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Abstract: Soil salinity poses a significant challenge to plant growth and agricultural productivity. Re-
search demonstrated the potential of exopolysaccharides (EPS) to enhance plant growth and improve
resistance to abiotic stress. Nevertheless, the precise regulatory mechanism by which EPS mediates
salt tolerance in alfalfa (Medicago sativa) remains largely unexplored. To investigate the protective
effects of EPS from Erwinia persicina Cp2 in enhancing salt stress tolerance in alfalfa, a hydroponic ex-
periment was conducted on the ‘Aohan’ cultivar of alfalfa, and changes in germination rate, biomass,
chlorophyll content, electrolyte leakage (EL), hydrogen peroxide (H2O2), malondialdehyde (MDA),
proline (Pro), soluble sugar (SS), soluble protein (SP), and activities of superoxide dismutase (SOD)
and peroxidase (POD) were analyzed with and without Cp2 EPS under 75 mmol/L NaCl conditions.
The results show that the exposure of alfalfa to salt conditions seriously inhibited its germination and
growth. However, it is interesting that the application of Cp2 EPS greatly alleviated the damage of salt
stress on alfalfa and promoted the germination of alfalfa as well as the root length, seedling length,
fresh weight, and dry weight of the plants. In addition, the increases in MDA, H2O2 content, and
EL rate caused by salt stress were inhibited after Cp2 EPS treatment, while chlorophyll, Pro, SP, and
SS contents as well as SOD and CAT activities were increased. Therefore, Cp2 EPS can significantly
alleviate the toxic effect of 75 mmol/L NaCl stress on alfalfa, and comprehensive analysis shows that
1.5 g/L Cp2 EPS had the best alleviating effect on alfalfa at this salt stress concentration. This study
lays a practical and theoretical foundation for the development of biogenic agents used to alleviate
the growth of alfalfa in saline alkali soil.

Keywords: alfalfa; salt stress; Erwinia persicina Cp2 EPS; seed germination; seedling growth

1. Introduction

Soil salinity emerged as a significant contributor to resource and environmental ecolog-
ical challenges, with reports indicating that nearly 20% of arable land and 50% of irrigated
land worldwide are affected by salinity [1]. As one of the primary abiotic stresses, salt
stress has a severe impact on plant growth and development [2]. Specifically, salt stress
impedes plant seed germination, resulting in slower germination rates. Additionally, pro-
longed exposure to salt stress can lead to the erosion of seeds and seedlings, ultimately
reducing the survival rate of seedlings [3]. Furthermore, the imposition of salt stress can
result in the occurrence of osmotic stress and ion toxicity, which can trigger the buildup
of reactive oxygen species, thereby inducing oxidative stress [4]. Simultaneously, plants
employ diverse mechanisms to counteract the detrimental effects of salt stress, such as the
accumulation of osmoregulatory substances to mitigate osmotic potential, preservation
of intracellular homeostasis, and elimination of reactive oxygen species by augmenting
antioxidant enzyme activity [5,6].

Exopolysaccharides (EPS) is a high polymer that is soluble in water and is secreted
by some special microorganisms during their growth and metabolic processes [7]. In
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recent years, there was an increasing interest among scholars in the mechanism of the
salt tolerance mechanism of plants mediated by EPS. It was demonstrated that EPS not
only facilitates plant seed germination, but also promotes plant growth in adversity [8,9].
When subjected to salt stress, EPS can chelate free Na+ in the soil, restrict the absorption of
Na+ by plant roots, and maintain a balance between K+ and Na+. This is attributed to the
polyanionic nature of EPS and its ability to bind cations [10,11]. Moreover, it was shown
that EPS serves as a remarkably effective antioxidant by scavenging free radicals and safe-
guarding plants against lipid peroxidation induced by reactive oxygen species during salt
stress [12]. More importantly, compared with animal and plant polysaccharides, microbial
polysaccharides possess a short culture cycle, low cost, high yield, controllable process, and
facile isolation [13]. Therefore, microbial EPS is a potential novel biogenic macromolecule
for improving salt tolerance in plants. Erwinia persicina is a typical Gram-negative (G-)
bacterium, strain number Cp2, which produces large amounts of mucilaginous exopolysac-
charides on King’s B medium and is widely present in the natural environment. However,
little is known about the salinity resistance of this bacterium to plants.

Alfalfa (Medicago sativa), a perennial herb, is one of the most widely planted legumes
in sustainable animal husbandry due to its high yield, good palatability and wide adapt-
ability [14]. It is grown across more than 80 countries on diverse continents, covering an
expansive area of over 35 million hectares [15,16]. In addition, Alfalfa can form a new root
organ root nodule with nitrogen fixing rhizobia in the soil, and convert nitrogen in the
air into ammonium nitrogen that can be absorbed and utilized by plants. It can not only
provide nutrition for its own growth, but also reduce the application of nitrogen fertilizer
and promote the efficient use of nitrogen [17]. Therefore, the high quality and high yield
of Alfalfa is crucial to the sustainable development of the animal husbandry production
system, agricultural production system, and ecosystem health [18,19]. As we all know,
despite the constant expansion of alfalfa cultivation in China, its planting sites are often
located in arid and semi-arid areas [20]. These areas have dry climate, less rain, strong light,
large evaporation, coupled with repeated human cycles of irrigation and fertilization, which
further aggravate soil salinization, and salt stress seriously affects its nutrient absorption,
photosynthesis, and growth [21,22]. Studies showed that when salt stress concentration
reaches 50~200 mmol/L NaCl, it significantly inhibits the growth and yield of alfalfa [23].
How to improve the yield and quality of alfalfa cultivation in such an environment became
an important issue facing the current development of animal husbandry.

Aohan alfalfa was first planted in Gansu Province, and then introduced to Aohan
Banner, Chifeng City, Inner Mongolia. This variety is drought resistant, cold resistant, sand
resistant, and barren resistant, but poor in salt resistance, so enhancing the salt resistance
of Aohan alfalfa is crucial for the development of local animal husbandry [24]. Therefore,
different concentrations of Cp2 EPS were used in this study to explore the induction
mechanism of Cp2 EPS on salt tolerance of alfalfa, providing a certain theoretical basis for
the development of EPS of Erwinia persicina Cp2 and the quality and yield improvement of
alfalfa, and providing a new strategy for the restoration of saline–alkali land and sustainable
agricultural development in China.

2. Materials and Methods
2.1. Experimental Materials

The variety of alfalfa tested was ‘Aohan’, which was provided by Forage Germplasm
Resources Laboratory of Gansu Agricultural University.

EPS was extracted from Erwinia persicina Cp2 and provided by Pasture Pathology
Laboratory of Gansu Agricultural University.

2.2. Experimental Design

Alfalfa seeds with healthy and full seeds and basically the same size were selected and
soaked in 75% alcohol for 1 min and then transferred to 1% sodium hypochlorite NaClO
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solution for 5 min, and were then repeatedly rinsed with sterile water 4 to 5 times and
set aside.

Firstly, we conducted a NaCl concentration screening test and added different con-
centrations of sodium chloride (0, 75, 100, 150, and 200 mmol/L) solutions to the growth
bottle and autoclaved at 121 ◦C and 0.11 Mpa for 21 min. After cooling, alfalfa seeds
were placed equidistantly (seed spacing = 1 cm) on the germination bed of the growth
bottle with tweezers in an ultra-clean bench, with 8 replicates per treatment and 25 seeds
per replicate. After inoculation, the growth bottles were placed in a growth chamber at
a constant temperature of 20 ◦C with 12 h of light and 12 h of darkness for incubation.
During the incubation period, the germination of seeds was counted every 24 h, and the
germination standard was defined as the embryonic root breaking through the seed coat by
2 mm.

Then, based on the preliminary NaCl concentration screening test results, subsequent
experiments were conducted. The experimental treatments included (i) control (CK1)
with distilled water only; (ii) 75 mmol/L NaCl (CK2); (iii) 75 mmol/L NaCl and 0.5 g/L
Cp2 EPS (T1); (iv) 75 mmol/L NaCl and 1.0 g/L Cp2 EPS (T2); (v) 75 mmol/L NaCl and
1.5 g/L Cp2 EPS (T3); (vi) 75 mmol/L NaCl and 2.0 g/L Cp2 EPS (T4); and (vii) 75 mmol/L
NaCl and 2.5 g/L Cp2 EPS (T5). A total of 200 mL of each treatment solution was added to
the growth bottle. The subsequent operation is the same as the salt stress screening test
mentioned above.

2.3. Measurement of Relevant Indicators
2.3.1. Germination Index Determination

The calculation formulae were as follows: germinating potential (GP) = the germina-
tion number on the 4th day/25 ×100%; germination rate (GR) = the germination number
on the 10th day/25 ×100%; germination index (GI) = ∑(Gt/Dt) (where, Gt is germination
number at different times (10 days); and Dt is the number of days of germination).

2.3.2. Measurement of Growth Indicators

Seedling length (SL) and root length (RL): were determined by taking alfalfa seedlings
grown in growth bottles for 14 d. The root length and seedling length of seedlings were mea-
sured with a straightedge, and four plants were randomly selected from each growth bottle.

Fresh weight (FW) and dry weight (DW) were determined by randomly selecting 10
seedlings from each growth bottle, absorbing the water with filter paper, dividing them
into seedling and root parts, weighing seedling fresh weight (SFW) and root fresh weight
(RFW), respectively, using an analytical balance, and then drying them to constant weight
in an oven at 80 ◦C. The seedling fresh weight (SFW) and root fresh weight (RFW) were
weighed on an analytical balance and then dried to constant weight in an oven at 80 ◦C.
The seedling dry weight (SDW) and root dry weight (RDW) were weighed separately.

Root morphological index: the root systems of seedlings were scanned by a root
scanner (Seiko Epson Corporation, Suwa, Nagano, Japan) and then analyzed by Win-
RHIZO root analysis software (Regent Istruments Canada Ine) to obtain root surface area
(RSA), root volume (RV), and average root diameter (ARD).

2.3.3. Determination of Chlorophyll Content

We referred to the method of Yao et al. [25] to determine the chlorophyll content of
the samples with slight modifications. Briefly, fresh leaves (0.1 g) from the control and
treatment groups were placed in 10 mL centrifuge tubes and 5 mL of 95% ethanol was
added. Then, each tube was wrapped in tin foil and left at room temperature for 24 h
until the leaves were completely discolored. The absorbance of the supernatant was read
at 665 and 649 nm and used to estimate the content of chlorophyll a and chlorophyll
b, respectively.
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2.3.4. Determination of Oxidative Damage

The determination of the electrolyte leakage (EL) was referred to the method of Lutts
et al. [26] with minor modifications. In short, fresh leaves were washed thoroughly with
deionized water, dried with filter paper, and 0.1 g of the fresh sample was quickly weighed
in a graduated test tube of 10 mL deionized water and soaked at room temperature for 24 h.
The conductivity EC1 of the extracts was measured with an electrical conductivity meter,
then the samples were heated in a boiling water bath for 30 min and the conductivity EC2
was measured while the conductivity EC0 of the deionized water was measured. The EL
was calculated as follows: EL = (EC1 − EC0)/(EC2 − EC0) × 100%.

Hydrogen peroxide (H2O2) and malondialdehyde (MDA) were measured using a
microplate reader (Spectra Max iD3, Molecular Devices, San Jose, CA, USA) at 415 and
532 nm according to the H2O2 (M0107A) and MDA (M0103A) kits (Suzhou Michy Biomed-
ical Technology Co., Ltd., Suzhou, China), respectively. The content of H2O2 was expressed
as µmol/g FW; the content of MDA was expressed as nmol/g FW.

2.3.5. Determination of Osmoregulatory Substances

The proline (Pro) content was measured at 520 nm using a microplate reader (Spectra
Max iD3, Molecular Devices, San Jose, CA, USA) according to the Pro (M0108A) kit (Suzhou
Mickey Biopharmaceutical Technology Co., Ltd., Suzhou, China).

Soluble sugar (SS) and soluble protein (SP) were measured at 620 and 562 nm, re-
spectively, using a microplate reader (Spectra Max iD3, Molecular Devices, San Jose, CA,
USA) according to the SS (M1503A) and BCA protein (M1806A) kits (Suzhou Mickey
Biomedical Technology Co., Ltd., Suzhou, China). The content of SP was determined by
the bicinchoninic acid (BCA) method, and the content of SS was determined according to
the anthrone method, both at mg/g FW.

2.3.6. Determination of Antioxidant Enzyme Activity

Superoxide dismutase (SOD) and catalase (CAT) activities were measured using a
microplate reader (Spectra Max iD3, Molecular Devices, San Jose, CA, USA) at 450 and
240 nm according to the SOD (M0102A) and CAT (M0103A) kits (Suzhou Michy Biomedical
Technology Co., Ltd., Suzhou, China), respectively. SOD activity was determined by the
WST-8 method at U/g FW, and CAT activity was determined by the UV colorimetric
method at µmol/min/g FW.

2.4. Statistical Analysis

The mean of three replications was used to represent per parameter. Data were
evaluated with variance analysis using SPSS 26.0. Correlation analysis was performed
using Spearman’s correlation. Principal component analyses (PCA) were performed using
Origin 2022, and Topsis comprehensive analysis was performed using the online software
Chiplot (https://www.chiplot.online/#Pie-plot (accessed on 11 May 2023).

3. Results
3.1. NaCl Concentration Screening Test

As the concentration of NaCl gradually increases, the germination potential and ger-
mination rate of alfalfa seeds show a gradually decreasing trend (Figure 1C,D). Compared
with the control, 75~200 mmol/L NaCl significantly inhibited the germination potential
and germination rate of seeds (p < 0.05). The germination of seeds was inhibited under
75 mmol/L NaCl treatment, but the survival rate of seedlings was relatively high; the ger-
mination rate of seeds under 100 mmol/L NaCl treatment reached 50% of the control, but
the survival rate of seedlings was extremely low, and the seeds basically did not germinate
under the treatment of 150 and 200 mmol/L NaCl; although some seeds germinated, with
the increase in stress time, the seeds basically rotted (Figure 1A,B). Therefore, 75 mmol/L
NaCl was used as the salt stress treatment in this experiment.

https://www.chiplot.online/#Pie-plot


Agronomy 2023, 13, 2129 5 of 14

Agronomy 2023, 13, x FOR PEER REVIEW 5 of 14 
 

 

under the treatment of 150 and 200 mmol/L NaCl; although some seeds germinated, with 

the increase in stress time, the seeds basically rotted (Figure 1A,B). Therefore, 75 mmol/L 

NaCl was used as the salt stress treatment in this experiment. 

 

Figure 1. Effects of different concentrations of NaCl stress on seed germination of alfalfa. (A) Ger-

mination state. (B) Growth state. (C) Germination potential. (D) Germination rate. Bars super-

scripted by different lowercase letters indicate significant differences (p < 0.05), mean ± SE. 

3.2. Effects of Different Concentrations of Cp2 EPS on Seed Germination of Alfalfa under  

Salt Stress 

The CK2 group exhibited a significant inhibition of alfalfa seed germination in com-

parison to the CK1 group (p < 0.05). Compared with the CK2 group, the germination po-

tential, germination rate, and germination index of seeds showed a trend of first increas-

ing and then decreasing with the increase in Cp2 EPS concentration from T1 to T5 treat-

ment groups, and all reached their maximum under the T3 treatment group, which in-

creased by 19.88%, 15.88%, and 25.81%, respectively (p < 0.05). The results show that the 

germination of alfalfa seeds was inhibited under 75 mmol/L NaCl stress, while the addi-

tion of 0.5~2.5 g/L Cp2 EPS could promote the germination of alfalfa seeds in alfalfa under 

this salt stress (Table 1). 

Table 1. Effects of different concentrations of Cp2 EPS on germination rate, germination potential, 

germination index and vitality index of salt-stressed alfalfa seeds. 

Treatments Germination Potential (%) Germination Rate (%) Germination Index 

CK1 98.00 ± 0.76 a 99.50 ± 0.50 a 68.22 ± 0.40 a 

CK2 80.50 ± 1.41 c 85.00 ± 1.07 d 49.17 ± 1.10 c 

T1 89.00 ± 1.81 b 93.50 ± 1.30 c 59.37 ± 0.94 b 

T2 95.50 ± 1.18 a 97.50 ± 0.73 ab 61.12 ± 0.91 b 

T3 96.50 ± 1.59 a 98.50 ± 0.73 ab 61.86 ± 1.09 b 

T4 96.00 ± 0.66 a 98.00 ± 0.76 ab 59.38 ± 0.83 b 

T5 94.50 ± 1.68 a 96.50 ± 1.18 b 60.20 ± 1.24 b 
Note: CK1 means distilled water; CK2 means 75 mmol/L NaCl; T1, T2, T3, T4, and T5 mean at 75 

mmol/L NaCl stress solution added 0.5, 1.0, 1.5, 2.0, and 2.5 g·L−1 Cp2 EPS treatment. Different low-

ercase letters in the same column indicate significant differences (p < 0.05), mean ± SE. 

3.3. Effects of Different Concentrations of Cp2 EPS on Growth of Alfalfa Seedlings under  

Salt Stress 

In comparison to the CK1 group, the CK2 group significantly inhibited the growth of 

alfalfa seedlings (p < 0.05), resulting in a decrease of 69.05% in seedling length and 94.19% 

in root length, respectively. The seedling length of alfalfa under the T3 treatment group 

was the longest with an increase of 91.11%, followed by the T2 treatment group with an 

 

 

 

 

 
 

  

  

  

  

   

            

 
  
 
  
  
  
  
 
 
  
  
  
  
 

                         

 

 

 

 

 
 

  

  

  

  

   

            

 
  
 
  
  
  
  
  
  
  

                         

            

            

 

 

 

 

Figure 1. Effects of different concentrations of NaCl stress on seed germination of alfalfa. (A) Germi-
nation state. (B) Growth state. (C) Germination potential. (D) Germination rate. Bars superscripted
by different lowercase letters indicate significant differences (p < 0.05), mean ± SE.

3.2. Effects of Different Concentrations of Cp2 EPS on Seed Germination of Alfalfa under
Salt Stress

The CK2 group exhibited a significant inhibition of alfalfa seed germination in compar-
ison to the CK1 group (p < 0.05). Compared with the CK2 group, the germination potential,
germination rate, and germination index of seeds showed a trend of first increasing and
then decreasing with the increase in Cp2 EPS concentration from T1 to T5 treatment groups,
and all reached their maximum under the T3 treatment group, which increased by 19.88%,
15.88%, and 25.81%, respectively (p < 0.05). The results show that the germination of alfalfa
seeds was inhibited under 75 mmol/L NaCl stress, while the addition of 0.5~2.5 g/L Cp2
EPS could promote the germination of alfalfa seeds in alfalfa under this salt stress (Table 1).

Table 1. Effects of different concentrations of Cp2 EPS on germination rate, germination potential,
germination index and vitality index of salt-stressed alfalfa seeds.

Treatments Germination Potential (%) Germination Rate (%) Germination Index

CK1 98.00 ± 0.76 a 99.50 ± 0.50 a 68.22 ± 0.40 a

CK2 80.50 ± 1.41 c 85.00 ± 1.07 d 49.17 ± 1.10 c

T1 89.00 ± 1.81 b 93.50 ± 1.30 c 59.37 ± 0.94 b

T2 95.50 ± 1.18 a 97.50 ± 0.73 ab 61.12 ± 0.91 b

T3 96.50 ± 1.59 a 98.50 ± 0.73 ab 61.86 ± 1.09 b

T4 96.00 ± 0.66 a 98.00 ± 0.76 ab 59.38 ± 0.83 b

T5 94.50 ± 1.68 a 96.50 ± 1.18 b 60.20 ± 1.24 b

Note: CK1 means distilled water; CK2 means 75 mmol/L NaCl; T1, T2, T3, T4, and T5 mean at 75 mmol/L NaCl
stress solution added 0.5, 1.0, 1.5, 2.0, and 2.5 g·L−1 Cp2 EPS treatment. Different lowercase letters in the same
column indicate significant differences (p < 0.05), mean ± SE.

3.3. Effects of Different Concentrations of Cp2 EPS on Growth of Alfalfa Seedlings under
Salt Stress

In comparison to the CK1 group, the CK2 group significantly inhibited the growth
of alfalfa seedlings (p < 0.05), resulting in a decrease of 69.05% in seedling length and
94.19% in root length, respectively. The seedling length of alfalfa under the T3 treatment
group was the longest with an increase of 91.11%, followed by the T2 treatment group
with an increase of 64.42%; the root length of alfalfa under the T2 treatment group was the
longest with an increase of 552.30%, followed by the T3 treatment group with an increase
of 532.57% (Figure 2). The results show that the growth of alfalfa seedlings was inhibited
under 75 mmol/L NaCl stress, while the addition of 0.5~2.5 g/L Cp2 EPS promoted the
growth of alfalfa under this salt stress.
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Figure 2. Effects of different concentrations of Cp2 EPS on the seeding length (A) and root length
(B) and apparent morphology (C) of salt-stressed alfalfa seedlings. Bars superscripted by different
lowercase letters indicate significant differences (p < 0.05), and the error bars were expressed in the
form of ± standard error (SE).

3.4. Effects of Different Concentrations of Cp2 EPS on Fresh and Dry Weight of Alfalfa under
Salt Stress

The CK2 group significantly reduced the fresh weight and dry weight of alfalfa
seedlings compared with the CK1 group (p < 0.05) (Figure 3). The addition of different
concentrations of Cp2 EPS all significantly increased seedling fresh weight (Figure 3A), root
fresh weight (Figure 3B), seedling dry weight (Figure 3C), and root dry weight (Figure 3D)
of alfalfa under salt stress (p < 0.05). Compared with the CK2 group, seedling fresh weight
and root dry weight of alfalfa under the T3 treatment group were the largest, increasing
by 189.60% and 187.06% (p < 0.05), respectively; root fresh weight of alfalfa under the T2
treatment group was the largest, increasing by 220.90% (p < 0.05); seedling dry weight of
alfalfa under T5 treatment group was the largest, increasing by 209.27% (p < 0.05).
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Figure 3. Effects of different concentrations of Cp2 EPS on fresh and dry weights of salt-damaged
alfalfa seedlings. (A) Seedling fresh weight (SFW). (B) Root fresh weight (RFW). (C) Seedling dry
weight (SDW). (D) Root dry weight (RDW). Bars superscripted by different lowercase letters indicate
significant differences (p < 0.05), mean ± SE.
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3.5. Effects of Different Concentrations of Cp2 EPS on Root Morphology of Alfalfa under
Salt Stress

In comparison to the CK1 group, the CK2 group significantly reduced root surface
area and root volume of alfalfa by 82.34% and 50.94% (p < 0.05), respectively, and increased
the average root diameter by 229.41% (Table 2). Under NaCl stress, the root surface area
and root volume of alfalfa tended to increase and then decrease as the concentration of
Cp2 EPS increased, and the average root diameter tended to decrease and then increase.
Compared with the CK2 group, the average root diameter of alfalfa under the T2 treatment
group was the smallest, decreasing by 48.31%; the root surface area and root volume of
alfalfa under T3 treatment group were the largest, increasing by 331.29% and 111.54%,
respectively (p < 0.05).

Table 2. Effects of different concentrations of Cp2 EPS on average root diameter, root surface area,
and root volume of the salt-stressed Alfalfa seedlings.

Treatments Average Root Diameter (mm) Root Surface Area (cm2) Root Volume (cm3)

CK1 0.323 ± 0.009 e 3.329 ± 0.162 a 0.027 ± 0.001 a

CK2 1.064 ± 0.026 a 0.588 ± 0.032 e 0.013 ± 0.002 c

T1 0.678 ± 0.019 b 1.271 ± 0.062 d 0.019 ± 0.001 b

T2 0.550 ± 0.015 d 2.058 ± 0.050 c 0.027 ± 0.002 a

T3 0.603 ± 0.014 c 2.536 ± 0.146 b 0.028 ± 0.001 a

T4 0.619 ± 0.019 bc 1.627 ± 0.165 d 0.020 ± 0.002 b

T5 0.647 ± 0.017 b 1.360 ± 0.177 d 0.018 ± 0.002 b

Note: Different lowercase letters in the same column indicate significant differences (p < 0.05), mean ± SE.

3.6. Effects of Different Concentrations of Cp2 EPS on Chlorophyll Content of Alfalfa under
Salt Stress

In comparison to the CK1 group, chlorophyll a, chlorophyll b, and total chlorophyll
content (Figure 4A–C) of seedlings under the CK2 group were significantly reduced by
57.92%, 65.99%, and 61.72% (p < 0.05), respectively. Compared with CK2 group, all treat-
ment groups from T1 to T5 significantly alleviated the inhibitory effect of salt stress on the
chlorophyll content of alfalfa leaves (p < 0.05), among which, the T2 treatment group had
the best effect with 122.58%, 65.67%, and 98.13% increase in chlorophyll a, chlorophyll b,
and total chlorophyll content, respectively, followed by the T3 treatment group, which was
not significantly different from the T2 treatment group (p > 0.05).
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Figure 4. Effect of different concentrations of Cp2 EPS on chlorophyll content of salt-damaged alfalfa
seedlings. (A) Chlorophyll a. (B) Chlorophyll b. (C) Total chlorophyll content. Bars superscripted by
different lowercase letters indicate significant differences (p < 0.05), mean ± SE.

3.7. Oxidative Damage of Different Concentrations of Cp2 EPS on Alfalfa Seedlings under
Salt Stress

In comparison to the CK1 group, the CK2 group exhibited a significant increase in
the EL, MDA, and H2O2 content of alfalfa seedlings (p < 0.05), with respective increases of
194.81%, 58.70%, and 229.27% (Figure 5). Conversely, the EL, MDA, and H2O2 content of
alfalfa seedlings under T1 to T5 treatment groups were significantly reduced in comparison
to the CK2 group (p < 0.05). Notably, the T3 treatment group was the most effective,
with the EL, MDA content, and H2O2 content reduced by 63.58%, 33.99%, and 40.25%,
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respectively (p < 0.05). These results show that an appropriate concentration of Cp2 EPS
could effectively reduce cell membrane oxidative damage and protect cell structure stability
under 75 mmol/L NaCl stress.
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Figure 5. Effects of different concentrations of Cp2 EPS on EL, MDA content and H2O2 content of the
salt-stressed Alfalfa seedlings. (A) Electrolyte leakage (EL). (B) Malondialdehyde (MDA) content.
(C) Hydrogen peroxide (H2O2) content. Bars superscripted by different lowercase letters indicate
significant differences (p < 0.05), mean ± SE.

3.8. Effects of Different Concentrations of Cp2 EPS on Osmoregulatory Substances in Alfalfa
Seedlings under Salt Stress

Pro, SS, and SP are important osmoregulatory substances in plants. Salt stress dramati-
cally induced the accumulation of Pro and SS in alfalfa seedlings, with further augmentation
of Pro, SS, and SP content observed upon treatment with Cp2 EPS (Figure 6). Further anal-
ysis showed that the content of Pro, SS, and SP in all mitigation groups was significantly
different from that of the CK2 group (p < 0.05), except for the Pro content in T1 treatment
group. Notably, the T3 treatment group exhibited the highest accumulation of osmoregula-
tory substances, with a respective increase of 122.23%, 135.67%, and 122.23% compared to
the CK2 group, respectively (p < 0.05). In summary, Cp2 EPS can alleviate the damage of
salt stress on alfalfa seedlings by accumulating osmoregulatory substances.
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Figure 6. Effects of different concentrations of Cp2 EPS on osmoregulatory substances of the salt-
stressed Alfalfa seedlings. (A) Proline (Pro) content. (B) Soluble sugar (SS) content. (C) Soluble
protein (SP) content. Bars superscripted by different lowercase letters indicate significant differences
(p < 0.05), mean ± SE.

3.9. Effects of Different Concentrations of Cp2 EPS on Antioxidant Enzyme Activities of Alfalfa
Seedlings under Salt Stress

SOD and CAT are important antioxidant enzymes that protect cells from oxidative
damage by eliminating excessive reactive oxygen species from plants. The SOD and CAT
activities of alfalfa seedlings were significantly decreased in the CK2 group as compared to
the CK1 group (p < 0.05). Compared with the CK2 group, the SOD and CAT activities of
seedlings treated with T1 to T5 were significantly increased (p < 0.05), and reached their
maximum values under the T2 and T3 treatment groups, with an increase of 71.63% and
105.25%, respectively (p < 0.05) (Figure 7). The results show that the application of certain
concentrations of Cp2 EPS could improve the antioxidant enzyme activity to alleviate the
salt stress on alfalfa seedlings.
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Figure 7. Effects of different concentrations of Cp2 EPS on antioxidant enzyme activities of the
salt-stressed Alfalfa seedlings. (A) Superoxide dismutase (SOD) activity. (B) Catalase (CAT) activity.
Bars superscripted by different lowercase letters indicate significant differences (p < 0.05), mean ± SE.

3.10. Correlation Analysis and Principal Component Analysis

Spearman correlation analysis was performed on 24 parameters, including plant
germination index, growth index, and physiological index (Figure 8A). The results show
that ARD, EL, MDA, and H2O2 were negatively correlated with other indicators.

Agronomy 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

SOD and CAT are important antioxidant enzymes that protect cells from oxidative 
damage by eliminating excessive reactive oxygen species from plants. The SOD and CAT 
activities of alfalfa seedlings were significantly decreased in the CK2 group as compared 
to the CK1 group (p < 0.05). Compared with the CK2 group, the SOD and CAT activities 
of seedlings treated with T1 to T5 were significantly increased (p < 0.05), and reached their 
maximum values under the T2 and T3 treatment groups, with an increase of 71.63% and 
105.25%, respectively (p < 0.05) (Figure 7). The results show that the application of certain 
concentrations of Cp2 EPS could improve the antioxidant enzyme activity to alleviate the 
salt stress on alfalfa seedlings. 

 
Figure 7. Effects of different concentrations of Cp2 EPS on antioxidant enzyme activities of the salt-
stressed Alfalfa seedlings. (A) Superoxide dismutase (SOD) activity. (B) Catalase (CAT) activity. 
Bars superscripted by different lowercase letters indicate significant differences (p < 0.05), mean ± 
SE. 

3.10. Correlation Analysis and Principal Component Analysis 
Spearman correlation analysis was performed on 24 parameters, including plant ger-

mination index, growth index, and physiological index (Figure 8A). The results show that 
ARD, EL, MDA, and H2O2 were negatively correlated with other indicators. 

Principal component analysis was further performed on the physiological indicators 
of alfalfa response after Cp2 EPS treatment (Figure 8B). The results show that these seven 
parameters can be divided into PC1 (68.5%) and PC2 (21.7%), both of which have a cumu-
lative contribution rate of 90.2%, thus explaining the distribution of each sample well. The 
MDA and H2O2 were distributed in the second quadrant, and they almost showed the 
opposite relationships to the others distributed in the first and fourth quadrants. 

 
Figure 8. Heatmap of correlation between germination, growth, and physiological indicators (A). 
The image show Spearman correlation and the values in the grid represent correlation coefficients 

Figure 8. Heatmap of correlation between germination, growth, and physiological indicators
(A). The image show Spearman correlation and the values in the grid represent correlation co-
efficients (r values). The red color indicates a positive (0 < r < 1.0) correlation and the green color
indicates a negative (−1.0 < r < 0) correlation. GP, germination potential; GR, germination rate; GI,
germination index; SL, seeding length; RL, root length; SFW, seedling fresh weight; RFW, root fresh
weight; SDW, seedling dry weight; RDW, root dry weight; ARD, average root diameter; RSA, root
surface area; RV, root volume; Chla, chlorophyll a; Chlb, chlorophyll b; ChlT, total chlorophyll; EL,
electrolyte leakage; MDA, malondialdehyde; H2O2, hydrogen peroxide; Pro, proline; SS, soluble
sugar; SP, soluble protein; SOD, superoxide dismutase; and CAT, catalase activity. Principal compo-
nent analysis of physiological indicators (B). The percent total variance is shown for PC1 and PC2 in
parenthesis in the axis. PCA, principal component analysis; PC1, principal component 1; and PC2,
principal component 2.

Principal component analysis was further performed on the physiological indicators
of alfalfa response after Cp2 EPS treatment (Figure 8B). The results show that these seven
parameters can be divided into PC1 (68.5%) and PC2 (21.7%), both of which have a cumula-
tive contribution rate of 90.2%, thus explaining the distribution of each sample well. The
MDA and H2O2 were distributed in the second quadrant, and they almost showed the
opposite relationships to the others distributed in the first and fourth quadrants.
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3.11. Comprehensive Analysis

The indicators used for each treatment were normalized to obtain the contribution
values of all indicators for each treatment (Figure 9A). Subsequently, a comprehensive
analysis was conducted based on the contribution values (Figure 9B). The results show that
the addition of different concentrations of Cp2 EPS could alleviate salt stress in alfalfa to dif-
ferent degrees. Notably, the T3 (1.5 g/L Cp2 EPS) treatment group had the best effect on the
germination of alfalfa seeds and seedling growth under 75 mmol/L NaCl stress. The com-
prehensive analysis yielded the following ranking: CK1 > T3 > T2 > T4 > T5 > T1 > CK2.
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Figure 9. Comparison of the classification of germination, growth, and physiological indicators of
alfalfa under different treatments (A). Comprehensive evaluation of the growth characteristics of
alfalfa under salt stress with different concentrations of Cp2 EPS treatments (B). CK1 means distilled
water; CK2 means 75 mmol/L NaCl; T1, T2, T3, T4, and T5 mean at 75 mmol/L NaCl stress solution
added 0.5, 1.0, 1.5, 2.0, and 2.5 g/L Cp2 EPS treatment.

4. Discussion

The germination of seeds is a critical stage in the life cycle of plants, which is closely
related to the proper development of seedlings [27]. Salt stress is a prominent factor that
hinders seed germination and the normal growth of seedlings [28]. In this study, we found
that salt stress significantly reduced the index related to alfalfa seed germination and
severely inhibited the phenotypic growth of seedlings, mainly characterized by stunted
and thickened root systems, yellowing of leaves, and a marked reduction in plant height
and biomass [29]. It was demonstrated that EPS not only serves as a regulator of nutrient
transport, hypocotyl elongation, cotyledon greening, and shoot development, but also plays
a direct role in plant salt tolerance [30]. In the current study, we found that the germination
ability of alfalfa seeds and seedling growth ability were significantly enhanced by the
addition of Cp2 EPS under salt stress conditions, consistent with the findings of Sun [31].
In addition, this study revealed that salt stress had a more pronounced effect on root
morphology than on aboveground structures. The impact of salt stress on root morphology
was observed through a significant reduction in total root length, total root volume, and
total root surface area. This phenomenon may be attributed to the root system’s initial
perception of salt stress signals, which triggers physiological responses that ultimately
affect root structure [32]. Conversely, the application of Cp2 EPS resulted in a notable
improvement in seedling root growth. This effect could be attributed to the formation of
a biofilm by EPS, which adhered to the root surface and provided protection against salt
damage [33]. Similar findings were reported by Liu et al. [34].
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Photosynthesis is an important component of plant growth and development, and
chlorophyll content can serve as an indicator of a plant’s ability to absorb, convert, and
transfer light energy [35]. This study showed that exposure to 75 mmol/L NaCl stress
resulted in a significant reduction in the levels of chlorophyll a, chlorophyll b, and total
chlorophyll in alfalfa. Conversely, different concentrations of Cp2 EPS significantly in-
creased chlorophyll content of alfalfa. This indicated that Cp2 EPS has a protective effect
on the degradation of chlorophyll in alfalfa leaves under salt stress, providing a guarantee
for photosynthesis under salt stress environments and providing an energy basis for the
normal physiological and biochemical activities of plants. The reason may be that EPS
inhibits the absorption of Na+ by the root system and reduces the transportation of Na+ to
the aboveground, thus protecting photosynthetic pigments in alfalfa from salt damage and
maintaining the normal operation of plant photosynthesis, and subsequently alleviating the
toxic effects of salt stress on alfalfa leaves [10]. Additionally, previous studies demonstrated
that the inoculation of EPS-producing bacteria under salt stress has a beneficial effect on
the photosynthetic pigment content of maize [34] and wheat [36] seedlings, which is in
agreement with the findings of the present investigation.

Under salt stress conditions, plants can accumulate osmoregulatory substances, in-
cluding proline, soluble sugar, and soluble protein, to counteract the osmotic imbalance
caused by salt stress [37]. It was shown that these osmoregulatory substances, specifically
amino acids and soluble sugars play a crucial role in maintaining cell expansion pressure,
safeguarding cell structure, and eliminating reactive oxygen species (ROS). Of particular
note is the protective function of proline, which can prevent damage to protein conversion
mechanisms and upregulate stress protective proteins. This is the main mechanism by
which plants enhance their resistance to salt stress [37,38]. In this study, we found that
salt stress induced the synthesis of proline in alfalfa seedlings, which greatly resisted salt
stress injury. This phenomenon may be attributed to the plant’s stress response mechanism
under salt stress. Additionally, the addition of EPS further increased the proline content of
alfalfa seedlings, indicating its potential in mitigating the osmotic stress imbalance caused
by salt stress. Furthermore, the results of this study also demonstrate a significant elevation
in the levels of soluble sugar and soluble protein in alfalfa seedlings upon the addition
of EPS. This observation is consistent with the report by Liu et al. [34], who suggested
that EPS produced by salt-tolerant rhizobium can enhance osmotic stress tolerance and
promote growth in maize. Similarly, Sun et al. [31] demonstrated that EPS produced by
Pantoea alhagi NX-11 protected rice seedlings from salt stress by increasing the content of
osmoregulatory substances. These results provide further evidence that EPS can alleviate
osmotic stress induced by salt stress.

ROS are products of aerobic metabolic processes within biological cells. Under normal
circumstances, the production and clearance of ROS in plants are typically maintained
in a dynamic balance. Nevertheless, exposure to salt stress conditions can disturb this
balance, resulting in an excessive accumulation of ROS. Excessive ROS levels can inflict
harm upon cell membranes, elevate membrane permeability, cause significant electrolyte
loss, and disrupt regular cellular function [39,40]. EL and MDA are important physiological
indicators to identify the strength of plant resistance, while H2O2 is one of the main
components of ROS, and its content can directly reflect the degree of cell membrane
damage [41]. In this study, the levels of EL, MDA, and H2O2 were extremely increased
in alfalfa seedlings under salt stress, indicating a heightened degree of oxidative damage.
However, treatment with Cp2 EPS resulted in a significant reduction in the levels of
EL, MDA, and H2O2, indicating that Cp2 EPS can significantly reduce the degree of cell
membrane lipid peroxidation and increase the salt tolerance of alfalfa. The reason may
be that microbial EPS, as a natural antioxidant, can eliminate free radicals to reduce ROS
levels, thus protecting plants from ROS-induced lipid peroxidation [42].

In response to salt stress, plants also protect themselves from oxidative damage by
activating antioxidant defense systems to scavenge excess ROS, including SOD, CAT, and
POD, etc. [2]. Among these enzymes, SOD is the most effective scavenger of reactive
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oxygen species and serves as the primary defense mechanism against ROS damage [43].
SOD converts O2

− into O2 and H2O2, and H2O2 is further broken down into H2O by CAT
and POD, etc., thus preventing the production of ROS [44]. Multiple studies demonstrated
the efficacy of EPS as an antioxidant. In the present study, the activities of SOD and CAT
in alfalfa seedlings were observed to decrease under salt stress, but were significantly
increased following treatment with EPS, an antioxidant enzyme. Yang et al. [42] reported
that EPS secreted by Bacillus amyloliquefaciens exhibited extremely strong free radical scav-
enging effects. Additionally, Arroussi et al. [45], reported that EPS from Dunaliella salina
can enhance the activity of antioxidant enzymes in tomato plants under salt stress. The
results of the above studies were basically the same as the results of this experiment, further
suggesting that EPS can eliminate excess ROS by upregulating antioxidant enzyme activity,
thus protecting plants from salt stress damage.

In summary, EPS can improve the salt tolerance of alfalfa seedlings. Moreover, EPS
secreted by Erwinia persicina Cp2 has great application prospects in plant adaptation or
improvement of saline–alkali land. However, the current understanding of EPS from
this bacterium remains limited, and the possibility of other resistance needs to be further
explored.

5. Conclusions

A total of 75 mmol/L NaCl stress severely inhibited the germination of alfalfa seeds
and the normal growth of seedlings. However, the application of Cp2 EPS resulted in
increased antioxidant enzyme activity, elevated the content of osmoregulatory substance,
and reduced membrane permeability, thereby alleviating the damage of salt stress on alfalfa
seedlings and promoting their growth. Furthermore, EPS demonstrated a dose-dependent
function in improving alfalfa seed germination and seedling growth under salt stress. The
comprehensive analysis revealed that 1.5 g/L Cp2 EPS had the most effective alleviating
effect on alfalfa under this salt stress concentration. This study provides guidance for
effectively utilizing bacterial EPS to improve plant salt tolerance. However, the mechanism
of its induction of plant salt resistance is not entirely clear, and especially on the molecular
level, research needs to be further explored.
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