation. At the same time,
C4-plants, in comparison with C3-species, are initially
better adapted to higher temperatures [17]. An increase
in growing temperature causes an increase in the opti-
mal temperature of photosynthesis in plants and makes
the photosynthetic apparatus more resistant to heat
stress [18]. The increase in stability is caused by the opti-
mization of the operation of the most vulnerable to an
increase in temperature systems, which include the oxy-
gen-releasing complex in photosystem II (PSII), the
ATP generation system, and Rubisco carbon fixation
due to Rubisco-activase [18], including increased
activity of cyclic electron transport (CET) of PSI to
maintain ATP synthesis [17]. Heat stress also activates
thermosensitive enzymes and the expression of the
majority of genes involved in energy and lipid metab-
olism, pigment biosynthesis, and photosynthesis [18].
For example, the biochemical characteristics of
Rubisco can change under the influence of tempera-
ture, which contributes to the acclimation of the plant
to temperature changes [19]. C4-plants have their own
characteristics of biochemical limitations at elevated
temperatures. It was shown that the rate of CO2 fixation
of Rubisco in species with malate (NADP) C4-type of
photosynthesis is higher at any temperature than in
C3- and intermediate С3–С4 (С2)-species; at the same
time, the rate of fixation of CO2 by Rubisco increases
with an increase in temperature in all species, and the
difference between species with different types of pho-
tosynthesis also increases [20, 21]. Molecular genetic
studies have shown that heat stress causes a rapid
reprogramming of the expression of a wide range of
genes that are crucial for reducing the negative effect
of temperature exposure; so far relatively little is
known about the change in the expression of the plas-
tid genome, although the components of the photo-
synthetic apparatus are the main targets of thermal
damage [22].

The C4-photosynthesis pathway relies on a coordi-
nated system of anatomical and biochemical traits that
allow CO2 to be concentrated around Rubisco in bun-
dle sheath cells, which prevents the Rubisco oxygen-
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ation reaction and, thereby, suppresses photorespira-
tion, making C4-plants more successful in open and
warm habitats compared to C3-species [2, 23]. It is
believed that C4-photosynthesis developed gradually
in C3-species through intermediate stages of C3–C4
photosynthesis [23, 24]. Four separate stages of the
evolutionary transition from C3 to C4 photosynthesis
(intermediate C3–C4 photosynthesis) are considered:
proto-Kranz—C2 (Type I and II)—C4-like photosyn-
thesis, in a series of which there is an increase in C4-fea-
tures [25]. At the same time, there is a point of view that
C2-photosynthesis is a stable evolutionary state and
does not always lead to C4-photosynthesis [26, 27].
Plants with intermediate C3–C4 photosynthesis use a
photorespiratory carbon pump, or glycine shuttle, to
capture CO2 released from mesophyll photorespira-
tory activity and transport it to the bundles sheath cells
for reuse in the Calvin cycle. In this case, the activity
of cyclic electron transport of PSI increases due to an
increase in the need for ATP, which is necessary for the
functioning of the glycine shuttle [24]. The presence of
a high level of intraspecific and intrapopulation photo-
synthetic diversity and plasticity has been shown for dif-
ferent C3–C4 species, which complicates the determi-
nation of plants belonging to different types of C2-pho-
tosynthesis [23, 26, 28]. At the same time, the
physiological plasticity inherent in C2-plants allows
them to inhabit wide ecological ranges [27]. Despite a
general preference for warmer climates, C2-plants are
found in cooler regions than C4-species [23]. A com-
parative analysis of the adaptation of C2- and C4-plants
of related species of the same family to elevated tem-
perature and drought has not been carried out.

The aim of this work was to study the ability of
plants of the C3–C4 (C2) species Sedobassia sedoides
and C4-NADP species Bassia prostrata to acclimate to
elevated temperatures and its effect on resistance to
osmotic stress.

MATERIAL AND METHODS
Plant Material and Growing Conditions

The seeds of halophytes Sedobassia sedoides (Pall.)
Freitag & G. Kadereit (Bassia sedoides (Pall.) Asch) and
Bassia prostrata (L.) A. J. Scott (Kochia prostrata (L.)
Schrad.) (subfamily Chenopodiaceae) were collected
in natural habitats of the Caspian lowland (Volgograd
oblast). Seeds were soaked in distilled water for germi-
nation. Three–four-day-old seedlings were planted on
perlite soaked in 50% Hoagland’s solution. NaCl at a
final concentration of 50 mM was added to Hoag-
land’s nutrient solution after the appearance of true
leaves for optimal growth. Plants were grown in two
separate chambers at 25°C and 30°C under f luores-
cent lamps at a f lux density of PAR quanta of
200 μmol/(m2 s) at a 16-h photoperiod. After 30 days
of cultivation, some plants were watered with a
URNAL OF PLANT PHYSIOLOGY  Vol. 70:127  2023
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15.8% PEG6000 solution for 4 days. In total, there
were four groups of plants of each species: (1) control
plants grown at 25°C without PEG treatment;
(2) plants grown at 25°C and 4 days of PEG treatment;
(3) plants grown at 30°C without PEG treatment;
(4) plants grown at 30°C and 4 days of PEG treatment.

Determining Water, Proline, Sodium 
and Potassium Ions Contents

To determine the dry biomass, plant samples were
dried at 80°C to constant weight. The water content (W)
was calculated according to the formula and expressed
in g H2O/g dry weight:

(1)
where FW is fresh weight and DW is dry weight.

The content of sodium and potassium ions in
shoots was determined in an aqueous extract of dried
samples (100 mg) on an FPA-2-01 f lame photometer
(AOOT ZOMZ, Russia) and expressed in mmol/g dry
weight.

The content of free proline was determined using
an acid ninhydrin reagent according to the Bates
method [29] with modifications. Aqueous extracts of
dried and ground material were used as analyzed
extracts. Results were calculated per 1 g of dry weight.

Photosystem I Activity
The change in the redox potential of P700 was

measured by monitoring the optical density of leaves at
820 nm using a dual-wavelength pulse modulation sys-
tem ED-P700DW (Heinz-Walz, Effeltrich, Germany) in
combination with PAM-101 (Heinz-Walz, Germany).
The kinetics of P700 oxidation was measured under illu-
mination with far red light (720 nm, 17.2 W/m2). The
maximum oxidation of P700 was determined using a
xenon gas discharge lamp (50 ms, 1500 W/m2, Heinz-
Walz, Germany) in the presence of far red light.

Photosystem II Efficiency
The quantum yield of PSII f luorescence of a dark-

adapted (20 min) leaf fragment was determined using
a PAM fluorimeter (PAM-101, Heinz-Walz, Ger-
many). The dark maximum quantum yield of PSII
fluorescence (Fv/Fm) was measured. The measure-
ment was carried out with additional illumination of
the sample with a weak modulated red-light f lux,
which was carried out by an ADC (PDA-100, Walz,
Germany), which converted the primary signal from
the PAM-101 to a computer with a specialized soft-
ware interface. The indicators were calculated based
on the current value of the minimum (F0) and maxi-
mum (Fm) f luorescence of a dark-adapted leaf accord-
ing to the formula

(2)

W FW D( W W ,) D= −

v m m 0 m( ) .F F F F F= −
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The effective quantum yield of PSII photochemistry
at a given light intensity was calculated by the formula

(3)

where  is a photochemical quenching of f luores-
cence by an open reaction center of PSII and  is a
maximum fluorescence after light adaptation.

Nonphotochemical quenching of chlorophyll f luo-
rescence (NPQ) was calculated by the formula

(4)

Determining Ribulose-1,5-Bisphosphate 
Carboxylase/Oxygenase (Rubisco)

and Phosphoenolpyruvate Carboxylase (PEPC) Proteins 
by Western Blotting

The total protein was extracted from 0.2–0.5 g of
the aboveground part of the plant, which was crushed
in liquid nitrogen, and 1–2 mL of extraction buffer
containing 50 mM Tris-HCl (pH 8), 10 mM MgCl2,
0.3 mM EDTA, 2% polyvinylpyrrolidone, and 5 mM
dithiothreitol. The homogenate was centrifuged at
12000 g for 15 min at 4°C (MiniSpin centrifuge,
Eppendorf, Germany). The protein content was deter-
mined by the Bradford method using bovine serum alb
umin (Sigma-Aldrich, United States) as a standard.

The content of Rubisco and PEPC proteins was
analyzed using enzyme immunoassay according to [30]
using commercial polyclonal antibodies against the
large subunit proteins (L) of Rubisco (RbcL,
AS03037, Agrisera, Sweden) and PEPC (AS09458,
Agrisera, Sweden). Separation of total proteins (10–
15 μg of total protein per slot) was performed using
10% denaturing gel electrophoresis (SDS-PAGE)
according to [31] using standard molecular weight
markers (BioRad, United States). After electrophore-
sis, the proteins were transferred to a nitrocellulose
membrane (Amersham, GE Healthcare, United
Kingdom) using a wet blotting machine (BioRad,
United States) according to the standard protocol.
Rubisco and PEPC proteins were visualized using rab-
bit immunoglobulins conjugated with luminol and
coumaric acid f luorescent dyes (Sigma, United States)
and Retina XBE film (Germany). The intensity of
bands in Western blotting was assessed using the
ImageJ 1.37v program (United States) and expressed
relative to the average level (n = 3) for control plants,
which was taken as 100%. The analysis was carried out
at least three times.

RNA Isolation and Quantitative
Real Time (RT)-PCR

RNA isolation was carried out by phenol-chloro-
form extraction with precipitation using LiCl. RNA

Φ =PSII q m' ' ,F F

q'F

m'F

m m m' 'NPQ ( ) .F F F= −
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was extracted using a buffer mixture (0.1 M LiCl,
0.1 M Tris-HCl (pH 7.5), 1% SDS, 10 mM EDTA
(pH 8)) with acidified phenol (pH 4.5) in a 1 : 1 ratio
heated to 90°C in a water bath (WB-4MS, Biosan,
Latvia). An extraction mixture was added to the
crushed plant tissue (400–500 mg) in a 1 : 3 ratio.
Chloroform (500 μL) was used to separate the frac-
tions. Samples were centrifuged for 15 min at 12000 g
(MiniSpin, Eppendorf, Germany) at room tempera-
ture. After the third centrifugation, 10 M LiCl was
added to the supernatant to a final concentration of
2.5 M LiCl and left overnight at 4°C. The next day,
RNA was pelleted by centrifugation and washed once
with 2 M LiCl and twice with 80% ethanol. The pre-
cipitate was dissolved in 100 μL of RNase-free water.
The concentration of isolated RNA was determined
using a NanoDrop 1000 spectrophotometer (Thermo-
Scientific, United States). RNA was purified from
genomic DNA according to the standard ThermoSci-
entific protocol (United States) using DNAse I and
RiboLock (ThermoScientific, United States). Reverse
transcription was carried out in two stages. At the first
stage, the primers for the synthesis of the first strand of
the total cDNA on the RNA template (Oligo(dT)15
primer and Random(dN)10 primer (Evrogen, Russia))
were annealed for 5 min at 65°C (TT-2 thermostat,
Termite, DNA-Technology, Russia). At the second
stage, reverse transcriptase was performed using
MMLV reverse transcriptase (Evrogen, Russia),
dNTP (ThermoScientific, United States), adding
RiboLock (ThermoScientific, United States). The
concentration of the resulting cDNA was measured
using a NanoDrop 1000 spectrophotometer (Thermo-
Scientific, United States).

Primers for PCR (Supplementary Table S1) were
selected using Pick Primers NCBI (National Center
for Biotechnology Information, Bethesda, MD) with
Primer Pair Specificity Checking Parameters and
SnapGene Viewer (4.2.11) on nucleotide sequences
available in the NCBI database: primers for the rbcL
genes of Sedobassia sedoides (AY270063.1), Bassia
prostrata (AY270104.1), PPDK of Bienertia sinuspersici
(MK674493.1), psaA of Bassia littorea (OK539756.1)
and Chenopodium quinoa (LOC32958941), psaB of
C. quinoa (LOC32958940), psbA of Bassia scoparia
(AY251266.1) and C. quinoa (LOC32959011), CAB of
C. quinoa (LOC110735177). UBQ10 of C. quinoa
(LOC110721034) and b-Tubulin of C. quinoa
(XM_021890176) were used as reference genes.

The primers were checked and the amplicon size
was determined using PCR (TP4-PCR-01-Tertsik,
DNA-Technology, Russia) and electrophoresis in 2%
agarose gel. The level of expression of the studied
genes was assessed by real-time PCR (RT-qPCR)
using a Light Cycler96 amplifier (Roche, Switzerland)
using SybrGreen I dye (Evrogen, Russia). RT-qPCR
data were analyzed using Light Cycler96 Software Ver-
sion 1.1. Transcript levels are relative to control plants.
RUSSIAN JO
Statistical Analysis
There were at least three biological replicates in all

experiments. The SigmaPlot 12.0 software was used
for correlation and factorial (ANOVA) analysis. The
graphs show the arithmetic mean values of the
obtained values and their standard errors. Differences
were considered significant at P < 0.05 (Tukey’s test).
R software (version 3.6.1) was used for multivariate
principal component analysis (PCA).

RESULTS
Biomass and Content of Water, Proline, and Ions

Under control conditions, plants of the annual spe-
cies S. sedoides were characterized by a higher biomass
than plants of the perennial species B. prostrata (Fig. 1a).
A twofold decrease in dry biomass (DW) was observed
in both species grown under drought conditions
regardless of the growing temperature (Fig. 1a).
Growing S. sedoides and B. prostrata plants at elevated
temperature without PEG treatment did not lead to
any changes in dry biomass accumulation compared to
control plants in both species (Fig. 1a).

The water content (W) in shoots of control B. pros-
trata plants was almost two times lower than in shoots
of S. sedoides plants (Fig. 1b). Exposure of plants to
drought at normal growing temperature (25°C) resulted
in a decrease in water content in the shoots of both plant
species by 67–70%. The water content in the shoots of
S. sedoides and B. prostrata grown under conditions of
elevated temperature (30°C) without PEG treatment
was 20–30% lower than in the control plants, and the
effect of drought at this temperature had a greater effect
on the decrease in water content in the shoots of
S. sedoides than in B. prostrata plants (Fig. 1b).

The content of proline (Pro) in shoots of control
S. sedoides plants was 4.5 times lower than in control
B. prostrata plants (Fig. 1c). Under drought conditions
at 25°C, S. sedoides plants showed a 9.4-fold increase
in the content of proline and a 1.4-fold increase in
B. prostrata plants. During acclimation to an elevated
temperature (30°С), the content of proline in S. sedoides
plants increased almost twofold, while it decreased by
twofold in B. prostrata plants compared to the control.
Exposure to drought after acclimation to elevated tem-
peratures resulted in an approximately twofold increase
in proline content (relative to plants grown at 30°C with-
out PEG treatment; Fig. 1c) in both species.

The content of Na+ and K+ in the shoots of control
S. sedoides plants was 2.3 and 1.6 times higher than in
the shoots of control B. prostrata plants, respectively
(Fig. 1d, 1e). No changes in the content of Na+ and K+

in plants of either species were observed under drought
conditions at 25°C as well as at elevated temperatures
without PEG treatment. A significant decrease in the
Na+ content under the action of drought at 30°C was
observed only in B. prostrata plants (Fig. 1d), and a
URNAL OF PLANT PHYSIOLOGY  Vol. 70:127  2023
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Fig. 1. Accumulation of (a) dry biomass, content of (b) water, (c) proline, (d) sodium, and (e) potassium ions and (e) K+/Na+

ratio in Sedobassia sedoides and Bassia prostrata plants grown at different temperatures and short-term effect of PEG-induced
drought. (1) Control plants grown at 25°C without PEG treatment; (2) plants grown at 25°C and 4 days of PEG treatment;
(3) plants grown at 30°C without PEG treatment; (4) plants grown at 30°C and 4 days of PEG treatment. Different Latin letters
indicate differences significant at P < 0.05. 
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decrease in the K+ content was observed only in
S. sedoides plants (Fig. 1e). The K+/Na+ ratio in
shoots of control S. sedoides plants was 1.6 times lower
than in control B. prostrata plants (Fig. 1f). Changes in
the ratio of K+/Na+ ions were observed only under
drought conditions at 30°C in both B. prostrata plants
(1.5-fold increase relative to control plants and those
grown at 30°C without PEG treatment) and S. sedoi-
des plants (1.3-fold decrease in compared with plants
grown at 25°C) (Fig. 1f).

Activity of Cyclic Electron Transport of PSI 
and Efficiency of PSII

Under control conditions, the activity of cyclic
electron transport (CET) of PSI in S. sedoides plants
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
was lower than in B. prostrata (Fig. 2a). Drought had
no effect on CET activity at 25°C. Acclimation to an
elevated temperature led to an increase in the activity
of CET of PSI in S. sedoides plants, up to values char-
acteristic of C4 species, the level of which was pre-
served even under the action of drought (at 30°C). In
B. prostrata plants, CET activity remained constant
under all types of exposure (Fig. 2a).

The efficiency of the maximum quantum yield of
PSII photosynthesis in plants of both species
decreased when exposed to drought: significantly at
25°C in S. sedoides and at 30°C in B. prostrata, but it
did not change when plants were grown at elevated
temperatures without exposure to drought (Fig. 2b).
The quantum yield efficiency (ΦPSII), i.e., the effi-
:127  2023
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Fig. 2. Photosynthetic parameters in Sedobassia sedoides and Bassia prostrata plants grown at different temperatures and short-
term effect of PEG-induced drought. (a) Cyclic electron transport activity of PSI; (b) maximum quantum yield of PSII (Fv/Fm);
(c) effective quantum yield of PSII at a given light intensity (ΦPSII); (d) nonphotochemical f luorescence quenching of PSII
(NPQ). (1) Control plants grown at 25°C without PEG treatment; (2) plants grown at 25°C and 4 days of PEG treatment;
(3) plants grown at 30°C without PEG treatment; (4) plants grown at 30°C and 4 days of PEG treatment. Different Latin letters
indicate differences significant at P < 0.05. 
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ciency of PSII photochemistry at a given light inten-
sity, significantly decreased relative to the control
plants in both species under the influence of drought,
regardless of the cultivation temperature (Fig. 2c).
Nonphotochemical quenching of PSII f luorescence
(NPQ) significantly increased under drought condi-
tions: it is higher at 25°C in S. sedoides plants and at
30°C in B. prostrata plants (Fig. 2d).

Content of Photosynthetic Enzymes

The content of Rubisco (large subunit) decreased
by 80–85% under the influence of drought in S. sedoi-
des plants regardless of the growing temperature. In
B. prostrata plants, exposure to drought at 25°C also
led to an 85% decrease in the content of Rubisco.
During acclimation to elevated temperatures, the con-
tent of Rubisco decreased by 20% in S. sedoides and by
45% in B. prostrata (Figs. 3a, 3b). The content of
Rubisco in B. prostrata under drought conditions at
elevated temperatures remained the same as when
grown at elevated temperatures without drought
(Figs. 3a, 3b). The content of PEPC in S. sedoides
changed only under drought conditions at 25°C, while
the content of PEPC in B. prostrata significantly
decreased under all treatments. However, the PEPC
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content turned out to be two times higher in plants
exposed to drought at elevated temperatures than under
the action of these factors separately (Figs. 3a, 3c).

Expression of Photosynthetic Genes

Drought caused an eightfold increase in the accu-
mulation of rbcL gene transcripts in S. sedoides plants
and a slight increase in B. prostrata plants regardless of
temperature (Fig. 3d). Acclimation to elevated tem-
peratures resulted in a sixfold increase in the accumu-
lation of rbcL gene transcripts in S. sedoides and a 70%
increase in B. prostrata. The accumulation of PPDK
gene transcripts increased sixfold upon exposure to
drought and threefold upon acclimation to elevated
temperatures in S. sedoides plants (Fig. 3e). In B. pros-
trata, the level of PPDK gene transcripts did not
change under changing conditions. The level of tran-
scripts of the psaA and psaB genes encoding apopro-
teins A1 and A2 of PSI, respectively, remained
unchanged in all variants of the experiment in both
species (Figs. 4a, 4b). The level of transcripts of the
psbA gene encoding the PSII D1 protein in S. sedoides
increased by an average of three times relative to the
control plants and by an average of two times in
B. prostrata for all types of treatment (Fig. 4c). The
URNAL OF PLANT PHYSIOLOGY  Vol. 70:127  2023
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Fig. 3. Results of Western blotting of proteins (a, b) Rubisco (large subunit), PEPC and (d) expression of rbcL (Rubisco L subunit)
and (e) PPDK (pyruvate phosphate dekinase) genes in shoots of Sedobassia sedoides and Bassia prostrata plants grown at different
temperatures and short-term effect of PEG-induced drought. (1) Control plants grown at 25°C without PEG treatment;
(2) plants grown at 25°C and 4 days of PEG treatment; (3) plants grown at 30°C without PEG treatment; (4) plants grown at 30°C
and 4 days of PEG treatment. 
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accumulation of transcripts of the CAB gene (chloro-
phyll a/b-binding protein LHCB/CAB PSII) was
observed in B. prostrata under the influence of
drought, regardless of temperature, while it remained
unchanged in S. sedoides (Fig. 4d).

PCA Analysis

Multivariate principal component analysis (PCA)
did not show significant differences between S. sedoi-
des plants grown at 25°C and 30°C without exposure
to drought but separated from them plants exposed to
drought by the first principal component (PC1),
which reflects 46.2% of the total variation (Fig. 5a).
The main elements of PC1 included PSII efficiency
and NPQ values as well as the content of Rubisco and
proline (Table 1). The PCA also showed a clear differ-
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
ence between the effect of drought at 25 and 30°C on
S. sedoides in the second principal component (PC2),
which represents 21.87% of the total variation (Fig. 5a).
The main elements of PC2 included the activity of PSI

(cyclic transport), K+ content, K+/Na+ ratio, and the
content of the main C4-cycle enzyme PEPC. The first

two main components are enough to explain 68% of
the changes from the total variation. Multivariate prin-
cipal component analysis performed for B. prostrata
showed no clear differences between plants under dif-
ferent treatments (Fig. 5b).

DISCUSSION

Drought is one of the most common environmen-
tal factors limiting photosynthesis and plant growth.
A decrease in biomass and water content in shoots was
:127  2023
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Fig. 4. Expression of (a, b) psaA and psaB (apoproteins A1 and A2 of PSI), (c) psbA (D1 protein of PSII), and (d) CAB (chloro-
phyll a/b-binding protein LHCB/CAB PSII) genes in shoots of Sedobassia sedoides and Bassia prostrata plants grown at different
temperatures and short-term effect of PEG-induced drought. (1) Control plants grown at 25°C without PEG treatment;
(2) plants grown at 25°C and 4 days of PEG treatment; (3) plants grown at 30°C without PEG treatment; (4) plants grown at 30°C
and 4 days of PEG treatment. 
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Table 1. Factor loads of physiological parameters on the main components (PC1 and PC2) of multiple factor principal
component analysis (PCA) of Sedobassia sedoides and Bassia prostrata plants grown at different temperatures (25 and 30°C)
and short-term effect of PEG-induced drought

The most significant parameters are shown in bold. CET (PSI) is the activity of cyclic electron transport of photosystem I; PSII is the
efficiency of the maximum quantum yield of photosynthesis of photosystem II; NPQ is nonphotochemical quenching; ΦPSII is the
effective quantum yield of photochemistry of PSII at a given light intensity.

Parameters
Sedobassia sedoides Bassia prostrata

PSI PSII PSI PSII

Water content –0.321 –0.225 –0.325 –0.226

Proline content 0.372 –0.132 0.290 0.077

Na+ content –0.288 –0.142 –0.194 0.629

K+ content –0.218 –0.489 0.282 0.208

K+/Na+ 0.057 –0.386 0.356 –0.426

CET (PSI) –0.013 0.542 0.093 0.333

PSII –0.387 –0.067 –0.238 0.053

NPQ 0.391 0.025 0.351 –0.270

ΦPSII –0.322 0.228 –0.391 –0.093

Rubisco content –0.379 –0.021 –0.434 –0.260

PEPC content –0.270 0.415 –0.190 –0.244
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Fig. 5. Multivariate principal component analysis (PCA) of physiological parameters involved in adaptation of (a) Sedobassia
sedoides and (b) Bassia prostrata plants to elevated temperature and short-term PEG-induced drought. (1) Control plants grown
at 25°C without PEG treatment; (2) plants grown at 25°C and 4 days of PEG treatment; (3) plants grown at 30°C without PEG
treatment; (4) plants grown at 30°C and 4 days of PEG treatment. 
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observed under drought conditions at 25°C in both
studied species S. sedoides and B. prostrata (Fig. 1).
However, differences between species in the increase
in the content of proline (Fig. 1), which is widely used
as a marker of osmotic stress [32], indicate a greater
effect of drought on S. sedoides than B. prostrata
plants. Photosynthesis is considered among the pri-
mary physiological processes that are affected by water
deficiency [9]. PSII is the most sensitive to stress,
which is often expressed in the degradation of the D1
protein [5, 18]. A decrease in the effective quantum
yield of PSII photochemistry at a given light intensity
(ΦPSII) and a 3.3-fold increase in NPQ were observed

in the C3–C4 species S. sedoides, which led to a signif-

icant decrease in the maximum quantum yield of PSII
(Fig. 2). An increase in NPQ values indicates a higher
dissipation of light energy in the form of heat during
osmotic stress [33]. At the same time, a significant
increase in the expression of the psbA gene encoding the
D1 protein was observed (Fig. 4). In addition, a signifi-
cant effect of drought manifested in a sharp (by 85%)
decrease in the content of the main enzyme of the Cal-
vin cycle, Rubisco, in S. sedoides (Fig. 3). It is known
that the response of plants to drought is species-spe-
cific and varies from minor changes in the content and
activity of Rubisco to their sharp decrease [9]. At the
same time, the decrease in the content of Rubisco in
S. sedoides was not a consequence of a decrease in the
expression of the rbcL gene; on the contrary, a sixfold
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
increase in its expression was observed, which is typi-
cal for some C3-species under drought conditions [3, 10].

This disproportion between the content of rbcL tran-
scripts and the Rubisco protein may be a consequence
of posttranscriptional regulation [34] or an increase in
protein degradation processes caused by stress condi-
tions, when Rubisco is actively cleaved by proteases
and sent to other plant organs to maintain protein syn-
thesis [11, 12]. An increase in the expression of the
PPDK gene under drought conditions may be indirect
evidence of an increase in the degradation process in
S. sedoides (Fig. 4) since PPDK is involved in nitrogen
assimilation and can play an important role in amino-
acid transport and significantly accelerate the mobili-
zation of nitrogen from leaves [16].

Drought had a less negative effect on the efficiency
of PSII in the C4-NADP species B. prostrata, which was

expressed in a smaller change in dissipation (NPQ)
(Fig. 2). At the same time, there was an increase in the
expression of the CAB gene encoding the chlorophyll
a/b-binding protein (LHCB/CAB) of PSII, the regu-
lation of which is considered one of the important
mechanisms for regulating the function of chloroplasts
in response to stress factors [18]. With a decrease in the
content of Rubisco similar to that in S. sedoides, the
accumulation of rbcL gene transcripts in B. prostrata
was significantly lower, and the expression of the
PPDK gene did not change, but there was a more sig-
nificant decrease in the content of PEPC (Fig. 3). The
:127  2023
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revealed differences in the reactions of PEPC and
PPDK between species are probably associated with
differences in their functions: in C4-species, these pro-

teins are key photosynthetic enzymes, while they
mainly perform protective functions under stress in
C3-species and, possibly, in C3–C4-species [35].

Acclimation to elevated temperatures led to a slight
decrease in water content in shoots, which, however,
did not affect the accumulation of dry biomass in
either species (Fig. 1). Growing at 30°C also did not
affect the efficiency of PSII in S. sedoides and B. pros-
trata plants (Fig. 2), but it caused a two- to fourfold
increase in the accumulation of psbA gene transcripts
(Fig. 4), while the level of PSI psaA and psaB gene
transcripts remained unchanged in both species. At
the same time, an increase in the CET activity of PSI in
the C3–C4-species S. sedoides was observed almost to

the level of the C4-NADP species B. prostrata (Fig. 2).

It is believed that an increase in CET at high tempera-
ture can compensate for the proton leakage of thyla-
koids, allowing continued ATP synthesis [17]. Cultiva-
tion at 30°C led to a decrease in the content of Rubisco
in both species, but it was more significant (by 2 times)
in B. prostrata (Fig. 3). This is probably caused by an
increase in the rate of CO2 fixation by Rubisco with an

increase in temperature, which is typical for all plant
species and, in particular, for species with malate
(NADP) C4-type of photosynthesis [20, 21]. The reten-

tion of biomass accumulation at the level of control
plants (Fig. 1) and the results of PCA may be evidence
of a nonstress-induced decrease in the content of
Rubisco (Fig. 5). Thus, multivariate analysis did not
show a clear separation of plants grown at 25 and 30°C
without exposure to drought for both species. The
absence of significant stress is also indicated by a
decrease in the content of proline in B. prostrata com-
pared with the control plants and a relatively small
increase in this indicator in S. sedoides (Fig. 1). The
higher level of Rubisco in S. sedoides at elevated tem-
peratures than in B. prostrata is probably supported by
a more significant increase in rbcL gene expression
(Fig. 3). At the same time, the content of not only
Rubisco but also the C4-enzyme PEPC decreases in

B. prostrata, which makes it possible to maintain the
ratio of Rubisco/PEPC that is optimal for photosyn-
thesis.

Despite multiple evidence of a more negative effect
on plants of the combined stress of elevated tempera-
ture and drought than each of these effects separately
[3, 36], cultivation at 30°C in S. sedoides mitigated the
negative effect of drought on PSII, which was
expressed in lower energy dissipation (Fig. 2d) and
neutralized the negative effect on the PEPC content
(Fig. 3). However, these changes did not affect the
accumulation of biomass during drought (Fig. 1),
probably as a result of the same effect of drought on
the Rubisco content and the efficiency of PSII,
regardless of the growing temperature (Figs. 2, 3).
RUSSIAN JO
Thus, acclimation to elevated temperatures of S. sedoi-
des avoided the additional negative effect of drought,
causing changes in the protective reactions of the pho-
tosynthesis process and in maintaining water balance.
With a significant decrease in the water content in the
shoots of S. sedoides caused by drought at 30°C, there
was a significantly lower accumulation of proline (by
2.5 times compared with control plants) and a

decrease in the content of potassium and the K+/Na+

ratio (Fig. 1, Table 1). This may indicate a decrease in
the role of proline in osmoregulation and a change in

the ionic balance in favor of Na+, which is more typi-
cal for halophytes [37] and, in particular, a higher

accumulation of Na+ (3.5 times) relative to K+ in
S. sedoides grown under control conditions (Fig. 1). It

is the differences in CET activity, K+ and PEPC con-
tents that are the main factors for a clear separation of
the second main component of PSII in C3–C4

S. sedoides plants grown at different temperatures
under drought conditions (Fig. 5, Table 1).

No additional negative effect of the combined effect
of high temperature and drought on the accumulation
of dry biomass was observed in the C4-NADP species

B. prostrata as well as in the C3–C4-species S. sedoides;

however, the growth maintenance mechanisms were
different. Drought at 30°C led to an increase in energy
dissipation and, accordingly, to a decrease in the maxi-
mum efficiency of PSII (Fig. 2), but, at the same time,
it had a less negative effect on the content of photosyn-
thetic enzymes Rubisco and PEPC (Fig. 3). In C4-spe-

cies of Chenopodiaceae, adaptation to stress condi-
tions is associated precisely with significant bio-
chemical adaptation: changes in the content of
Rubisco and C4-cycle enzymes and activation of

osmoregulation [17, 38]. The significant climatic
range of C4-NADP species B. prostrata from the

southern semideserts (Central Asia, Iran, Mongolia, and
China) to the northern forest-steppes of Eurasia [39] is
probably caused by the wide thermal lability of photo-
synthetic enzymes. Acclimation of B. prostrata plants
to elevated temperatures led to the restoration of pro-
line content to the level of control plants, a decrease in

sodium content, and an increase in the K+/Na+ ratio
under drought conditions (Fig. 1), i.e., it contributed
to an increase in the role of potassium ions in the
water-ion balance, which is characteristic of xero-
phytic species. The greater drought tolerance of the
C4-NADP-species B. prostrata, compared to the

C3‒C4-species S. sedoides, is evidenced by a lower

water content and a higher K+/Na+ ratio under control
conditions (Fig. 1) as well as the absence of clear dif-
ferences after PCA (Fig. 5)

Thus, the С3–С4-species of S. sedoides proved to be

less drought resistant under both growing temperature
regimes. The drought negatively affected both the
content of the main photosynthetic enzyme and the
efficiency of PSII, causing a significant increase in the
URNAL OF PLANT PHYSIOLOGY  Vol. 70:127  2023
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expression of the corresponding rbcL and psbA genes.
At the same time, the acclimation of S. sedoides plants
to an elevated temperature led to an increase in the
activity of cyclic electron transport around PSI as well
as to the mitigation of the negative effect of drought on
the light reactions of photosynthesis and the PEPC
enzyme content against the background of a shift in
the ion balance towards sodium. The role of potassium
ions in osmoregulation increased in C4-NADP-species

B. prostrata under drought conditions at elevated tem-
peratures. In general, B. prostrata is characterized by
more thermolabile photosynthetic enzymes, changes in
the content and ratio of which allow this species to
maintain growth in drought conditions at different tem-
peratures.
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