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1 Due to the increasing aridity of climate the most
important task of modern science and practice is the
mobilization of genetic resources of halophytes
through creation of gene bank, evaluation and selec�
tion of valuable fodder, food, medicinal and oil species
followed by their introduction into high�productive
arid farming production system (Koyro et al., 2011).
The arid areas differ by level of soils salinity and the
understanding of physiological and biochemical
mechanisms of adaptive responses of different ecolog�
ical groups of halophytes and salt tolerant crops to
saline environments are crucial.

Haloxylon aphyllum(Minkw.) Iljin, Chenopodi�
aceae (black saxaul) is one of the main desert land�
scaping edificators and economically most important
rangeland halophyte used for stabilization of sandy
soils, as well as forage and woody fuel source for the
local people in the Turan Desert (Central Asia). This
tree�like aphyllous shrub with succulent photosyn�
thetic shoots can grow on topographic depressions on
sand and gypsum substrates with varying level of salinity
(Nikitin, 1966; Gintzburger et al., 2003).

In one of the previous studies (Shuyskaya et al.,
2012; Li et al., 2013) it was shown that under natural
conditions H. aphyllum produces two types of seeds:
large seeds with accelerated rate of germination, and
21–28% of heterozygosity; also small seeds with long�
term seed germination rate, and 3–12% of heterozy�

1 The article was translated by the authors.

gosity. Small seeds are produced by H. aphyllum under
suboptimal conditions: low (0–0.05 mmol Na+/g) and
high (0.3–0.5 mmol Na+/g) soil salinity, while large
seeds were found under optimal conditions for this
xerohalophytic species (0.05–0.1 mmol Na+/g).
Thus, in optimum conditions the selection occurs in
favor of heterozygotes (which are more “successful”
because the heterozygosity degree correlates with the
plant fitness (Mandak et al., 2006)). The selection of
homozygotes is mostly observed in suboptimal condi�
tions and it’s possible that these genotypes are more
successful in such conditions.

Similar results were obtained for other Chenopodi�
aceae species (Mandak et al., 2006). For example,
seeds of Atriplex tatarica L. germinated under subopti�
mal conditions are homozygous, while heterozygous
plants occur under optimum conditions. Moreover, a
positive correlation was found between the degree of
heterozygosity and the weight of shoots and reproduc�
tive organs (Mandak et al., 2006). There is an evidence
(Cabin et al., 1997) that germination of seeds with dif�
ferent quality and seedling survival under certain con�
ditions can play an important role in forming and
maintaining the genetic structure of natural popula�
tions and species evolution.

A number of studies (Houle, 1989; Lonn et al.,
1996) showed that allozyme heterozygosity is a good
indicator of population fitness and high adaptive
potential. Some authors (Reed, Frankham, 2003)
state that such molecular data reflects only a small part
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of the genome, and therefore may not be a good indi�
cator of adaptive genetic differences. But, at the same
time other researchers proved that at least some
enzymes can be under the direct selection (Mitton,
Gran, 1984). For example, allozymes of the phospho�
glucose isomerase (Pgi) have been shown to associate
with the oxygen availability (Zangerl, Bazzaz, 1984),
soil type (Nevo et al., 1981), soil moisture and pH level
(Prentice et al., 1995) and finding seeds in different
habitats (Lonn et al., 1996). Previously we showed that
the Got�2 locus might be taken as a genetic marker for
various types of H. aphyllum seeds. Seeds of the second
type are characterized by predominance of (84–100%)
homozygous genotypes of Got–2 locus, whereas seeds
of the first type have only (100%) heterozygous geno�
types at this locus (Shuyskaya et al., 2012). However,
some questions remain unclear: 1—would H. aphyl�
lum seeds of first type (heterozygote at Got–2) reliably
produce more productive plants in optimal water�salt
conditions? 2—would these plants also turn out to be
highly productive in suboptimal water�salt conditions?
3—to what extent the plants grown from seeds of the
second type (homozygote at Got–2) would be stable
and productive in suboptimal water�salt conditions?

The primary purpose of this paper is to study the
morphophysiological features of different genotypes
of Haloxylon аphyllum related to their adaptation to
low and high soil salinity.

MATERIAL AND METHODS

The seeds of H. aphyllum were collected in Eco�
center “Djeiran”, Southwest Kyzylkum, Bukhara
region, Uzbekistan (39°34′ N, 64°42′ E). Three sites with
similar soil structure (sands), but with different levels of
salinity (0–0.05, 0.05–0.1 and 0.25–0.3 Na+ mmol/g)
were chosen into the population.

Seeds of the first type collected in the site with
moderate soil salinity (0.05–0.1 Na+ mmol/g) were
8.0 ± 0.2 mm in size. These seeds had a relatively high
level of genetic polymorphism: the average observed
heterozygosity was 12.7%, heterozygosity of Got–2
locus—100%. Seeds of the second type collected in sites
with soil salinity 0–0.05 and 0.25–0.3 Na+ mmol/g are
characterized by smaller size: 6.4 ± 0.1 and 7.0 ± 0.2 mm,
respectively. As well as they had lower level of genetic
polymorphism: the average observed heterozygosity
was 6.5%, heterozygosity of Got–2 locus—0%. The
average heterozygosity was calculated using the allozyme
analysis data (Shuyskaya et al., 2012) of eight enzyme
systems: GOT (E.C. 2.6.1.1), DIA (E.C. 1.6.99), GDH
(E.C. 1.4.1.2), SOD (1.15.1.1), G6PD (E.C. 1.1.1.49),
6PGD (1.1.1.44), MDH (Е.С. 1.1.1.37), Me
(Е.С. 1.1.1.40). Seeds from 10–25 individual plants
were collected in each site. Distance between plants
was 5–50 m, between sites—1–5 km.

Seeds were germinated in distilled water. 4–6 day�
old seedlings were transplanted to perlite, irrigated with
25% nutrient solution Hoagland. In nutrient solution

the following concentrations NaCl: 100 mmol (optimal
salinity), 50, 200 and 300 mmol (suboptimal salinity)
have been created in accordance with the natural con�
ditions. Then 35 day�old plants were transferred to the
experimental solutions (irrigated perlite). 25% Hoag�
land nutrient solution was used as a control. The
experiment lasted for 18 days.

The following parameters were evaluated: change
fresh and dry biomass (W), relative growth rate
(RGR = ΔW/W*Δt, where ΔW—biomass growth,
W—initial biomass, Δt—day) in photosynthetic
shoots in all groups studied plants. The relative water
content, chlorophyll and proline, as well as the accu�
mulation of sodium (Na+) and potassium (K+) ions in
photosynthetic organs were measured.

The plant samples were dried for two days at 80°C
for measuring the dry biomass and relative water con�
tent. The content of Na+ and K+ ions were determined
in the water extract of 100 mg sample using an atomic
absorption spectrometer (Hitachi 207, Japan). Free
proline was determined using acid ninhydrin reagent
according to Bates (Radyukina et al., 2011). And chlo�
rophyll content was extracted in 96% ethyl alcohol
(Vernon, 1960) and determined spectrophotometri�
cally. The results are shown expressed as mkg or mg or
mmol g–1 (dry mass).

The measurements were performed at list three
times, and the means and calculated standard errors
(±SE) are calculated using Sigma Plot 12.0 statistical
program. Comparisons of parameters were made
between treatments using analysis of variance (ANOVA)
with Tukey test for pairwise comparison. Differences
were considered significant at p < 0.05.

RESULTS

Growth is an integral physiological characteristic.
Therefore in order to understand the influence of
salinity level on different saxaul genotypes (in model
experiments) the following morphological parameters
were selected: length of shoots, accumulation and rel�
ative growth rate of the fresh and dry biomass (Fig. 1).
Seeds collected from three genetically different sub�
populations in various saline soils environments were
planted at different levels of NaCl (50–300 mmol).
The plants grown from these seeds appeared to differ
in the length of shoots and the rate of accumulation of
fresh biomass. The highest values of these parameters
were observed in plants of the first type (heterozygous
genotype) grown in conditions with low salinity level
(100 mmol). The lowest values of these parameters
belonged to plants of the second type (homozygous
genotype) grown under high salinity (300 mmol)
(Figs. 1a, 1b).

The growth parameters of H. aphyllum were ana�
lyzed based on the contents of NaCl in the nutrient
solution. The high positive correlation was revealed
between the dry biomass growth rate of plants with
heterozygous genotype and salinity levels of nutrient
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solution (r = 0.98, p < 0.05). No correlation was found
for homozygous plants (see Fig. 1c).

The water content in photosynthetic shoots of all
plant groups negatively correlated with the level of
salinity (Fig. 2a). The highest values of this parameter
occurred at low salinity (100 mmol NaCl). Our obser�
vations showed that at high salt concentrations (200–
300 mmol) the water content in shoots decreased by 40%.

The content of Na+ and K+ ions and their ratio in
H. aphyllum shoots were investigated. A close positive
correlation was found between the salinity level of
nutrient solution and Na+ ions content in the above�
ground biomass of heterozygous (r = 0.77, p < 0.05) and

homozygous (r = 0.8–0.9, p < 0.05) plants and reverse
connection with K+/Na+ ratio (r = –0.77…–0.84, p <
0.05) in all plant groups.

Negative correlation between the relative growth
rate of dry biomass and K+/Na+ ratio (r = –0.89, p <
0.05) was identified in plants with heterozygous geno�
type. No such correlation was found for homozygous
plants.

The K+ content and K+/Na+ ratio was 1.5–2 times
higher in heterozygous plants than in homozygous.
The highest values of these parameters were observed
in the control plants (Figs. 2c, 2d).
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The course of experiments examined the influence
of salinity on such biochemical parameters as proline
content, chlorophyll a and b in different saxaul geno�
types. The lowest proline content was found under low
salinity (100 mmol NaCl) in all studied groups (Fig. 3a).
Significant differences in proline content were shown
for heterozygotes: 1—between control plants and
plants grown under 100 mmol NaCl treatment (F =
7.4; p < 0.01), 2—between plants grown under differ�
ent levels of salinity at 100 mmol and 300 mmol NaCl
(F = 7.4; p < 0.01), and 3—between control plants and

plants grown under 300 mmol NaCl treatment (F =
10.5; p < 0.01). The highest content of proline was
noted in plants grown under 300 mmol NaCl treat�
ment in homozygous plants from the site with low soil
salinity. There is significant differences (F = 7.8; p <
0.01) between this group of plants under 100 mmol
and 300 mmol NaCl treatments.

At last, significant differences were not revealed in
chlorophyll content between all investigated plant
groups.
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DISCUSSION

Despite the fact that the halophytes are well
adapted to salinity, the level of their salt tolerance is
strongly dependent on the species, ecotype and the
stage of development (Megdiche et al., 2007; Esh�
ghizaden et al., 2012). Most of the halophytes belong
to the Chenopodiaceae family, which includes about
550 species with different mechanisms of salt toler�
ance (Roohi et al., 2011). Our results indicate that
based on analysis of some morphological features
there are differences not only on interspecies level but
also within intraspecific varieties.

Genetic variation in natural populations can occur
partially due to the ability of individual genotypes to
grow locally in the specific environmental conditions.
If the correlation between growth and heterozygosity
really exists, the process of selective growth can affect
not only the genetic variability but also more intense
growth of certain genotypes under specific environ�
ments (Mandak et al., 2006). As was described above,
the differences were revealed between growth charac�
teristics (length of shoots, growth rate and accumula�
tion of fresh biomass) of heterozygous and homozy�
gous genotypes of H. aphyllum under different levels of
salinity, which appeared to be consistent with the data
for Atriplex tatarica (Mandak et al., 2006). Our find�
ings and literature data suggest that heterozygous gen�
otypes are characterized by large values of previously
mentioned parameters at low salinity (100 mmol
NaCl) (Figs. 1a, 1b).

Answering the question of scientific debate regard�
ing the necessity of salts for growth and development

of halophytes (Grigore et al., 2012), we can say that
the data of the seedling length, the relative growth rate
of fresh biomass, and proline content (Figs. 1a, 1b, 3a)
in H. aphyllum plants demonstrates that xerophytes
require low dose of salt content in the nutrient solution
for the better survival. The optimum salt content for
H. aphyllum is 100 mmol NaCl, and it is more pro�
nounced in heterozygous genotypes.

Ability of halophytes to live, grow and reproduce at
a relatively high salt content in soil or nutrient solution
is related to the presence of specific protection mech�
anisms. The maintenance of low concentrations of
ions in the cytoplasm (for avoiding the toxic effect of
ions) is one part of strategy of ionic and osmotic
homeostasis. Other part represents the ability to main�
tain a gradient of water potential upward in the system
soil�root�shoots (Balnokin et al., 2005; Roohi et al.,
2011).

In the literature the high sodium accumulation in
plant cells is explained by the osmotic effect of salinity
which reduces the water content in the cytosol and
leading to rapidly increasing the concentration of dis�
solved substances. And ion effect is caused by the
influx of Na+ by К+/Na+�channels, which also
increase the intracellular concentration of salt (Alla�
khverdiev et al., 2000). Under normal conditions the
systems of active transport maintain constant osmotic
pressure in the cell and the optimum concentration of
К+ ions, and pump out Na+ ions. Toxic effect of salin�
ity is directly linked to the fact that Na+ ions replace
К+ ions in the cytosol (Carden et al., 2001). The ability
of plant cells to maintain a stable level of cytosolic K+

in the medium with high concentration of Na+ is a key
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factor in determining the ability to tolerate salt stress
because potassium is an activator of many enzymes in
plant cells (Maathuis, Amtmann, 1999). In our experi�
ments, plants with heterozygous genotypes were charac�
terized by the highest values of potassium content under
all levels of salinity (Fig. 2). The interesting characteris�
tic feature of the heterozygous plant group was a steady
growth of the dry biomass rate under increasing salinity
levels (in the studied range of 0–300 mmol NaCl) (r =
0.98, p < 0.05). Thus, this genotype showed resistance
to high salinity (Fig. 1c, 1d). The positive correlation
between the relative growth rate of dry biomass and
sodium content (r = 0.7, p < 0.05) and the negative
correlation with the K+/Na+ ratio (r = –0.9, p < 0.05)
were found in plants of this group. And as shown by
other authors, the ratio of К+/Na+ decreases with the
increasing salt stress (El�Iklil et al., 2002), and pre�
cisely that K+/Na+ ratio (and not just the absolute
concentration of Na+) in the cytosol is being a critical
indicator of the stress level in plants, as it was indicated
early (Carden et al., 2003).

A change of ions content under stress of high salt
concentrations might be closely associated with the
accumulation of free proline in the plant cells. Japa�
nese scientists (Okuma et al., 2002) suggested that
intracellular proline might be inducing the inhibition
of enzyme activity by reducing the content of free rad�
icals in cells with decreasing K+/Na+ ratio. They
showed a negative correlation between K+/Na+ ratio
and proline accumulation in suspension of tobacco
cells already after 3–5 days from starting the cultiva�
tion.

It is known that proline is primarily a powerful
osmoprotectant, and thus the intensity of its biosyn�
thesis is enhanced, and degradation is reduced under
salinity (Szabados, Savoure, 2010). As our data analy�
sis showed, the lowest proline content was associated
with the nutrient solution of 100 mmol NaCl, hence it
was marked as the optimal salt concentration for
H. aphyllum. Almost 2 times increase of proline con�
tent under higher salinity (300 mmol NaCl) contrib�
uted to the increase of dry biomass (Fig. 1g) and the
biosynthesis of chlorophyll (Fig. 3), which confirms its
protector role (Szabados, Savoure, 2010; Roohi et al.,
2011).

Plants grown from seeds of the second type, which
were collected from the sites with low and moderate
salinity levels (0–100 mmol NaCl), were character�
ized by the highest values of relative growth rate of dry
biomass and the lowest content of proline. While
plants from seeds of haloxylon subpopulation col�
lected from the site with hypersaline soil were less pro�
ductive under high salinity (Fig. 1b). In natural popu�
lations the selection acts under pressure of certain
(single or multiple) stress factors. It’s possible that at
least two stress factors act in case of H. aphyllum—soil
salinity and water deficit. Instability and variety of
growth and biochemical characteristics of plants
grown from seeds of the second type (homozygous) in

experimental conditions indicated that salinity is not a
determining selective factor. Thus it can be assumed
that the selection occurs under the action of other fac�
tors, such as deficit of available water.

The data indicates that the plants grown from the
seeds of the first type (heterozygote at Got–2) are
more productive (calculated as per biomass accumula�
tion) in both optimal and suboptimal conditions (high
salinity). Plants grown from the seeds of the second
type (homozygote at Got–2) in suboptimal conditions
were not characterized by stability and high productiv�
ity, as previously assumed.

In summary, the studied genotypes appeared to dif�
fer in their morpho�physiological and biochemical
characteristics, which indicate that the different
mechanisms of salt tolerance are developed allowing
the successful survival and dominance in plant com�
munities. The heterozygous genotypes of xerohalo�
phyte H. aphyllum have advantages in terms of pro�
ductivity and sustainability under moderate and high
salinity.

The work was supported by the RAS Presidium
(Program No 4, project 4.6.3.) and the Russian Founda�
tion for Basic Research (project no. 12�04�97023_r_a).
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