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Abstract—The technique that enables simultaneous evaluation of water potential in the substomatal cavity of
the intact leaf (ψwа) and rate of its photosynthetic CO2/H2O gas exchange was applied to a halophyte Suaeda
altissima (L.) Pall. Formation of a water-potential gradient in a whole plant, rate of CO2 uptake, rate of tran-
spiration, and concentrations of Na+ and Cl– ions in the plant organs were determined under conditions of
chloride–sodium salinization of a nutrient solution. It was found that the salinization decreases not only bio-
logical productivity of the plants but also their capacity to accumulate Cl– in the amounts equivalent to Na+

accumulation. High salinity also diminished the gradient of water potential between a nutrient solution and
the apoplast of the cells in the leaf substomatal cavity due to the increase in ψwа and, respectively, decrease in
the water stream from roots to leaves and the rate of CO2/H2O gas exchange of the leaf. It was shown that the
decrease in the water potential in the interface between liquid and gaseous phases in the apoplast of the sub-
stomatal cavity (expressed in the ψwа value) plays an essential role in the regulation of water uptake under sali-
nization conditions. It is supposed that the NaCl-induced increase in ψwа is a consequence of the suppression
of photosynthesis and a resultant osmolyte shortage together with the decrease in plant productivity due to
the stress impact exerted by NaCl.

Keywords: Suaeda altissima, water potential of apoplast in substomatal cavity of the leaf, photosynthetic
CO2/H2O gas exchange of the leaf, chloride–sodium salinization of nutrient solution, salt stress, biological
productivity
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INTRODUCTION
Soil salinization is one of the most harmful environ-

mental factors that plants face. More than 800 million
hectares and at least 20% of world’s irrigated areas are
more or less salinized [1]. Salt stress entails both
osmotic and toxic impacts on the plants and represses
the essential vital processes and physiological func-
tions—photosynthesis, mineral nutrition, and growth.
Ultimately, it restricts the harvest. Global heating and
intensifying of regional aridization lead to augmenta-
tion of the salinized areas [2]. Therefore, investigating
the mechanisms of salinity tolerance and adaptations to
this factor is traditionally in focus of plant physiology.

Water balance of plants and their tolerance to salt
and osmotic stresses depend of water potential upward
gradient in the soil solution–root–shoot–atmosphere
system. The water potential decrease is considerably
contributed by osmolytes at particular stages of water
transport. These metabolites are low-molecular
weight organic compounds fulfilling both osmoregu-
lation and protection of biopolymers [3]. Osmolytes

diminish the water potential not only in the intracellu-
lar compartments but, apparently, in the apoplast as
well [4].

A novel method for the quantitative determination
of water potential of mesophyll cells’ apoplast in the
leaf’s substomatal cavity (ψwа) has been recently
advanced [4]. This technique, simultaneously with
ψwа, enables measuring photosynthetic CO2 gas
exchange and transpiration in the intact leaf. By
means of this approach, it was revealed that water
potential sharply decreases at the interface between
the aqueous and gaseous phases of the mesophyll cells’
apoplast in the leaf’s substomatal cavity [4]. The appli-
cation of this method to pine needles also showed the
decrease in ψwа under conditions of salt stress and
water deficit [5]. The data obtained on maize seedlings
supports the suggestion that the water stress-induced
accumulation of organic osmolytes in the leaf cells
decreases ψwа, while the osmolyte depletion increases
this index [6]. We hypothesized that the osmolytes,
which are synthesized in the cells, are transported by a
gradient of their concentration to the apoplast and,
thus, decrease its water potential to some extent. The

Abbreviations: ψwа—water potential of apoplast in substomatal
cavity of the leaf; NS—nutrient solution.
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present study continues a series of works dealing with
the physiological role of ψwа regulation under stress.

Herein we studied the halophyte Suaeda altissima
to reveal how the chloride–sodium salinization of its
hydroponic substrate influences the plant growth,
water potential of the apoplast in substomatal cavity of
the leaf (ψwа), gradient formation of this potential in
the whole plant, and CO2/H2O gas exchange of the
intact leaves. We attempted this study to validate the
suggestion that the ψwа value indicates not only bio-
logical productivity of Suaeda altissima but also its
capacity to withstand stress impacted by salinization.

MATERIALS AND METHODS
Plant objects. Seeds were collected from the plants

of Suaeda altissima (L.) Pall. inhabiting on shores of
the Elton salt lake (Volgograd region, Russia). The
seeds were germinated in wet sand at room tempera-
ture. After 3 weeks, the seedlings were transplanted to
3-L glass vessels (four plants per vessel) onto aerated
nutrient solution (NS) [7]. The plants grew in a con-
trolled growth chamber at 24ºC in water culture under
illumination with Dna3 250-W high-pressure lamps
(Reflux, Russia) at light intensity of 500 μmol/(m2 s)
and 16/8 h (day/night) photoperiod. The nutrient solu-
tion was refreshed every week over the first 3 weeks.
When the plants achieved the 42-day age, sodium
chloride was added to NS in a stepwise manner with
50- or 100-mM increment to attain the final concen-
trations of 0, 250, or 750 mM. These counterparts were
designated, respectively, as the control, treatment I, or
treatment II. Thereafter, NS was no more changed,
and the plants grew until the 60-day age after which
they were analyzed.

Osmotic pressure of the solutions was measured
cryoscopically with an OSMoMaT 030-D-RS osmom-
eter (Gonotec, Germany) according to the manufac-
turer’s instructions.

Determination of Na+ and Cl– in plant organs. The
organs were dried at 90°C and were ground to a pow-
der state. The ions were extracted from the samples by
2-min boiling in distilled water followed by filtration
of the extract. Concentration of Na+ was assayed in
the filtrates with an FPA-2-01 f lame photometer
(OAO ZOMZ, Russia). Concentration of Cl– was
evaluated by the extract titration with mercury ions,
according to State standard R 4245-72 using a TopBu-
ret semiautomatic titrator (Eppendorf, Germany).

Stationary photosynthetic CO2/H2O gas exchange
of the intact S. altissima leaves were examined with a
LI-820 infrared gas analyzer (Li-Cor, United States) in
an open flow-through system at the atmospheric CO2
concentration and PAR intensity of 200 μmol/(m2 s) [8].
Here, the intact leaf attached to the plant was mounted
in a clip chamber at room temperature and was illumi-
nated by a KL 1500 LCD light source (Schott, Ger-
RUSSIAN JOURN
many) equipped with a 150-W halogen lamp (Philips,
the Netherlands) through a fiber-optic light guide.
The leaf was allowed to adapt to the conditions of the
clip chamber for 15–20 min to attain a stationary
regime of photosynthetic CO2 gas exchange. The leaf
transpiration was derived from the difference between
gas humidity in the inlet and outlet of the leaf cham-
ber. In the inlet gas f low, the constant humidity was
maintained at 25°C with a LI-610 humidifier (Li-Cor).
In the outlet of the leaf chamber, the air humidity was
measured with a HMP50 psychrometric sensor (Vais-
ala Intercap, Finland). Atmospheric air, previously
accumulated in a 30-L polyethylene gasholder, was
used as injected gas. The gas f low rate (100 mL/min)
enabled continuous 5-h operation of the system. The
gas-mixing unit allowed the stable maintenance of
CO2 concentration at 380 ppm in the air f low at the
entrance to the leaf chamber.

Determination of water potential in the apoplastic
gas–water interface on the surface of mesophyll cells
lining the substomatal cavity. According to the theory of
general thermodynamic interaction of statistical physics
[9, p. 274], the equilibrium pressure of water vapor
above the surface of water solution is related to the water
chemical potential ψ by the formula [10, p. 15]

(1)

where e is the equilibrium vapor pressure above the
aqueous solution; eo is a pressure of saturated water
vapor above the surface of pure water (ψo = 0) at the
absolute temperature of T; R is the universal gas constant
(8.31441 J/(mol K)); T is absolute temperature (K); and
V is molar volume of water (18 × 10–6 m3/mol). There-
fore,

(2)

The physical dimension of water potential is seen from
the formula (2) and is expressed in J/m3 or Pa.

The relative humidity (RH) is defined by the for-
mula

(3)
where eo is the pressure of saturated water vapor (Pa)
and e is the actual pressure of water vapor (Pa).

The value of air humidity at which transpiration
ceases was obtained by a linear approximation of the
experimentally obtained transpiration rate as a func-
tion of RH [4]. The water potential can be calculated
from equations (2) and (3) using instrumentally deter-
mined RH values in the substomatal cavity at a given
leaf temperature.

Statistics. All the experiments were carried out in
three biological replications. Means and their SEs are
reported. Different letters designate means, which sig-
nificantly differ from each other (at P < 0.05, two-way
ANOVA).

( )( )o exp ,е e V RT= ψ

( )( )oln .RT e e Vψ =

( )oRH 100%,e e= ×
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Table 1. Biomass of leaves (A) and roots (B) of Suaeda altissima and water content in these organs by the end of the exper-
iment (n = 3)

Treatment Organ Fresh mass, g Dry mass, g Water content, %

Control Leaves (A) 23.6 ± 2.5 5.1 ± 0.5 78

Roots (B) 14.1 ± 1.2 1.48 ± 0.2 90

A + B 37.7 6.6 –

A/B 1.8 3.6 –

I Leaves (A) 58.6 ± 3.8 10.74 ± 0.6 82

Roots (B) 32.2 ± 2.8 2.96 ± 0.18 91

A + B 90.8 13.7 –

A/B 1.8 3.6 –

II Leaves (A) 22.9 ± 2.10 2.13 ± 0.12 91

Roots (B) 4.8 ± 0.4 0.47 ± 0.10 90

A + B 27.7 2.6 –

A/B 4.77 4.5 –
RESULTS
We investigated the role and the regulation of water

potential of mesophyll cells’ apoplast in substomatal
cavity of the S. altissima leaf under conditions of salt
stress at two enhanced NaCl concentrations in NS
(see above). In the control NS, free of exogenous salt,
only traces of NaCl were present as impurities to other
reagents.

Plant Growth and Water Content in the Organs
Sodium chloride, introduced to NS, stimulated

plant growth at 250 mM and retarded it at 750 mM. In
treatment II, the retardation manifested as more than
twofold decrease in shoot dry biomass per plant as
compared with the control and fivefold decrease in
comparison with treatment I (Table I). The differ-
ences in root dry biomass between the treatments were
qualitatively similar but more pronounced. Thus, in
treatment II, the root dry biomass was six times lower
than in treatment I and three times lower than in the
control plants.

Water content in the roots was approximately the
same, nearly 90% of total root mass in all cases (Table I).
In the shoots, this index considerably differed in the
differently treated plants, namely, 78% in the control,
82% in treatment I, and 91% in treatment II.

Na+ and Cl– Content in the Organs
Roots and leaves of S. altissima were found to accu-

mulate both Na+ and Cl– regardless of the ambient
NaCl concentrations (Fig. 1). There were Na+ and Cl–,
respectively, at 14 and 46 mmol/kg fr wt in the roots
(Fig. 1a) and at 79 and 107 mmol/kg fr wt in the shoots
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
(Fig. 1b), even in the control. With the higher salinity
of the nutrient solution, higher ionic content was
found in the organs. In the plants grown in the maxi-
mally salted medium (treatment II), Na+ and Cl–

were, respectively, present at 478 and 605 mmol/kg fr
wt in the roots (Fig. 1a) and at 797 and 535 mmol/kg
fr wt in the shoots (Fig. 1b). Therefore, with the
increased NaCl concentration in the NS, either roots
or leaves accumulated more amounts of both ions. The
difference between Na+ cation and Cl– anion in their
consumption by the plant was also found (Fig. 1). At
the equal initial ambient concentrations of Na+ and
Cl–, the S. altissima roots contained noticeably more
amounts of Cl– than Na+ in all the experimental treat-
ments (Fig. 1a). By contrast, the leaves of all but control
plants contained more sodium than chloride (Fig. 1b).
In either roots or leaves, the total content of Na+

exceeded that of Cl–. In this regard, organic anions
appear to be the most probable candidates for the role
of compensators of the surplus positive charges of
sodium ions in the leaves. From the data of Table 1 and
Figs. 1a and 1b, the capacity of the roots and leaves to
absorb the ions was calculated and normalized to one
plant (Figs. 1c, 1d). The plants were revealed to con-
sume the maximal amounts of Na+ and Cl– if the
ambient salt concentration was optimal for growth
(250 mM). At the higher NaCl concentration, 750 mM,
one plant consumed lesser amounts of the ions than
when at 250 mM, although the accumulation, if nor-
malized to unit of fresh biomass, increased with the
increased outer salt concentration and attained the
maximum at 750 mM NaCl in NS (Figs. 1a, 1b). This
means that the inhibition of the plant growth rate, i.e.,
decrease in root and shoot biomass, was a limiting fac-
tor of the salt accumulation under the salt stress.
  No. 3  2021
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Fig. 1. Content of Na+ (1) and Cl– (2) ions in roots (a, b) and leaves (c, d) of Suaeda altissima plants grown at different NaCl
concentrations in nutrient solution. The values were normalized to kg fr wt (a, b) and one plant (c, d). Different letters designate
significantly different means. 
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Experimental treatments
Gradient of Water Potential in the Whole Plant 
and Photosynthetic CO2 /H2O Gas Exchange 

in the Leaves

Water moves from the soil to the root and, further,
to the above-ground organs by a gradient of water
potential [12, p. 81–139]. To evaluate this gradient in
the whole-plant system, we measured the water
(osmotic) potential of the NS and the water potential
of the substomatal cavity of the S. altissima leaves
(ψwa) at the end of the experiment, i.e., after 60-day
cultivation of the plants (Figs. 2a, 2b). It was found
that the values of water (osmotic) potential of nutrient
solutions significantly differed depending on a partic-
ular experimental counterpart (Fig. 2a). The differ-
ences were accounted for by both different concentra-
tions of NaCl added to NS and different rates of ion
consumption by the growing plants. Significantly lower
values of water potential of NS in treatments I and II
than in the control were caused by large amounts of the
introduced NaCl. In the NS of treatment II, the
osmotic potential was the least, –2.34 МPa. In treat-
RUSSIAN JOURN
ment I, it was –0.54 МPa, i.e., four times larger. In the
control NS, the osmotic potential was –0.026 МPa,
which was as much as two orders higher than in treat-
ment II. However, such differences between the water
potentials of nutrient solutions in the different experi-
mental counterparts (Fig. 2a) did not significantly
affect their gradients in the NS–root–shoot system,
because the decrease in water potential of the apoplast
in the substomatal cavity of the leaf (ψwa) brought
about the overwhelming contribution to this gradient
(Fig. 2b). Even the minimal water (osmotic) potential
of NS in treatment II was almost tenfold higher than
the water potential of the substomatal cavity of the leaf
in this treatment (–22 МPa). In the control plants and
those of treatment I, the water (osmotic) potential of
NS further exceeded the water potential of the substo-
matal cavity of the leaf (ψwa) (Figs. 2a, 2b). Therefore,
it is the water potential of the substomatal cavity,
which is considerably lower than the osmotic (water)
potential of NS, that physically enables water trans-
port through xylem from roots to leaves in all experi-
AL OF PLANT PHYSIOLOGY  Vol. 68  No. 3  2021
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Fig. 2. Osmotic potential of nutrient solution (a) and water
potential (b) of the S. аltissima leaves at different NaCl
concentration in nutrient solution. Different letters desig-
nate significantly different means. 
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Fig. 3. Transpiration (a) and photosynthetic consumption
of CO2 (b) by the S. аltissima leaves at different NaCl con-
centration in nutrient solution. Different letters designate
significantly different means. 
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mental treatments. Implementation of this physical
capability was instrumentally evaluated by leaf tran-
spiration rate (Fig. 3a). In treatment II (with the max-
imally salted NS), the transpiration rate was approxi-
mately half of that in the control or treatment I. The
rate of the photosynthetic assimilation of carbon diox-
ide correlated with the transpiration of the leaves in
different experimental counterparts (Fig. 3b). The val-
ues of the CO2/H2O gas exchange rates were the same

as in the control in the leaves of treatment I but two-
fold lower than the control in treatment II (Fig. 3).

DISCUSSION

Water transport from roots to above-ground organs
requires maintaining the correspondingly directed
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
gradient of water potential. The gradient, in particular,

depends on concentrations of substances being higher

in the shoots than in the roots. In our experiments, the

concentrations of Na+ and Cl– ions in the S. altissima
organs increased with the increase in the NaCl con-

centration in the nutrient solution. Here, the Na+ level

was higher in the leaves than in the roots; this meets

the requirement of an ascending water f low. However,

the Cl– concentration gradient was inversely directed,

i.e., the leaves were significantly less enriched with this

ion than the roots. Taking a higher osmotic pressure

(osmolarity) in the leaves than in roots of S. altissima
[11] into account, together with an electrical neutrality

of intracellular solutions [12, p. 81–139], we can

assume that the lack in charge of cellular Cl– is com-
  No. 3  2021



524 VORONIN et al.
pensated by organic anions. The latter ions not only
maintain electrical neutrality of the intracellular

media, when the cells assimilate Na+ more intensively

than Cl–, but also contribute to the gradient of osmotic
potential and, consequently, the gradient of water
potential between the root and shoot. Salination of the
nutrient solution was accompanied by not only the salt
accumulation in the roots and leaves per unit of their
fresh biomass (Fig. 1) but also the marked suppression
of increase in biomass (Table 1).

By the end of the experiment, the nutrient solutions
significantly differed in respect to their water (osmotic)
potentials in different counterparts (Fig. 2a). The water
potential of the leaf apoplast (ψwа) was approximately

one third lower in treatment II (with the maximal
salinity) than in the control or treatment I (Fig. 2b). As
a consequence, the gradient of water potential between
nutrient solution and leaf apoplast in the substomatal
cavity (motive power of an upward water transport)
was significantly lower in treatmment II than in the
control and treatment I. These differences agree with
the lower rates of the transpiration and photosynthetic
CO2 assimilation in treatment II (Fig. 3a) in compari-

son with the control and treatment I (Fig. 3b). The
water f low equals the product of water-potential gradi-
ent and water conductivity [12, p. 81–139]. The fact
that the ratios between the photosynthetic gas
exchange, leaf transpiration, and gradients of water
potentials coincided in the different experimental
counterparts allows for drawing the conclusion on a
stomatal limitation of a water f low through the leaves
and general disturbance of water supply of the S. altis-
sima plants under conditions of salinization. One may
suggest that restriction in a water f low in the salt-
stressed plant primarily interrupts the donor-acceptor
interactions between underground and above-ground
parts of the plant. According to literature [13], the pos-
sibility of nonstomatal limitation of CO2 gas exchange

under light could not be excluded in a general case.
However, under the particular conditions of our
experiments and the precision of the measurements,
the found fitness between decrease in the CO2 gas

exchange and decrease in the transpiration in the illu-
minated leaf (Fig. 3) allows neglecting a contribution
of the dark respiration to the stomatal limitation of
CO2/H2O gas exchange.

As was shown earlier [3], such photosynthetic
products as reducing sugars may behave as osmolytes
involved in the reduction of decrease in ψwа. However,

the lower level of Cl– in comparison with Na+ in the
S. altissima leaves points to possible biosynthesis of
organic anions compensating surplus positive charges
of sodium ions. The organic anions also appear to
contribute to the maintenance of water-potential gra-
dient in the whole plant of this species.

Our data on the CO2 gas exchange indicate that

photosynthesis of the plants that were subjected to the
solution of the highest salinity (variant II) was half of
RUSSIAN JOURN
that in the control or treatment I (Fig. 3b). Such a
decrease in photosynthesis rate should significantly
restrict the formation of organic osmolytes in treat-
ment II in comparison with other treatments. As a
consequence, the apoplastic water potential in the
substomatal cavity (ψwа) should increase. In fact, the

estimated value of ψwа was approximately one third

higher in treatment II than in the control or treatment I
(Fig 2b). Therefore, although the cells of S. altissima
accumulated salt, which decreased their water poten-
tial, the motive power of water consumption by the
plants also decreased due to suppression of the photo-
synthetic gas exchange and decrease in intracellular
content of organic osmolytes under conditions of sali-
nization (Figs. 2b, 3). As an outcome of a stomatal
limitation of water transport from roots to leaves, the
simultaneous reduction in photosynthetic CO2 gas

exchange, and decrease in assimilation capacity of the
plants, the biomass accumulation was slowed down
(Table 1). The results demonstrate that the level of
water potential of the apoplast in substomatal cavity of
the leaves is indicative of not only bioproductivity but
also the strength of the salt stress impact on the halo-
phyte S. altissima.

Another question is addressed to the nature of pro-
cesses decreasing the water potential of the apoplast in
the substomatal cavity. Our earlier study [4] revealed
that the sharp fall in the water potential in the leaf
apoplast at the interface between aqueous and gaseous
phases is universal since it occurs in both halophytes
and glycophytes. Presumably, the clue to unravel this
mechanism involves capillary forces in the apoplast in
combination with diminishing the apoplast’s osmotic
potential afforded by a transfer of organic osmolytes
from the cells into the cell wall capillars.
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