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Phytoremediation, assisted by endophytes, showed great promise for the efficient
remediation of chromium (Cr)-contaminated soil. Three endophytic bacterial strains
(SE16, SE19, and SE47) were isolated from various tissues of Sorghum sudanense.
The pot experiment was designed to evaluate the potential of these endophytes,
applied individually or in combination, to enhance the phytoremediation efficiency
of S. sudanense in Cr-contaminated soil. The results demonstrated that inoculation
with endophytes increased plant height and root length by 26.4-49.2% and by
63.5-122.8%, respectively. With the exception of the SE47 treatment, the fresh
weights of the shoot increased significantly, reaching 2.01-3.08 times that of the
non-inoculated control. Endophyte inoculation also led to a marked reduction in
the Cr content in the shoots and roots of S. sudanense. The chlorophyll content
increased, while the malonaldehyde (MDA) content decreased significantly after
inoculation, indicating the alleviation of the cytotoxicity of Cr. The peroxidase
(POD) activity in both the shoots and roots of S. sudanense decreased after
inoculation. In shoots, catalase (CAT) activity was significantly lower in the combined
inoculation treatments than in the non-inoculated control. In contrast, single
inoculation treatments significantly increased CAT activity in roots compared to
the control. Furthermore, endophyte inoculation increased soil organic matter
(OM) and alkaline phosphatase activity. At the genus level, endophyte inoculation
increased the relative abundance of Delftia and Saccharimonadales, which may
contribute to reducing the toxic effects of heavy metals to plants. Our findings
indicated that the endophytic bacteria are promising candidates for promoting
plant growth and facilitating microbe-assisted phytoremediation in heavy metal-
contaminated soil.
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1 Introduction

As aleading global producer of chromium salts, the industry relies
on chromium (Cr) and its compounds as essential raw materials in
various sectors, including electroplating, leather tanning, textile
dyeing and pigment production, metallurgy, and offset printing. Each
year, substantial amounts of toxic Cr are released into the environment.
In the natural environment, Cr primarily exists in two relatively stable
forms: hexavalent Cr(VI) and trivalent Cr(III) (Ashraf et al., 2017).
These two forms exhibit significant differences in terms of soil
adsorption, bioavailability, plant uptake, and translocation, as well as
phytotoxicity (Amin and Kassem, 2012; Choppala et al., 2018; Elzinga
and Cirmo, 2010). Due to the low solubility of Cr(III) precipitates,
only a small amount of toxic ions can pass through the cell membrane
(Hu et al., 2021). In contrast, Cr(VI) is highly mobile, reactive, and
toxic and is considered 1,000 times more noxious than Cr(III) (Hu et
al., 2021). Owing to its non-degradability, solubility, mobility, and
concealment, Cr(VI) can easily penetrate human cells, causing
damage to internal organs such as the liver and kidneys, as well as to
DNA (Malaviya and Singh, 2016; Mishra and Bharagava, 2016).
Recognized internationally as a mutagenic and carcinogenic metal,
Cr(VI) poses serious risks to both ecological systems and
human health.

Phytoremediation, which employs plants to remove, stabilize, or
detoxify heavy metals (HMs) in situ, has attracted increasing attention
for its cost-effectiveness, operational simplicity, and environmental
friendliness. Microorganisms can enhance plant remediation of HMs
through mechanisms such as altering HM activity, promoting plant
growth, and improving plant tolerance to HMs (Sahoo et al., 2024;
Shahzad et al., 2019; Xu et al., 2016; Yung et al., 2021). Endophytes,
which inhabit the rhizosphere or internal plant tissues, exhibit
enhanced ability to coordinate population dynamics and adapt to both
the environment and their host (He C. et al., 2020; Saharan et al.,
2023). Notably, plant growth-promoting endophytes establish
symbiotic associations with host plants that significantly strengthen
phytoremediation capacity for HM contamination (Chen et al., 20105
Herpell et al., 2023; Kumar et al., 2021; Wang et al., 2022; Wang et al.,
2023). These endophytes facilitate plant growth under HM stress by
performing biological nitrogen (N) fixation, solubilizing phosphorus
(P), and secreting phytohormones, organic acids, chelators,
biosurfactants, siderophores, specific enzymes such as
1-aminocyclopropane-1-carboxylate (ACC) deaminase and chitinase,
and antibiotics. Furthermore, they contribute to enhanced
photosynthetic efficiency and increased plant biomass, thereby
alleviating HM toxicity and improving plant resistance to HMs (Chi
etal,, 2024; Herpell et al., 2023; Jan et al., 2019; Liu et al., 2024; Schue
etal., 2011; Wu et al., 2018).

Recent studies have shown that combined bioaugmentation
inoculants composed of two or more plant growth-promoting bacteria
(PGPB) were more conducive to plant growth and plant resistance to
stress than single-strain PGPB inoculants (He C. et al., 2020; He X. et
al., 2020; Jeyasundar et al., 2021; Ju et al., 2019; Liu et al., 2025; Rao et
al., 2025). Some studies have shown that inoculation of root
endophytic strains was more functional than rhizospheric strains and
shoot endophytic strains (Pan et al., 2017; Wang Q. et al., 2020; Wang
etal., 2019). It was reported that the original ecological niches were
not a major factor in the growth-promoting attributes, Cd
phytoextraction efficiency, and changes in bacterial community
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structure, suggesting that ecological niche was not the primary
determinant for constructing effective bioaugmentation inoculants
(Wang et al., 2022). Therefore, the principles for constructing efficient
bioaugmentation inoculants have not yet been elucidated.

Recently, we isolated several endophytic bacterial strains with
plant growth-promoting traits from Sorghum sudanense. S. sudanense,
an annual forage grass of the genus Sorghum, is known for its high
yield, superior quality, and strong adaptability. It exhibits rapid
growth, high biomass production, robust stress tolerance, soil
stabilization capacity, and efficient resource utilization. In recent years,
S. sudanense has gained increasing attention as a promising plant for
the phytoremediation of contaminated soils (Angelova et al., 2011).
The objectives were (1) to investigate the synergistic effect of
S. sudanense and its endogenous endophytes on the remediation of
Cr-contaminated soil; (2) to evaluate the influence of single and
combined inoculation of endophytes on phytoremediation efficiency
from the response of both plant physiobiochemistry and soil
microecology; and (3) to understand the mechanisms by which
endophytic bacteria assist S. sudanense in remediating soil Cr
contamination. The findings are expected to provide theoretical
insights into the benefits of inoculating plants with beneficial
microorganisms and the mutual adaptation mechanisms between
endophytes and host plants.

2 Materials and methods

2.1 Materials

Three endophytic strains, SE16 (Pantoea sp., NCBI accession
number PX642997), SE19 (Priestia sp., NCBI accession number
PX642996), and SE47 (Peribacillus sp., NCBI accession number
PX642995), with P-solubilizing, indoleacetic acid (IAA)--producing,
and ACC deaminase-producing characteristics, were all screened
from S. sudanense and stored in the Key Laboratory of Microbial
Engineering of Henan (Henan, China). Previous antagonistic
experiments showed that there were no antagonistic effects among the
three strains. S. sudanense seeds were purchased from Zhengzhou
Huiboyuan Horticulture Co., Ltd. (Henan, China).

2.2 Pot experiment design

Soil for the pot experiment was collected from the surface layer
(0-20 cm) of a paddy field in Xinxiang, Henan province, China. The
soil was air-dried, ground, and sieved through a 2-mm mesh. An
aqueous solution of K,Cr,0O; was prepared using autoclaved distilled
water to achieve a contamination level of 300 mg Cr per kg of soil. The
solution was applied to the soil and mixed thoroughly to ensure even
distribution of the Cr. Subsequently, the soil was air-dried in shade
and allowed to equilibrate for 2 months. One hundred and fifty
S. sudanense seeds were sown in plastic pots containing 1kg of
Cr-contaminated soil. For endophytes inoculation, SE16, SE19, and
SE47 suspensions were prepared by culturing these strains in Luria—
Bertani (LB) liquid medium overnight at 37 °C to the exponential
phase with continuous shaking. Following centrifugation to clear the
medium, the endophyte inocula were prepared by suspending the cells
in sterilized water to achieve an inoculum density of 10° cfu/mL,
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respectively. Isochoric bacterial suspensions were prepared ina 1:1 or
1:1:1 ratio for inoculated treatments. Six treatment groups with three
replicates were used. The specific design is shown in Table 1. For
treatment groups inoculated with endophytes, the endophytes were
gently inoculated into the Cr-contaminated soil before planting and
after the emergence of S. sudanense with 50 mL of endophyte
inoculum. For control without inoculation, 50 mL of sterile water was
drenched. The pot experiment was conducted in an artificial climate
chamber for 30 days under the following cultivation conditions: a
photoperiod of a 16-h: 8-h light/dark cycle, a temperature of 25 + 1 °C,
and a relative humidity of 75%. Soil and plant samples were collected
from each pot after 30 days of cultivation.

2.3 Soil analysis

2.3.1 Soil physicochemical properties

Rhizosphere soil was collected for further DNA extraction
according to Edwards et al. (2015). In addition, dried soil was used for
the determination of physicochemical properties, Cr concentrations,
and soil enzymatic activities.

The soil pH was determined at a 1:2.5 ratio of soil mass (2 g) to
water volume (5 mL) using a pH meter (pH S-3C, Shanghai, China).
Soil organic matter (OM) was determined by loss on ignition (550 °C,
4h) (Schulte and Hopkins, 1996). Soil-hydrolyzed nitrogen was
determined by the basic diffusion method (Bao, 2000). The Cr
concentrations in soil were determined by an AA-6880F/AAC atomic
absorption spectrophotometer (Shimadzu, Tokyo, Japan) with a
wavelength of 283.3 nm. The activities of soil enzymes (urease,
alkaline phosphatase, and CAT) were measured using detection kits
from Beijing Solarbio Science and Technology Co., Ltd.
(Beijing, China).

2.3.2 Soil bacterial community

The microbial community genomic DNA was extracted from
rhizosphere soil using the E.Z.N.A.® soil DNA kit (Omega Bio-Tek
Inc., Norcross, GA, United States) according to the manufacturer’s
instructions. The DNA extract was checked on 1% agarose gel, and
DNA concentration and purity were determined with a NanoDrop
2000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington,
United States). The hypervariable region V3-V4 of the bacterial 16S
rRNA gene sequence was amplified with the universal primers 338F
(5-ACTCCTACGG-GAGGCAGCAG-3’) and 806R (5-GGACTAC
HVGGGTWTCTAAT-3") by an ABI GeneAmp® 9,700 PCR

TABLE 1 The design of pot experiment.

Treatments Cr Endophyte S.
concentration inoculation = sudanense
(mg/kg)
CK 300 - +
T1 300 SE16 +
T2 300 SE19 +
T3 300 SE47 +
T4 300 SE19 + 47 +
T5 300 SE16 + 19 + 47 +

“—” represent without inoculation (CK); “+” represent planting S. sudanense.
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thermocycler (ABI, CA, United States). The PCR amplification of the
16S rRNA gene was performed as follows: an initial denaturation at
95 °C for 3 min, followed by 27 cycles of denaturation at 95 °C for
30 s; annealing at 55 °C for 30 s; and extension at 72 °C for 45 s. A
single final extension was carried out at 72 °C for 10 min, followed by
termination at 4 °C. The PCR mixtures contain 4 pL of 5 x TransStart
FastPfu buffer, 2 pL of 2.5 mM dNTPs, 0.8 pL of forward primer
(5 pM), 0.8 pL of reverse primer (5 uM), 0.4 pL of TransStart FastPfu
DNA Polymerase, 10 ng of template DNA, and finally, ddH,O was
diluted to 20 pL. PCR reactions were performed in triplicate. The PCR
product was extracted from 2% agarose gel, purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, United States), according to the manufacturer’s instructions, and
quantified using Quantus™ Fluorometer (Promega, United States).

Purified amplicons were pooled in equimolar and paired-end
sequenced on an Illumina MiSeq PE300 platform/NovaSeq PE250
platform (Illumina, San Diego, United States) according to the
standard protocols by Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China).

The raw 16S rRNA gene sequencing reads were demultiplexed,
quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged
by FLASH version 1.2.7 (Mago¢ and Salzberg, 2011) with the following
criteria: (i) the 300 bp reads were truncated at any site receiving an
average quality score of < 20 over a 50-bp sliding window, and the
truncated reads shorter than 50 bp were discarded, reads containing
ambiguous characters were also discarded; (ii) only overlapping
sequences longer than 10 bp were assembled according to their
overlapped sequence. The maximum mismatch ratio of the overlap
region is 0.2. Reads that could not be assembled were discarded; and
(iii) samples were distinguished according to the barcode and primers,
and the sequence direction was adjusted using exact barcode
matching, allowing up 2 nucleotide mismatch in primer matching.

Operational taxonomic units (OTUs) with 97% similarity cutoft
(Edgar, 2013; Stackebrandt and Goebel, 1994) were clustered using
UPARSE version 7.1 (Edgar, 2013), and chimeric sequences were
identified and removed. The taxonomy of each OTU representative
sequence was analyzed by RDP Classifier version 2.2 (Wang et al.,
2007) against the 16S rRNA database using a confidence
threshold of 0.7.

2.4 Plant analysis

Each plant sample was subdivided into shoots and roots. The
shoots and roots were separated, washed with deionized water, and
weighed to measure their fresh weight. They were then heat-killed at
105 °C for 30 min and oven-dried at 75 °C for 48 h to estimate Cr
accumulation in the plant. Part of the fresh shoots and roots were
taken, washed with distilled water, immediately frozen in liquid
nitrogen, and stored at —80 °C for the analysis of chlorophyll content,
malondialdehyde (MDA) content, peroxidase (POD), and catalase
(CAT) activity.

The chlorophyll content of the shoot was determined
following the method of Lichtenthaler (1987). The MDA content
was determined by homogenizing samples in 10% TCA, followed
by centrifugation at 10,000 g for 10 min. Thiobarbituric acid
(0.6%) and supernatant were mixed and then heated at 100 °C for
15 min, followed by cooling and centrifugation at 10,000 g for
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15 min. The supernatant absorbance was recorded at 450, 532, and
660 nm (Chen et al., 2017). The activities of POD and CAT were
measured using kits provided by Nanjing Jiancheng
Bioengineering Institute, China. The Cr content of plants was
determined by nitric acid-perchloric acid digestion-flame
photometry.

The bioconcentration factor (BCF) and translocation factor (TF)

were calculated according to the following Equations 1, 2:

BCF = Cr concentration in plants/Cr concentration in soils (1)
TF = Cr concentration in aboveground parts /
Cr concentration in roots (2)

2.5 Data analysis

Data are presented as the mean + standard deviation (mean + SD).
Statistical analyses were performed using a one-way analysis of
variance (ANOVA) followed by least significant difference (LSD) tests
with SPSS software. Differences were considered significant at a
p-value of < 0.05.

10.3389/fmicb.2025.1734633

3 Results

3.1 Effects of endophytes on plant growth
and Cr accumulation

Pot experiments demonstrated that inoculation with endophytes
under Cr stress significantly promoted the growth of S. sudanense
(Figure 1). Both single and combined inoculations significantly
increased shoot length (plant height) and root length. Compared with
the non-inoculated control, plant height increased by 26.4-49.2%, and
root length increased by 63.5-122.8% after inoculation with
endophytes. Except for treatment T3, shoot fresh weights increased
significantly, reaching 2.01-3.08 times that of the non-inoculated
control. Root fresh weights were also significantly increased by
inoculation, except in treatments T3 and T4.

The Cr uptake by S. sudanense grown in artificially contaminated
conditions is shown in Figure 1. With or without inoculation of
endophytes, the roots exhibited a higher Cr concentration compared
to the shoots. Endophyte inoculation led to a marked reduction of Cr
concentration in the shoots and roots of S. sudanense. Specifically,
shoot Cr concentration was 2.59 to 6.93 times higher in non-inoculated
control plants than in inoculated plants, while root Cr concentration
in most inoculated treatments (except for the combined inoculation

Plant length (cm)

Shoot

Root

Shoot

Root

2000 -

4000 -

ake of Cr (mg/kg)

8000 ~{

10000 T T T T T

Treatments

FIGURE 1

Effects of endophyte inoculation on the growth and Cr accumulation in S. sudanense under Cr stress (a: Length of shoot and root; b: Fresh weight; c:
Cr accumulation; d: BCF and TF). Different letters indicate significant differences between the treatments (p < 0.05).
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T5) decreased by 25.8 to 53.7% relative to the control. Furthermore,
both the BCF and TF for Cr significantly decreased in all inoculation
treatments compared with the non-inoculated control.

3.2 Effects of endophytes on plant
physiology and biochemistry under Cr
stress

3.2.1 Photosynthesis

To investigate the effect of endophytes on photosynthesis in
S. sudanense under Cr stress, the chlorophyll content in shoots was
measured under different inoculation treatments (Figure 2). The
results showed that, with the exception of T3, all other inoculation
treatments significantly increased the chlorophyll content compared
to the non-inoculated control, reaching levels 2.01-2.41 times that of
the control.

3.2.2 Antioxidant system

As shown in Figure 3, endophyte inoculation reduced the MDA
content in the plants. After inoculation, the MDA content in the
shoots of S. sudanense was significantly lower than that in the
non-inoculated control, particularly in the single inoculation
treatments T1 and T2. With the exception of T3, the MDA content in
the roots of all other inoculation treatments was also significantly
reduced compared to the non-inoculated control.

Additionally, POD activity in both the shoots and roots of
S. sudanense decreased after inoculation. All inoculation treatments,
except for T1, resulted in a reduction of shoot POD activity by 10.27-
20.05%. The POD activity in the roots decreased by 7.25-13.28% in
all treatments, except for the combined inoculation T5.

Furthermore, CAT activity in the shoots of S. sudanense was
significantly lower in the combined inoculation treatments compared
to the non-inoculated control. In contrast, single inoculation
treatments led to a significant increase in root CAT activity relative to
the non-inoculated control.

" 12 I3

Treatments

FIGURE 2

Effects of endophyte inoculation on the chlorophyll content in
shoots of S. sudanense under Cr stress. Different letters indicate
significant differences between the treatments (p < 0.05).
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3.3 Effects of endophytes on soil properties
under Cr stress

3.3.1 Soil physicochemical properties and Cr
speciation

The influence of endophyte inoculation on soil physicochemical
properties was investigated, and the results are shown in Figure 4.
Under Cr stress, the influence of endophyte inoculation on soil pH
showed no significant differences. Inoculation with endophytes
increased the soil OM under Cr stress. Except for the T1 treatment,
the differences in soil OM between all other inoculation treatments
and the non-inoculated control reached a significant level (p < 0.05).
In particular, the combined inoculation treatment T5 increased OM
by 51.86% compared to the non-inoculated control. Under Cr stress,
the effects of endophyte inoculation on soil CAT and urease activities
were relatively minor. However, the activity of soil alkaline
phosphatase in the combined inoculation treatment T5 significantly
increased compared to the non-inoculated control, with the difference
reaching a significant level (p < 0.05).

The Cr speciation of rhizosphere soil was detected, and the
result is shown in Figure 5. After endophyte inoculation, the
proportion of exchangeable Cr decreased, while the proportion of
Fe-Mn oxide-bound Cr and organic matter-bound Cr increased
compared with the non-inoculated control. The proportion of
carbonate-bound Cr in soil treated by single inoculation T1 and
combined inoculation increased.

3.3.2 Analysis of soil bacterial community

High-throughput sequencing technology was employed to
investigate the microbial community in soils under different
treatment groups. The alpha-diversity index of soil bacteria under Cr
stress was evaluated after inoculation with endophytes (Table 2).
Compared with the non-inoculated control, inoculation with
endophytes, except for T2, induced a decline of the Shannon, Ace,
and Chao indices, and an upward trend of the Simpson index. While
the inoculation with endophytes had no significant effect on Shannon
and Simpson indices of the bacterial community in soil, the combined
inoculation T5 decreased the Ace index by 19.79% and the Chao
index by 20.88% (Table 1), indicating that the combined inoculation
T5 did not change the community diversity but could alter the
bacterial richness in soil.

High-throughput sequencing results of S. sudanense rhizosphere
soil samples were analyzed. As shown in Figure 6, under Cr stress, the
dominant genera in the rhizosphere soil of S. sudanense across
different treatments were Delftia, Brevundimonas, Peribacillus,

FIGURE 3

Effects of endophyte inoculation on MDA content (a), and the
activities of POD (b) and CAT (c) in shoots of S. sudanense under Cr
stress. Different letters indicate significant differences between the
treatments (p < 0.05).
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FIGURE 4

Effects of endophyte inoculation on soil properties under Cr stress (a: pH, b: OM, c: Urease activity, d: Catalase activity, e: Alkaline phosphatase
activity). Different letters indicate significant differences between the treatments (p < 0.05)
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FIGURE 5
Effects of endophyte inoculation on Cr speciation in soil

Ensifer, Microvirga, Agrobacterium, Saccharimonadales, Paenibacillus,
Lysobacter, and Clostridium.

The relative abundance analysis of soil bacterial phylum level
showed that endophyte inoculation did not change the predominant
bacterial species in the soil under Cr stress, but it did result in
significant changes in their relative abundance. The relative
abundance of Pseudomonadota and Bacteroidota in soil treated by
single inoculation T1 and combined inoculation increased
significantly compared to the non-inoculated control treatment.

Frontiers in Microbiology
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At the soil bacterial genus level, it is worth noting that the
relative abundance of Delftia was 3.93% in the soil of the
non-inoculated control treatment, while it ranged from 6.19 to
27.46% in the soils of endophyte inoculation treatments. The
relative abundance of Saccharimonadales was 0.14% in the soil of
the non-inoculated control treatment compared to 0.56 to 6.77% in
the soils of inoculation treatments. This finding indicated that the
inoculation of endophytic bacteria promoted the enrichment of
Delftia and Saccharimonadales.

4 Discussion
4.1 Effect of endophyte on soil properties

As key indicators of soil fertility and remediation status, soil
enzymes are strongly influenced by pH, OM, and microbial activity.
Consistent with previous findings, endophyte inoculation promoted
soil microbial activity and further improved soil enzyme activity
and fertility (Babu et al., 2015; Liu et al., 2022; Wang et al., 2022).
In our study, although soil pH remained unaffected across
treatments, inoculation increased the soil OM under Cr stress.
Moreover, the combined inoculation treatment T5 resulted in a
significant increase in alkaline phosphatase activity relative to the
non-inoculated control.

The bioavailability of HMs in soil, which in turn determines
phytoextraction efficiency, is primarily governed by their chemical
speciation. In this study, endophyte inoculation was found to reduce
the fraction of exchangeable Cr, thereby decreasing its bioavailability.
This shift in speciation implied that the endophytes facilitated the
stabilization of Cr in the soil.
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TABLE 2 Effects of endophyte inoculation on a-diversity of bacterial community in soil under Cr stress.

Treatment Shannon Simpson Ace Chao

CK 427 +0.41ab 04327 +0.01a 1508.59 + 81.27b 1568.89 + 162.54ab
T1 4.03 £ 0.37ab 0.9624 + 0.05a 1470.74 + 7.25¢ 1456.70 + 138.33abc
T2 462+0.15a 03521 +0.01a 1725.75 + 26.50a 1652.39 + 92.49a
T3 3.83 % 0.60b 0.9399 + 0.04a 1435.02 + 134.67bc 1288.20 + 181.16¢
T4 4.00 £ 0.45ab 07221+ 0.02a 142029 + 53.23¢ 1370.98 + 23.50bc
TS 3.81+0.18b 0.6813 +0.02a 1210.02 +93.42 cd 1241.27 + 184.64c

Data are means + SD (n = 3). Different letters denote significant differences between the treatments (p < 0.05).
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4.2 Effect of endophyte on soil bacterial
community

The composition of the soil microbial community is a key factor
influencing the toxicity of HMs and plant tolerance during the
remediation process (Zhang et al., 2015). Given this factor, soil
microbial community structure is increasingly used as an indicator to
assess the effectiveness of phytoremediation in contaminated soils
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(Gao et al., 2025; Li et al., 2022; Lin et al., 2025). Under HM stress,
plant growth is strongly dependent on soil microorganisms, which
facilitate nutrient acquisition and enhance metal tolerance through
various growth-promoting mechanisms (Babu et al., 2013; Bacon and
White, 2016; Chen et al., 2020; Yung et al., 2021).

Alpha diversity indices, such as the Shannon, Simpson, Ace, and
Chao indices, are widely used to assess the diversity and richness of a
microbial community. Previous studies have demonstrated that
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inoculation with endophytes (either bacterial or fungal, alone or in
combination) under HM stress typically enhanced phytoremediation
efficiency by increasing the diversity and richness of the soil microbial
community (Gao et al., 2025; Wang L. et al., 2020; Wang et al., 2022).
While our findings revealed that the endophyte inoculation led to a
reduction in both soil bacterial diversity and richness, this discrepancy
may be attributed to the competitive advantage of the introduced
endophytes, which could have occupied ecological niches and
consumed resources, thereby suppressing native microorganisms.
Additionally, the inoculation might have intensified host selective
pressure, further shaping the microbial community structure (Jiang
R. et al, 2025; Lin et al, 2025). Plant root-driven changes in
rhizosphere microbial communities have been well-documented
(Bulgarelli et al., 2012; Edwards et al., 2015). The reduction in bacterial
community diversity in the rhizosphere soil of certain plant systems
has been suggested to result from a combined decline in both
taxonomic richness and evenness (Li et al., 2012; Shi et al., 2015). Soil
pH, the speciation of heavy metals, and certain physicochemical
properties such as N and potassium (K) were major factors influencing
the microbial community structure in rhizosphere soil (Wang et al.,
2022). Our study indicated that inoculating endophytes altered the
physicochemical properties of S. sudanense rhizosphere soil and
changed the speciation of chromium, which inevitably modified the
root environment of S. sudanense. Hou et al. (2018) suggested that
plant roots may selectively influence surrounding microorganisms,
altering species abundance and reducing the evenness of taxonomic
distribution (enriching specific taxa or causing the disappearance of
low-abundance taxa), thereby leading to a decline in taxon-based
diversity indices. Our findings also confirmed this point. Although the
inoculation of endophytes reduced soil microbial diversity and
abundance, it promoted the enrichment of microorganisms associated
with plant heavy metal resistance. Additionally, bacterial growth rate
and biomass production are simultaneously influenced by metal ion
concentrations (Deng et al., 2007; Hou et al., 2018). Certain sensitive
taxa may be diminished due to heavy metal toxicity (Pishchik et al.,
2016), which is also one of the reasons for the reduction in diversity.
The relative abundance analysis of soil bacterial phylum level
showed that endophyte inoculation resulted in significant changes in
their
Bacteroidota, in soil treated by single inoculation T1 and combined

relative abundance, especially Pseudomonadota and
inoculation. Pseudomonadota, a highly diverse and abundant phylum,
exhibited strong potential in the detoxification of Mn(II), Hg(II),
As(III), and Cr(VI) into their less harmful forms (Belzile et al., 2006;
Biello et al., 2023; Campos et al., 2010; He et al., 2023; Nazigbto and
Dobrzynski, 2025; Yao et al., 2020). Bacteroidota possessed genes
related to HM resistance, such as those encoding metal transport
proteins, antioxidant enzymes, and other protective mechanisms, and
could utilize various organic and inorganic substances as energy
sources and enable themselves to survive in stressful environments
(Jiang R. et al.,, 2025). Together, these microbes contribute to the
alleviation of HM toxicity and improvement of environmental quality.

Endophyte inoculation significantly led to the enrichment of some
bacterial genera, such as Delftia and Saccharimonadales. The genera
Delftia and Saccharimonadales are known to play a significant role in
the bioremediation of pollutants. They can alleviate HM stress on
plants through multiple mechanisms, such as secreting phytohormones
like TAA, transforming HMs into less toxic forms, and releasing
specific compounds to enhance plant nutrient uptake (Adarme-Duran
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et al., 2025; Chandwani et al., 2025; Conlon et al., 2025; Doolotkeldieva
etal., 2024; Long et al., 2024; Lyu et al., 2021; Zheng et al., 2024). These
findings suggest that the inoculation of endophytic bacteria promoted
the enrichment of Delftia and Saccharimonadales, which in turn
support the growth of the plants and enhance the resistance of
plants to Cr.

4.3 Effect of endophyte on plant growth

Endophytes enhance the phytoremediation efficiency by altering
the HM activity, mitigating their toxicity and metal-induced stress on
plants, promoting plant growth, and improving the resistance of plants
to HMs (Badawy et al,, 2022; Gao et al., 2025; Herpell et al., 2023; Lin
etal., 2025; Liu et al., 2024; Ren et al., 2025; Wang et al., 2022; Ahsan
et al., 2019; Xiang et al., 2024). Our results demonstrated that the
endophyte inoculation increased the plant biomass, reduced the Cr
concentration in the shoot and root of S. sudanense, enhanced plant
photosynthetic capacity, and alleviated HM-induced oxidative stress,
thereby promoting phytoremediation efficiency.

Our results showed that, although Peribacillus sp. SE47 possesses
growth-promoting traits such as P solubilization, IAA production, and
ACC deaminase activity, it did not enhance the biomass of S. sudanense
in pot experiments. Peribacillus frigoritolerans was proven to stimulate
plant growth under sterile conditions, but it failed to exhibit such
effects in non-sterile environments (Swigtczak et al., 2024). This may
be due to the native rhizosphere microbial communities’ presence,
resulting in the variation of beneficial effects of PGPB on plant
development (Pacheco da Silva et al., 2022). Furthermore, the growth-
promoting effect of the combined microbial community SE19 + 47 did
not improve significantly, likely because complex interactions
occurred among the strains after the consortium was constructed
(Jiang W. et al., 2025), leading to the expression changes of functional
genes in strain SEI19, such as those involved in plant growth
promotion, under the control of regulatory networks (Geesink et
al., 2024).

Heavy metal stress will also lead to lipid peroxidation and
potential depolarization of the cytoplasmic membrane, thereby
affecting the composition, structure, and permeability of the cell
membrane, resulting in intracellular electrolyte leakage (Ullah et al.,
2019). MDA, the product of lipid peroxidation, serves as a key
indicator of oxidative stress (Babu et al., 2015). In this study, MDA
contents both in the shoot and root of S. sudanense inoculated with
endophytes decreased under Cr stress. Heavy metal exposure
induces the production of reactive oxygen species (ROS), resulting
in oxidative damage to the plant, such as lipid peroxidation. To
mitigate such damage, plants activate antioxidant defense systems,
in which both antioxidant enzymes and non-enzymatic antioxidants
play crucial roles (Ullah et al., 2019). While numerous studies have
declared that endophytic bacteria can stimulate the synthesis of
antioxidant enzymes in plants to alleviate oxidative stress (Bilal et
al., 2019; Shahzad et al., 2019; Wang et al., 2023; Yue et al., 2021),
our findings revealed a decrease in the activities of POD and
CAT. This discrepancy may be attributed to the fact that endophyte-
induced increases in plant biomass diluted the internal Cr
concentration, thereby reducing HM toxicity and the corresponding
demand for enzymatic detoxification (Khan et al, 2015).
Furthermore, endophytic bacteria can mitigate the phytotoxicity of

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1734633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yang et al.

HMs, alleviating HM-induced oxidative stress and antioxidant
responses in plants (Ma et al., 2016; Ullah et al., 2019; Wang et
al., 2023).

Endophytic bacteria could promote the accumulation of HMs and
root-shoot transfer in plants. However, the transfer would be
influenced by factors such as HM bioavailability, physicochemical
properties, soil HM composition, as well as the species of both the
plant and the endophytic bacteria (Babu et al., 2015; Fan et al., 2018;
Ma et al,, 2011; Ma et al., 2016; Wang et al., 2023). In this study,
endophyte inoculation significantly reduced Cr concentration in the
shoots and roots of S. sudanense, with roots consistently showing
higher Cr concentration than shoots. Plants with BCF > 1 and TF < 1
can be applied for phytostabilization (Babu et al., 2015), so our results
demonstrated the potential of S. sudanense for Cr stabilization in
plant roots.

5 Conclusion

The endophytic bacteria (SE16, SE19, and SE47) from S. sudanense
exhibited good plant growth-promoting traits. Pot experiments
demonstrated that S. sudanense primarily functioned to retain Cr in
roots when inoculated with these endophytes, either individually or
in combination. Endophyte inoculation increased plant height, root
length, and fresh weight; improved photosynthetic performance; and
alleviated HM-induced oxidative stress under Cr stress. Although a
reduction in soil bacterial diversity and richness was observed after
inoculation, the treatment promoted the enrichment of key beneficial
genera, such as Delftia and Saccharimonadales, which contributed to
plant growth and enhanced Cr resistance. These findings indicated
that the endophytic bacteria are promising candidates for enhancing
plant growth and facilitating microbe-assisted phytoremediation in
HM-contaminated soil. These beneficial microorganisms can
influence the soil microenvironment, play a role in soil biogeochemical
cycles and ecological processes, and promote plant growth and crop
yields, while also having a beneficial and lasting impact on sustainable
agriculture.
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