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Alfalfa (Medicago sativa L.) plays an important role in the development of animal
husbandry in the karst region of southwestern China, and karst environmental stress
has a significant impact on the germination of alfalfa seeds. This study subjected
alfalfa seeds to calcium salt stress (0—100 mM), drought stress (0—0.53 MPa), and
pH stress (pH 3-9). Germination indicators (germination rate, germination potential,
germination index, and vigor index), seedling morphological indicators (shoot length
and root length), and biomass indicators were measured to assess seed stress
resistance. The results showed that mild drought stress (5% PEG solution) and weak
alkaline stress (pH 8) promoted seed germination, and a 20 mM CaCl, solution
significantly increased the germination rate. The root system of seedlings was more
sensitive to the three types of stress. Under moderate calcium stress (40 mM), only
a slight decrease in tissue water content was observed. Under moderate drought
stress (10% PEQ), fresh weight and tissue water content decreased, but dry weight
significantly increased. Under alkaline stress (pH 9), both biomass indicators and
tissue water content increased. This study provides a theoretical reference for
selecting plants suitable for cultivation in karst environments.

KEYWORDS

karst adversity, Medicago sativa L., seed germination, environmental stress, alfalfa
cultivation

1 Introduction

Medicago sativa L., commonly known as alfalfa, is an important source of feed for animal
husbandry worldwide, characterized by superior nutritional properties, including high levels
of crude protein, secondary metabolites, and macro and trace minerals (Zhou et al., 2024;
Suwignyo et al., 2023). Due to its ability to thrive in various ecological environments and its
excellent adaptability (Bagavathiannan and Van Acker, 2009; Sim et al., 2017), it is often
referred to as the “king of forage”

Alfalfa is widely cultivated in China and serves as an important forage source in the
southwestern region. The southwestern region of China (102-111° E, 23-32° N), mainly
in the provinces of Yunnan, Guizhou, and Guangxi, is characterized by extensive karst
landforms. This area belongs to the subtropical and tropical humid climate zones and is
one of the three major concentrated karst distribution areas in the world. Karst
landscapes typically consist of discontinuous thin soils overlying soluble carbonate
bedrock, such as limestone or dolomite. These soils are alkaline calcareous soils rich in

01 frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2024.1510596&domain=pdf&date_stamp=2024-12-16
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1510596/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1510596/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1510596/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1510596/full
mailto:wangpuchang@163.com
https://doi.org/10.3389/fsufs.2024.1510596
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2024.1510596

Zhou et al.

calcium ions (Wang et al., 1999), have extremely poor water
retention capacity, frequently experience temporary droughts
(Deng et al., 2018), and have pH values between 7.28 and 8.35
(Yun et al., 2016). These factors significantly affect plant growth
and development. Therefore, selecting crops suitable for the local
climate and soil conditions is crucial for agricultural production
in karst regions.

Excessive soil calcium levels can be a significant factor affecting
the growth and development of alfalfa. High concentrations of calcium
can interfere with the normal physiological and biochemical functions
of plant cells (Dodd et al., 20105 Ribis et al., 2023), inhibit seed
germination (Zhan and Huang, 2016), and affect photosynthesis
(Wang et al., 2022), thereby inhibiting plant growth and development.
Although calcium is an essential nutrient for plants, playing important
roles in stabilizing cell walls (Sarfraz et al, 2024), maintaining
intracellular ion balance, providing osmotic protection, and ensuring
the integrity of cell membrane structures (Gilliham et al., 2011; Dayod
et al., 2010), excessive calcium can disrupt these processes. As a
second messenger that links extracellular signals with intracellular
physiological and biochemical reactions, calcium participates in
processes such as plant growth and development, photosynthetic
respiration, and gene regulation of related enzymes (White and
Broadley, 2003; Weinl et al., 2008). However, an overload of calcium
can reduce the ability of plants to withstand environmental stress (Han
etal,, 2020), thereby impairing plant stress resistance.

Drought stress is considered the most unfavorable factor limiting
plant survival, growth, and productivity (Zhao et al., 2022; Rao et al,,
2024), severely restricting the germination of alfalfa seeds and the
growth of seedlings (Ross and Hegarty, 1980). When there is a water
deficit, plants cope by regulating various physiological and
biochemical processes (Huang et al., 2022; Wang et al., 2024). For
example, they upregulate abscisic acid production to induce stomatal
closure, reducing water loss and enhancing drought tolerance (Rao
et al,, 2024; Schroeder et al., 2001); they maintain water balance
through osmotic regulation (Quan et al., 2016) to avoid low leaf turgor
pressure and damage to cell membranes (Ma et al., 2012).

Maintaining a constant pH is essential for the normal growth and
development of plants. Excessive acidity or alkalinity in the
environment can weaken plant stress resistance, affect normal growth,
and reduce production capacity (Prakash et al., 2024; Yin et al., 2022).
In soils with high acidity, the ultrastructure of plant cells can
be damaged, and chlorophyll content and photosynthetic efficiency
significantly decrease (Yin et al., 2022). Studies have shown that
he biomass of alfalfa significantly decreases with decreasing pH,
indicating that soil acidity severely limits the cultivation of alfalfa (Li
etal., 2010). Conversely, high pH alkaline conditions can reduce the
plasticity of plant cell walls, leading to limited cell growth and
expansion. Excessive pH can also affect the rate of ATP synthesis in
cells, disrupt the material and energy balance of plants, and ultimately
impair normal growth and development (Wu, 2020).

Currently, there is limited research on the adaptability of alfalfa
seed germination and seedling growth under calcium salt stress,
drought stress, and alkaline soil conditions. In this study,
we comprehensively analyze the effects of high calcium stress, drought
stress, and pH stress on alfalfa seed germination and seedling growth.
The aim is to provide basic data and technical references for the
screening and evaluation of suitable forage, green manure crops, and
soil and water conservation crops in karst areas.

Frontiers in Sustainable Food Systems

10.3389/fsufs.2024.1510596

2 Materials and methods
2.1 Plant materials

The experiment utilized alfalfa (Medicago sativa L.) seeds of the
variety ‘Bara 416 WET; obtained from Bailu (China). This high-yield,
fibrous-root type cultivar is characterized by strong disease resistance,
rapid regeneration, and tolerance to moisture stress.

2.2 Experimental design

Uniform and plump alfalfa seeds were selected and disinfected with
a 1% sodium hypochlorite (NaClO) solution for 10 min, then rinsed
thoroughly with distilled water and air-dried. The seeds were placed in
9 cm diameter Petri dishes lined with double-layer filter paper. Thirty
seeds were evenly distributed in each dish. The filter paper was moistened
with approximately 5 mL of the respective treatment solutions. The
dishes were covered and incubated at 25°C under a photoperiod of 16 h
light and 8 h dark. Each petri dish was considered one replicate, and four
replicates were prepared for each treatment. Germination was monitored
daily at 6 p.m., and water loss due to evaporation was compensated using
the weighing method. For drought and calcium salt stress treatments,
deionized water was used as the control, while for pH stress treatments,
a medium with a pH of 7 served as the control.

2.3 Preparation of treatment solutions

2.3.1 Calcium stress

To simulate calcium-rich soil conditions characteristic of karst
environments, calcium chloride (CaCl,) solutions with concentrations
of 0, 5mM, 10 mM, 25 mM, 50 mM, 100 mM, and 150 mM were
prepared. These solutions were designed to incrementally increase
calcium ion (Ca®) concentration, effectively representing high-
calcium karst soils.

2.3.2 Drought stress

Polyethylene glycol (PEG6000) solutions with concentrations of
0,5, 7,10, 13, 15, and 20% were prepared, corresponding to osmotic
potentials of 0, —0.06, —0.09, —0.17, —0.26, —0.32, and —0.53 MPa,
respectively. PEG6000, a common osmotically active compound, was
used to reduce water potential and simulate various levels of
drought stress.

2.3.3 pH stress

To simulate soil pH variability in karst regions, the pH of the
germination medium was adjusted to values of 3,4, 5, 6, 7, 8, and 9 using
hydrochloric acid (HCI) or sodium hydroxide (NaOH). pH levels were
monitored using pH test strips, and the desired values were achieved by
incrementally adding HCI or NaOH while continuously measuring.

2.4 Seed germination indicators
Seed germination potential and germination rate were determined

following the Chinese National Standard GB/T 2930.4-2001, using
radicle emergence as the criterion:
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TABLE 1 Effects of different concentrations of calcium salt stress on alfalfa seed germination (Tukey test).

GaCl, (mM) GR (%) GP (%) Gl \

0(Control) 75.00 + 3.19b 75.00 + 3.194bc 20.31 £0.75a 75.00 £ 0.03a
5 79.17 + 2.10ab 79.17 + 2.10abc 18.13 £ 1.03a 84.17 + 0.06b
10 80.83 + 2.85ab 80.83 + 2.85ab 17.12 £0.93a 80.83 + 0.03b
20 88.33 £2.15a 86.67 £ 2.72a 19.81 £ 1.34a 85.00 + 0.02ab
40 82.5 + 1.60ab 82.5 + 1.60ab 17.56 + 1.05a 71.67 + 0.06b
80 79.17 + 4.79ab 78.34 + 4.19abc 12.72 + 0.47b 72.50 £0.03¢
100 72.50 + 6.29b 69.17 £ 5.51c 10.18 £ 1.09b 49.17 £ 0.09¢

GR%, Germination Rate; GP%, Germination Potential; GI, Germination Index; VI, Vigor Index. Different lowercase letters within the same column indicate significant differences among

treatments at the 0.05 level. Results were expressed as mean + standard error (SE).

Seed germination potential (GP%) =
number of seeds germinated within 4days
/number of tested seeds x 100%

Seed germination rate (GR %) =
number of seeds germinated within 7days
/number of tested seeds x 100%

Germination index: calculate the germination index on the 14th
day of cultivation, with germination index (GI) = ) (Gt/Dt), where
Gt is the number of sprouts on the t-th day; Dt is the corresponding
germination day;

Vitality index (VI) = germination index x shoot length.

2.5 Measurement of seedling growth

On the 14th day of cultivation, the embryo length and embryonic
root length of alfalfa seedlings from each treatment were measured
using a millimeter ruler with an accuracy of 0.1 cm.

For fresh and dry weight measurements, five seedlings were
randomly selected from each Petri dish. Surface moisture was
removed using filter paper. The fresh weight was measured using an
analytical balance with a precision of 0.0001 g. The seedlings were
then dried to constant weight in an oven at 80°C, and the dry weight
was recorded.

Tissue moisture content : ( fresh weight — dry weight )
/fresh weight x 100%.

2.6 Data analysis

Data were organized and plotted using Microsoft Excel 2021 and
Origin 2022. Statistical analyses were performed using SPSS 27.0
software. One-way analysis of variance (ANOVA) was conducted, and
Tukey’s multiple range test was used for comparisons among means at
the 5% significance level (p <0.05). Results were expressed as
mean + standard error (SE).
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3 Results

3.1 Effects of different stresses on alfalfa
seed germination

As shown in Table 1, compared with the control (0 mM CaCl,), a
calcium salt concentration of 20 mM significantly promoted
germination rate (GR%) and germination potential (GP%), increasing
them by 13.33 and 11.67%, respectively, while the vigor index (VI)
increased by 10%. High concentrations of calcium salt (CaCl,
concentration > 80 mM) had a significant inhibitory effect on the
germination index (GI). These results indicate that a calcium salt
concentration of 20 mM is optimal for alfalfa seed germination.

PEG6000 was used to simulate drought stress at different osmotic
potentials. As shown in Table 2, compared to the control (0%
PEG6000), a PEG6000 concentration of 20% significantly inhibited all
germination indicators. PEG6000 concentrations >10% significantly
inhibited GI and VI, while concentrations >7% significantly inhibited
VI. At a PEG6000 concentration of 5%, GR%, GP%, and GI reached
their maximum values, increasing by 11.67, 9.17, and 0.99%,
respectively, compared to the control. This suggests that a PEG6000
concentration of 5% is most conducive to seed germination.

As shown in Table 3, certain pH treatments promoted alfalfa seed
germination. At pH 6, GR%, GP%, and GI were enhanced compared
to the control (pH 7), although VI was slightly inhibited. At pH 8, all
germination index values increased; compared to the control, GR%
and GP% increased by 10%, GI increased by 1.99%, and VT increased
by 6.47%. Therefore, pH 8 appears to be the optimal pH for
seed germination.

Based on the analyses of the effects of calcium salt, drought, and
pH treatments on alfalfa seed germination, it was determined that a
20 mM CaCl, solution is most beneficial for seed germination.
Additionally, low concentrations of polyethylene glycol (5% PEG6000)
and distilled water adjusted to pH 8 can effectively promote
seed germination.

3.2 Effects of different stresses on alfalfa
seedlings

Figure 1 and Supplementary Table S1 show that calcium salt stress

inhibits the elongation of both the shoot and the root. The root is more
sensitive to calcium salt stress than the shoot, with high concentrations
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TABLE 2 Effects of different concentrations of PEG6000 under drought stress on alfalfa seed germination (Tukey test).

PEG6000 (%) GR (%) GP (%) Gl Vi

0(Control) 75.00 £ 3.19a 75.00 £ 3.19a 20.31 £0.75a 60.12 + 3.18a
5 86.67 + 4.08a 84.17 £5.83a 21.30 £0.74a 54.16 + 3.83a
7 83.33 +£2.36a 80.83 + 3.44a 18.44 + 0.50ab 43.92+1.87b
10 85.00 £ 2.15a 85.00 £ 2.15a 17.00 + 0.88b 42.64 +1.28b
13 7417 £4.17a 71.67 £ 5.69a 10.81 + 1.23¢ 26.05 +2.50c
15 73.33 £+ 3.60a 72.50 £ 2.85a 10.80 £+ 0.99¢ 28.22 + 3.18¢
20 49.17 £ 8.75b 49.17 + 8.75b 5.15+1.27d 11.53 £ 3.01d

GR%, Germination Rate; GP%, Germination Potential; GI, Germination Index; VI, Vigor Index. Different lowercase letters within the same column indicate significant differences among
treatments at the 0.05 level. Results were expressed as mean + standard error (SE).

TABLE 3 Effects of different pH stresses on alfalfa seed germination (Tukey test).

pH GR (%) GP (%) Gl Vi
3 72.50 + 3.44a 72.50 £ 3.44a 16.71 £ 0.74c 36.54 £ 2.63¢c
4 77.50 + 4.38a 77.50 + 4.38a 18.58 + 1.16bc 52.35 + 7.09b
5 71.67 + 5.69a 71.67 £5.69a 18.46 + 1.23bc 50.17 + 4.05b
6 82.50 + 4.98a 82.50 + 4.98a 21.35 + 1.43ab 56.49 + 2.80ab
7(Control) 75.00 + 3.19a 75.00 £ 3.19a 20.31 +0.75ab 60.12 + 3.18ab
8 82.50 £ 4.17a 82.50 £ 4.17a 22.30 £0.75a 66.59 + 3.62a
9 77.50 £ 3.44a 77.50 + 3.44a 18.17 + 0.89bc 50.64 + 3.53b

GR%, Germination Rate; GP%, Germination Potential; GI, Germination Index; VI-Vigor Index. Different lowercase letters within the same column indicate significant differences among

treatments at the 0.05 level. Results were expressed as mean + standard error (SE).
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FIGURE 1
Effects of different concentrations of calcium salt stress on alfalfa seedlings (Tukey test).

of calcium salt (80 mM) having a significant negative impact on
radicle growth.

As presented in Figure 2 and Supplementary Table 52, the growth
of alfalfa shoots and roots is less affected by fluctuations in drought
stress. Low concentrations of PEG6000 promote the growth of roots,
while high concentrations have the opposite effect. When the
PEG6000 concentration was 5 and 7%, root length increased by 17.5
and 8.75%, respectively, compared to the control. Higher concentration

Frontiers in Sustainable Food Systems

treatments had inhibitory effects on root growth, but the differences
were not significant compared to the control.

Figure 3 and Supplementary Table S3 indicate that roots are more
susceptible to pH changes. At pH 8, shoot growth was promoted, with
a 0.68% increase in shoot length compared to the control (pH 7). At
pH 6, root growth was more significantly promoted than with 5%
PEG6000, showing a 27.76% increase compared to the control. The
data show no significant difference in shoot length between the pH
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FIGURE 2

Effects of different concentrations of PEG6000 drought stress on alfalfa seedlings (Tukey test).

FIGURE 3
Effects of different pH stresses on alfalfa seedlings (Tukey test).
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4-6 and pH 8-9 groups compared to the control, nor in root length
between the pH 5-6 and pH 8 groups.

Based on the effects of calcium salt stress, drought stress, and pH
stress on the growth of alfalfa shoots and roots, we conclude that pH
8 promotes shoot growth, while low concentrations of PEG6000 (5
and 7%) and distilled water at pH 6 promote root growth, with pH 6
having a more significant effect on roots.

3.3 Effects of different stresses on biomass
and tissue moisture content of alfalfa
seedlings

The changes in biomass and tissue moisture content of ‘Bara
416WET’ seedlings under different concentrations of calcium stress are

Frontiers in Sustainable Food Systems

shown in Figure 4. As the concentration of calcium stress increased, the
fresh weight, dry weight, and tissue moisture content of alfalfa seedlings
showed a trend of first decreasing, then increasing, and then decreasing
again. Among the experimental groups, the fresh weight and dry weight
reached their maximum values at 40 mM CaCl,, increasing by 18.79 and
18.18%, respectively, compared to the control. The tissue moisture
content decreased slightly by 0.17% compared to the control.

Figure 5 shows the changes in biomass and tissue moisture
content of alfalfa seedlings under different levels of drought stress.
Under various concentrations of PEG6000, the fresh weight and tissue
moisture content were lower than the control, but the dry weight was
slightly higher. At 10% PEG6000, the dry weight reached its maximum
value, increasing by 17.24% compared to the control. Correspondingly,
the fresh weight and tissue moisture content decreased by 25.43 and
2.96%, respectively.
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FIGURE 4
Effects of different concentrations of calcium salt stress on biomass and tissue moisture content of alfalfa seedlings (Tukey test).
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FIGURE 5
Effects of different concentrations of PEG6000 drought stress on biomass and tissue moisture content of alfalfa seedlings (Tukey test).

Figure 6 illustrates the changes in seedling biomass and tissue 3.4 Correlation ana lySiS between
moisture content under different pH levels. At pH 9, both dry weight ~g€rm ination and seedli ng indicators under
and fresh weight reached their maximum increases of 5.26 and 15.54%, different stresses
respectively, relative to the control. The corresponding tissue moisture

content was relatively high, increasing by 0.72%, only 0.05% lower than Figure 7 shows the correlation between alfalfa seed germination
the maximum value of 93.7% observed at pH 6. The fresh weightat pH  and various seedling indicators under calcium salt stress. CaCl,
6 increased by 7.14% compared to the control (pH 7). concentration was significantly negatively correlated with GI, VI,
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FIGURE 6
Effects of different pH stresses on biomass and tissue moisture content of alfalfa seedlings (Tukey test).
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FIGURE 7

Correlation analysis between germination indicators, seedling morphology indicators, and seedling biomass indicators under calcium salt stress (Tukey
test). GR (%), Germination Rate (%); GP (%), Germination Potential (%); Gl, Germination Index; VI, Vigour Index. The “*" indicates significant differences
between treatments at the 0.05 level, “**" indicates a highly significant difference between treatments at the 0.01 level in the figure.
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shoot length, and root length, which is consistent with the results
shown in Table 1 and Figure 1. Additionally, there was no significant
correlation between calcium concentration and GP%, GR%, tissue
water content, fresh weight, and dry weight. The correlation analysis
between drought stress and various indicators during the germination
stage is shown in Figure 8. The PEG6000 concentration was
significantly negatively correlated with GP%, GR%, GI, VI, fresh
weight, tissue moisture content, and shoot length. Figure 9 presents
the correlation analysis between germination and seedling growth
indicators under pH stress. The pH was significantly positively
correlated with GI, dry weight, and tissue moisture content; it was also
significantly positively correlated with VI, fresh weight, and
shoot length.

It is noteworthy that under calcium salt, drought, and pH
stress, there was no significant correlation between root length
and fresh weight or dry weight. In contrast, shoot length was
highly or significantly correlated with fresh weight across all
treatments and was significantly correlated with dry weight only
under pH stress. These results confirm the consistency of the data
analysis presented in Sections 3.2 and 3.3. The correlation matrix
graphs indicate a certain degree of correlation between each
indicator, resulting in overlapping growth effects. Therefore,
evaluating the effects of different treatments on alfalfa seed
germination and seedling growth should be based on multiple
indicators to ensure reliability.

10.3389/fsufs.2024.1510596

4 Discussion

Alfalfa, known for its high nutritional and ecological value, plays
an important role in the development of animal husbandry and the
improvement of ecological environments in Southwest China. The
calcium-rich, alkaline, and arid karst soils characteristic of this region
are significant stress factors that limit plant growth. Generally, plant
seeds are more sensitive during germination and seedling stages and
are highly susceptible to adverse environmental stresses. Therefore,
many studies on stress and adversity have focused on seed germination
and seedling stages (Gao et al., 2024; Seleiman et al., 2024; Long
etal., 2024).

4.1 Germination and seedling growth of
alfalfa under calcium salt stress

An appropriate concentration of CaCl, solution can significantly
improve seed germination rate, germination vigor, and vigor index,
positively impacting seed germination quality. Our results showed that
germination indicators of alfalfa first increased and then decreased with
the rise in calcium ion concentration. This may be because low salt
concentrations promote water absorption to some extent, accelerating
the seed germination process (Cornacchione and Suarez, 2017).
However, when the salt concentration exceeds a certain threshold,

Root length (¢cm)

Shoot length (cm)

Tissue water content (%)
Dry weight (g)

Fresh weight (g)

VI

Gl

GR (%)

GP (%)

PEG6000 (%)

P Py
= 2
>~ <
~ -4
(&) rm
A 4 &)

PEG6000 (%)

FIGURE 8

Gl

Correlation analysis between germination indicators, seedling morphology indicators, and seedling biomass indicators under drought stress (Tukey
test). GR (%), Germination Rate (%); GP (%), Germination Potential (%); GI-Germination Index; VI-Vigour Index. The “*" indicates significant differences
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osmotic stress occurs, making it difficult for cells to absorb water.
Excessive ions entering the cells can cause toxicity, leading to membrane
damage, decreased seed vitality, and even cell death (Carillo et al., 2019).

The experimental results indicated that calcium salt stress inhibited
the growth of both the aboveground parts and root systems of alfalfa,
with a significantly greater effect on root length than on seedling height.
Wang et al. (2023) also found in their studies on salt tolerance evaluation
of alfalfa varieties during germination that embryonic root length was
more sensitive to salt stress than shoot length. Under moderate calcium
stress (40 mM), the biomass and tissue water content of alfalfa reached
their peak, while other calcium stress concentrations caused a relatively
small decrease in these parameters, with no significant difference
compared to the control (Supplementary Table S4). This suggests that
this alfalfa variety can maintain a high growth rate and biomass
accumulation in calcium-rich environments, demonstrating a strong
tolerance to calcium salts. Zhou et al. (2023) reported that varieties with
stronger salt tolerance might possess better salt regulation mechanisms,
such as more efficient salt excretion or ion balance regulation.

4.2 Germination and seedling growth
under drought stress

The ability of plants to maintain good water status and
effectively utilize available resources is crucial for their growth and
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survival in water-scarce environments. Our study revealed that
alfalfa seeds showed no significant difference in germination rate
and vigor under PEG6000 concentrations ranging from 5 to 15%.
However, at a PEG6000 concentration of 20%, the germination
rate significantly decreased, consistent with the findings of Liu
et al. (2018). The germination index and vigor index under mild
drought (5% PEG6000) did not differ significantly from those
under adequate water conditions. In fact, the germination rate
under 5 to 10% PEG6000 was higher than that under the control
treatment, aligning with the research of Yu et al. on alfalfa
germination under certain drought stress (Yu et al., 2012). Slight
differences in drought resistance among different varieties
were observed.

Our study also showed that drought stress reduced the growth of
alfalfa shoots and had a “low promotion and high inhibition” effect on
root growth. Low concentrations of drought stress (5 and 7%
PEG6000) promoted root growth, while higher concentrations
inhibited it. Although root growth was not significantly affected
compared to the control, root length decreased with increasing
PEG6000 concentration (Supplementary Table S2). This may be due
to the enhanced absorption capacity of the root system under water
deficit conditions (Huang et al., 2024), leading to an increased root-
to-shoot ratio (Liu et al., 2004; Turner and Begg, 1981). Han Zhishun
et al. also found in their study on the effects of drought stress on the
morphological and physiological characteristics of different alfalfa
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varieties that root length first increased and then decreased (Han
etal,, 2020). Interestingly, under water-deficient conditions, the fresh
weight and tissue moisture content of alfalfa seedlings were lower than
those under adequate water, but the dry weight increased. This
indicates that while the overall growth of alfalfa seedlings is inhibited
under drought stress, they exhibit strong tolerance to water-
deficient environments.

4.3 Germination and seedling growth
under pH stress

Our results indicate that extreme pH values inhibit alfalfa
germination, possibly due to high acidity or alkalinity damaging cell
membranes, causing cellular system disorders, and inhibiting
germination. Alfalfa seeds exhibited good tolerance to both acidic and
alkaline conditions, with distilled water at pH 6 and pH 8 promoting
germination. We found that pH 4-9 had no significant effect on the
aboveground parts of seedlings, while the roots were more sensitive
to pH changes. Weakly acidic conditions (pH 6) were beneficial for
root elongation, whereas weakly alkaline conditions (pH 8) slightly
inhibited root growth.

Alkaline stress had no significant effect on the fresh weight,
dry weight, and tissue moisture content of alfalfa seedlings. The
key for plants to cope with high pH lies in the regulatory role of
the root system, mainly reflected in the synthesis and secretion of
organic acids. Plants synthesize organic acids by absorbing large
amounts of inorganic anions (Cl-, SO,*7, NO;") to balance cation
accumulation, maintaining ion balance and pH stability (Liu and
Shi, 2010). Organic acids serve as precursors for the synthesis of
many compounds and are important intermediates in substance
and energy metabolism, playing crucial roles in plant responses to
environmental changes (José et al., 2000). Additionally, research
has shown that the regulation of organic acid metabolism may
play different roles under different types of stress (Chen
etal., 2011).

5 Conclusion

This study simulated the effects of karst soil stress-including high
calcium stress, drought stress, and pH stress-on the germination and
seedling growth of alfalfa cultivar ‘Bara 416WET’ The results
indicate that a 5% PEG6000 solution and distilled water adjusted to
pH 8 can effectively promote alfalfa seed germination, but the
optimal treatment is a 20 mM CacCl, solution. Seedlings were more
sensitive to the three types of stress, especially the roots. Under
moderate calcium salt stress (40 mM), alfalfa showed only a slight
decrease in tissue water content. Under moderate drought stress
(10% PEG6000), dry weight increased significantly, but fresh weight
and tissue moisture content decreased notably. In an alkaline
environment (pH 9), biomass indicators and tissue moisture content
increased to varying degrees. These results provide a theoretical
foundation for the early identification and selection of forage
varieties with tolerance to calcium, drought, and pH stresses,
offering valuable insights for improving forage cultivation in
karst regions.
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