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Soil salinity is important abiotic stress affecting various ecosystems worldwide such as

grassland. Distinct ecotypes often evolve within species by natural selection to facilitate

adaptation to different types of environmental stress. Leymus chinensis is a perennial

rhizomatous grass that is widely distributed in the eastern Eurasian steppe; it has two

main ecotypes, namely, yellow-green (YG) and gray-green (GG), which differ in their

strategy for coping with salinity stress. Few studies have examined the seed germination

of the two ecotypes under salinity stress. In this study, the seed germination and seedling

growth of two ecotypes of L. chinensis in response to different levels of salinity (NaCl)

stress [0 (control), 20, 50, 100, and 200mM] were examined. Then, ungerminated seeds

were placed under normal conditions to evaluate seedling growth following exposure

to salt stress (i.e., regermination). The germination percentage was significantly higher,

and the mean germination time was significantly shorter in the GG ecotype than in the

YG ecotype at all NaCl concentrations. As the salinity level increased, the radicle length

of the two ecotypes decreased; however, GG had longer radicles and a higher number

of radicles, even at 200mM NaCl when no radicle protruding from the seed coat was

detected in YG. The shoot length of GGwas significantly longer than that of YG at all NaCl

levels. After salinity stress was removed, the seed germination percentage increased as

the original concentration of NaCl applied increased, but the total germination percentage

did not significantly differ among NaCl concentrations. The total seed germination

percentage of GG was approximately 80%, whereas that of the YG was approximately

20%. The seedling length of regerminated seeds for both GG and YG was similar. The

thousand-grain weight of GG was significantly higher than that of YG. GG was more

salt-tolerant than YG and might be better capable of surviving in harsher environments,

suggesting that GG might be particularly useful for saline grassland restoration.
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INTRODUCTION

Salinity is an important cause of abiotic stresses in various
ecosystems, especially agriculture and grassland (Cramer et al.,
2011; Tavakkoli et al., 2011). Increases in temperature associated
with climate change have caused evaporation to exceed
precipitation, and this has resulted in a gradual increase in soil
salinity. The exacerbation of soil salinity poses a serious threat to
the development of agriculture and horticulture (Yang andWang,
2015; Qadir, 2016). Understanding the response of plants to the
changes in the external environment is essential for improving
agriculture and land management, as well as predicting how
plants will respond to climate change (Chaves et al., 2003; Randin
et al., 2009).

Natural selection has led to the evolution of different ecotypes
in many plant species to improve adaptation to environmental
stress, such as salinity, drought, and temperature (Chaves et al.,
2003; Hameed and Ashraf, 2008; Randin et al., 2009). Ecotypes
can vary in their salt tolerance, and variation in ecotypes
is associated with variation in physiological, anatomical, and
molecular adaptive strategies (Chen and Wang, 2009; Kheloufi
et al., 2019). Seeds are often collected from natural habitats,
and environmental factors such as soil salinity, vegetation
composition, or the conditions of mother plants might affect
some of the physiological and morphological characteristics
of seeds (Hameed and Ashraf, 2008; Kheloufi et al., 2019).
The purpose of common garden experiments is to subject
individuals collected from different habitats to the same growth
environment to eliminate the effect of environmental factors
(Bender et al., 2002).

Seed germination and seedling growths are the first and the
most vulnerable stages in the life cycle of plants, and these stages
are especially important for plants growing in saline soil (Ungar,
1995; Kitajima and Fenner, 2000; El-Keblawy and Al-Rawai,
2005). Salts in the soil mainly inhibit these two important stages
through osmotic stress, ion toxicity, and nutrient deficiency
(Ashraf, 1993; Ashraf and Harris, 2004). The best approach
for dealing with saline soil and restoring degraded grassland
ecosystems is to screen for plants with higher salt tolerance,
as these plants have physiological and biochemical mechanisms
that allow them to grow under various types of environmental
stresses (Maggio et al., 2000; Tipirdamaz et al., 2006). Generally,
plants can adapt to environmental stress by either evolving
new ecotypes by natural selection or changing their phenotype
to match the environment by phenotypic plasticity (Jump and
Penuelas, 2005; Hoffmann and Sgrò, 2011; Anderson et al., 2012).

Leymus chinensis is a perennial rhizome and salt-tolerant
grass with high ecological and economic values; it is widely
distributed in the eastern Eurasian steppe and mainly occurs
in saline-alkali soil in the Songnen Plain in China (Bai et al.,
1994; Zhou and Yang, 2003). Previous studies have shown
that there are two ecotypes of L. chinensis, namely, gray-green
(GG) and yellow-green (YG), which differ in their survival
strategies. GG has a wider distribution and is more resistant
to salt stress compared with YG (Zhou et al., 2014; Lu
et al., 2020). Thus, differences in L. chinensis ecotypes may

reflect adaptive evolution (Kawecki and Ebert, 2004; Savolainen
et al., 2007; Delker et al., 2010; Liu et al., 2016). Although
some studies have examined physiological differences in the
response of L. chinensis to salt-alkali stress, few studies have
examined differences in the response of L. chinensis seeds of
different ecotypes to salinity stress during the germination period
(Chen and Wang, 2009; Zhou et al., 2014, 2017).

In this study, two ecotypes of L. chinensis ramets were
transplanted from natural Songnen grassland to a common
garden in 2018 and cultured for 2 years. Matured seeds were
collected from L. chinensis of GG and YG in July 2020. The aim
of this study was to investigate (1) the germination of seeds and
seedling growth from the GG and YG ecotypes in response to
a gradient of NaCl concentrations and (2) the seed germination
and seedling growth characteristics following the removal of
the salinity.

MATERIALS AND METHODS

Seed Materials
L. chinensis ramets of GG and YG were collected from Songnen
grassland in August 2018 and transplanted to separate common
garden plots. The experiments were conducted at the Northeast
Institute of Geography and Agricultural Ecology, Chinese
Academy of Sciences (125.38◦ E, 43.98◦ N, altitude 190m). There
were 25 ramets in each plot and three replicates for each ecotype.
After transplantation, ramets were regularly watered, and weeds
were removed to ensure the normal growth of L. chinensis. The
study site is characterized by a continental monsoon climate with
an annual average temperature of 7.1◦C and annual precipitation
of 663mm. The soil type is black soil, the average organic matter
content is 2.83%, the total N content is 1,368.56 mg·kg−1, and the
total P content is 669.18 mg·kg−1 (Zhao et al., 2019).

When the transplanted L. chinensis started to head for the
first time in July 2020, 50 mature spikes were collected for each
ecotype, placed in a paper bag, and dried at room temperature
(25◦C, 50% humidity). The length of collected spikes, the number
of total seeds, the number of fully developed seeds in each spike,
length and width of seeds, and the seed mass were determined for
each ecotype.

Germination Test
Seeds of GG and YG were sterilized in 0.1% HgCl2 solution for
10min, rinsed three times in distilled water, and then dried at
room temperature before seed germination. A total of 25 seeds
were sown in 9-cm Petri dishes of 0.7% agar-solidified medium
containing 0, 20, 50, 100, and 200mM NaCl. There were four
replicates for each treatment; all treatments were incubated at
a fluctuating temperature of 28/16◦C (12 h light/12 h dark, 26%
humidity, and light intensity of 54 µmol m−2 s−1). Seeds were
considered germinated when the radicle protruded through the
seed coat. The number of seeds germinated was determined
every day, and after 30 days of cultivation, the radicle length,
seedling length, and radicle numbers were determined. After the
germination experiment, ungerminated seeds were transferred to
0.7% water agar and cultivated for another 30 days to determine
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TABLE 1 | Seed traits of different ecotypes of L. chinensis.

Ecotype SL(mm) SW(mm) TKW(g) SpL (cm) Spi Sps Ep (%)

YG 9.24 ± 0.22a 1.32 ± 0.02a 2.06 ± 0.04a 16.93 ± 0.35a 22.1 ± 0.53a 151.1 ± 7.26a 58.68 ± 2.51a

GG 8.91 ± 0.16a 1.29 ± 0.01a 2.46 ± 0.04a 12.77 ± 0.52b 17.3 ± 0.76b 103.1 ± 8.36b 64.51 ± 1.91a

SL represents the length of the seeds; SW represents the width of the seeds; TKW represents the thousand-grain weight of seeds; SpL represents the length of the spike; Spi represents

the number of spikelets in each spike; Sps represents the number of seeds in the spike; and Ep represents the percentage of empty seeds. Different lowercase letters indicate significant

differences between different ecotypes under the same seed trait (p < 0.05).

the germination capacity of different ecotypes of L. chinensis
seeds following exposure to salt stress (i.e., regermination).

Mean germination time (MGT) was calculated for each
L. chinensis individual using the following formula:

MGT =

∑
(Gt×Dt)/

∑
Gt

where Gt is the number of seed germination at different times
and Dt is the seed germination days corresponding to Gt (Ellis
and Roberts, 1980).

Seed germination percentage was recorded as (A/C)× 100

Recovery germination percentage was recorded as (B/C)× 100

Total germination percentage was recorded as

[(A+ B)/C]× 100

where A is the number of seeds germinated initially, B is the
number of seeds recovered to germination, and C is the total
number of seeds used in the experiment (Khan and Ungar, 1984).

Data Analysis
Generalized linear models (GLMs) with a binomial error
structure were used to compare the initial germination and total
germination percentage; GLMs with a Poisson error structure
were used to analyze the seed traits, MGT, the number of radicles,
and the length of radicles and seedlings. Tukey’s test was used
to determine the significance of differences between treatments
(Liyanage and Ooi, 2015; Ma et al., 2018). Figures were drawn
with Origin 2019.

RESULTS

Seed Traits of Different L. chinensis
Ecotypes
Ecotype significantly affected the length of the spike, the number
of spikelets in each spike, and the number of seeds in the spike (p
< 0.05). The length and width of YG seeds were larger than the
length and width of GG seeds; the thousand-grain weight of YG
seeds was less than that of GG seeds; YG had longer spike lengths,
with more spikelets and a greater total number of seeds per spike,
and the percentage of empty seeds was low (Table 1).

Seed Germination
Effects of Salt Stress on the Seed Germination and

MGT of Different L. chinensis Ecotypes
Salt concentration and ecotype had significant effects on the
germination of L. chinensis seeds (p < 0.001, Table 2). Ecotypes
had significant effects on MGT (p < 0.001, Table 2). In the initial

TABLE 2 | Generalized linear models of the effects of ecotypes, salt

concentration, and their interactions on the initial and total germination

percentage, mean germination time, the number of radicles, and the length of the

radicle and shoot during and after salt exposure.

Factor df Pr (>Chi)

Initial

germination

ecotype 1 <0.001

NaCl 4 <0.001

ecotype × NaCl 4 0.05

Recovery

germination

ecotype

NaCl

ecotype × NaCl

1

4

4

<0.001

<0.001

<0.001

Total

germination

ecotype

NaCl

ecotype × NaCl

1

4

4

<0.001

0.30

0.16

MGT ecotype 1 <0.001

NaCl 4 0.88

ecotype × NaCl 3 0.92

The number of

radicals

ecotype

NaCl

ecotype × NaCl

1

4

4

<0.001

0.30

0.43

Initial radical

length

ecotype 1 <0.05

NaCl 4 <0.001

ecotype × NaCl 3 0.91

Initial shoot

length

ecotype

NaCl

ecotype × NaCl

1

4

3

<0.001

0.26

0.73

germination, the germination percentage of GG in the control
group was the highest (83%), and that in the 200mM NaCl
group was the lowest (5%). YG had the highest germination
percentage at 20mM NaCl (19%); YG did not germinate when
the salt concentration exceeded 100mM (Figure 1). At all salt
concentrations, the MGT of GG was shorter than that of YG;
the MGT of GG was ∼two times shorter than that of YG
(Figure 2).

Effects of Salt Stress on the Recovery Germination of

Different L. chinensis Ecotypes
Ecotypes, salt concentration, and salt concentration × ecotype
significantly affected the regermination percentage (p < 0.001,
Table 2). As the pretreatment salt concentration increased, the
regermination percentage increased; under the high pretreatment
salt concentrations (100 and 200mM), the regermination
percentage of GG was higher than that of YG. Under 200mM
of salt pretreatment, the highest regermination percentage of GG
was 66%, whereas that of YG was only 18% (Figure 3).
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FIGURE 1 | Effects of salt stress on the seed germination of different L.
chinensis ecotypes incubated at 28/16◦C (12 h light/12 h dark) for 30 d. There

were four replicates for each treatment. Values are means ± standard error

(SE); Different lowercase letters indicate significant differences between the

different NaCl concentrations under the same ecotype. *, **, ***Indicate

significant differences between the different ecotypes under the same NaCl

concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no

significant differences.

FIGURE 2 | Effects of salt stress on mean germination time of different L.
chinensis ecotypes incubated at 28/16◦C (12 h light/12 h dark) for 30 d. There

were four replicates for each treatment. Values are means ± standard error

(SE). *, **, ***Indicate significant differences between the different ecotypes

under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively,

and ns indicates no significant differences.

Effects of Salt Stress on the Total Germination of

Different L. chinensis Ecotypes
Ecotypes had a significant effect on the total germination
percentage (p < 0.001, Table 2); the salt concentration had

FIGURE 3 | Effects of salt stress on the seed re-germination of different L.
chinensis ecotypes incubated at 28/16◦C (12 h light/12 h dark) for 30 d. There

were four replicates for each treatment. Values are means ± standard error

(SE); Different lowercase letters indicate significant differences between the

different NaCl concentrations under the same ecotype. *, **, *** Indicate

significant differences between the different ecotypes under the same NaCl

concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no

significant differences.

FIGURE 4 | Effects of salt stress on the seed total germination of different L.
chinensis ecotypes, incubated at 28/16◦C (12 h light/12h dark) for 30 d. There

were four replicates for each treatment. Values are means ± standard error

(SE). *, **, *** Indicate significant differences between the different ecotypes

under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively,

and “ns” indicates no significant differences.

no effect on the total germination percentage. The total
germination percentage of GG ranged from 71 to 85% and
that of YG ranged from 16 to 23%; the total germination
percentage of GG was ∼four times greater than that of YG
(Figure 4).
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FIGURE 5 | Effects of salt stress on radicle length of seedlings grown from different L. chinensis ecotypes (A) the initially germination (B) the recovery germination;

There were twenty replicates for each treatment. Values are presented as means ± standard error (SE); Different lowercase letters indicate significant differences

between the different NaCl concentrations under the same ecotype. *, **, *** Indicate significant differences between the different ecotypes under the same NaCl

concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no significant differences.

Seedling Growth
Effects of Salt Stress on Radicle Length of Seedlings

Grown From Different L. chinensis Ecotypes
Salt concentration significantly affected the radicle length (p
< 0.001, Table 2). Ecotypes had effects on the radicle length
(p < 0.05, Table 2). As the salt concentration increased,
the radicle lengths of GG and YG decreased, but the
radicle length of GG was always longer than that of YG
(Figure 5A). During regermination, the radicle length of YG was
longer than that of GG when the pretreatment concentration
was <100mM. The radicle length of the seedlings during
regermination was ∼three times longer than the radicle
length of the seedlings that germinated under salt stress
(Figure 5B).

Effects of Salt Stress on Shoot Length of Seedlings

Grown From Different L. chinensis Ecotypes
Ecotypes significantly affected the shoot length (p < 0.001,
Table 2). The shoot length of GG seedlings was consistently
longer than that of YG seedlings (Figure 6A). The shoot length of
GG seedlings only increased significantly under the pretreatment
concentration of 200mM. The shoot length of YG seedlings
increased significantly under all pretreatment concentrations.
The growth of seedlings after the ungerminated seeds was
transferred to a salt-free mediumwas better than that of seedlings
that grew under salt stress, and the growth of the radicle was
greater than that of the shoot (Figure 6B).

Effects of Salt Stress on the Number of Radicles of

Seedlings Grown From Different L. chinensis

Ecotypes
Ecotypes significantly affected the number of radicles (p <

0.001, Table 2). At all salt concentrations, the number of radicals
of GG was greater than that of YG; the number of radicles
of GG seedlings germinated under 200mM salt solution was
approximately two times that of the YG ecotype under salt-free
conditions (Figure 7).

DISCUSSION

There were significant differences in the germination percentage
of different L. chinensis ecotypes. Under high salt stress, GG
had higher germination percentages (including regermination),
greater numbers of radicles, longer radicle lengths, shorter
germination times, and higher thousand-grain weight compared
with YG. These findings indicate that GG had stronger salt
tolerance than YG during the seed germination and seedling
growth stages. Variation in salt sensitivity is related to ecotype
identity and salt concentration, which is consistent with the
results of previous studies (Megdiche et al., 2007). We found that
the GG seeds are more salt-tolerant and could be of value for
plant breeding and grassland restoration.

Increases in salinity inhibit the germination of L. chinensis,
and the degree of inhibition varied among L. chinensis ecotypes.
GG is less affected by salt stress. Genetic differences between
populations play a key role in determining salt tolerance, and
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FIGURE 6 | Effects of salt stress on shoot length of seedlings grown from different L. chinensis ecotypes (A) the initially germination (B) the recovery germination;

There were twenty replicates for each treatment. Values are presented as means ± standard error (SE). *, **, *** Indicate significant differences between the different

ecotypes under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no significant differences.

FIGURE 7 | Effects of salt stress on the number of radicles of seedlings grown

from different of L. chinensis ecotypes. There were twenty replicates for each

treatment. Values are presented as means ± standard error (SE). *, **,
*** Indicate significant differences between the different ecotypes under the

same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and “ns”

indicates no significant differences.

some experiments have supported this hypothesis. For example,
differences in the germination percentage of the seeds of different
carob ecotypes under drought and salt stress have been detected.
The goal is to select genotypes with strong stress tolerance
for cultivation (Cavallaro et al., 2016). Ecotypes of milk thistle

(Silybum marianum) differ in their tolerance to drought and
salt stress, which may be caused by genetic variation (Hammami
et al., 2020). GG could be particularly useful for the study of salt
tolerance mechanisms. Salt inhibits the germination of seeds in
two ways. First, it reduces the osmotic pressure of plants and
limits the absorption of water and nutrients. It may also inhibit
enzyme activity to weaken the hydrolysis and metabolism of
plants (Munns, 2002; Chaves et al., 2003; Sidari et al., 2008).
Second, ion toxicity reduces the absorption of K+, which results
in the accumulation of toxic substances, photosynthesis, and a
decrease in respiration (Munns, 2002; Chen and Wang, 2009;
Zhou et al., 2014). Some studies have also shown that the MGT
of seeds under salt stress is prolonged, which may be caused by a
temporary delay in germination or forced dormancy by osmosis.
This is an adaptive strategy for seeds to survive under harsh
conditions (Ghoulam and Fares, 2001; Gill et al., 2003). GG seeds
might maintain a relatively high water content under salt stress,
which allows them to germinate under high salinity (200mM
NaCl), and their MGT is shorter (Bandurska, 2000). However,
the low seed germination of YG might be due to the deeper seed
dormancy than GG ecotype seeds. Therefore, it is necessary
to break seed dormancy by GA3 or cold stratification before
comparing their salt-tolerant abilities in the natural environment
in future studies.

The seeds of different L. chinensis ecotypes varied in their
response to salinity. Although the germination percentage
generally decreased with salinity, GG has a higher salt tolerance
than YG. At 100mM NaCl, 45% of GG seeds germinated,
but only 1% of YG seeds germinated. This pattern may stem
from differences in the antioxidant capacity of the two ecotypes
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(Cavallaro et al., 2016; Zhou et al., 2017). After the ungerminated
seeds exposed to salt stress were transferred to distilled water,
the germination percentage of YG and GG ecotypes gradually
increased as the salt concentration that they were previously
exposed to increased. This pattern indicates that the salt
concentration only temporarily inhibits the germination of seeds,
and this is one of the mechanisms permitting L. chinensis seeds
to germinate under salt stress. This finding is consistent with
the results of previous studies (Khan and Gulzar, 2003; Wang
et al., 2008; Cao et al., 2012). Higher salinity in spring results
in low germination of L. chinensis seeds; high precipitation in
summer decreases soil salinity, which increases the rapidity of
germination, especially for seeds in the shallow layer of the soil.

Seedling establishment is another critical period (Jamil
et al., 2005). Under salt stress, plants experience a series of
morphological, physiological, and biochemical changes. The
morphological changes mainly include changes in radicle length,
shoot length, and the number of radicles. The length of shoots
and radicles can be used as an early indicator of plant salt
tolerance (Misra et al., 1995; Lopez and Satti, 1996; Evers et al.,
1997). Under abiotic stress, the root system of plants is the key
since the roots are in close contact with salt in the soil, and the
Na+ absorbed by the shoot is regulated by the root system. The
absorption and transport of Na+ are also important (Anil et al.,
2005; Krishnamurthy et al., 2009). When the soil has too much
salt, the nutrients in the soil are lacking, and plant dehydration
is serious, which reduces the turgor pressure of the cells and
causes the cells to stop growing and dividing (Bewley and Black,
1983; Neumann, 1997). The radicle is more sensitive to salinity,
which is consistent with the results of previous studies (Misra and
Dwivedi, 2004; Lin et al., 2014). Although salt inhibits the radicle
length, salt does not inhibit the number of radicles. At all salt
concentrations, the number of radicles of GG was greater than
that of YG (Figure 7), which may indicate that GG has better
salt tolerance. Under appropriate concentrations, salt promotes
rooting, the absorption of water, the maintenance of osmotic
pressure, and the dynamic balance of ions and nutrients for
growth. Several radicles facilitate the maintenance of osmotic
pressure and increase vegetative reproduction. We dissected
the ungerminated YG seeds with a scalpel and found that the
embryos of the seeds were hard and intact, indicating that most
YG seeds were dormant. This may be a characteristic of seed

adaptability to ensure germination in an environment conducive
to seedling emergence. The germination requirements of YG
seeds are very high, and the ungerminated seeds may be due to
environmental conditions and the characteristics of the seed (i.e.,
the thickness of the seed coat, the vitality of the embryo, and
the provision of nutrients) that did not meet their germination
standards. Therefore, GG is more tolerant to salt stress than
YG, and the degree of dormancy is lower. Thus, it is a better
choice for restoring land degraded by salinity. The selection of
cultivars with optimal genotypes during the germination period
and seedling establishment period is essential for ensuring the
success of saline-alkali soil restoration.
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