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Abstract: Alfalfa (Medicago sativa L.) is an outstanding species used for the remediation
of heavy metal-contaminated soil, and our previous research has shown that PGPR can
promote plant growth under high-concentration lead stress. This discovery has forced
scientists to search for PGPR strains compatible with alfalfa to develop an innovative
bioremediation strategy for the remediation of lead-contaminated soil. This study used
lead-tolerant rhizosphere soil of red clover as experimental material; cultured, isolated,
and screened 52 excellent lead-tolerant bacteria that promote rhizosphere growth; and then
inoculated them into alfalfa. Marked differences existed in the secretion of auxin, protease,
and ACC deaminase among these strains. The results indicated that Pseudomonas spp.
(strain Y2), Pseudomonas spp. (strain Y22), and Bacillus spp. (strain Y23) exhibited a strong
growth-promoting ability in alfalfa, and there was no antagonistic reaction among the three
strains, enabling their coexistence. The pot experiment manifested that strains Y2, Y22,
Y23, and YH (a mixture of Y2, Y22, and Y23) could increase the plant height, root length,
fresh and dry weight above ground, and fresh and dry weight below ground of alfalfa.
They could all significantly raise the chlorophyll content and antioxidant enzyme activity
in alfalfa (p < 0.05) and the content of malondialdehyde (MDA) in alfalfa. Furthermore,
the concurrent inoculation of three distinct types of plant growth-promoting rhizobacteria
(PGPR) significantly diminished lead (Pb) concentrations in rhizosphere soil, enhanced
the levels of available potassium (AK) and available phosphorus (AP), and augmented
the capacity of plants to absorb Pb. The results imply that PGPR can be employed to
facilitate plant growth and microbial-assisted remediation of lead and other heavy metal-
contaminated soil and establish a basis for further research on the growth-promoting
mechanism of PGPR in plants.

Keywords: abiotic stress; trace metal pollution; alfalfa; bioremediation

1. Introduction
In the wake of the rapid advancement of industry and the extensive application of

pesticides and fertilizers, lead pollution has raised the risks associated with agricultural
production activities. When lead enters the soil, the majority of it gets adsorbed and
retained; yet, under specific circumstances, it can be taken up by plants and thereby enter
the plant structure [1–3]. Once lead enters the plant via the root system, the plant will
translocate it to various tissues and organs and accumulate it continuously in the diverse
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tissues and organs of the plant. Subsequently, this inhibits the growth and development of
roots, stems, leaves, and other components of the plant, generates toxic effects for the plant,
and, in severe cases, leads to the plant’s death. The higher the level of lead stress is, the
more severe the phenotype damage becomes [4].

In the rhizosphere indigenous bacterial community of plants, there exists a beneficial
type of bacteria that can provide nutrients for plants, promote their growth and develop-
ment, and reduce the occurrence of plant diseases and pests. This type of microorganism is
known as plant growth-promoting rhizobacteria (PGPR) [5]. Currently, there are numerous
common types of plant-growth-promoting Rhizobacteria, mainly including Pseudomonas
spp., Bacillus spp., Enterobacter spp., Burkholderia spp., and Agrobacterium spp., etc. [6,7]. To
promote the development of plant roots and reduce the toxicity of trace metals, adding
PGPR can reduce the damage to plants under biotic and abiotic stress, accelerate the effi-
ciency of plant restoration through synergy with plants, and improve soil quality [8]. The
rhizosphere bacteria successfully established in the soil ecosystem have high environmental
adaptability and metabolic diversity and promote the growth of the host through symbiosis
with plants. Due to the interaction between the strain and the host, PGPR promotes plant
growth through various mechanisms, such as increasing phosphate solubility or phosphate
biological availability, potassium dissolution, nitrogen fixation, iron carrier production,
1-aminocyclopropane-1-carboxylic acid deaminase (ACC) production, phytohormone pro-
duction, the induction of systemic tolerance, and plant-growth-promoting rhizobacteria
PGPR symbiosis [9]. These rhizosphere growth-promoting bacteria can not only improve
resource utilization but also convert some unavailable resources of plants into available
resources through their various secretions, thereby alleviating the biotic and abiotic stress
on plants [10]. Mirzaei et al. investigated the drought tolerance of lemongrass (Cymbopogon
citratus (DC.) Stapf) and discovered that PGPR inoculation could enhance the plant height;
biomass; activities of SOD, POD, CAT, and other antioxidant enzymes of lemongrass under
drought stress; and improve its drought tolerance [11]. Perruzza L et al. identified that
Shigella flexneri with the apy gene encoding adenosine triphosphate phosphohydrolase
could transform phosphorus in the soil that could not be directly absorbed and utilized
by plants into phosphorus that could be absorbed by plants [12]. It is notable that PGPR
can also supply the iron necessary for plants through the iron carrier it secretes and can
deprive harmful microorganisms of the iron required for growth, ultimately facilitating the
growth and development of plants [13,14]. Nevertheless, there are few studies dedicated to
examining the effects of PGPR on alleviating stress caused by the presence of heavy metals
such as Pb, and they primarily focus on Cu, Cd, Ni, and Hg [15].

The bioremediation process encompasses the utilization of various organisms, in-
cluding bacteria, microalgae, fungi, and plants, to eliminate harmful substances from
contaminated environments or to transform these substances into less toxic or innocuous
forms [16]. Microorganisms possess the ability to endure environments characterized by
high levels of trace metal pollution through mechanisms of detoxification or tolerance. This
capability is essential for the processes of species formation, as well as the bioavailability
and mobility of trace metals [17]. Numerous investigations have been undertaken to assess
the biodegradation capabilities of bacteria or fungi isolated from soil contaminated with
metals, specifically in relation to trace metal elements. Fatima Abdullahi Harun et al. [18]
reported the isolation and optimization of two novel lead-resistant isolates from an active
goldmine-contaminated site of Anka in Zamfara State, Nigeria. The two isolates demon-
strated the ability to tolerate lead nitrate concentrations of up to 3000 mg/L. It was observed
that mercury, a toxic trace metal, significantly inhibited the growth of both isolates at a
significance level of p < 0.05. The locally isolated strains of Paenibacillus sp. and Bacillus sp.
show potential as effective agents for the bioremediation of environments contaminated
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with lead. Additionally, microbial-mediated biogeochemical processes that convert lead
into stable precipitates such as phosphate, sulfide, and carbonate are examined within a
genetic, metabolic, and systematic framework. This analysis pertains to their application
in both laboratory and field settings for the immobilization of environmental lead [19].
Debjani Mandal et al. [20] isolated a plant growth-promoting bacterium exhibiting hy-
pertolerance to trace metals from arsenic-contaminated soil in the Bhagobangola I block
of Murshidabad district. The bacterial isolate was classified as belonging to the genus
Microbacterium. Within the genome of this secondary oxidizing bacterium, genes and gene
clusters associated with arsenic tolerance, as well as tolerance to other trace metals such
as copper, manganese, and zinc, were identified alongside those linked to plant growth
promotion. The plant growth-promoting rhizobacteria (PGPR) identified in this research
may be utilized to enhance plant growth and assist in the microbial remediation of soil
contaminated with lead and other trace metals. These microorganisms possess the potential
to function as a bioremediation agent and a biological fertilizer, thereby mitigating lead
toxicity and fostering plant development.

Medicago sativa L. is a perennial flowering plant of the Medicago genus in the legume
family renowned for its nutritional, economic, and scientific research value as well as its
exceptional palatability, earning it the esteemed title of the “King of forage” [21]. Pre-
vious studies conducted by our research group have demonstrated that an abundance
of rhizosphere microorganisms can enhance the growth of Trifolium pratense L. in soils
with a lead concentration of 5000 mg/kg [22]. The concentration of lead (Pb) in the soil is
approximately 33 times greater than the threshold of 150 mg/kg established by the United
States Environmental Protection Agency (EPA). Furthermore, it exceeds the European
Union’s Soil Pollution Risk Assessment Guidelines (PRTR) limit of 100 mg/kg by a factor
of 50 and is 100 times higher than the Chinese national standard, “Soil Environmental
Quality Standards” (GB 15618-2018 [23]), which sets the limit at 50 mg/kg. In light of
these findings, the present study seeks to isolate, select, and identify rhizobacteria that
promote plant growth and exhibit tolerance to lead, with the objective of enhancing the
growth of Medicago sativa L. and developing a strategy for the assisted remediation of lead-
contaminated soils. These bacteria were then inoculated onto alfalfa seeds and seedlings
under Pb pollution conditions to observe their effects on seed germination and seedling
development at varying concentrations of lead pollution. The ultimate goal was to obtain
superior lead-resistant strains capable of promoting the growth and development of alfalfa
under lead stress, thereby providing essential theoretical support and reference points for
plant-microorganism combinations in remediating Pb-contaminated soil.

2. Materials and Methods
2.1. Experimental Material

The rhizosphere soil of red clover growing in soil with a concentration of 5000 mg/kg
was utilized as the experimental material (this rhizosphere soil was stored in a −80 ◦C
refrigerator) [22]. The same variety of alfalfa seed, supernova, was collected from the exper-
imental field of Northeast Agricultural University in Harbin, China (E 126◦14′; N 45◦05′),
and was used for both the germination test and pot experiment. Seed germination tests
were conducted in sterile glass Petri dishes. The pots used in the experiment had dimen-
sions of 11.6 × 10.5 cm (inside diameter × height) and contained conventional horticultural
soil mixed with vermiculite. Soil lead pollution was simulated by adding lead nitrate
solution. After adding the corresponding concentration of lead solution, passivation took
place in a dark location for one week, followed by sterilization for 30 min after bagging
once passivation was completed. Soil sterilization using HH-4 constant temperature water
bath from Guohua Electric Co., Ltd. (Changzhou, China) (program: 121 ◦C, 40 min).
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2.2. Isolation and Identification of Lead-Resistant PGPR Strains

Weigh 5 g of the sample rhizosphere soil and place it into a triangular glass bottle
containing 45 mL of sterile water. Shake the mixture at 28 ◦C at 180 rmp for 30 min. At this
point, the concentration of bacterial suspension is 10−1, followed by five rounds of tenfold
gradient dilution to achieve a concentration of 10−5. Extract 100 µL of bacterial suspension
from each diluent labeled as 10−3, 10−4, and 10−5; add it to LB, R2A, Kogler No. 1 and Beef
Extract peptone solid medium center; then use a disposable bacterial inoculation ring to
evenly spread the bacterial solution onto the culture medium. (LB medium: 10 g of sodium
chloride, 5 g of yeast extract, 10 g of tryptone, 15 g of agar, pH 7.0–7.2, diluted to 1 L with
deionized water; R2A medium: 0.5 g of glucose, 0.5 g of starch, 0.5 g of acid-hydrolyzed
casein, 0.5 g of bacteriological peptone, 0.5 g of yeast extract, 0.3 g of sodium pyruvate,
0.3 g of hydrogen dihydrogen phosphate, 0.05 g of magnesium sulfate, 2 g of TES, 15 g of
agar, pH 7.0, diluted to 1 L with deionized water; Kogler No. 1: 20 g of soluble starch, 1 g of
potassium nitrate, 0.5 g of magnesium sulfate, 0.01 g of ferrous sulfate, 0.5 g of dipotassium
dihydrogen phosphate, 0.5 g of sodium chloride, 18 g of agar, pH 7.2–7.4, 1 L of deionized
water; beef extract peptone solid medium: 5 g of beef extract, 10 g of peptone, 5 g of sodium
chloride, 15 g of agar, pH 7.0–7.2, diluted to 1 L with deionized water.) Invert the culture
medium in a 28 ◦C incubator and select a single colony from LB solid medium to coat
onto a new solid LB medium until a single purified strain is obtained. Store the purified
strains in glycerol at −80 ◦C. Extract the DNA of the isolated strain using a kit (CWBIO
Bacteria Genomic DNA Kit) and perform PCR amplification with universal primers: 27F
(5′-AGAGTTTGATCCTGGCTCAG-3′) and1492R (5′-CtacGGCTACCTTgTTACGA-3′). The
PCR reaction system is 50 µL. PCR reaction procedure: predenaturation at 95 ◦C for 5 min,
denaturation at 95 ◦C for 30 s, annealing at 58 ◦C for 30 s, extension at 72 ◦C for 90 s,
and final extension at 72 ◦C for 7 min, with a total of 35 cycles. Send the PCR products
to Shanghai Piceno Biotechnology Co., Ltd. (Shanghai, China) for bacterial16S rDNA
sequencing. Conduct sequence comparison and analysis using BLAST program on NCBI
website based on the sequence results, selecting model strains with high homology with
16S rDNA sequence. Construct phylogenetic evolutionary tree using MEGA7.0 software.

2.3. Characteristics of Lead-Resistant PGPR Strains

We examined the growth-promoting properties of the target strain, including IAA pro-
duction capacity, protease production capacity, inorganic phosphorus dissolution capacity,
ACC deaminase activity, iron carrier production capacity, and cellulase production capacity.
The synthetic ability of IAA was determined in accordance with Thakuria D et al. [24], and
the standard curve of IAA is presented in Supplementary Figure S1a. Inoculate the purified
target strains in LB liquid medium containing 300 µg/mL L-tryptophan for enrichment
and cultivation for 24 h. Take 1 mL of bacterial suspension and add an equal amount of
Salkowski color reagent. If the color turns red, it indicates that the strain can produce IAA.
The protease production capacity of isolated strains was measured following the method of
De Marco J L [25]. Inoculate the activated target strain onto a protease screening medium,
invert and culture for 48 h, and observe the outer circle of the colony. If a transparent
aperture is produced, it indicates that the strain has protease production ability. The ability
to dissolve inorganic phosphorus was evaluated according to Devau N [26]. Inoculate the
activated target strains onto inorganic phosphorus medium (NPA), seal the culture dish,
invert and culture for one week, and observe the transparent aperture on the outer circle
of the colony to indicate that the strain has the ability to dissolve inorganic phosphorus.
ACC deaminase activity was determined using a modified method based on work by
Penrose and Glick (Penrose and Glick, 2003) [27], with the standard curve of α-butanolic
acid content shown in Supplementary Figure S1b. Inoculate the activated target strain
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onto the ACC deaminase screening medium (ADF), and after 48 h of cultivation, if the
bacteria grow normally, it indicates that the strain has ACC deaminase activity. Ferric
support production capacity was determined using the chromium azolsulfonate (CAS)
analysis method [28]. Cellulase production capacity was assessed with reference to relevant
literature [29]. The activated target strains were inoculated onto the Congo red isolation
and screening medium and cultured for 3 days. Observe whether a transparent halo forms
around the outer edge of the colony. If a transparent halo forms, it indicates that the strain
has the ability to produce cellulase. Each experiment was replicated thrice.

2.4. Growth Analysis of Strains Under Lead Stress

The plate confrontation method [30] was utilized to confirm the presence of antago-
nism between the target strains. To observe the morphology and structure of the isolated
strains, a single colony screened from the purification plate was activated and added into
50 mL of Lysogenic Broth (LB) medium, oscillated at 28 ◦C and 200 rmp for 48 h. The
bacterial solution was then adjusted to an absorbance value of 0.5 ± 0.02 using sterile
water. LB liquid medium containing lead nitrate at concentrations of 0, 250, 500, 1000, and
5000 mg/L was prepared. Subsequently, 1 mL of the target bacterial solution was absorbed
and poured into each LB medium containing lead, which was placed in a shaking table at
180 r/min and cultured at 28 ◦C. The absorbance 600 values were determined every 3 h
to draw the growth curve. The physiological and biochemical analysis of these selected
target strains was conducted with reference to the Manual for Systematic Identification of
Common Bacteria [31].

2.5. Pot Experiment

To assess the growth promotion effect of lead-tolerant, growth-promoting strains on
alfalfa under varying concentrations of lead stress, the screened lead-tolerant, growth-
promoting bacteria and its mixed solution were inoculated into potted alfalfa. Three
different levels of lead stress treatments were applied: 0, 1000, and 5000 mg/kg. The pot
experiment was conducted at Northeast Agricultural University.

Alfalfa seeds of suitable size and full grain were carefully selected and sterilized using
the same method as the germination test. Following sterilization, the seeds were placed
in Petri dishes lined with aseptic filter paper. Each dish was then inoculated with 10 mL
of target bacteria solution, and the seeds were allowed to soak for 48 h. Subsequently, the
soaked seeds were transferred to Petri dishes for germination. After germination, seeds
displaying similar growth potential and good performance were chosen and transplanted
into POTS containing passivated and sterilized horticultural soil. The substrate utilized
for potted plants consists of standard horticultural soil, supplemented with vermiculite.
To simulate soil lead contamination, a lead nitrate solution was incorporated. Following
the addition of the specified concentration of lead solution, the mixture was allowed to
undergo passivation in a dark environment for a duration of one week. Subsequently,
the treated soil was packaged and subjected to sterilization for a period of 30 min. Eight
alfalfa seeds were sown in each pot. The soil was watered with 100 mL every 3 days to
maintain appropriate moisture levels, while a bacterial solution with an absorbance 600
of 0.50 ± 0.02 (1 × 106 CFUmL−1) was applied to the plant roots every 5 days (the mixed
bacterial solution consisted of a single bacterial suspension with an absorbance 600 of
0.50 ± 0.02 in equal volume), at a dosage of 50 mL each time, in order to sustain stable
bacterial abundance in the soil. After 30 days of alfalfa growth, the influences of PGPR
applied alone or in combination on the growth of alfalfa under lead stress were investigated.



Microorganisms 2025, 13, 210 6 of 19

2.6. Plant Sample Analysis

The morphological indexes included in the study are plant height, root length, fresh
weight above ground, dry weight above ground, fresh weight of root, and dry weight of
root. Plant height refers to the distance from the root neck to the top of the potted plant,
while root length indicates the length of the main root of each plant. Aboveground fresh
weight represents the combined weight of above ground parts in a group consisting of
5 plants. Similarly, aboveground dry weight denotes the combined weight when sample
weights remain to constant weight after drying 5 plants to a constant temperature at
65 ◦C. Fresh root weight signifies the combined weight of roots from a group with their
aboveground parts removed every 5 plants. Lastly, dry root weight represents the combined
weight after drying at 105 ◦C for 30 min when sample weights remain unchanged and then
dried to constant temperature at 65 ◦C every five plants in a group.

Physiological indices include chlorophyll content, malondialdehyde (MDA) content,
superoxide dismutase (SOD) activity, peroxidase (POD) activity, and catalase (CAT) activity.
The determination of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids was
conducted using the method described by Datt B. [32]. The content of MDA [33] was
determined using the thiobarbituric acid (TBA) method. SOD activity was assessed using
the nitrogen blue tetrazole (NBT) photo reduction method [34]. POD activity was measured
using the guaiacol method, while CAT activity was determined via ultraviolet absorption
analysis [35].

The aboveground portion of the plant sample was isolated from the root, dried, and
ground, and subsequently, 10 mL of nitric acid was added thereto. It was dissolved into a
colorless and transparent solution (180 ◦C, 90 min) using the microwave digestion system.
The lead content in the digestion was determined via xylenol orange spectrophotome-
try [36].

2.7. Soil Sample Analysis

The pH of the soil samples was ascertained using a pH meter with a soil-to-water
ratio of 1:1 (v:w). The samples were agitated using a shaker for 20 min and subsequently
determined after a 5 min standing period. The content of bioavailable phosphorus (AP) in
1 g of soil sample was determined via molybdenum-antimony colorimetry (OD700) after
7 mL of ammonium fluoride extract solution was added to the test tube, shaken for 1 min,
and filtered. After 5 g of 20-mesh sieved soil was placed in 50 mL of neutral ammonium
acetate solution and shaken for 30 min, the content of available potassium (AK) in the
filtered filtrate was determined using a flame photometer. After drying and sieving, 0.1 g
of soil sample was supplemented with 10 mL of nitric acid and 0.5 mL of hydrofluoric
acid, which was digested into a colorless transparent solution using a microwave digestion
system (180 ◦C, 90 min), and the lead content in the digestion was determined via xylenol
orange spectrophotometry [32].

2.8. Calculation of Biological Concentration Coefficient and Transport Coefficient

Biocon Centration Factor (BCF) and Transfer Factor (TF) can indicate the accumulation
of lead in alfalfa and the transfer of lead from the roots to the ground. The calculation
formula is as follows:

BCF =
Cplant
Csoil

(1)

where Cplant and Csoil are Pb concentrations (mg/kg) in alfalfa and rhizosphere soils,
respectively. The Cplant content in alfalfa was calculated as the sum of the Pb contents
(mg/kg) in the shoots and roots.

TF =
Cshoot
Croot

(2)
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where Cshoot and Croot are the Pb concentrations (mg/kg) in aboveground (stem and
leaves) and underground (roots) parts of rye grass, respectively [37].

2.9. Data Analysis

Excel 2007 was used for data sorting and performing one-way ANOVA and signifi-
cance analysis using IBM SPSS Statistics 26, with three biological replicates in each group,
and the difference significance was defined as p < 0.05. Origin 2021 was used for mapping.
The images were merged using Adobe Photoshop 2019.

3. Results
3.1. Preliminary Identification of Lead-Resistant PGPR Strains

In this experiment, 52 species of bacteria isolates with different colony morphologies
were initially isolated from the rhizosphere soil of red trefoil artificially contaminated with
lead using four types of media: LB, R2A, beef extract peptone, and Kogler No. 1. A total of
20 strains of bacteria with different morphologies were cultured using R2A medium, while
16 strains were cultured using LB medium, 10 strains using beef extract peptone medium,
and 6 strains using Kogler No. 1 medium. Additionally, a preliminary qualitative screening
was conducted on the 52 bacterial strains to determine their biochemical features typically
associated with plant growth promotion. Some positive results of growth-promoting ability
identification can be seen in Supplementary Figure S2, and the corresponding results for all
52 bacterial strains are presented in Table S1.

3.2. Growth-Promoting Properties of Lead-Resistant PGPR Strains Containing ACC Deaminase

The results indicated significant differences in the growth-promotion characteris-
tics of 52 strains. Y2 and Y10 exhibited IAA production capacities of 27.55 µg/mL and
24.86 µg/mL, respectively, with Y2 showing significantly higher IAA production compared
to other bacteria with similar growth-promoting functions (p < 0.05). Conversely, Y3 and
Y41 demonstrated the weakest IAA production capacities at 2.76 µg/mL and 2.55 µg/mL,
respectively (Supplementary Figure S3a). By comparing the D/d values of 26 strains with
protease-producing capacity, the strength of their protease-producing capacity could be
preliminarily determined. Among them, Y35 and Y2 had higher D/d values, reaching
3.85 and 3.78 respectively, while Y17 and Y6 had smaller D/d values at only 1.73 and 1.59
(Supplementary Figure S3b). Y22, Y25, Y41, and Y45 formed a transparent phosphorus-
soluble circle around their colonies, indicating their ability to dissolve calcium phosphate.
The results showed that compared with the other three strains, Y22 had the highest D/d
value (2.42). The D/d values of the other three strains were similar, with Y45 being the
smallest (1.87) (Supplementary Figure S3c). As illustrated in (Supplementary Figure S3d),
the ACC deaminase activity of strain Y21 was the highest, at 0.5523 U/mg, which was
significantly greater than that of other strains (p < 0.05). The ACC activity of strains Y22,
Y46, and Y50 did not show significant differences, while the ACC activity of strains Y24 and
Y45 was the lowest and significantly lower than that of other strains (p < 0.05). Strains Y23,
Y27, and Y41 were all capable of secreting ferriophore. Among them, strain Y23 exhibited
the largest D/d value, at 2.01; strain Y27 had a D/d value of 2, similar to that of strain Y23;
and strainY41 had the smallest D/d value, at 1.71 (Supplementary Figure S3e). Among
the 6 strains exhibiting cellulase activity, Y32 demonstrated the highest D/d value (2.43),
followed by Y31. Both Y23 and Y33 had the same D/d value of 2.30, while Y52 exhibited
the lowest D/d value of 1.73 (Supplementary Figure S3f). In conclusion, it was found that
the growth-promoting ability of Y2, Y22, and Y23 was significantly higher than that of
other strains (p < 0.05) (Table 1).
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Table 1. The content of auxin and ACC deaminase produced by each strain.

Strain Number Auxin Content (µg/mL) ACC Deaminase Content (U/mg)

Y2 27.55 ± 0.12 a —
Y10 24.86 ± 0.13 b —
Y12 21.06 ± 0.83 d —
Y13 18.02 ± 0.13 f —
Y19 20.86 ± 0.21 d —
Y22 4.80 ± 0.10 g 0.29 ± 0.02 c
Y24 — 0.19 ± 0.00 d
Y25 18.88 ± 0.49 e 0.45 ± 0.00 a
Y39 21.61 ± 0.11 c —
Y46 — 0.31 ± 0.02 b
Y50 — 0.29 ± 0.01 c

The values are mean ± standard deviation, and lowercase letters indicate significant differences (p < 0.05) in the
secretion of auxin and ACC deaminase among different microorganisms.

3.3. Morphological Characteristics of Lead-Resistant PGPR Strains

By comparing the growth-promotion ability of the strains, Y2, Y22, and Y23 strains
were selected for further studies. The morphology of the tested strains is depicted in
(Figure 1a–c). The morphology of the three strains differed: the Y2 colony exhibited a slight
bulge with a milky white color and rough surface, along with folds inside; the Y22 colony
was nearly round, with a white color, smooth surface, and flocculent interior; while the
Y23 colony had a smooth surface, milky color, and bulge. The results of antagonism tests
indicated that there was no antagonism between these three strains, as they could coexist
(Figure 1d). Their respective growth-promoting functions are presented in Table S2. The
microscopic morphology of these strains was observed using scanning electron microscopy,
as shown in Supplementary Figure S4.
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inoculate the selected target strains into a uniform LB solid culture medium. This was accomplished
using a sterilized inoculation ring and a cross-shaped streaking technique. Subsequently, the plates
were inverted and incubated at a constant temperature of 28 ◦C for a duration of 48 h. The inter-
action zone between the bacterial strains was examined to determine the presence of a transparent
zone. The absence of such a zone suggested that the target strains could coexist, whereas the pres-
ence of a transparent zone indicated an antagonistic interaction between the strains, precluding
their coexistence.

3.4. 16Sr DNA Sequence Analysis of Lead-Resistant PGPR Strains

The DNA of the three strains was extracted, and PCR amplification was performed
using 27F and 1492R universal primers to obtain three fragments with sizes of 1441 bp
for Y2, 1405 bp for Y22, and 1464 bp for Y23, as shown in (Figure 2a). PCR products were
obtained after the purification of each strain. Subsequently, DNA sequencing was carried
out using the ABI3730-XL sequencing instrument. Sequence comparison and analysis were
conducted using the BLAST program on the NCBI website based on the sequencing results.
A phylogenetic tree was constructed using the maximum likelihood method, as shown in
Figure 2b. According to the identification results, strains Y2 and Y22 belong to the genus
Pseudomonas, while strain Y23 belongs to the genus Bacillus.
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3.5. Effects of Lead Stress on the Growth of PGPR Strains

The growth curves of three tested strains under lead stress are depicted in Figure 3. It
was observed that all three strains of bacteria were able to grow under lead stress, with
the higher concentration of lead stress (>1000 mg/L) having a greater impact on Y2 and
Y23. However, it could not completely inhibit their growth. On the other hand, Y22 was
less affected by lead stress, and there was no significant change in its growth trend under
different concentrations of lead stress.
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3.6. Effect of Lead-Resistant PGPR Strain Containing ACC Deaminase on Growth of
Alfalfa Seedlings

Alfalfa seedlings were subjected to different concentrations of lead in Y2, Y22, and Y23
bacterial solution and mixed bacterial solution. After 30 days, physiological and biochemi-
cal indexes, such as plant height, root length, fresh weight, and dry weight, were measured
(Figure 4). The results indicated that under both low-lead and high-lead treatments, the
plant height (Figure 4A) and root length (Figure 4B) of alfalfa significantly increased with
Y22 compared to the control group. Additionally, the fresh weight of the aboveground
part (Figure 4C) and underground part (Figure 4D) was highest with the Y22 treatment.
Furthermore, the dry weight of the aboveground part (Figure 4E) and underground part
(Figure 4F) also showed significant increases with the Y22 treatment compared to the
control group. Y2 significantly increased the plant height, root length, aboveground fresh
weight, and aboveground dry weight of alfalfa. It also decreased the underground fresh
weight and underground dry weight of the plant. Similarly, Y23 and YH (a mixture of Y2,
Y22, and Y23) had a significant impact on increasing plant height, root length, aboveground
fresh weight, and aboveground dry weight while reducing underground fresh weight and
underground dry weight of alfalfa under low-lead-concentration treatment.

3.7. Effect of Lead-Resistant PGPR Strain on Antioxidant Enzyme Activity of Alfalfa Seedlings

As depicted in (Figure 5), inoculation led to an increase in the levels of chlorophyll
a, b, total chlorophyll, and carotenoid in alfalfa while decreasing MDA, SOD, POD, and
CAT. With the rise in the lead concentration, there was a significant decrease (p < 0.05) in
the levels of chlorophyll a, b, total chlorophyll, and carotenoid across all treatment groups.
Additionally, compared to alfalfa without lead stress, MDA, SOD, POD, and CAT levels
were significantly increased (p < 0.05) in alfalfa treated with Y2, Y22, Y23, YH, and CK.



Microorganisms 2025, 13, 210 11 of 19

Microorganisms 2025, 13, x FOR PEER REVIEW 11 of 20 
 

 

3.6. Effect of Lead-Resistant PGPR Strain Containing ACC Deaminase on Growth of Alfalfa 
Seedlings 

Alfalfa seedlings were subjected to different concentrations of lead in Y2, Y22, and 
Y23 bacterial solution and mixed bacterial solution. After 30 days, physiological and 
biochemical indexes, such as plant height, root length, fresh weight, and dry weight, were 
measured (Figure 4). The results indicated that under both low-lead and high-lead 
treatments, the plant height (Figure 4A) and root length (Figure 4B) of alfalfa significantly 
increased with Y22 compared to the control group. Additionally, the fresh weight of the 
aboveground part (Figure 4C) and underground part (Figure 4D) was highest with the 
Y22 treatment. Furthermore, the dry weight of the aboveground part (Figure 4E) and 
underground part (Figure 4F) also showed significant increases with the Y22 treatment 
compared to the control group. Y2 significantly increased the plant height, root length, 
aboveground fresh weight, and aboveground dry weight of alfalfa. It also decreased the 
underground fresh weight and underground dry weight of the plant. Similarly, Y23 and 
YH (a mixture of Y2, Y22, and Y23) had a significant impact on increasing plant height, 
root length, aboveground fresh weight, and aboveground dry weight while reducing 
underground fresh weight and underground dry weight of alfalfa under low-lead-
concentration treatment. 

 

Figure 4. Effect of strains on alfalfa seedlings under lead stress. (A) Effects of strains on plant height 
of alfalfa under different concentrations of lead stress. (B) Effects of strains on root length of alfalfa 
under different concentrations of lead. (C) Effects of strains on fresh weight of alfalfa under different 

Figure 4. Effect of strains on alfalfa seedlings under lead stress. (A) Effects of strains on plant
height of alfalfa under different concentrations of lead stress. (B) Effects of strains on root length of
alfalfa under different concentrations of lead. (C) Effects of strains on fresh weight of alfalfa under
different concentrations of lead. (D) Effects of strains on fresh weight of underground alfalfa under
different concentrations of lead. (E) Effects of strains on dry weight of aboveground alfalfa under
different concentrations of lead stress. (F) Effects of strains on underground dry weight of alfalfa
under different concentrations of lead stress. Three biological replicates were conducted for each
experiment. Different capital letters indicate significant differences in the same treatment under
different lead concentrations. Different lowercase letters indicate significant differences (p < 0.05)
between different treatments at the same lead concentration.

Furthermore, it was observed that under high-lead-stress conditions, the malondi-
aldehyde content in alfalfa inoculated with Y22 was notably reduced by 27.85% compared
to CK (Figure 5E), while the activities of SOD (Figure 5F), POD (Figure 5G), and CAT
(Figure 5H) were significantly higher than those treated with CK (p < 0.05). Lead contents
in aboveground and underground parts of alfalfa under different concentrations of lead
stress are shown in (Figure 5I,J). Compared with the CK group, PGPR treatment signifi-
cantly reduced lead contents in aboveground and underground parts of alfalfa, among
which the YH mixed bacterial solution group significantly reduced lead contents.
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Figure 5. Effects of strains on chlorophyll and antioxidant properties of alfalfa seedlings under
lead stress. (A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, (D) carotenoids, (E) MDA,
(F) SOD, (G) POD, and (H) CAT. (A–H) Different capital letters indicate significant differences in the
same treatment under different lead concentrations. Different lowercase letters indicate significant
differences (p < 0.05) between different treatments at the same lead concentration. (I) Lead content
in ground parts under different Pb stress. (J) Lead content in underground parts under different
Pb stress. Three biological replicates were conducted for each experiment. (I,J) Different lowercase
letters indicate that under different concentrations of lead stress, the lead content in soil treated with
different bacterial solutions is significantly reduced compared to CK (p < 0.05).

3.8. Effects of Lead-Resistant PGPR Strains on Physicochemical Properties of Soil Samples

The effect of PGPR on soil pH under diverse lead concentration pollution is depicted
in Figure 6a. When PGPR is not inoculated in the presence of lead pollution, the soil pH
value is 6.3, and the soil pH value decreases as the lead pollution concentration rises. In the
Pb5000 treatment, the soil pH value attains the minimum value, which is 29.21% lower than
that of Pb0. PGPR treatment augmented the contents of P and K in the rhizosphere soil of
alfalfa, and the data of different groups exhibited significant differences, indicating that
distinct treatments had dissimilar effects on the contents of AP and AK in the soil in the
experiment. As can be observed in Figure 6b,c, the simultaneous inoculation of three types
of bacteria is more efficacious than a single strain in resolving P and K. Compared with the
CK group, PGPR treatment significantly decreased the Pb content in the rhizosphere soil,
among which the SKP group significantly reduced the Pb content (Figure 6d). Compared
to the control, PGPR enhanced the BCF and TF values of alfalfa against Pb (Table 2).

Table 2. BCF and CF of Pb in alfalfa treated with different bacterial solutions under three different
concentrations of lead stress.

Parameters CK Y2 Y22 Y23 YH

Pb0 BCF 0 0 0 0 0

TF 0 0 0 0 0

Pb1000 BCF 0.0250 0.0249 0.0245 0.0250 0.0266

TF 0.2468 0.2322 0.2306 0.2434 0.3145

Pb5000 BCF 0.0669 0.0843 0.0926 0.0193 0.0928

TF 0.1559 0.1588 0.1599 0.1664 0.1752

BCF: Biocon Centration Factor, TF: Transfer Factor.
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4. Discussion
Phytoremediation has emerged as a promising method for environmental pollution

remediation in recent years. It offers the advantages of being cost-effective, environmentally
friendly, and more readily accepted by the public [38]. Soil microorganisms, particularly
rhizosphere growth-promoting bacteria, play a crucial role in soil development, fertility for-
mation, nutrient cycling, plant growth, and disease control [39]. Research has demonstrated
that these bacteria can enhance plant growth under stress conditions and promote plant
recovery through direct and indirect mechanisms. Among these mechanisms, rhizosphere
growth-promoting bacteria primarily stimulate plant growth by solubilizing phosphorus,
secreting growth-regulating substances (such as IAA and ACC deaminase), and producing
iron carriers [40]. Screening for suitable rhizosphere growth-promoting bacteria can be
conducted based on these mechanisms [41]. In this study, three outstanding PGPR strains
were selected from lead-resistant red trilobium rhizosphere soil. Specifically, strain Y2
was found to produce auxin and secrete protease; strain Y22 exhibited the functions of
producing auxin, secreting protease, decomposing inorganic phosphorus, and producing
ACC deaminase; while strain Y23 was identified as capable of secreting protease, promoting
ferriferite production, and synthesizing cellulose enzymes.

As a crucial class of hormone substances that affect plant growth, IAA plays a signifi-
cant role in plant growth and development by promoting cell division [42]. Additionally,
IAA has the ability to stimulate the elongation of plant roots and modify their nutrient
and water absorption patterns, thereby facilitating plant growth in trace metals soil [43].
Malik et al. [44] employed the colorimetric approach to assess the IAA secretion capacity
of rhizosphere nitrogen-fixing strains of wheat and other plants in the saline-alkali soil of
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Pakistan, which ranged from 5.11 to 35.70 mg/L. Among the three strains screened in this
research, Y2 and Y22 exhibited growth and production capabilities. The auxin produced by
Y2 was significantly higher than that of other strains in terms of auxin-producing ability,
and the content of IAA produced was 27.55 µg/mL when the L-Trp concentration was
300 µg/mL.

Studies have demonstrated that plant endophytic bacteria harboring ACC deaminase
exert a significant role in facilitating plant growth and enhancing plant stress tolerance [45].
Both endophytes, P. brassicacearum YsS6 and P. migulae 8R6, manifested ACC deami-
nase activity, which not only stimulated the growth of tomato plants under non-stress
circumstances but also ameliorated the growth of tomato plants under salt stress in con-
trast to unvaccinated plants or plants inoculated with the corresponding Pseudomonas
acdS−mutant. Tomato plants were induced to have a higher accumulation of fresh and
dry biomass, a greater chlorophyll content, and a larger number of flowers and buds [46].
Ashrafuzzaman’s study suggested that the increase in rice seedling growth following
the introduction of PGPR may be attributed to the stimulation of IAA production and
phosphorus dissolution, indicating that the plant growth-promoting ability of this strain
is associated with other growth-promoting characteristics [47]. The Y22 strain identified
in this study exhibited a high yield of ACC deaminase, inorganic phosphorus dissolution
ability, and a D/d value of 2.42, signifying its significant research value.

Soil protease plays a crucial role in evaluating soil health and establishing sustainable
farming practices [48]. Lead stress can impact soil enzyme activity induced by microorgan-
isms. Research conducted by Qi R et al. demonstrated that the increase in soil protease
activity was accompanied by a rising trend in soil organic carbon content [49]. Furthermore,
soil microbial communities can influence the decomposition of soil organic matter through
various soil enzymes [50]. All three strains screened in this study exhibited the ability to
produce protease. Treatment with the bacterial solution of these three strains, as well as
their mixed bacterial solution, may enhance the organic matter and DOM content in the
soil by increasing protease activity, thereby improving alfalfa growth in lead-stressed soil.

pH serves as an indicator of proton effectiveness in trace metal-contaminated soils,
thereby indirectly reflecting alterations in soil conditions across varying pollution levels [51].
Plant Growth-Promoting Rhizobacteria (PGPR) secrete low-molecular-weight organic acids
that enhance the mobility of metal ions within the soil and increase both their bioavailability
and adsorption by root systems [52]. In this study, analogous trends were observed regard-
ing pH changes. At elevated lead concentrations (>5000 mg/L), the pH value in the YH
group was significantly lower than that of the control group; furthermore, after treatment
with three different lead concentrations, all values for the YH group remained reduced,
suggesting that simultaneous inoculation with three strains exerted a pronounced effect
on pH. Research indicates that PGPR can biologically mitigate soil contamination when
subjected to pollutants [53], potentially due to Pb2+ infiltration into plant tissues, which
alters physiological behaviors—particularly enhancing enzymatic activity—though further
investigation is warranted to elucidate these mechanisms [54]. Rasool’s study also demon-
strated that applying rhizospheric growth-promoting bacteria could enhance sunflower
growth under lead stress, increase its yield and antioxidant activity, elevate proline content,
and reduce damage to sunflower somatic cells [55]. Ali Q et al. investigated the seedling
stage of rice (Oryza sativa L.) under Cd stress and discovered that the supplementation
of rhizosphere growth-promoting bacterial solution and bactericide could enhance the
growth of rice under Cd stress and mitigate the negative impacts of Cd on rice [56]. In
this investigation, it was observed that under low lead stress, the treatment of 3 strains of
bacteria and a mixed bacterial solution significantly increased the plant height of alfalfa.
Additionally, the fresh dry weight of the underground part of alfalfa was notably enhanced
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by the Y22 bacterial solution treatment, which may be attributed to the IAA and ACC
deaminase production ability of strain Y22. Under high-lead treatment, both plant height
and aboveground fresh dry weight of alfalfa were significantly increased by treatments
involving three strains of bacteria and a mixed bacterial solution. It is evident that rhizo-
sphere growth-promoting bacteria demonstrate their capacity for promoting plant growth
in such conditions, particularly through their production of IAA and ACC deaminase.

The chlorophyll content serves as an indicator of the photosynthesis and nutritional
status of plants [57]. Heavy metals have been found to significantly decrease the chlorophyll
content in plants, as they disrupt the formation of chlorophyll precursor substances, leading
to structural damage and reduced photosynthetic efficiency [58,59]. In this study, as the
lead concentration increased, the chlorophyll content in alfalfa demonstrated a significant
downward trend. However, upon the addition of three strains of bacteria and the mixed
bacterial solution, the chlorophyll content in alfalfa was conspicuously enhanced. This
aligns with the discoveries of Montes-Osuna et al. [60], who observed that the supplemen-
tation of rhizosphere growth-promoting bacteria could augment the chlorophyll content in
olive trees (Olea europaea L.), suggesting that the addition of PGPR ameliorates the nutrition
and growth of alfalfa under lead stress. This might result from the preference of PGPR for
the occupation of the plant rhizosphere and the facilitation of nutrient absorption by plants.
Specifically, it can generate IAA and ACC deaminase and regulate the ethylene content in
plants, thereby increasing the chlorophyll content in plants and delaying their aging [61].

Malondialdehyde (MDA) is a product of membrane lipid peroxidation, and it directly
reflects the degree of cell membrane damage [62,63]. In this study, the malondialdehyde
content in alfalfa plants significantly increased with the increase in the lead concentration.
This is because the presence of trace metals induces other microorganisms in plant roots
or soil to produce oxygen free radicals, which accelerates plant aging [64]. Under the
same level of lead stress, the treatment with three strains of bacteria and a mixed bacterial
solution significantly reduced the malondialdehyde content in alfalfa. This indicates that the
addition of PGPR significantly alleviated cell membrane damage in alfalfa under lead stress
and improved plant tolerance. Additionally, studies have shown that lipopolysaccharide, a
main component of Gram-negative bacteria’s outer membrane, helps cells resist external
pressure by promoting antioxidant enzymes and ROS production [64–66]. Stefanie R
et al. [64] demonstrated that lipopolysaccharides purified from the pathogenic bacterium
Pseudomonas aeruginosa are capable of triggering an innate immune response in Arabidopsis
thaliana and inducing a biphasic burst of its reactive oxygen species. Both Y2 and Y22 are
pseudomonas and Gram-negative bacteria; therefore, lipopolysaccharides in their outer
membranes may have triggered a stress response in alfalfa to some extent. This could result
in increased activity of antioxidant enzymes in vivo; however, further research is needed to
understand this specific mechanism.

HMs-resistant PGPR can enhance the physicochemical properties of soil and the
bioavailability of metals, thereby facilitating plant growth and the rapid removal or trans-
formation of HMs from contaminated soil [67]. In this study, the content of available
phosphorus (AP) and available potassium (AK) in soil significantly increased after inocula-
tion with PGPR. The application of PGPR enhanced the content of soil nutrients, promoted
plant growth, and resulted in an increase in plants’ utilization of soil elements. Badr N
et al. [68] concluded that the phytoremediation effect of soil heavy metal pollution is closely
related to the growth status of plants. Compared with other metals, lead is more prone
to be complexed or combined with other substances in the soil and thus retained in the
soil. In this study, as the lead pollution concentration increased, the lead content in the
aboveground and underground parts of alfalfa also rose, indicating that the three PGPRs
promoted the migration of Pb from soil to ryegrass under lead stress.
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5. Conclusions
The results of the potted plant experiment show that inoculating with PGPR can

effectively adsorb trace metals in the soil. Under high-lead-concentration treatment, it
significantly reduces the lead content in both aboveground and underground parts of
purple clover. Compared to the control group without PGPR inoculation, PGPR effectively
promotes plant growth and enhances purple clover’s tolerance to lead stress. Pseudomonas
spp. strain Y22 has the capabilities of generating auxin, secreting protease, decomposing
inorganic phosphorus, and producing ACC deaminase. Among different concentrations of
lead stress, the YH treatment had the most prominent effect on promoting the growth of
alfalfa and remedying trace metals pollution in the soil, which has great potential in the field
of joint remediation of trace metals polluted soil with plants. Hence, it is of considerable
significance to study the growth-promoting properties of PGPR and its synergetic effect
on promoting plant production and regulating the circulation of materials and the flow of
energy in the soil.
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