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Abstract: Germination events of plants often occur after rainfall in saline environments where
the soil salinity is diluted, viz recovery germination. Previous germination studies have rarely
considered the duration of exposure to salt stress, and none of them have investigated recovery
germination under low-salt concentration, other than in distilled water. The main objective of this
study was to investigate the effects of salinity, exposure duration and low-salt recovery solutions on
seed germination of the weed Chenopodium acuminatum to get a clear insight about the germination
strategy exhibited by this species in a saline habitat. Seeds were initially exposed to 0–400 mM NaCl
for 10, 20 and 30 d. The subsequent recovery experiment was conducted differently. For those initially
treated with 100 and 200 mM NaCl, the recovery solution was distilled water, while for those initially
treated with 300 and 400 mM NaCl, the recovery solution was distilled water, at 50 and 100 mM NaCl.
Results showed that the recovery germination percentage and rate significantly decreased when the
exposure duration extended. Seeds could subsequently recover to germinate at high percentages at
recovery salt solution concentrations for a short duration, but the recovery percentages and rates in
high salinity, combined with high exposure duration and relatively high recovery salt concentrations,
were remarkably lower. More than 30% of the ungerminated seeds were viable after the recovery
experiment. We suggest that Ch. acuminatum exhibits a ‘cautious’ strategy of germination to avoid
injury from long-term salt stress and ensure survival for the subsequent continuation of its population
under unfavorable saline conditions.

Keywords: prolonged exposure duration; recovery germination; salt stress; seed secondary dormancy

1. Introduction

Soil salinization influences numerous ecosystems worldwide, especially in arid and
semiarid climatic zones [1], which was mainly driven by sea level rises, climate change,
and/or anthropogenic factors [2]. A significant increasing tendency of salinization has
caused a great challenge for agricultural production and also the natural vegetation [3–5].
Thus, the remediation of salty soils and the cultivation of salt-tolerant plants and crops
can be regarded as some of the viable strategies that could help solve this problem. Given
that a plant can survive and complete the whole life cycle in salty environments, the
prerequisite for such habitats is seed germination and seedling establishment [6]. Thus,
seed the germination tolerance of various plants to salt has received much attention [7–10].

Seed germination response to salt stress includes a reduction in germination percentage
and a delay in germination, which is caused by the osmotic and ion effects of salt [11,12].
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Hyper-saline conditions may also lead to the death of seeds [13]. Therefore, the tolerance
of seeds at the germination stage reflects in two aspects: the ability to germinate under
salt stress, and the ability to recover germination after exposure to salt stress and then the
relief of salinity [14]. Seed recovery germination ability is an adaptive strategy in salty
environments to ensure successful establishment. For example, some halophytes have the
inherited ability to maintain a fairly long seed dormancy period when they are exposed to
hyper-saline conditions, and subsequently can germinate when the unfavorable salt stress
is alleviated [11,15,16].

Previous studies investigating germination and recovery responses to salt have usually
exposed seeds to different salinity levels over a specific duration (e.g., duration vary from
7 d to 30 d) before the experiment was terminated [11,12,15,16]. However, germination
responses of halophytes depend on the duration and concentration of salt to which they
are exposed. Prolonged exposure to saline solutions can stimulate germination of certain
species [17]. For example, after 30 d exposure to 3–10% NaCl solutions, the seeds of
Suaeda calceoliformis (Hook.) Moq., Hordeum jubatum L., Salicornia europaea L. and Spergularia
marina (L.) Besser could rapidly recover germination and reach or exceed the germination
percentages of those treated with distilled water. Different salt exposure duration to salt
stress for seeds are common in the field of salinized environments. However, the effects of
saline exposure duration on the recovery germination is not clear.

Under natural conditions of salt regions, the salinity of the soil surface could be
substantially reduced after rainfall events, which is a prerequisite for successful germination
of most species in such habitats [16]. However, the rainfall alone cannot ensure a complete
leach of the saline soil. Most rainfall events may just dilute salty soil to an appropriate
salinity level that facilitates seed germination. Thus, the testing of recovery germination
responses to low salinity level is a valuable angle to further understand strategies of seed
germination and seedling establishment in saline environments. The recovery germination
experiments in previous studies have always transferred ungerminated seeds to distilled
water [11,16,18]. Studies on recovery germination responses of seeds to low salinity are
lacking. Furthermore, little is known about the interactive effects of exposure duration and
recovery solution concentration on recovery germination.

To unravel these research gaps, we investigated the common weed species Chenopodium
acuminatum Willd., belonging to the family Amaranthaceae. It is an annual inland halo-
phyte, widely distributed in grazing grasslands and croplands in the temperate biome [19],
and also plays an important role in the restoration succession in degraded grasslands [20,21].
The native range of this species include the southeast of European, Japan and Philippines,
and was introduced into Bulgaria and Czechoslovakia [22]. It causes serious problems in
agricultural production and forage quality owing to the abundant soil seed bank in saline
habitats [23].

In order to understand the germination and recovery germination responsive strategy
comprehensively and help control the problematic weed of Ch. acuminatum, we tested the
following: (1) the effects of salinity and exposure duration on the initial germination and
recovery germination in distilled water, (2) the influences of salinity, exposure duration and
recovery solution concentrations on recovery germination of Ch. acuminatum. We hypothe-
sized that prolonged exposure duration to high salinity inhibited initial germination and
recovery germination. We also predicted that low-salinity solution as a recovery medium
might decrease recovery germination.

2. Materials and Methods
2.1. Seed Collection and Study Region

Seeds of Ch. acuminatum Willd. were collected from more than 50 individuals of natural
populations at maturity in the Songnen Plain of Northeast China (44◦45′ N, 123◦45′ E;
160 m a.s.l) [24,25]. The region has a semi-arid, continental climate. The mean annual
temperature is around 5 ◦C, varying from −16 ◦C in January to 25 ◦C in July. The average
annual precipitation is 350–450 mm and occurs mostly between June and August [26].
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The pericarps of seeds were removed by hand. Seeds were stored in a paper bag at room
temperature (15–22 ◦C, 40% relative humidity) for seven months before the germination
experiment. The viability of the randomly selected seed sample was tested before the
germination experiment and ungerminated seeds were tested after the recovery experiment
using tetrazolium test [27].

2.2. Effects of Salinity and Exposure Duration on Initial Germination

Five salinity treatments including 0, 100, 200, 300, 400 mM NaCl solutions and three du-
ration (10, 20 and 30 d) were used for the initial germination experiment. There were 4 repli-
cates (4 petri dishes) for 0 mM (distilled water), 12 replicates (4 petri dishes × 3 duration)
for 100 and 200 mM NaCl treatments and 36 replicates (12 petri dishes× 3 duration) for 300
and 400 mM NaCl treatments used for recovery treatments with subsequent salt concentra-
tions (distilled water, 50 and 100 mM NaCl), resulting in 100 petri dishes (Figure 1). The
initial germination experiment and the recovery experiment in distilled water were factorial
designs with two factors (salinity × exposure duration). The recovery experiment was
initially exposed to 300 and 400 mM and recovered in distilled water, 50 and 100 mM salt
solutions was a factorial design with three factors (salinity × exposure duration × recovery
solution concentration). Thirty seeds were surface sterilized by NaClO3 and then placed
on double layer filter paper in each of the 9 cm diameter petri dishes with 7 mL of the test
solution. The petri dishes were sealed with parafilm and incubated at 20 ◦C under com-
pletely dark conditions (60% relative humidity) in incubators (HPG-400, Haerbin, China).
Germinated seeds were counted under green light. Seeds were considered to be germinated
when the radicle has emerged approximately 1 mm. Germination was examined every 2 d
and germinated seeds were removed from petri dishes at each counting.
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At the end of each exposure duration, the initial germination percentage was calculated
by the equation: B/(C − NV) × 100%, where B is the number of seeds germinated in
salt solutions and C is the total number of seeds (30 seeds), and NV is the non-viable
ungerminated seeds. Germination rate was calculated using the modified Timson index:
∑G/t × 100%; in this study G is the accumulate germination percentage at each day and t
is the total germination period [28]. According to this equation, the highest value obtained
was 100 (i.e., 1000/10), and a higher value indicates a more rapid germination. Germination
percentage and germination rate here were referred to as initial germination percentage
and initial germination rate, to distinguish them from the following recovery germination
percentage and recovery germination rate.
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2.3. Recovery Test

Ungerminated seeds in each of the above treatments were thoroughly washed by
distilled water to get rid of any remnant solutes on seed surfaces after 10 20, and 30 d
duration. Those ungerminated seeds of 100 and 200 mM NaCl treatments were transferred
to distilled water for recovery. The ungerminated seeds from 300 and 400 mM NaCl
treatments were transferred to distilled water of 50 and 100 mM NaCl solutions for recovery,
respectively. Each recovery treatment had four replicates. The duration of the recovery test
was 10 d.

Through the tetrazolium test of the ungerminated seeds after the recovery experi-
ment, only viable seeds were used to calculate recovery germination and total germina-
tion percentages. The recovery germination percentage was calculated by the equation
A/(C− B−NV)× 100%, where A is the number of seeds germinated in recovery solutions,
B is the number of seeds germinated in salt solutions in previous germination experiment,
C is the total number of seeds tested (30 seeds), and NV are the non-viable ungerminated
seeds present in recovery experiment [29]. Total germination percentage was calculated as
(A + B)/(C − NV) × 100%. The recovery germination rate was also calculated using the
modified Timson index.

2.4. Statistical Analysis

The germination percentage was arcsine square root transformed before analysis to
ensure homogeneity of variance [30]. Two-way ANOVA was performed to test the effects of
salinity (0–400 mM) and exposure duration and their interaction on initial seed germination,
recovery germination in distilled water and total germination percentages. Three-way
ANOVA was performed to test the effects of salinity (300 and 400 mM), exposure duration
and recovery solution concentration and their interactions on recovery germination and
total germination percentage. LSD tests were used for multiple comparisons to determine
significant differences between treatments at p < 0.05 level. Regression analysis was used
to describe the relationships between total germination percentage and salinity combined
exposure duration. All data were analyzed using SPSS (Version 19.0 for Windows).

3. Results
3.1. Effects of Salinity and Exposure Duration on Initial Germination

Ninety-five percent of the Ch. acuminatum seeds were viable in the tetrazolium test
before the experiment and most seeds were germinated within 8 d in all treatments. The
low salinity of 100 and 200 mM NaCl had no effects on the initial germination percentage.
The maximum germination percentage and rate were obtained at 100 mM after 20 d
exposure, which was significantly higher than that in distilled water (Figure 2). There
was only 1%, 6%, and 7% seeds germinated at 300 mM in 10, 20, 30 d exposure duration,
respectively. None of the seeds germinated at 400 mM NaCl treatment. Exposure duration
in salt stress had no effect on the initial germination percentage, but significantly affected
germination rate (p < 0.05; Table 1). The initial germination rate significantly decreased at
30 d exposure for 100 and 200 mM NaCl treatments, compared with 10 d and 20 d exposure
duration (Figure 2).

3.2. Effects of Salinity and Exposure Duration on Recovery of Germination in Distilled Water

Salinity has significant effects on recovery germination percentage and recovery ger-
mination rate of Ch. acuminatum seeds in distilled water (p < 0.05, Table 1). The increased
salinity ‘pre-treatment’ level increased the recovery percentage and recovery germination
rate, with higher values in hyper-salinity (300 and 400 mM) than in low salinity treatments
(100 and 200 mM). However, the recovery germination percentage and rate decreased
when the exposure duration extended, especially in the case of 400 mM NaCl treatment
(Figure 3a,b). The total germination was promoted in salt treatments at shorter exposure du-
ration (10 d), compared with that in distilled water (Figure 3c). By contrast, longer exposure
duration (30 d) decreased the total germination percentage for 400 mM NaCl treatment.
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Table 1. Two-way ANOVA showed the effects of salinity (0–400 mM), exposure duration (10, 20
and 30 d) and their interactions on initial germination, recovery germination and total germination
percentage in distilled water of Ch. acuminatum. F values were given, and asterisks indicate significant
effects at p < 0.05.

Source
Initial

Germination
Percentage

Initial
Germination

Rate

Recovery
Percentage

Recovery
Germination

Rate

Total
Germination
Percentage

df F F F F F

Salinity (S) 4 4.208 * 1.637 9.589 * 44.858 * 10.303 *
Exposure duration (ED) 2 2.138 20.816 * 1.100 35.151 * 1.588

S × ED 8 0.986 5.252 * 2.624 60.065 * 1.745
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Figure 2. Initial germination percentage (a) and germination rate (b) of Ch. acuminatum when exposed
to different salinity and exposure duration. Different letters between treatments indicate significant
differences at p < 0.05.

3.3. Effects of Salinity, Exposure Duration and Recovery Solution Concentrations on Recovery
of Germination

Salinity (300 and 400 mM), exposure duration (10, 20 and 30 d), and recovery concen-
tration (0, 50, and 100 mM) significantly influenced recovery germination percentages and
rates (p < 0.05; Table 2). Few seeds (<10%) could germinate at 300 mM and 400 mM NaCl
levels in the initial germination experiment (Figure 2a). But seeds recovered to germinate at
a high percentage in distilled water and 50 and 100 mM NaCl recovery solutions with 10 d
exposure duration (Figure 4a,b). However, recovery in salt solutions (50 and 100 mM NaCl)
greatly decreased recovery germination percentage and germination rate for 20 d and 30 d
exposure duration treatments, compared with recovery in distilled water (Figure 4a,d). The
recovery germination percentage of 300 mM was 65.3%, 57.1% and 64.9%, respectively, for
10, 20, and 30 d exposure duration in distilled water. Recovery germination percentage of
300 mM was 68.9%, 35.0%, and 31.2%, respectively, for 10, 20, and 30 d exposure duration
in 100 mM recovery solution (Figure 4a).
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germination rate (b) and total germination percentage (c) of Ch. acuminatum seeds initially subjected
to five salinity treatments and then recovered in distilled water (see Section 2.3 Recovery Test).
Different letters between treatments indicate significant differences at p < 0.05.

The total germination percentages at 300 mM and 400 mM salinity levels in all recovery
solution concentrations were not significantly different with that of the control (germination
in distilled water in the germination experiment) for 10 d exposure duration (Figure 4e,f).
High exposure duration also had greater effects on the total germination percentage than
that of low exposure duration. The adverse influence of exposure duration and recovery
solution concentration was greater for 400 mM than 300 mM salinity level (Figure 4).
However, more than 30% of the ungerminated seeds after the recovery experiments were
viable. The viable seed percentages of 300 and 400 mM initial salt treatments for 20 d and
30 d exposure duration recovering in 50 and 100 mM solutions were much higher than the
other treatments (Figure 5).
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Table 2. Three-way ANOVA showing the effects of salinity (300 and 400 mM), exposure duration
(10, 20 and 30 d), recovery concentration (0, 50, and 100 mM) and their interactions on seed recovery
germination percentage, recovery rate and total germination percentage of Ch. acuminatum seeds, F
values were given, and asterisks indicate significant effects at p < 0.05.

Source
Recovery

Germination
Percentage

Recovery
Germination

Rate

Total
Germination
Percentage

df F F F

Salinity (S) 1 9.519 * 10.116 * 14.069 *
Exposure duration (ED) 2 59.583 * 64.875 * 35.931 *

Recovery concentration (RC) 2 10.661 * 10.846 * 9.042 *
S × ED 2 9.907 * 9.159 * 6.466 *
S × RC 2 0.316 0.43 0.033

ED × RC 4 3.659 * 3.929 * 2.241
S × ED × RC 4 1.826 1.945 2.489

Figure 5. Viable seed percentage of non-germinated seeds in different salinity exposure duration and
exposure salt solutions after recovery experiment. The asterisks for different treatments indicate a
significant difference when compared to control at p < 0.05.

The relationships between total germination percentage and the combination of salin-
ity multiplying exposure duration were parabolic. Total germination can be promoted
under low salinity conditions, but the highest values occurred at different salinity and
exposure duration for recovery in distilled water and 50 or 100 mM salt solutions. The total
germination percentage might decrease 20% approximately in 50 and 100 mM recovery
solutions compared with those seeds recovering in distilled water at medium and high
salinity combined exposure duration. For example, the total germination percentage of
recovery in distilled water was 65% under a stress of 6000 mM · d (subjected to 200 mM
NaCl stress for 30 days or 300 mM NaCl stress for 20 days), while the total germination
percentage of recovery in 50 mM and 100 mM was 41% and 43%, respectively (Figure 6).
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Figure 6. The relationships between total germination percentage and salinity combined exposure
duration when Ch. acuminatum seeds were subjected to different recovery salt concentrations.

4. Discussion

Our results showed that prolonged exposure duration to high salinity and recovery at
low concentrations of NaCl inhibited initial germination and recovery germination of Ch.
acuminatum, although a high percentage of viable and non-germinated seeds were observed
after the recovery experiment, especially those under 300 and 400 mM initial NaCl. Those
seeds exhibited healthy features, such as no fungal infection, integrated seed coat, and
seeds with a firm white embryo [27]. The tetrazolium test further confirmed their viability.
Thus, we suggest that these seeds entered a conditional or secondary dormancy phase
prior to recovery treatments, which is induced by prolonged unfavorable conditions [31].
It is widely accepted that salt may induce seeds into a conditional dormancy state [32,33].
The conditional dormant seeds could germinate when the soil salinity is diluted by rain
or snow melt. If the salt stress could not be alleviated, the seeds might enter a secondary
dormancy in the soil seed bank, such as annual halophytes Suaeda aralocaspica (Bunge)
Freitag & Schütze [34], Suaeda corniculata subsp. magnolica Lomon. & Freitag [33], Eruca
sativa Mill. [35] and Opuntia ficusindica (L.) Mill. [36].

Seeds of Ch. acuminatum exposed to higher salinity for short duration demonstrated
the stimulative effect of salt on recovery germination. Total germination percentages in all
salinity for 10 d exposure duration were higher than those of the control, especially 400 mM
initial treatment (Figure 3c). This result indicates that the negative water potential of the
relatively high NaCl solutions might have caused a water stress priming condition in the
Ch. acuminatum seeds. When the water stress conditions are alleviated by soaking seeds in
distilled water, recovery germination is promoted. Similar increasing trends of germination
after experiencing an initial osmotic stress have also been observed in other halophytes
such as Suaeda moquinii (Torr.) Greene [37], Atriplex halimus L. [38], Cakile maritima Scop. [39]
and Puccinellia limosa (Schur) Holmb. [40].

As predicted, not only salinity and exposure duration were critical factors for recovery
germination rate, but also the solute concentrations used for subsequent recovery treat-
ments had significant effects on recovery germination and total germination percentages
(p < 0.05; Table 2). Recovery concentration of 50 mM and 100 mM NaCl solutions decreased
the recovery germination percentage and germination rate of Ch. acuminatum, especially
when they were exposed for a longer duration (20 or 30 d). Based on the relationship
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between total germination and duration of combined exposure to salinity, it is observed
that the total germination might be 20% greater recovering in distilled water than in 50
or 100 mM NaCl solutions (Figure 6). Thus, the previous studies may have overesti-
mated the recovery germination percentage and rates of halophytes and glycophytes under
salt alleviated field conditions, as the recovery germination was only tested in distilled
water [10,41–45].

Our study showed that most of the Ch. acuminatum seeds could germinate and recovery
after salt treatments within two days. This species mainly distribute in arid and semi-arid
regions and saline soils, where there are low and irregular rainfall [46]. The rapid seed
germination of Ch. acuminatum is an adaptive strategy in saline-alleviated environmental
conditions experienced during the rainy season to ensure a successful subsequent seedling
establishment [42]. Similar research showed a rapid germination pattern of Ch. acumina-
tum germination time to reach 50% germination was 1 d and to reach 90% germination
was 3 d [23].

The salt tolerance threshold of halophytes varies widely depending on their respective
strategies for adaptation to the environment. For example, seeds of Atriplex patula L.
could germinate in less than 170 mM NaCl, while Salicornia rubra A. Nelsson have a
very high salt tolerance of 1000 mM NaCl at the germination stage [47]. In our study,
seeds of Ch. acuminatum could tolerate up to 300 mM NaCl concentration, with 5% seeds
germinated. However, recovery germination of Ch. acuminatum seeds was high when
they were transferred to distilled water or relatively low salt concentrations. Based on
Woodell’s classification of halophytes [48,49], Ch. acuminatum falls into category one: seed
germination decreases with the increase of salinity but has a high recovery germination
percentage from the germination perspective of this study.

Plants have the ability to develop adaptive strategies in their particular occupied
habitat, and the germination strategy plays a pivotal role in ensuring population stability
and prosperity [18,50–53]. Based on our results, Ch. acuminatum seeds adopt comprehensive
germination strategies in salt stress conditions. At low salinity, a high proportion of seeds
germinate immediately when the temperature and relative humidity are optimal, and only
a small proportion of seeds remain dormant in the soil seed bank. At median and high
salinity, the majority of seeds do not germinate due to hyper-salinity and enter a conditional
dormancy state. The recovery germination percentage increases under short exposure
scenarios when the salinity level is eased. A small proportion of the seeds also remain
dormant in soil seed bank. If the seeds are exposed to medium and high salinity conditions
over a month, only a small proportion of seeds can recover germination, even after the
salinity levels are subsequently diluted to a very low level. Under these circumstances, part
of the seeds permanently failed to germinate. A similar dormancy pattern was found in
Suaeda aralocaspica (Bunge) Freitag & Schütze [34], Kalidium capsicum (L.) Ung.-Sternb. [53].
This strategy has an ecological significance under median and high saline environments.
The ‘cautious’ germination strategy allows seeds of Ch. acuminatum to avoid injury due
to fairly high salt exposure that can lead to their population extinction in such habitats.
These results reflect the seedling survival success of this species in saline environments in
arid and semi-arid regions from a germination strategy perspective. Further biochemical
experiments to test the effects of the osmotic potential of the salt solutions as a possible
cause that leads to the difficulty in imbibition and activation of the metabolism of the
embryonic axis and the evaluation of the seedling survival in saline environments will be
necessary to confirm this hypothesis.

5. Conclusions

In conclusion, prolonged exposure of Ch. acuminatum seeds to medium and high
salinity and recover in low concentrations of salt solutions significantly decreased the
recovery germination percentage and rate while a short exposure duration of low salinity
levels had a stimulative effect on recovery germination and total germination. Generally,
the weed species Ch. acuminatum germinates fast and adopts a ‘cautious’ germination
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strategy under high salinity levels, which helps this species survive in saline habitats.
The overall germination processes involved in these saline habitats are likely to be highly
complex, and as shown in our preliminary studies, all these factors seem to interact in a
highly ordered manner involving physiology, biochemistry, and gene expression related to
Ch. acuminatum seed germination.

Author Contributions: Conceptualization, Y.T., K.U.T. and H.Z.; methodology, Y.T.; software, Y.T.;
validation, Y.T. and Z.S.; formal analysis, Y.L.; investigation, H.Z.; resources, Y.T.; data curation,
Y.T.; writing—original draft preparation, Y.T.; writing—review and editing, H.Z., K.U.T. and Z.S.;
visualization, Y.T.; project administration, Z.S.; funding acquisition, Z.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Major Science and technology Project of Jilin Province
(20230303008SF), Science and Technology Department of Jilin Province of China (20210202070NC),
the National Natural Science Foundation of China (41971069) and Science and technology research
project of Education Department of Jilin Province (grant number JJKH20220370KJ).

Data Availability Statement: All relevant data for this study were reported in this article.

Acknowledgments: We would like to thank Li Hong’an for seed identification and collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rozema, J.; Flowers, T. Ecology: Crops for a salinized world. Science 2008, 322, 1478–1480. [CrossRef]
2. Eswar, D.; Karuppusamy, R. Drivers of soil salinity and their correlation with climate change. Curr. Opin. Environ. Sustain. 2021,

50, 310–318. [CrossRef]
3. Haj-Amor, Z.; Araya, T. Soil salinity and its associated effects on soil microorganisms, greenhouse gas emissions, crop yield,

biodiversity and desertification: A review. Sci. Total Environ. 2022, 843, 156946. [CrossRef] [PubMed]
4. Ma, X.; Pan, J.A. Bibliometric Review of Plant Growth-Promoting Rhizobacteria in Salt-Affected Soils. Agronomy 2022, 12, 2304.

[CrossRef]
5. Shaddad, S.M.; Buttafuoco, G. Assessment and Mapping of Soil Salinization Risk in an Egyptian Field Using a Probabilistic

Approach. Agronomy 2020, 10, 85. [CrossRef]
6. Lei, C.; Bagavathiannan, M. Osmopriming with Polyethylene Glycol (PEG) for Abiotic Stress Tolerance in Germinating Crop

Seeds: A Review. Agronomy 2021, 11, 2149. [CrossRef]
7. Izadi, Y.; Moosavi, S.A. Salinity affects eco-physiological aspects and biochemical compositions in chia (Salvia hispanica L.) during

germination and seedling growth. Sci. Hortic. 2022, 306, 1461. [CrossRef]
8. Hmissi, M.; Chaieb, M. Differences in the Physiological Indicators of Seed Germination and Seedling Establishment of Durum

Wheat (Triticum durum Desf.) Cultivars Subjected to Salinity Stress. Agronomy 2023, 13, 1718. [CrossRef]
9. Malik, J.A.; Al Qarawi, A.A. Effect of Salinity and Temperature on the Seed Germination and Seedling Growth of Desert Forage

Grass Lasiurus scindicus Henr. Sustainability 2022, 14, 8387. [CrossRef]
10. Walsh, S.K.; Wolki, D. Variability in seed salinity tolerance in an island coastal community. Ann. Bot. 2023, mcad129. [CrossRef]
11. Castillo, J.M.; Curado, G. Germination syndrome divergence among pairs of sympatric sister species along an estuarine salinity

gradient. Environ. Exp. Bot. 2021, 181, 104274. [CrossRef]
12. Bhatt, A.; Santo, A. Germination and recovery of heteromorphic seeds of Atriplex canescens (Amaranthaceae) under increasing

salinity. Plant Ecol. 2016, 217, 1069–1079. [CrossRef]
13. Ludwiczak, A.; Osiak, M. Osmotic Stress or Ionic Composition: Which Affects the Early Growth of Crop Species More? Agronomy

2021, 11, 435. [CrossRef]
14. Ungar, I.A. Seed germination and seed-bank ecology in halophytes. In Seed Development and Germination; CRC Press: Bocaraton,

FL, USA, 2017; pp. 599–628. [CrossRef]
15. Castillo, J.M.; Curado, G. Salt tolerance during germination identifies native intertidal plant species at risk under increasing

salinity with sea level rise. Mar. Ecol. Prog. Ser. 2022, 684, 57–68. [CrossRef]
16. Pujol, J.A.; Calvo, J.F. Recovery of germination from different osmotic conditions by four halophytes from southeastern Spain.

Ann. Bot. 2000, 85, 279–286. [CrossRef]
17. Keiffer, C.H.; Ungar, I.A. The effect of extended exposure to hypersaline conditions on the germination of five inland halophyte

species. Am. J. Bot. 1997, 84, 104–111. [CrossRef]
18. Moreno, J.; Terrone, A. Germination patterns along a salinity gradient of closely-related halophytes in sympatry. Estuar. Coast.

Shelf Sci. 2022, 264, 107690. [CrossRef]
19. Zheng, Y.H.; Li, J.D. Halophytes in Songnen Plain and Restoration of Saline-Alkali Grassland; Science Press: Beijing, China, 1999.

https://doi.org/10.1126/science.1168572
https://doi.org/10.1016/j.cosust.2020.10.015
https://doi.org/10.1016/j.scitotenv.2022.156946
https://www.ncbi.nlm.nih.gov/pubmed/35768029
https://doi.org/10.3390/agronomy12102304
https://doi.org/10.3390/agronomy10010085
https://doi.org/10.3390/agronomy11112194
https://doi.org/10.1016/j.scienta.2022.111461
https://doi.org/10.3390/agronomy13071718
https://doi.org/10.3390/su14148387
https://doi.org/10.1093/aob/mcad129
https://doi.org/10.1016/j.envexpbot.2020.104274
https://doi.org/10.1007/s11258-016-0633-6
https://doi.org/10.3390/agronomy11030435
https://doi.org/10.1201/9780203740071
https://doi.org/10.3354/meps13961
https://doi.org/10.1006/anbo.1999.1028
https://doi.org/10.2307/2445887
https://doi.org/10.1016/j.ecss.2021.107690


Agronomy 2023, 13, 2769 12 of 13

20. Huang, Y.; Zhao, X. Biomass allocation to vegetative and reproductive organs of Chenopodium acuminatum Willd. under soil
nutrient and water stress. Bangladesh J. Bot. 2013, 42, 113–121. [CrossRef]

21. Kinugasa, T.; Hozumi, Y. Germination characteristics of early successional annual species after severe drought in the Mongolian
steppe. J. Arid. Environ. 2016, 130, 49–53. [CrossRef]

22. Kong, X.W. Chenopodium acuminatum Willd. Flora China 1979, 25, 86.
23. Li, X.; Jiang, D. Soil seed bank characteristics beneath an age sequence of caragana microphylla shrubs in the Horqin sandy land

region of northeastern China. Land Degrad. Dev. 2014, 25, 236–243. [CrossRef]
24. Zhao, M.; Liu, Z.; Zhang, H.; Wang, Y.; Yan, H. Germination Characteristics Is More Associated With Phylogeny-Related Traits of

Species in a Salinized Grassland of Northeastern China. Front. Ecol. Evol. 2021, 9, 748038. [CrossRef]
25. Chen, P.; Jiang, L. Seed Germination Response and Tolerance to Different Abiotic Stresses of Four Salsola Species Growing in an

Arid Environment. Front. Plant. Sci. 2022, 13, 892667. [CrossRef]
26. Wang, Y.; Shen, X.M. Vegetation Change and Its Response to Climate Change between 2000 and 2016 in Marshes of the Songnen

Plain, Northeast China. Sustainability 2020, 12, 3569. [CrossRef]
27. Baskin, C.C.; Baskin, J.M. Ecologically Meaningful Germination Studies. In Seeds: Ecology, Biogeography, and Evolution of Dormancy

and Germination, 2nd ed.; Academic Press: San Diego, CA, USA, 2014; pp. 31–32.
28. de Souza, R.R.; Moraes, M.P. Effects of Trichoderma asperellum on Germination Indexes and Seedling Parameters of Lettuce

Cultivars. Curr. Microbiol. 2022, 79, 5. [CrossRef] [PubMed]
29. Li, X.H.; Jiang, D.M. Effects of salinity and desalination on seed germination of six annual weed species. J. For. Res. 2011,

22, 475−479. [CrossRef]
30. Wang, Z.; Wang, L. Phylogeny, Seed Trait, and Ecological Correlates of Seed Germination at the Community Level in a Degraded

Sandy Grasslan. Front. Plant Sci. 2016, 7, 1532. [CrossRef]
31. Hourston, J.E.; Steinbrecher, T. Cold-induced secondary dormancy and its regulatory mechanisms in Beta vulgaris. Plant Cell

Environ. 2022, 45, 1315–1332. [CrossRef]
32. Wei, Y.; Dong, M. Factors influencing seed germination of Salsola affinis (Chenopodiaceae), a dominant annual halophyte

inhabiting the deserts of Xinjiang, China. Flora 2008, 203, 134–140. [CrossRef]
33. Cao, D.; Baskin, C.C. Comparison of germination and seed bank dynamics of dimorphic seeds of the cold desert halophyte Suaeda

corniculata subsp. Mongolica. Ann. Bot. 2012, 110, 1545–1558. [CrossRef]
34. Wang, L.; Huang, Z. Germination of dimorphic seeds of the desert annual halophyte Suaeda aralocaspica (Chenopodiaceae), a C4

plant without Kranz anatomy. Ann. Bot. 2008, 102, 757–769. [CrossRef] [PubMed]
35. Jia, C.Z.; Wang, J.J. Seed Germination and Seed Bank Dynamics of Eruca sativa (Brassicaceae): A Weed on the Northeastern Edge

of Tibetan Plateau. Front. Plant. Sci. 2022, 13, 820925. [CrossRef] [PubMed]
36. Podda, L.; Santo, A. Seed germination, salt stress tolerance and seedling growth of Opuntia ficus-indica (Cactaceae), invasive

species in the Mediterranean Basin. Flora 2017, 229, 50–57. [CrossRef]
37. Khan, M.A.; Gul, B.; Weber, D.J. Germination of dimorphic seeds of Suaeda moquinii under high salinity stress. Aus. J. Bot. 2001,

49, 185–192. [CrossRef]
38. Bajji, M.; Kient, J.M. Osmotic and ionic effects of NaCl on germination, early seedling growth, and ion content of Atriplex halimus

(Chenopodiaceae). Can. J. Bot. 2002, 80, 297–304. [CrossRef]
39. Debez, A.; Belghith, I. High salinity impacts germination of the halophyte Cakile maritima but primes seeds for rapid germination

upon stress release. Physiol. Plant. 2018, 164, 134–144. [CrossRef] [PubMed]
40. Moravcova, L.; Frantik, T. Germination ecology of Puccinellia distans and P-limosa. Biologia 2002, 57, 441–448.
41. Shah, S.Z.; Rasheed, A. Inter-provenance variation in seed germination response of a cash crop halophyte Suaeda fruticosa to

different abiotic factors. Flora 2022, 292, 152079. [CrossRef]
42. El-Keblawy, A.; Aljasmi, M. Provenance determines salinity tolerance and germination requirements of the multipurpose tree

Prosopis juliflora seeds. Arid. Land Res. Manag. 2021, 35, 446–462. [CrossRef]
43. Gairola, S.; Hameed, A. Seed germination and salinity tolerance of habitat-indifferent halophytes as associated with geographical

distribution. Seed Sci. Technol. 2022, 50, 125–140. [CrossRef]
44. Sharavdorj, K.; Yeongmi, J. Understanding seed germination of forage crops under various salinity and temperature stress.

J. Crop. Sci. Biotechnol. 2021, 24, 545–554. [CrossRef]
45. Wariss, H.M.; Qu, X.J. The complete chloroplast genome of Chenopodium acuminatum Willd. (Amaranthaceae). Mitochondrial DNA

B 2021, 6, 174–175. [CrossRef] [PubMed]
46. Cao, D.; Baskin, C.C. Dormancy cycling and persistence of seeds in soil of a cold desert halophyte shrub. Ann. Bot. 2014,

113, 171–179. [CrossRef] [PubMed]
47. Ungar, I.A. Effect of salinity on seed germination, growth, and ion accumulation of Atriplex patula (Chenopodiaceae). Am. J. Bot.

1996, 83, 604–607. [CrossRef]
48. Woodell, S.R.J. Salinity and seed germination patterns in coastal plants. Vegetatio 1985, 61, 223–229. [CrossRef]
49. Gul, B.; Hameed, A. Assessing Seed Germination Responses of Great Basin Halophytes to Various Exogenous Chemical Treatments

Under Saline Conditions. Sabkha Ecosyst. 2016, 48, 85–104. [CrossRef]
50. Al Hassan, M.; Estrelles, E. Unraveling Salt Tolerance Mechanisms in Halophytes: A Comparative Study on Four Mediterranean

Limonium Species with Different Geographic Distribution Patterns. Front. Plant. Sci. 2017, 8, 1438. [CrossRef]

https://doi.org/10.3329/bjb.v42i1.15873
https://doi.org/10.1016/j.jaridenv.2016.03.010
https://doi.org/10.1002/ldr.2135
https://doi.org/10.3389/fevo.2021.748038
https://doi.org/10.3389/fpls.2022.892667
https://doi.org/10.3390/su12093569
https://doi.org/10.1007/s00284-021-02713-4
https://www.ncbi.nlm.nih.gov/pubmed/34902081
https://doi.org/10.1007/s11676-011-0190-8
https://doi.org/10.3389/fpls.2016.01532
https://doi.org/10.1111/pce.14264
https://doi.org/10.1016/j.flora.2007.02.003
https://doi.org/10.1093/aob/mcs205
https://doi.org/10.1093/aob/mcn158
https://www.ncbi.nlm.nih.gov/pubmed/18772148
https://doi.org/10.3389/fpls.2022.820925
https://www.ncbi.nlm.nih.gov/pubmed/35371120
https://doi.org/10.1016/j.flora.2017.02.002
https://doi.org/10.1071/BT00020
https://doi.org/10.1139/b02-008
https://doi.org/10.1111/ppl.12679
https://www.ncbi.nlm.nih.gov/pubmed/29220080
https://doi.org/10.1016/j.flora.2022.152079
https://doi.org/10.1080/15324982.2021.1889713
https://doi.org/10.15258/sst.2022.50.1.s.07
https://doi.org/10.1007/s12892-021-00101-9
https://doi.org/10.1080/23802359.2020.1860716
https://www.ncbi.nlm.nih.gov/pubmed/33537433
https://doi.org/10.1093/aob/mct256
https://www.ncbi.nlm.nih.gov/pubmed/24249808
https://doi.org/10.1002/j.1537-2197.1996.tb12745.x
https://doi.org/10.1007/BF00039828
https://doi.org/10.1007/978-3-319-27093-7_6
https://doi.org/10.3389/fpls.2017.01438


Agronomy 2023, 13, 2769 13 of 13

51. Coops, H.; Vandervelde, G. Seed dispersal, germination and seedling growth of six helophyte species in relation to water-level
zonation. Freshw. Biol. 1995, 34, 13–20. [CrossRef]

52. Rosbakh, S.; Phartyal, S.S. Seed germination traits shape community assembly along a hydroperiod gradient. Ann. Bot. 2020,
125, 67–78. [CrossRef]

53. Wang, L.; Zhang, D.Y. Factors influencing seed germination of Kalidium caspicum (Chenopodiaceae), a halophytic desert shrub of
Xinjiang, China. Seed Sci. Technol. 2009, 37, 281–290. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1365-2427.1995.tb00418.x
https://doi.org/10.1093/aob/mcz139
https://doi.org/10.15258/sst.2009.37.2.03

	Introduction 
	Materials and Methods 
	Seed Collection and Study Region 
	Effects of Salinity and Exposure Duration on Initial Germination 
	Recovery Test 
	Statistical Analysis 

	Results 
	Effects of Salinity and Exposure Duration on Initial Germination 
	Effects of Salinity and Exposure Duration on Recovery of Germination in Distilled Water 
	Effects of Salinity, Exposure Duration and Recovery Solution Concentrations on Recovery of Germination 

	Discussion 
	Conclusions 
	References

