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Land degradation caused by soil salinization and wind erosion is the major obstruction
to sustainable agriculture in the arid region. Salsola species have the potential to
prevent land degradation. However, there is limited information about seed germination
requirements and tolerance to salinity and drought for representative Salsola species.
This study aimed to assess the effects of the winged perianth (seed structural features)
and abiotic factors (light, temperature, salinity, and drought) on the seed germination
of these species. These Salsola species varied considerably in seed germination
characteristics. Compared with naked seeds, winged seeds had lower germination
percentages for S. heptapotamica S. rosacea, and S. nitraria species. Darkness
decreased the germination percentage of winged and naked seeds of S. rosacea,
however, for S. heptapotamica and S. nitraria, decreased seed germination was only
when the winged perianth existed. Germination of S. heptapotamica, S. rosacea, and
S. nitraria seeds depended on the perianth and light conditions. The naked seeds of
these three species could germinate at a wide range of temperatures, especially in
light. The presence of perianth, light, and temperature did not significantly influence
the germination of S. ruthenica seeds. When cultivating these species, it is beneficial to
remove the winged perianth of seeds and sow it on the soil surface when the temperature
is above 5/15°C. In addition, seed germination of Salsola displayed high tolerance to
salinity and drought. Compared with winged seeds, naked seeds showed lower recovery
germination under high salinity but had a similar recovery of germination under high PEG
concentration. Our study provides detailed germination information for the cultivation of
these four representative Salsola species in degraded saline soils of the arid zone.

Keywords: light, salinity, Salsola, seed germination, winged perianth, land rehabilitation

INTRODUCTION

Land degradation refers to the succession process in which unfavorable natural factors or
inappropriate land use leads to the gradual loss of production potential (Prince et al., 2009). The
arid land in Central Asia is the largest dry area located in the temperate and warm temperate zone
of the northern hemispheric earth, where land degradation is quite serious because of climatic
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variations and human activities resulting from population
increase (Kuang et al, 2014). It is reported that the land
degradation area in Central Asia is about 58.78 x 10* km?,
accounting for 10.37% of the total land area (Kuang et al,
2014). Salinity and drought are two abiotic factors resulting
in land degradation in the arid region in Central Asia, which
increasingly threaten sustainable agriculture with global climate
change (Negrio et al., 2017). Currently, ~10% of the total land is
degraded by salinity (Ruan et al., 2010) and up to 41% by drought
(D’Odorico et al., 2013). Therefore, it is not unexpected that a
large effort is devoted to repairing or restoring the deteriorating
land (Zhang et al,, 2015; Wang et al., 2020).

Cultivation of native plant species could be a viable alternative
to rehabilitating such degraded land (El-Keblawy and Ksiksi,
2005). The use of suitable candidate plants is a vital step in any
recovery program (El-Keblawy, 2017). One of the most important
selection criteria to choose plants for land rehabilitation is
their capacity of seeds to germinate under complex conditions,
especially under stress (Lu et al., 2016). Therefore, a thorough
knowledge of seed germination requirements for light and
temperature, and tolerance to salinity or drought stress of native
plants is the key aspect to understanding the role of the plants in
the restoration and rehabilitation strategies (Qian et al., 2016).

Temperature is a determining factor for seed germination
of most plants, which can break seed dormancy and stimulate
germination (Probert, 1992; Baskin and Baskin, 2014). Seed
germination of native plants in arid regions is often limited by
the temperature though the other conditions are suitable (Evans
and Etherington, 1990). Light is another important regulatory
environmental signal for seed germination of desert plants
(Katerina et al., 2014). In the desert and semi-desert areas, plants
vary in their requirement for light during germination. Some
germinate strictly in need of light (Sen and Chatterji, 1968), while
others can germinate well in light or dark (Huang et al., 2003),
and some even germinate better in dark than in light (Sekmen
et al,, 2004). In addition, the actual germination requirements of
seeds to light depend on the interaction with other environmental
factors such as temperature (El-Keblawy et al, 2011). Many
desert plants germinate only when the combinations of light and
temperature are suitable for seedling establishment (Naidoo and
Naicker, 1992).

In arid and semi-arid regions, reduction in water potential
of soil caused by salinity or drought is common stress that

affects seed imbibition and thereby germination (Rasheed et al.,
2019). Seed germination percentage is generally decreased with
the increase in salinity or PEG concentration (Khan and Gulzar,
2003; Xing et al., 2013). Most ungerminated seeds remain viable
under harsh conditions (e.g., high salinity and drought) by
entering a state of conditional or enforced dormancy and can
recover germination on the provision of sufficient moisture
(Rasheed et al., 2015). Such germination inhibition may be a
survival strategy for plants in arid regions, which could reduce
seedling mortality (Khan and Gul, 2006).

There are a large group of plants in nature, whose seed
structure has additional appendages such as winged perianth or
bracteole (Jurado et al., 1991). Seeds with winged perianth take
the advantage in dispersal (Baskin et al., 2014). Moreover, the
presence of perianth-inhibited seed germination is seen in many
plants, such as Haloxylon stocksii (Rasheed et al., 2019), Salsola
ikonnikovii (Xing et al., 2013), and S. schweinfurthii (Bhatt et al.,
2016). In general, inhibition of perianth on seeds germination
could occur through many different pathways, such as induction
of a light requirement for germination, mechanical inhibition,
chemical inhibitors, and specific ion effects (Wei et al., 2008).
In addition, the presence of perianth affected the germination
response of seeds to different environmental factors, such as
increased germination requirements to light of S. rubescens seed
(El-Keblawy et al., 2013); change optimal temperature ranges of
H. stocksii seed (Rasheed et al., 2019); and aggravate the inhibitive
effect of salinity on seed germination of S. ikonnikovii (Xing
et al,, 2013), and of drought on seed germination of S. ferganica
(Maimaitijiang et al., 2019).

Salsola L. belongs to the family Amaranthaceae and includes
~130 species occurring in the arid desert of Africa, Asia, and
Europe (Zhu et al., 2003). There are ~37 species in China, 33
species of which distribute in Xinjiang. The typical feature of
this genus is that perianth segments are abaxially winged in
fruit (Zhu et al., 2003). Many plants of this genus have good
effects on soil and water conservation, diminish wind- and sand-
shifting (Wang et al., 2008), and thus have great potential for
restoration of deteriorated land in arid regions. Some scholars
have studied germination response to different environmental
factors of seeds for Salsola plants (e.g., El-Keblawy et al., 2013;
Elnaggar et al,, 2019). The effects of winged perianth on seed
germination are also considered (Wei et al., 2008; Ma et al., 2017).
However, most of the researches only consider the effects of one

TABLE 1 | The habitat characteristics of four representative annual Salsola plants.

Species Habitat Accompanying plants Latitude and Altitude /m
longitude

S. heptapotamica lljin Gobi desert, and sandy land S. affinis C.A. Mey., Haloxylon ammodendron (C. A. N44°45’'E87°53’ 370
Mey.) Bunge, Kalidium foliatum (Pall.) Moq.

S. rosacea Linn. Gravelly soil before the mountain S. collina Pall., Anabasis salsa (C. A. Mey.) Benth. ex N43°44’E82°55’ 810
Volkens, Atriplex

S. nitraria Pall Gravelly soil H. ammodendron (C. A. Mey.) Bunge, Halogeton N44°48'E86°37’ 320
glomeratus (Bieb.) C. A. Mey.

S. ruthenica lljin Sandy soil of valley and gravel gobi Artemisia, S. affinis C.A. Mey., A. micrantha C. A. Mey. N44°19’E87°57" 400
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or at most two factors between perianth, temperature and light  perianth on seed germination tolerance to salinity or drought of
on seed germination (Chang et al, 2008; Wang et al., 2013),  Salsola plants are also limited (Xing et al., 2013; Maimaitijiang
comprehensive evaluation of the effects of these three factors are  etal., 2019).

absent, which is vital to assess the true germination condition In this study, we collected seeds of four representative Salsola
of seed in the arid desert. In addition, studies on the effect of  species, including three endemic species S. heptapotamica Iljin,

TABLE 2 | The characteristics of winged seed and naked seed of the four annual Salsola plants.

Species Radius of winged seed (mm) Diameter of naked seed (mm) Mass/100 winged seeds (g) Mass/100 naked seeds (g)
S. heptapotamica 5.627+0.1542 2.671 4+ 0.0882 0.751 4+ 0.0092 0.391 4+ 0.0052
S. rosacea 4.894 + 0.106° 2.387 £0.111° 0.514 4 0.004° 0.307 + 0.0052
S. nitraria 3.674 + 0.151° 1.024 + 0.037° 0.192 &+ 0.002° 0.064 4 0.001°
S. ruthenica 2.339 + 0.214¢ 1.116 + 0.025° 0.155 + 0.002° 0.083 4 0.001°

Data are the mean of seven replicates (+ SE). Different letters in columns indlicate significant differences (p < 0.05) among the four Salsola plants.
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FIGURE 1 | The effects of winged perianth, light, and temperature on seed germination percentage (mean =+ SE) of Salsola heptapotamica. (A) germination in light,
(B) germination in dark. Different uppercase letters denote a significant difference (p < 0.05) in germination percentage at different temperatures for the same perianth
treatment, and different lowercase letters indicate a significant difference (p < 0.05) of germination percentage for different treatments of perianth at the same
temperature.
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S. rosacea Linn., and S. nitraria Pall, mainly distributed in
northern Xinjiang in China, and one widespread species S.
ruthenica Iljin. distributed in many places in China (Zhu et al,,
2003). We performed laboratory germination tests and aimed to
provide detailed germination information for better screening of
suitable Salsola plants in rehabilitating deteriorated lands in arid
lands in Central Asia. We hypothesize that (1) the presence of
winged perianth inhibits seed germination of these species; (2)
the germination responses to light and temperature of endemic
species are more sensitive than that of widespread species; (3) all
these Salsola species have a high tolerance to salinity and drought.

MATERIALS AND METHODS

Seed Collection and Habitat

Characteristics
Freshly matured fruits of the four Salsola species were collected
from natural populations growing at the edge of Junggar Basin

in Xinjiang during September-October 2020. This area is arid to
semi-arid with a typical temperate continental climate. Annual
precipitation is around 167 mm with minimum precipitation in
winter and maximum in summer. Annual potential evaporation
is 2,300 mm. The mean annual temperature is 6.7°C with a
minimum temperature of —34.4°C in January and a maximum
temperature 41.7°C in August. The soil is saline soil and the pH
is above 8. Fruits of each species were randomly collected from
about 50 plants and taken to the laboratory. Fruits were air-dried
under room temperature (18-25°C) for 2 weeks and then were
stored at 4°C for about 1 month until used in this experiment.
The specific habitat characteristics are shown in Table 1.

Seed Characteristics

The size, shape, and color of the four Salsola seeds with
and without winged perianth (hereafter as winged seeds and
naked seeds) were recorded using the stereomicroscope
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FIGURE 2 | The effects of winged perianth, light, and temperature on seed germination percentage (mean =+ SE) of Salsola rosacea. (A) germination in light, (B)
germination in dark. Different uppercase letters denote a significant difference (o < 0.05) in germination percentage at different temperatures for the same perianth
treatment, and different lowercase letters indicate a significant difference (p < 0.05) of germination percentage for different treatments of perianth at the same
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(Olympus  SZX10, Tokyo, Japan). Winged perianth-
enclosed seeds were removed manually. Seven groups
of 100 winged seeds or naked seeds were weighed
using an analytical balance (precision 0.001g). The

sizes of winged seeds or naked seeds were determined
using Image ] Analysis Software (National Institutes
of Mental Health, America). Each determination had
seven replicates.

Seed Germination

Winged Perianth, Light, and Temperature Effects

The winged seeds or naked seeds were incubated in five
incubators adjusted to a temperature regime of 5/15, 5/20, 10/25,
15/30, and 20/35°C (common temperature regimes of the region)
in both continuous darkness and alternating 12 h darkness/12h
light, hereafter referred as dark and light, respectively. Seeds

were placed in 9-cm-diameter Petri dishes on two layers of
Whatman no. 1 filter paper moistened with 7ml of distilled
water. The Petri dishes were sealed with parafilm. For the
dark treatment, the Petri dishes were wrapped in two layers of
aluminum foil to prevent any exposure to light. Each treatment
had four replicates with 25 seeds. Radicle protrusion from the
seed was the criterion for germination of winged seeds, and
naked seeds were germinated when the radicle length was >
2mm. Seed germination was monitored every day, germinated
seeds were discarded at each counting, and the experiment
lasted for 14 d. The seeds incubated in dark were checked
only after 14 d. The rate of germination was estimated by
using a modified Timson’s index of germination velocity =
2 G/t, where G is the percentage of seed germination every
day and t is the total germination period (Khan and Ungar,
1984).
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FIGURE 3 | The effects of winged perianth, light, and temperature on seed germination percentage (mean + SE) of Salsola nitraria. (A) germination in light, (B)
germination in dark. Different uppercase letters denote a significant difference (o < 0.05) in germination percentage at different temperatures for the same perianth
treatment, and different lowercase letters indicate a significant difference (p < 0.05) of germination percentage for different treatments of perianth at the same
temperature.
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Winged Perianth and Salinity Effects

Due to the relatively higher germination percentages of the four
Salsola species in light and at 10/25°C, winged seeds and naked
seeds were sown in different NaCl concentrations (0, 50, 100, 300,
500, and 700 mM, based on preliminary results) and incubated
at this condition. Each dish was wrapped with parafilm against
loss of water by evaporation. Germination was monitored after
14 d of incubation. All the seeds that failed to germinate were
rinsed with distilled water and then incubated in distilled water
for another 7 d. Recovery percentages (RP) were calculated using
the formula: RP = [(a - b)/c] x 100, where a is the sum of the
number of seeds germinated in NaCl solutions plus those that
recovered to germinate in the distilled water; b is the total number
of seeds germinated in NaCl solutions, and c is the total number
of seeds tested. The total germination percentage was recorded
as (a/c) x100.

Winged Perianth and Drought Effects

Winged seeds or naked seeds were germinated in Petri dishes
with six levels of polyethylene glycol (PEG) concentrations (0,
50, 100, 150, 200, 300 g-L~!, based on preliminary results), which
correspond to osmotic potential (¥s) of 0, —0.05, —0.15, —0.3,
—0.5 and —1.03 MPa (Michel and Kaufmann, 1973). The light
and temperature conditions were the same as in the salinity
experiment. Recovery percentage and total germination were
also calculated.

Statistical Analysis

Seed germination data are of binomial type (i.e., germination
is 1, not germination is 0). The forward stepwise (Wald) in
binary logistic regression models was used to analyze the effect
of winged perianth, light, temperature, and their interactions
on seed germination. The same method was used to determine
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FIGURE 4 | The effects of winged perianth, light, and temperature on seed germination percentage (mean =+ SE) of Salsola ruthenica. (A) germination in light, (B)
germination in dark. Different uppercase letters denote a significant difference (p < 0.05) of germination percentage at different temperatures for the same perianth
treatment, and different lowercase letters indicate a significant difference (p < 0.05) of germination percentage for different treatments of perianth at the same
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the effect of the winged perianth, salinity and their interactions,
winged perianth, PEG and their interactions on seed germination
and total germination. This method will automatically eliminate
the parameters with a low probability of Wald statistics in the
equation, to ensure the accuracy of the regression curve to a great
extent (Li and Luo, 2003). In addition, for parameters that have
significant effects on germination, Turkey’s multiple comparison
tests were used to test the differences that existed among groups.
The same method was also used to determine the effect of winged
perianth and temperature on the germination index of these
Salsola species. Non-parametric tests were also performed to test
the differences among the recovery percentages that did not meet
the homogeneity of variance in different concentrations of NaCl
or PEG solution. The difference between perianth treatments
at the same temperature of seed germination was analyzed by
Student’s test at 95% confidence level. Data were expressed as
mean =+ standard error. All statistical tests were analyzed using
the IBM SPSS Statistics 20 (IBM Corp., Armonk, New York,
United States).

RESULTS

Seed Characteristics

The winged seeds of the four Salsola plants are all utricle
and surrounded by fan-shaped and membranous wings
(Supplementary Figures 1B-K). The naked seeds of the four
plants are slightly flattened to slightly conical and have the
typical spiral embryo (Supplementary Figures 1C-L). Winged
seeds and naked seeds of S. heptapotamica and S. rosacea are
significantly larger and heavier than those of S. nitraria and S.
ruthenica (Supplementary Figure 1; Table 2).

Winged Perianth, Light, and Temperature
Effects

The effects of winged perianth, light, and temperature on
seed germination of S. heptapotamica, S. rosacea, and S.
nitraria were significant. The interactive effect of winged
perianth, light, and temperature on seed germination of
S. heptapotamica and S. nitraria were also significant but
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FIGURE 5 | The effects of winged perianth and NaCl concentration on seed germination and recovery germination of Salsola heptapotamica. (A) winged seeds, (B)
naked seeds. Different uppercase letters denote a significant difference (p < 0.05) in germination percentage among different NaCl concentration. Different lowercase
letters indicate a significant difference (o < 0.05) in recovery germination among different NaCl concentration.
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were not for S. rosacea (Supplementary Table 1). For the
three Salsola plants, germinations of winged seeds were all
significantly lower than those of naked seeds (Figures1-3).
Germination percentages of winged and naked seeds of S.
rosacea were significantly lower in dark than those in the light
(Figures 2A,B). While for S. heptapotamica and S. nitraria,
only winged seeds performed significantly lower germination
percentages in dark than in light (Figures 1A,B, 3A,B). At
the five temperature ranges, germination percentages of naked
seeds for the three Salsola plants were all up to 40% whether
in light or dark. For winged seeds germinated in dark,
germination percentages were all no more than 43%, and
winged seeds of S. nitraria were even <5% at 15/30-20/35°C
(Figures 1-3). For S. ruthenica, except winged perianth (p <
0.001), other factors and their interactions had no significant
effect on seed germination (Supplementary Table 1). Besides,
germination percentages of winged and naked seeds were both
more than 90% at the five temperatures whether in light or
dark (Figures 4A,B).

For S. heptapotamica, S. rosacea, and S. nitraria, germination
indices of winged seeds were significantly lower than
those of naked seeds (Supplementary Figures 2A-C).
Germination indices of naked seeds for these three Salsola
plants were increased with the raising of temperature, but
those for winged seeds were increased initially and then
decreased (Supplementary Figures 2A-C). For S. ruthenica,
there was no significant difference in germination indices
between winged and naked seeds at the five temperatures
(Supplementary Figure 2D).

Winged Perianth and Salinity Effects

There was a significant (p < 0.01) interaction of winged perianth
and salinity on seed germination and total germination for
the four Salsola plants (Supplementary Table 2). Germination
percentages and total germinations of winged and naked seeds
of the four Salsola plants were all decreased with the increase of
NaCl concentration (Figures 5-8). Germination percentages of
naked seeds were all higher than those of winged seeds, except
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FIGURE 6 | The effects of winged perianth and NaCl concentration on seed germination and recovery germination of Salsola rosacea. (A) winged seeds, (B) naked
seeds. Different uppercase letters denote a significant difference (p < 0.05) in germination percentage among different NaCl concentrations. Different lowercase letters
indicate a significant difference (o < 0.05) in recovery germination among different NaCl concentrations.
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at 500 mM, in which germination percentages of naked seeds
for S. heptapotamica, S. rosacea, and S. nitraria were lower than
those of winged seeds (Figures 5-7). The recovery percentages
of winged seeds for the four Salsola were all increased with
the raising of NaCl concentration, while those of naked seeds
were increased initially and then decreased. At 0-300 mM NaCl
concentration, the total germinations of naked seeds for the four
Salsola plants were higher than those of winged seeds or there
were no significant differences, but at 500-700 mM, the results
were opposite (Figures 5-8).

Winged Perianth and Drought Effects

There were significant (p < 0.05) effects of winged perianth and
drought on seed germination of the four Salsola species, but
were not for their interactive effects. There was no significant
interaction of winged perianth and drought on total germinations
of the four Salsola plants either (Supplementary Table 3).
Germination percentages and total germination of winged and
naked seeds for the four Salsola plants were all decreased with

the decline in ¥s of PEG solution (Figures 9-12). Germination
percentages and total germinations of naked seeds were all
higher or there were no significant differences than those of
winged seeds. The winged seeds of S. heptapotamica even had
no germination at ¥s of —1.03 MPa (Figure 9A). The recovery
percentages of winged and naked seeds for S. heptapotamica, S.
nitraria, and S. ruthenica were all increased with the decrease of
s, while those for S. rosacea seeds were increased initially and
then decreased (Figure 10B).

DISCUSSION

Although there is some information about the germination
characteristics of Salsola seeds, our data provide a thorough
knowledge of the seed germination ecology of four representative
Salsola species to complex abiotic conditions and the potential
interactions with the winged perianth. These data also indicate
that the presence of winged perianth inhibits seed germination
of S. heptapotamica, S. rosacea, and S. nitraria. In addition, all
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these Salsola species have a high tolerance to salinity and drought.
The results indicate that the germination responses to light and
temperature conditions of endemic species are more sensitive
than that of widespread species.

Perianth-enclosed seeds are a characteristic feature of the
Salsola species, which helps in the dispersal of seeds by wind.
But the presence of winged perianth usually inhibit seed
germination (El-Keblawy et al., 2013). In this study, germination
percentages and germination indices of winged seeds of S.
heptapotamica, S. rosacea, and S. nitraria were significantly
inhibited. Removal of winged perianth significantly increased
the germination percentages and germination indices of the
three Salsola plants. A similar effect of perianth on seeds
germination was also found in H. persicum (Wei and Wang,
2006), S. affinis (Wei et al., 2008), and H. stocksii (Rasheed
et al., 2019). Previous studies reported that perianth-inhibited
seed germination by acting as a mechanical barrier for radicle
emergence or due to the presence of inhibitor substances,

which caused low germinability of seeds (El-Keblawy et al,
2013; Xing et al., 2013). In addition, our results showed that
inhibitory effects of winged perianth on seed germination could
be alleviated at some specific combination of temperature and
light, such as germinating at 10/25°C and light, indicating winged
perianth has complex effects on germination requirements to
light and temperature.

For S. rosacea, germination percentages of winged and
naked seeds were all significantly lower in dark than in
light at the five temperatures, which indicated the positive
photoblastic nature of the seeds. Light requirement of seed
ensures germination at or near soil surface that facilitates
seedling survival and growth (Rasheed et al., 2019). For S.
heptapotamica and S. nitraria, compared with naked seeds, only
germinations of winged seeds showed high light requirement,
indicating that presence of winged perianth enhanced seeds
germination requirements to light for these two Salsola plants.
Light-filtering properties of the winged perianth surrounding the
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seeds might be responsible for the sensitivity of germination
to light (Cresswell and Grime, 1981). The color of the winged
perianth of S. nitraria was yellow-green. The relative lower
light absorbance by winged perianth of S. nitraria might be the
reason for greater light requirement during seeds germination.
However, the winged perianth of S. heptapotamica has a variety
of colors in the wild (Zhu et al, 2003), and the absorption
of pigments to light is not enough to explain the high
light requirement for seed germination, which is needed to
further research.

The naked seeds of S. heptapotamica, S. rosacea, and S.
nitraria had up to 60% germination percentages in light,
and had more than 40% germination percentages in dark
at all tested temperature regimes. While winged seeds
for these three Salsola plants were hard to germinate in
dark, with <5% germination percentage for S. nitraria
at high temperatures. These results indicated significant
interaction among winged perianth, light, and temperature

for seeds germination. In many species, interactions
among different factors are often more inhibitory for
seed germination than their individual effects (Rasheed
et al, 2019). In this study, the inhibitory effect of winged
perianth on seed germination aggravated further in dark at
unsuitable temperatures.

Germination percentage of winged and naked seeds for S.
ruthenica was almost 100% at wide temperature regimes from
5/15 to 20/35°C whether in light or dark. This indicated that
S. ruthenica seeds may have an “opportunistic’ germination
strategy that allowed them to highly germinate in relatively wide
environmental conditions (Wei et al., 2007), which might be the
reason for its wide distribution in the Central Asia region (Zhu
et al,, 2003). In a changing climate, a wide adaptation range of
environments confers an advantage for the species to be used in
rehabilitation. Besides, germination indices of S. ruthenica seeds
were more than 90% at the five temperatures, which allowed
them to rapidly develop into seedlings in early spring when
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the soil is sufficiently moist, to occupy favorable habitats and
complete colonization in arid deserts. By contrast, germination
percentages and germination indices of S. heptapotamica, S.
rosacea, and S. nitraria seeds were relatively low due to their
interaction of winged perianth, light, and temperatures, which
prevented germination of all the seeds at one time. Retention
of a fraction of ungerminated seeds in the seed bank could
be considered a bet-hedging strategy to share the risk of seed
germination and improve chances for survival (Saatkamp et al.,
2011). However, it also prevents these three species from being
widely distributed as S. ruthenica in different habitats (Zhu et al.,
2003).

These four Salsola plants decreased germination percentages
with the increase of NaCl concentrations. Similar results are
also found in other species, such as Suaeda salsa (Song
et al, 2008) and S. iberica (Khan et al., 2002). This effect
might be caused by salinity-induced osmotic stress and/or
ion toxicity (Song et al, 2005). Seeds of the four Salsola

plants can germinate at 700mM NaCl solution with >10%
germination percentages, which showed higher tolerance to
salinity than other halophytes, such as S. vermiculata 600 mM
(Guma et al., 2010), Atriplex triangularis 510 mM (Khan and
Ungar, 1984), and Halogenton glomeratus 400 mM (Ahmed
and Khan, 2010). Besides, El-Keblawy et al. (2020) found
that seeds germination of S. drummondii collected in non-
salty habitats had a lower germination percentage than those
in salty habitats, indicating that maternal environment played
an important role in seed tolerance to salinity. In our study,
seeds of the four Salsola plants were all collected from
non-salty habitats, which may be underestimated of their
salt tolerance. In addition, the presence of winged perianth
aggravated the inhibition effect of NaCl on germination
percentage, especially for S. ruthenica, of which germination
of naked seeds (39%) was significantly higher than that of
winged seeds (3%) at 700 mM NaCl concentration. However,
the recovery germinations and total germinations of winged
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seeds for the four Salsola plants at higher NaCl concentrations  perianth-enclosed seed confined germination occurrence only
were significantly higher than those of naked seeds, suggesting  after sufficient rainfall, which will dilute soil salinity and can
that winged perianth also plays a positive role in the protection  also soften the perianth and leach the inhibitors (Rasheed et al.,
of seeds during exposure to high salinity (Xing et al,  2019).
2013).

Drought stress also caused a reduction in seed germination
percentage and total germination of the four Salsola plants, CONCLUSIONS
which might be ascribed to a reduction in the osmotic potential
of the solution that restricts sufficient imbibition of seeds Seed germination of endemic species S. heptapotamica, S.
(Tobe et al, 2000). At Ws of —1.03 MPa, except for S.  rosacea, and S. nitraria were significantly inhibited by perianth
heptapotamica with the least germination percentage of 3%, and darkness and showed high sensitivity to different abiotic
the other three Salsola plants can germinate ~10%, which  conditions. For better germination and seedling emergence,
were more tolerant to drought than Agropyron mongolicum  the perianth in these three species should be removed before
and Caragana korshinskii (Yu et al, 2021), S. vermiculata  sowing the seeds on the topsoil when the temperature is
(Al-Shamsi et al, 2018), and Lachnoloma lehmannii (Mamut  above 5/15°C. However, widespread species S. ruthenica seeds
et al, 2019). Moreover, the inhibitive effect of drought was  germinate equally well in light or dark in a wide range of
performed more significantly by the presence of winged perianth. ~ temperatures. Considering the high tolerance of these Salsola
The germination of winged seed for S. heptapotamica was  species to salinity and drought, they could be cultivated for
no germination at W of —1.03 MPa. It is reported that the  rehabilitating degraded arid-saline lands.
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