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Abstract—The effects of water deficiency (–0.3 MPa) on plant growth, the water and proline content, f luo-
rescence parameters chlorophyll PSI and II, and CO2/H2O gas exchange in plant leaves were studied in two
populations of xero-halophyte Atriplex tatarica L. (C4 NAD-ME) with contrasting productivity. Based on
growth parameter analysis, a less-productive population (P1) was more tolerant of osmotic stress, and a
more-productive population (P2) was less tolerant. The studied populations demonstrated different ways of
maintaining the water balance in leaves. P1 was characterised by an insensitivity of its stomatal apparatus, a
significant decrease in water potential of mesophyll cells’ apoplast in substomatal cavity, an increase in pro-
line content, and activation of PSI cyclic electron transport in leaves. In P2, maintaining the water content in
leaves under stress conditions was achieved by stomatal closure. The impact of stress was manifested by
decreased intensity of photosynthesis, transpiration, PSII efficiency and more intensified of dark respiration
in P2. Thus, various ways by which to maintain the water balance in plant leaves in two populations were
revealed under weak osmotic stress.

Keywords: Atriplex tatarica, xero-halophyte, сarbon-concentrating mechanism, free proline, cyclic electron
transport, osmotic stress
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INTRODUCTION
In contrast to C3 plants, the response of C4 plants

to drought has been less well studied in spite of the sig-
nificant contribution of C4 species to the global carbon
budget and food production [1]. C4 plants have a pho-
tosynthetic apparatus effective in warm and dry habi-
tats. The C4 species’ high water use efficiency (WUE)
led to the general consensus that plants with C4 photo-
synthesis are drought tolerant [2]; however, some
studies have provided more current information on the
low drought tolerance of some C4 species [3, 4]. Sage
and McKown [5] suggested that some unique func-
tions of C4 photosynthesis, and a more complex bio-
chemical pathway, can reduce the potential for general
phenotypic plasticity and the acclimatisation of pho-
tosynthesis to environmental changes. Ghannoum [1]
suggested that there is a limited capacity for photores-
piration or the Mehler reaction to act as significant
alternative electron sinks under water stress in C4 pho-
tosynthesis. According to Osborne and Sack [4], weak
coordination between the carbon-concentrating C4
mechanism and hydraulic functions might lead to low
drought tolerance in plants. Most likely, all these fac-

tors contribute to significant limitations on C4 plants’
worldwide ecological and geographical distribution.

C4 photosynthesis evolved under low atmospheric
CO2 concentrations [6] and seasonally water deficit [4].
According to Osborne and Sack [4], this was accom-
panied by the plants’ simultaneous improvement in
carbon and water metabolism. The lack of coordina-
tion between carbon-concentrating mechanism and
water loss often leads to suboptimal water-use effi-
ciency (WUE) and photosynthetic losses [7, 8]. The
question of changing atmospheric CO2’s influence on
the coordination between photosynthetic capacity and
hydraulic functions remains unanswered [9]. Further
research on the coordination efficiency between
hydraulic conductivity and photosynthesis, in leaves
and in the entire plant, is important for studying and
predicting the physiological effects and performance
of C4 photosynthesis [6].

Increasing WUE may be an important step in C4
evolution [4]. At ambient atmospheric CO2, C4 grasses
have advantages over C3 grasses because of lower sto-
matal conductance and low stomatal sensitivity, which
results in a WUE advantage [6]. At low atmospheric
1143
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CO2, the difference in stomata sensitivity to water defi-
cit sharply increases [4]. Taylor et al. [6] have sug-
gested that, in addition to the biochemical advantages
supporting higher visible photosynthesis with low sto-
matal conductivity, an important advantage for C4
grasses is protecting hydraulic functions. Osborne and
Sack [4] hypothesised that the role of hydraulic con-
ductance in leaves during the adaptation to drought is
greater than stomatal conductance in C4 plants. In the
same time there are different points of view [10], thus
these suggestions must be researched further.

Atriplex species are widely distributed and of great
interest for use in feed production and restoring mar-
ginal lands [11]. We conducted a comparative study of
the drought and salt tolerance of C3 and C4 xero-halo-
phytes of genus Atriplex. The C4 species A. tatarica sig-
nificantly accumulated proline and showed a weaker
tolerance to PEG-induced osmotic stress (–0.6 МPа)
compared with the C3 species [12]. In a previous study
it was found some populations of A. tatarica with con-
trasting productivity in habitats of the South Urals [13].
The aim of this study was to compare the tolerance to
weak osmotic stress (–0.3 MPa) of two C4 xero-halo-
phyte A. tatarica populations differing in productivity
in their natural habitats.

MATERIALS AND METHODS
Plant material and growth conditions. Seeds of Atri-

plex tatarica L. (C4-NAD) were collected in two differ-
ent populations (P1 and P2) in the South Urals. Phys-
iological studies were carried out on seedlings in labo-
ratory. Seeds were germinated in distilled water. Three
day old seedlings were transplanted to perlite in plas-
tics pots of 24 cm length, 20 cm width and 10 cm
depth. The seedlings were grown under circadian illu-
mination (using commercial luminescent white light
tubes): 10-h dark/14-h light [200 μmol/m2 s PAR,
light meter LI-205A (Li-Cor, USA)] and 25 ± 5°C
temperature. Plants of 30 days old were transferred to
the experimental solutions (irrigated perlite). Since
the purpose of this study was to investigate differences
in the adaptation mechanisms in two A. tatarica pop-
ulations to osmotic stress, rather than shock [14], we
used weak osmotic stress (–0.3 MPa), which is not a
shock for this xero-halophyte. Solute of 12.5% (m/v)
PEG 6000 (–0.3 MPa) were used as the experimental
treatment. Osmotic potential of the experimental
solution was measured using a freezing-point osmom-
eter Osmomat 030 (Gonotec, Germany). For treat-
ment, PEG solution was added to a plastic tray, and
the plastic pots were placed on it. The nutrient solu-
tions 50% Hoagland was used for the control. The
treatment lasted 4 days. Plant tolerance to osmotic
stress was assessed by the decrease in its productivity
compared with the control.

Electrophoresis procedures. Population genetic
analyses was done on embryos using starch gel electro-
RUSSIAN JOURN
phoresis of isozymes. On the basis of starch gel elec-
trophoresis of isozymes from randomly chosen
embryos variability of the following enzymatic systems
was studied: glutamate oxaloacetate transaminase (GOT
(AAT), E.C. 2.6.1.1), diaphorase (DIA, E.C. 1.6.99),
glutamate dehydrogenase (GDH, E.C. 1.4.1.2), super-
oxide dismutase (SOD, E.C. 1.15.1.1), glucose-6-
phosphate dehydrogenase (G6PD, E.C. 1.1.1.49), 6-
phosphogluconate dehydrogenase (6PGD, E.C. 1.1.1.44),
malate dehydrogenase (MDH, Е.С. 1.1.1.37), and malic
enzyme (Me, Е.С. 1.1.1.40). The seeds were cleaned of
their wings and soaked in water for 12 h, and homoge-
nized in 80 μL of Tris-HCl buffer with KCl, MgCl2,
EDTA, Triton X-100, and PVP. Enzymes were sepa-
rated in 10% starch gel using two buffer systems [15].
Staining of particular enzymes and genetic interpreta-
tion of the results followed to Soltis and Soltis [16].
Nei’s [17] genetic distances (D) were estimated between
populations to generate average clustering using the
UPGMA methods (modified from NEIGHBOR pro-
cedure of PHYLIP v. 3.5) [18].

Water content. At the end of the experiment, water
content (g/g DW) was assessed for the shoots of plants.
Biomass was estimated for dry shoots (DW). Plant
samples were dried at 80°C for 2 days until reaching a
constant mass in order to measure quantitatively the
dry shoot matter. The water content in the shoots for
each treatment and control group was calculated as
WC = (FW – DW)/DW.

Proline content. Free proline was determined
according to [19]. Dry shoot samples (0.2 g) from each
group were homogenized in 2 mL of boiling distilled
water, heated at 100°C for 10 min in a water bath and
then the homogenates were centrifuged. The mixtures
were heated at 100°C for 1 h in a water bath after add-
ing acid ninhydrin and glacial acetic acid. Reaction
was stopped by submerging the sample into an ice
bath. The mixtures were read at 520 nm using a Gen-
esis 10 UV Scanning spectrophotometer (Thermo Sci-
entific, United States). Proline concentrations were
determined using a calibration curve and expressed as
mg/g DW.

Cyclic electron transport around photosystem I (PSI).
The redox potential changes of chlorophyll P700 were
measured by monitoring the leaf absorbance at 820 nm
using a dual-wavelength ED-P700DW pulse modu-
lated system (Walz, Germany) in combination with a
PAM 101 fluorometer (Walz) [22]. The kinetics of
P700 oxidation was measured under far-red light
(720 nm, 17.2 W/m2). The maximum oxidation of
P700 was determined using a xenon discharge lamp
(50 ms, 1500 W/m2; Walz) in the presence of far-red
light. PSI cyclic electron transport activity was mea-
sured as the P700 oxidation kinetics in response to far-
red illumination by monitoring changes in leaf absor-
bance at 820 nm [23].

Photosystem II (PSII). The quantum yield of PSII
photoreaction in dark adapted (20 min) leaf was deter-
AL OF PLANT PHYSIOLOGY  Vol. 68  No. 6  2021
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mined with a pulse-amplitude-modulated chlorophyll
f luorometer (PAM 101, Walz) [24]. The ratio of vari-
able to maximum chlorophyll a f luorescence (Fv/Fm)
was used as a measure of the maximum quantum yield
of PSII reaction. During measurements, the sample
was illuminated with weak modulated red light. The
output signal of PAM 101 was processed with an ana-
log-digital convertor (PDA-100, Walz) and displayed
on a computer. The potential photosynthetic effi-
ciency of dark-adapted leaves was estimated from the
values of minimal (F0) and maximal (Fm) f luorescence
using an expression: Fv/Fm= (Fm – F0)/Fm.

CO2/H2O gas exchange. The CO2/H2O gas
exchange was analyzed at two CO2 concentrations:
ambient CO2 (400 ppm) and low CO2 (200 ppm). Low
CO2 concentration allows to artificially control the
opening of stomata during an experiment [7], to assess
the sensitivity of the stomatal apparatus to external
influences [4, 6], and to differentiate the stomatal and
metabolic contributions to drought tolerance. The
CO2/H2O exchange was analyzed by placing a leaf seg-
ment into a temperature controlled leaf chamber
where the sample was illuminated through a fiber-
optic light guide from a KL 1500LCD light source
(Schott, Germany). A halogen lamp (150 W, Philips,
Netherlands) installed in this illuminator provided
PAR intensity of 2000 μmol/m2 s). The steady-state
CO2/H2O exchange rates at the leaf–air interface
were measured with a single-channel LI-820 infrared
gas analyzer (LI-COR, United States) in the open-
circuit mode. Apparent photosynthesis (A) expressed
as μmol (CO2)/m2 s. The leaf transpiration (E,
mmol (H2O)/m2 s) was calculated from the difference
in gas humidity at the inlet and outlet from the leaf
chamber. In this experimental system, the humidity of
gas f low at the entrance to the leaf chamber was kept
constant at a known level using a LI-610 dew point
generator (LI-COR). Humidity at the exit of the leaf
chamber was determined with a HMP50 psychromet-
ric sensor (Vaisala INTERCAP, Finland). Water use
efficiency (WUE) was calculated as the ratio of appar-
ent photosynthetic assimilation to the transpiration
rate (A/E). After CO2/H2O gas exchange measuring the
light was turned off and after steady state the dark respi-
ration (Rd, μmol (CO2)/m2 s) was measured.

Water potential of mesophyll cells’ apoplast in sub-
stomatal cavity (Ψwa). Ψwa was determined in attached
leaf by means of a new method using the instruments
to assess photosynthetic CO2/H2O gas exchange (a sin-
gle-channel infrared gas analyzer LI-820 (LI-COR)
[20, 21]. The method is based on the determination of
relative humidity (RH) above the leaf surface that
reduces E to zero. This value is equal to RH in the sub-
stomatal cavity. Determination of RH values makes it
possible to calculate Ψwa at the interface between
aqueous and gaseous phases of mesophyll cells’
apoplast in substomatal cavity. RH at the air stream
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
entering the leaf chamber was determined using a psy-
chrometric sensor HMP50 (Vaisala INTERCAP, Fin-
land). Equilibrium pressure of vapor over the surface
of an aqueous solution is related to the chemical
potential of water by the following equation: е =
eoexp[ΨwV/(RT)], where e is equilibrium pressure of
vapor over aqueous solution, eo is pressure of saturated
vapor over the surface of pure water (Ψw = 0) at abso-
lute temperature T, R is absolute gas constant of
8.31441 J/mol K, T is absolute temperature (K), and
V is molar volume of water (18 cm3/mol). Therefore,
Ψw = (RT/V)ln(e/eo). Water potential is expressed in
J/m3 or Pa. By definition, relative humidity is described
with the formula: RH [%] = (e/eo) × 100, where eo is
pressure of saturated vapor [Pa] and e is real pressure
of vapor [Pa] at temperature t [°C]. The value of Ψwa
was expressed in MPa. It takes <1 h to measure leaf
Ψwa [21].

Statistical analysis. The physiological measurements
were performed 5–6 times for each treatment and con-
trol group, and the means and standard errors (SEs) are
calculated using Sigma Plot 12.0 statistical program.
Comparisons of parameters were made between treat-
ments using analysis of variance (ANOVA) with the
Tukey test. Differences were considered significant at
P < 0.05. The principal component analysis (PCA) was
accomplished with the R version 3.6.1.

RESULTS
Genetic Distance and Growth Parameters

Population genetic analysis based on eight enzymes
(13 loci) showed that A. tatarica populations P1 and P2
are genetically different with a genetic distance (D)
0.0545. At experiment there were differences in dry
biomass accumulation by control plants of P1 and
P2 populations: P2 plants were 2-fold more produc-
tive than P1 plants (Table 1). Under weak osmotic
stress, the dry weight of P1 plants decreased by 25%,
and P2 plants decreased by 45%.

Water Exchange and Proline Content

The water potential of mesophyll cells’ apoplast in
substomatal cavity (Ψwa) in P1 and P2 plants were not
different under control conditions. Under osmotic
stress, Ψwa in P1 plants was more labile and decreased
1.3-fold when compared with that in the control
(Fig. 1a). There were no differences in water content in
the studied plants from different populations (Fig. 1b).
There was significant increase in proline accumula-
tion in the P1 plants under osmotic stress (Table 1).

Efficiency of Photosystems I and II

PSII function analyses showed that the maximum
quantum yield (Fv/Fm) was the same (0.80–0.82) in
  No. 6  2021 
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Fig. 1. Water potential of mesophyll cells’ apoplast in sub-
stomatal cavity (a) and water content (b) in plant shoots of
populations P1 (1) and P2 (2) of xero-halophyte Atriplex
tatarica under weak osmotic stress (–0.3 MPa). The values
are means (±SE). Different letters above the bars represent
significant differences at the P < 0.05 (Tukey’s pairwise
comparison).
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both P1 and P2 populations under control conditions;
however, under osmotic stress, Fv/Fm decreased to
0.76 in P2 plants (Table 1).

PSI cyclic electron transport activity was investi-
gated in both populations. We measured the P700 oxi-
RUSSIAN JOURN

Table 1. The effects of PEG-induced water deficiency (–0.
parameters chlorophyll PSI and II in plant leaves of two popu

P1

control

Dry weight (DW), g 0.050 ± 0.003a 0.0
Proline content, mg/g DW 2.73 ± 0.08a 3.0
PSI (P700 oxidation time, s) 20.01 ± 2.67a 33.
PSII (Fv/Fm) 0.82 ± 0.02a 0.7
dation kinetics in response to far-red illumination by
monitoring changes in leaf absorbance at 820 nm
(Table 1). Plants were dark adapted for 2 h, and then
illuminated with far-red light. In both populations, it
took 20–25 s to reach the maximum oxidation level
under far-red light under control. Under osmotic
stress, the time required to reach the maximum P700
oxidation in P1 plants increased 1.6-fold over that of
the control (Table 1).

CO2 /H2O Gas Exchange

P1 and P2 plants exhibited differences in CO2/H2O
gas exchange at an ambient atmospheric concentra-
tion of CO2 (400 ppm). The intensities of apparent pho-
tosynthesis (A) and transpiration (E) were 1.4-fold and
1.6-fold higher, respectively, in P2 plants than those in
P1 plants under control conditions (Figs. 2a, 2b).
Under osmotic stress, P2 plants had a 1.3-fold
decrease in A, a 1.7-fold decrease in E and a 2-fold
increase in dark respiration (Rd) (Fig. 2c). CO2/H2O
gas exchange in both plant populations was also mea-
sured at low CO2 (200 ppm): intensity of A decreased
in both populations (compared with 400 ppm) and E
increased in P2, which indicated that P2 plants’ sto-
mata were highly sensitive (Figs. 3a, 3b compared with
Fig. 2a). Differences in WUE between two populations
were also observed. At ambient CO2 WUE values were
higher in P1 plants than those in P2 plants (Fig. 2d),
and at low CO2, these differences increased (Fig. 3c).

DISCUSSION
Two different populations of C4 xero-halophyte

A. tatarica, with differences in their productivity in
natural habitats [13], were chosen for studying their
tolerance to weak PEG-induced osmotic stress. Popu-
lation genetic analysis confirmed that the plants stud-
ied were from two different populations (D = 0.0545)
of A. tatarica. The growth parameter differences between
populations were also obtained in the laboratory
experiment (Table 1). Under weak PEG-induced
water deficiency the studied plants were stressed, as
evidenced by decrease in growth parameters and
increase in respiration intensity in both populations
(Table 1, Fig. 2c). Plant tolerance to osmotic stress
AL OF PLANT PHYSIOLOGY  Vol. 68  No. 6  2021

3 MPa) on plant growth, the proline content, f luorescence
lations (P1 and P2) of xero-halophyte Atriplex tatarica

P2

PEG control PEG

31 ± 0.005b 0.127 ± 0.007c 0.047 ± 0.012ab

6 ± 0.07b 3.67 ± 0.21c 3.14 ± 0.12b

17 ± 2.30b 25.17 ± 1.87a 21.29 ± 0.81a

9 ± 0.02a 0.80 ± 0.01a 0.76 ± 0.01b
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Fig. 2. Apparent photosynthesis (a), transpiration (b), dark respiration (c) and water use efficiency (d) in plant leaves of popula-
tions P1 (1) and P2 (2) of xero-halophyte A. tatarica under weak osmotic stress (–0.3 MPa) at ambient atmospheric CO2
(400ppm). The values are means (±SE). Different letters above the bars represent significant differences at the P < 0.05 (Tukey’s
pairwise comparison).
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was assessed by degree of growth reduction under
osmotic stress compared with those in the control
variant. Based on this, the less productive (under con-
trol conditions) P1 population was more tolerant to
osmotic stress, and the more productive (control con-
ditions) P2 population was less tolerant. At the same
time, under osmotic stress, the water content in both
populations’ leaves remained at the same level as in
the control variants (Fig. 1b). We can suggest the pres-
ence of two different mechanisms to maintain leaf
water balance in these two populations. Increased
transpiration due to highly sensitive and open stomata
in response to low CO2 (200 ppm), which is more typi-
cal for C3 species [7], was observed only in P2 (Fig. 3b)
and led to a significant decrease in WUE (up to 3-fold)
(Figs. 2d, 3c). This suggests that the studied popula-
tions differ greatly in stomatal sensitivity and regula-
tion of water metabolism. Under weak osmotic stress,
the more tolerant P1 population was characterised by
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
stomatal insensitivity, as indicated by their constant
values of transpiration intensity under ambient CO2
(400 ppm) (Fig. 2b) and low CO2 (200 ppm) (Fig. 3b).
Further, in P1 plants there was significant decrease in
the water potential of mesophyll cells’ apoplast in sub-
stomatal cavity and increase in the leaves’ proline con-
tent (Fig. 1a, Table 1). In A. halimus populations it was
revealed that proline was the main osmolyte, which
was synthesised during the first 24 h under osmotic
stress [25]. In the P2 population, Ψwa was retained
(Fig. 1a) by closing the stomata, and this was accom-
panied by decreasing intensities of A and E under weak
osmotic stress (Figs. 2a, 2b). As result, the growth
parameters decreased two-fold over those in the con-
trol (Table 1). Wherein P2 plants WUE increased due
to more significant decrease in transpiration than that
in apparent photosynthesis (Fig. 2d). This indicates
the weakening coordination between СО2 and Н2О
exchange. Under weak osmotic stress, the populations
  No. 6  2021 
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Fig. 3. Apparent photosynthesis (a), transpiration (b) and
water use efficiency (c) in plant leaves of populations P1 (1)
and P2 (2) of xero-halophyte A. tatarica under weak
osmotic stress (–0.3 MPa). Measurements of CO2/H2O
gas exchange were carried out at low CO2 (200 ppm). The
values are means (±SE). Different letters above the bars
represent significant differences at the P < 0.05 (Tukey’s
pairwise comparison).
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Fig. 4. Principal component analysis (PCA) score plot
results comparing parameters of A. tatarica from P1 and
P2 populations: (a) both P1 and P2, (b) P1 and (c) P2 to
identify processes that contribute more to adaptation to
weak osmotic stress (–0.3 MPa). Light squares—P1 plants
under control condition; dark squares—P1 plants under
osmotic stress; light triangles—P2 plants under control
condition; dark triangle—P2 plants under osmotic stress.
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differed in Rd values also. In P2, there was a two-fold
increase in Rd (Fig. 2c) accompanied by a decrease in
growth. It suggested an increase in the maintenance
respiration associated with energy dissipation, a factor
that is especially important during limited photorespi-
ration activity in C4 plants [1].

In C4 plants, both C3 and C4 cycles are functional,
thereby increasing the energetic cost of CO2 assimilat-
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68  No. 6  2021
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Table 2. Factor loading of water and proline contents in
leaves, on fluorescence parameters of chlorophyll PS I and
II, CO2/H2O gas exchange variables on axes 1 and 2 of the
principal component analysis of two populations (P1 and
P2) of xero-halophyte Atriplex tatarica

Ψwa—water potential of mesophyll cells’ apoplast in substomatal
cavity, A—apparent photosynthesis, E—transpiration, WUE—
water use efficiency, PSI—photosystem I, PSII—photosystem II,
Rd—dark respiration. The main significant factors are bold.

Parameters Factor 1 Factor 2

P1 and P2
Water content –0.239 0.241
Proline content –0.416 –0.359
Ψwa 0.212 –0.290
A –0.479 –0.160
E –0.488 –0.035
WUE 0.461 0.092
PSI –0.003 –0.155
PSII –0.151 0.589
Rd 0.138 –0.566

P1
Water content –0.022 –0.442
Proline content –0.387 0.097
Ψwa –0.346 0.358
A 0.332 0.400
E 0.304 0.349
WUE 0.300 0.442
PSI –0.407 0.032
PSII 0.310 –0.373

P2
Water content 0.198 0.665
Proline content 0.339 0.179
Ψwa –0.325 0.474
A 0.347 0.149
E 0.343 0.386
WUE –0.382 0.282
PSI 0.243 –0.176
PSII 0.365 –0.089
Rd –0.401 0.098
ing compared with C3 plants. As a consequence, two
additional ATP molecules are needed for each CO2
fixed to drive the C4 cycle. These additional ATP has
been suggested to be produced by PSI cyclic electron
transport, which contributes to the generation of a pH
gradient across the thylakoid membrane without the
net production of NADPH [23, 26]. Comparative
analysis within genus Flaveria, which includes C3,
intermediate C3–C4 and C4 species, showed that C4
plants have higher expression levels of proteins that are
involved in PSI cyclic electron transport and changes
in thylakoid structure contribute to the high activity of
cyclic electron flow C4 photosynthesis [23]. In P1
A. tatarica plants, PSI cyclic electron transport was
activated under weak osmotic stress (Table 1).

Principal component analysis (PCA) of physiolog-
ical and biochemical parameters of two A. tatarica
populations confirmed a significant difference between
populations under control conditions (Fig. 4a). Under
osmotic stress, the parameters of two populations
overlapped. The greatest changes in parameters under
stress (compared with control) were observed in less tol-
erant P2 population. First principal component (PC1)
represented 37% of the pattern variation, PC2—25%.
The main parameters of population clustering were
physiological parameters determining CO2/H2O
exchange (transpiration, apparent photosynthesis, water
use efficiency, dark respiration) and PSII (Table 2). For
identification the processes that contribute more to
adaptation, and demonstrate the differences in plants’
responses to drought, PCA of each studied popula-
tions A. tatarica (under control and stress conditions)
was carried out. P1 plants were clearly divided into two
groups – those growing under control conditions and
those growing under weak osmotic stress (Fig. 4b).
These plants were clearly distinguished by PC1, which
represented 50% of the total variation (Fig. 4b). PSI
cyclic electron transport was the main element that
contributed to PC1, as well as proline content and Ψwa.
These parameters had the highest values of factor
loading (Table 2). WUE, water content and apparent
photosynthesis in leaves of P1 plants were major con-
tributors to PC2. First two principal components
(PC1 and PC2) were enough to explain 81% of the
pattern variation. P2 plants are clearly distinguished
into two groups—control and weak osmotic stress—by
PC1, representing 64% of the total variation (Fig. 4c),
and the main elements, which contributed to PC1
were Rd, WUE and PSII (Table 2). The water content,
Ψwa and transpiration in leaves were major contribu-
tors to PC2. First two principal components were suf-
ficient to explain 79% of the pattern variation. Accord-
ing to PCA, in P1 plants the proline content and water
potential regulation were largely contributed in adap-
tation to weak osmotic stress. In P2 plants the dark
respiration (dissipation) and WUE played significant
roles in adaptation to weak osmotic stress. Moreover,
PCA showed that increase in PSI cyclic electron
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
transport was the significant factor for P1 plants, as
decrease in PSII was the significant factor for P2
plants under weak osmotic stress (Fig. 4, Table 2).

The study of two populations of C4 xero-halophyte
A. tatarica with different productivity and tolerance to
weak osmotic stress, allowed to identify various ways
of maintaining water balance in the plant leaves. In
more tolerant P1 population, a decrease in the water
potential of mesophyll cells’ apoplast in substomatal
cavity with participation by proline and activation of
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cyclic electron transport around PSI, were the main
factors in maintaining leaf water balance and constant
transpiration under osmotic stress. In less tolerant P2
population, stomata sensitivity resulted in their closure
to maintain leaf water balance under osmotic stress.
Probably the stomata closure contributed to weaken-
ing coordination between the carbon-concentrating
C4 mechanism and hydraulic functions and led to low
drought tolerance and decrease in plant productivity.
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