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Abstract
Selenium (Se) is an essential trace element that plays a critical role in human tissue formation, metabolism, and 
physiological functions. However, many individuals worldwide suffer from Se deficiency diseases. This study 
aims to evaluate the impact of Se-tolerant LF-17 agents and exogenous Na2SeO3 application on the growth, 
enzyme activity, and metabolic characteristics of rape seedlings. Treatment LF-3 (inoculation of Se-tolerant LF-
17 agent and exogenous Na2SeO3, with the soil Se concentration of 5 mg/kg) led to a 38.62% increase in plant 
height and a 116.7% increase in fresh weight. And the Se-tolerant LF-17 agent in treatment LF-3 also reduced 
the oxidative stress induced by exogenous Na2SeO3 compared to that of treatment LF-2 (with the same amount 
exogenous Na2SeO3 only), as evidenced by the lower activities of SOD, POD, and CAT, as well as less content 
of malondialdehyde. Furthermore, the upregulation of metabolic pathways such as “cuticle, suberine, and wax 
biosynthesis” “flavonoid biosynthesis,” and “terpenoid backbone biosynthesis” enhanced the plant’s stress resistance 
as revealed by non-targeted metabolomics sequencing method. This approach offers promising applications for 
improving Se bioavailability in crops, mitigating Se toxicity, addressing global Se deficiency challenges and is 
expected to contribute to fulfilling the Se supplementation needs of the population.
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Introduction
As an essential trace element beneficial to plants and cru-
cial for bacteria, green algae, animals, and humans [1], 
selenium (Se) typically exists in the human body in the 
form of over 25 selenoproteins and selenoenzymes [2]. 
The recommended daily intake of Se for adults ranges 
from 55 to 400 µg, as proposed by the Food and Nutri-
tion Board of the Institute of Medicine (IOM, 2000). Se 
supplementation can reduce the risk such as cardiovas-
cular diseases and thyroid disorders. Furthermore, Se ‘s 
beneficial effects on immunity enhancement and DNA 
repair, encompassing its oxidation resistance and other 
mechanisms, may aid in cancer prevention [3]. Se also 
can enhance antioxidant activity and inhibit the intrinsic 
and extrinsic pathways of inflammation, autophagy, and 
apoptosis [4]. Signaling pathway that affect cell survival, 
such as poly ADP-ribose polymerase pathway, is involved 
in the protective effects of Se [4]. Additionally, Se defi-
ciency has been deemed to impact the health of approxi-
mately 1 billion individuals worldwide for several decades 
[5]. Microorganisms like lactic acid bacteria (LAB) are 
the key factors in the transformation of Se in soil [6], and 
the elemental or selenide forms of Se cannot be absorbed 
by plants. Microorganisms induce the absorption of Se in 
plants, affecting the health of plants and humans [7].

Compared to the inorganic Se forms of selenates and 
selenites, organic Se compounds tend to be more bio-
available and less toxic to humans. Se exerts an influ-
ence on growth and the secondary metabolite content of 
plants [8], so screening or cultivating of crops with high 
Se content is of great significance to supply Se in the daily 
life [9]. The total daily Se intake of local residents in Min-
gyueshan, Yichun, China, be regarded as Se-enriched 
region (approximately 50 µg), primarily attributed to rice 
and many leafy vegetables [9]. At low concentrations, 
Na2SeO3 facilitated the growth of Tribonema minus by 
enhancing chlorophyll content and the oxidation resis-
tance; however, at higher levels, it caused obvious oxida-
tive damage [10].

Excessive Se is capable of inhibiting the growth and 
metabolism of most organisms, yet certain microor-
ganisms demonstrate the capacity to tolerate moderate 
concentrations of Se [10]. Microorganisms usually play 
a crucial role in the process of biotransformation of Se 
species through dissimilatory, assimilatory and detoxifi-
cation metabolic pathways [11]. Se continues to exhibit 
beneficial effects on plants, improving the activity of 
related enzymes and enhancing resilience against cold, 
drought, and metallic stress [12, 13]. The optimal and 
toxic concentrations of Se varies significantly among 
different plant species. The catalase (CAT, EC 1.11.1.6) 
and superoxide dismutase (SOD, EC 1.15.1.11) was 
observed to increase in rice plants in response to the sup-
ply of Na2SeO4 (1.5 mM). Concomitantly, many primary 

metabolism products, such as total sugars, amino acids 
and nitrate increased, suggesting a possible defense 
mechanism for the osmotic regulation of rice plants to 
alleviate the toxicity caused by Se [14]. Foliar application 
of Na2SeO3 increased the accumulation of arginine and 
flavonoid compounds, promoting the growth and devel-
opment of alfalfa (Medicago sativa) [15]. Similarly, stud-
ies on lettuce and tea trees indicated that Se application 
increases the content of amino acids such as L-aspartate 
acid and serine [16]. Therefore, to address the dual chal-
lenge of nutritional Se deficiency and its environmen-
tally elevated concentrations, a deeper understanding of 
Se uptake and metabolism in plants is imperative [17]. 
Rape is cultivated globally as a vegetable and forage, and 
rape seed oil is also an important source of edible oil and 
condiments [18]. Moreover, rape is a kind of Se-enriched 
vegetables. It has a well-developed root system and abun-
dant secretions, providing a favorable environment for 
microbial colonization and interaction. And the growth 
cycle of rape is relatively short, making it suitable for 
rapid validation of the effect of microbial agents.

Microbial agents are utilized as biological fertilizers, 
harboring numerous beneficial microorganisms capable 
of inhabiting crops and their rhizosphere soil, thereby 
enhancing soil fertility and fostering plant growth [19]. 
They further modify the microbial community in rhizo-
sphere soil by reducing pathogenic fungi, significantly 
enhancing plant growth and yield [20]. Microorganisms 
enhance the bioavailability of Se in soil and promote its 
uptake by plants through altering soil properties, releas-
ing secretions, and inducing the production of metabo-
lites that facilitate Se absorption [21]. The application of 
microbial agents significantly elevates phosphorus and 
potassium contents in grains, as well as nitrogen content 
in the straw, during the stage of grain-filling, thereby pro-
viding more necessary nutrients for wheat grain growth 
[22].

Among numerous microorganisms, certain LAB that 
are generally recognized as safe (GRAS) are the preferred 
microorganisms for the synthesis of Se nanoparticles 
(SeNPs). They are widely used in various fields such as 
medicine, food, agriculture, and fisheries [23]. LAB with 
high probiotic efficacy and safety in food, are also consid-
ered promising candidates for sustainable agriculture as 
they enhance soil fertility, and promote plant growth [24]. 
Martinez et al. found that LAB can accumulate Se within 
the cells, produce SeNPs, and bind Se with selenocysteine 
(SeCys) [25]. Therefore, LAB is an ideal candidate for bio-
augmentation of Se in crops. The utilization of beneficial 
microorganisms for Se bioaugmentation offers advan-
tages of low cost and high safety, rendering it a preva-
lent approach for Se supplementation. Se-tolerant LAB 
possess the capability to convert highly toxic inorganic 
Se, including Na2SeO3, into organic Se [26]. Se-tolerant 
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LAB exhibits broad application prospects in agriculture 
[27]. The Se content in plants can be elevated through 
increased soil Se concentration. As a fertilizer, Se-toler-
ant LAB promotes biodegradation of soil organic matter, 
leading to the production of organic acids and microbial 
metabolites. Se-tolerant LAB exhibits tolerance to higher 
concentrations of Se-tolerant environments. However, 
the impact of the combination of Se-tolerant LAB and 
exogenous Se on the growth properties, Se assimilation, 
related activities of enzymes and metabolic properties of 
rape remains largely unexplored.

In this study, a LAB strain, Limosilactobacillus sp. 
LF-17, with promising Se-tolerant potential was selected 
for investigation. Following the determination of the 
strain’s tolerance range for various Na2SeO3 concentra-
tions on agar plates, a combination of Energy-dispersive 
X-ray spectroscopy (EDS), Scanning electron micros-
copy (SEM), and Fourier transform infrared spectros-
copy (FTIR) was employed to ascertain the external 
combination of Se on the cell walls as well as the effects 
of Se enrichment on the microstructure and infrared 
spectrum of LF-17. Subsequently, strain LF-17 was cul-
tured for the production of microbial agents and fertil-
izer. Furthermore, the mitigating effects and metabolic 
mechanisms of Se-tolerant LAB agents against inorganic 
Se toxic stress in plants were explored via an untargeted 
LC-MS approach, aiming to establish a foundation for 
the enhanced utilization of Se-tolerant LAB agent in 
crop growth and Se enrichment. The application of the 
method in this study will further promote the growth and 
Se absorption of rape and other crops, thereby helping to 
increase Se intake by people.

Materials and methods
Materials
The Gram-positive, heterofermentative LAB Limosilac-
tobacillus sp. LF-17 (CGMCC 1.62016, GenBank acces-
sion no. OP890628) was isolated from a traditional dough 
starter, Jiaozi, in Shangqiu City, Henan Province, China, 
using Man-Rogosa-Sharpe (MRS) plates [28]. The Se-
tolerance of five LAB strains (Lactobacillus plantarum 
LB-5, Lactobacillus brevis LB-3, Lactobacillus fermentum 
LB-1, Pediococcus pentosaceus M-3, and Limosilactoba-
cillus sp. LF-17) was compared on MRS plates containing 
50 mg/L of Na2SeO3 [29]. And strain LF-17 was selected 
due to its highest Se-tolerance, because only strain LF-17 
could grow after 24  h at 37  °C, while the other four 
strains did not grow well under the same conditions. 
Limosilactobacillus sp. LF-17 also exhibited good growth 
under initial pH ranging from 5.3 to 6.3 on MRS plates 
and demonstrated effective phosphate solubilization and 
plant growth promotion in the previous study [30]. After 
24 h of incubation at 37 °C, the cells of the strain Limosi-
lactobacillus sp. LF-17 reached the logarithmic phase.

The rape variety named “purple noble” used in this 
study was purchased from Nanjing Ideal Agricultural Sci-
ence and Technology Co., Ltd. in China.

Determination of Na2SeO3 tolerance of strain LF-17
The cells of strain Limosilactobacillus sp. LF-17 were cul-
tured in MRS broth at 37 ℃ for 24 h [31]. Subsequently, 
the cells were inoculated into MRS plates containing 
0, 500, 1000, 1500, 2000, and 3000  mg/L of Na2SeO3, 
respectively, to determine the Se tolerance capacity (col-
ony formed or not) of Limosilactobacillus sp. LF-17 at 37 
℃ for 24–72 h.

SEM observation and IFTR analysis of the cells under se 
stress
The surface morphology of Limosilactobacillus sp. LF-17 
cells with or without Se stress was observed using SEM 
combined with EDX method. Fresh fermentation broth 
contained Limosilactobacillus sp. LF-17 cells, cultured 
in MRS medium with Se (2 mM) for 24–48 h, was used, 
with cells grown in Se-free medium serving as the con-
trol. After centrifugation at 4  °C and 5000 r/min for 
10 min, the cell pellets were collected and fixed with 2.5% 
glutaraldehyde overnight in a refrigerator at 4  °C. Sub-
sequently, the samples were rinsed for three times with 
phosphate-buffered saline (PBS) (0.1 M, pH 7.0), each for 
15 min, and then added with 1% osmium tetroxide solu-
tion for 1–2  h. After the osmium acid waste liquid was 
gently removed, the cells were rinsed again with 0.1  M 
PBS (pH 7.4) for 15 min. Ethanol solutions with gradient 
concentrations of 30%, 50%, 70%, 80%, 90%, and 95% were 
used for dehydration of the samples. Finally, the samples 
were placed in 100% ethanol and dried in a freeze dryer 
(FD-1 A-50, Bo Yikang, Beijing). After being mounted on 
the sample stage with conductive carbon adhesive and 
sputter-coated with gold for 90  s, providing a sufficient 
gold layer thickness to ensure good electrical conduc-
tivity and obscuring the surface details of the sample or 
affect the EDX elemental analysis [32]. The surface mor-
phology of the cells was observed by an SEM (Sigma 300, 
ZEISS, Germany), and the chemical constituent of the 
specific region was determined using EDS (Xplore 30, 
OXFORD, Britain) [33]. Three samples were taken from 
the same treatment group and measured separately, and 
the results were consistent.

After the preparation of the freezing-dried bacterial 
powders, both before and after Se enrichment, a com-
pression method was employed to analyze the infrared 
spectral absorption characteristics of various bacterial 
cells. This analysis was conducted using a FTIR system 
(Nexus 670, Nicolet, USA) as described by Fan et al. [34]. 
The wavenumber range was set for 4000–400 cm− 1, with 
32 scans and a resolution of 4 cm− 1. Three samples were 
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taken from the same treatment group and measured sep-
arately, and the results were consistent.

Preparation of the LF-17 bacterial agents
Single colonies of strain LF-17 were isolated and incu-
bated in 5 mL of MRS broth at 37 °C for 24 h, enable bac-
teria to reach logarithmic growth phase. Subsequently, 
3 mL of the suspension was added to 150 mL of MRS 
medium, incubated at 37 °C for 24 h, and centrifuged at 
8000 r/min for 5–8  min. Following the removal of the 
supernatant, the cell pellet was resuspended in moderate 
amount of sterile water twice to achieve a final concen-
tration of approximately 3.1 × 107 CFU/mL.

Design of the pot experiment
The rape seeds were surface-disinfection with a 1% solu-
tion of sodium hypochlorite (NaOCl) for 10  min and 
then rinsed thoroughly with sterile water. Subsequently, 
some plump rape seeds were placed on a petri dish lined 
with two layers of wet filter paper, covered with wet 
gauze, and incubated in the dark conditions for 24 h in a 
constant temperature incubator set at 25 ± 1 °C to induce 
germination. Each prepared pots (10 × 10 × 8.5  cm) was 
first filled with 500  g of farmland soil (pH 7.5–7.8, air-
dried through a 60-mesh sieve). Meanwhile, 10 mL of 
sterile water was added to the pots of the control treat-
ment (CK). Then the soil in the LF-1 and LF-3 treat-
ments were supplemented with 10 mL of bacterial agent. 
The LF-2 and LF-3 treatments were added with Na2SeO3 
solution to achieve a Na2SeO3 concentration of 5 mg/kg 
in soil (slightly higher than that of the average Se content 
in the soil of in China). Bacterial cells first grew and accu-
mulated Se in MRS medium supplemented with 2 mM 
Na2SeO3 for 24 h (converted inorganic Se into organic Se 
forms by LAB) and was suspended in 10 mL sterile water 
after centrifugation (10000 r/min, 5  min) of 10 mL the 
broth. The suspension was then added to the soil in the 
pots of the LF-4 treatment. Then the Se-enrichment LAB 
agent was applied in the LF-4 treatment (Na2SeO3 was 
not added). Germinated rape seeds were selected and 
planted with 20 seeds per pot.

All the treatments were performed in quadruplicates. 
Pots were placed in a light incubator with a cycle of 12 h 
of darkness (20 °C) and 12 h of light (25 °C), at a relative 
humidity of 65%. Every 24 h, each pot was added with 30 
mL tap water. To ensure uniformity of light, temperature, 
and other conditions, the positions of the pots in differ-
ent treatment groups were rotated every 3 d.

Determination of the growth indicators and enzyme 
activity of the rape seedlings
After 35 d of planting, the rape seedlings were randomly 
picked and uprooted from the pot, ensuring the integ-
rity of their roots. The shoots and roots of the 50 plants 

were individually washed with distilled water and dried 
on sterilized filter paper in an oven set at 50 ℃. The root 
length and height of each seedling were measured using a 
ruler, and their fresh weight was determined using a one-
ten-thousandth precision electronic balance (FA1004, 
China).

The activities of CAT, peroxidase (POD, EC 1.11.1.7), 
SOD and malondialdehyde (MDA) content were mea-
sured according to the method reported by Dai et al. [35]. 
Fresh rape seedlings leaves (0.5 g) were taken and ground 
into a paste in 5 mL of 50 mM phosphate buffer solution 
under ice bath conditions and then centrifuged (10,000 r/
min, 10 min). The supernatant was collected as the crude 
enzyme extract. The activity of SOD in plant leaves was 
measured using the nitroblue tetrazolium photoreduc-
tion method. After the addition of the crude enzyme 
extract to the photoreduction reaction for 20 min at 25 
℃, the absorbance at 560  nm was measured to calcu-
late the activity. The CAT activity was measured by the 
absorbance at 240  nm after the reaction of the mixture 
of 0.2 mL of the crude enzyme extract and 2.8 mL of the 
assay agent (1.5 mL pH 7.0 phosphate buffer, 1 mL dis-
tilled water, and 0.3 mL 0.1  mol/L hydrogen peroxide). 
The activity of POD was determined using the guaiacol 
colorimetric method. 1 mL of the crude enzyme extract 
was mixed with 3 mL of the assay agent and react for 30 s 
at 25 ℃. The absorbance at 470 nm was then measured 
to calculate the POD activity. The MDA content was 
measured using the thiobarbituric acid method as fol-
lows: 0.5 g of rape seedlings leaves was first weighed and 
5 mL of 5% trichloroacetic acid was added, then the sam-
ple was ground into a homogenate and centrifuged at 3, 
000 r/min for 10 min. 2 mL of the supernatant was then 
transferred to a mixture with 2 mL of 0.67% thiobarbitu-
ric acid. The mixture was combined and boiled in a water 
bath at 100  °C for 30 min before cooling and centrifug-
ing again, and the absorbance values of the supernatant 
were measured at 600, 532, and 450 nm, respectively. The 
determination of Se content in the rape seedling plants 
was quantitatively analyzed in accordance with fluores-
cence spectrometry [36]. The chlorophyll content in the 
leaves of different seedlings was determined using the 
95% ethanol-grinding method. 0.5 g of small pieces rape 
seedlings leaves was taken and placed into a 10 mL cen-
trifuge tube. Then, 5 mL of 95% ethanol was added, and 
the mixture was kept in the dark at room temperature for 
24 h to allow the chlorophyll to be completely extracted. 
The absorbance values at 665 nm and 649 nm were then 
measured to calculate the chlorophyll content [37].

Metabolic analysis of the rhizosphere of rape seedlings
Rhizosphere soil samples were carefully collected from 
the plants, air-dried, and passed through a 60-mesh 
sieve. The metabolic properties of the rape rhizosphere 
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soil in each treatment were analyzed using an untargeted 
metabolomics method as described by Zhang et al. [38]. 
Approximately 0.05 g of the freeze-dried rhizosphere soil 
was put into a 2 mL centrifuge tube and extracted with 
500 µL of an extraction solution (methanol: water = 4: 
1, containing 2% L-2 chlorophenylalanine) for 30 s [39]. 
After being ground with magnetic beads in a frozen tis-
sue grinder (Sakezi×48, sakezi, China) at 50 Hz for 3 min 
at -20 °C. To this, 200 µL chloroform was added, and the 
mixture was ground again at -20 ℃, 50  Hz, for 3  min. 
Following ice water bath ultrasonic extraction for 30 min 
at 5 ℃ and 40 kHz, the sample was allowed to stand at 
-20 ℃ for 30 min, and then centrifuged at 13,000 r/min at 
4 ℃, for 15 min. The supernatant was then collected and 
transferred to a glass derivative bottle, where it was dried 
using nitrogen gas. Subsequently, 80 µL of a methoxy-
amine hydrochloride pyridine solution (15  mg/mL) was 
added, and the mixture was vortex-mixed for 2  min. It 
was then placed in a shaking incubator set at 37 ℃ for 
an oximation reaction lasting 90  min. Thereafter, 80 µL 
of a trifluoroacetamide solution (containing 1% trimeth-
ylchlorosilane) was added, and the mixture was vortex-
mixed for 2  min. The reaction was carried out at 70 ℃ 
for 60 min [40]. After the samples were cooled to room 
temperature and stabilized, they were analyzed on a gas 
chromatography-mass spectrometry (GC-MS) platform 
(Agilent 8890B, Agilent Technologies) equipped with 
a quadrupole mass spectrometer (Xevo TQ-S Cronos, 
Waters, USA). During the analysis process, a quality con-
trol sample was conducted after every 5–15 samples.

Data analysis and statistics
The experimental data were organized and analyzed 
using Microsoft Excel 2019; The data were subjected to 
analysis of variance (ANOVA) using SAS 9.2 software; 
Significant differences were compared using Fisher’s least 
significant difference (LSD) test; Graphs were plotted 
using Origin 2021 software.

Results and discussion
Tolerance to different Na2SeO3 concentrations of strain 
LF-17 on plates
The growth status of strain LF-17 on plates containing 
various concentrations of Na2SeO3 is depicted in Fig. 1. 
As the Na2SeO3 concentrations increased from 0 to 
500 mg/L, the color of the colonies of strain LF-17 grown 
on MRS plates changed from white to pink and then 
gradually deepened to red until reaching 2000  mg/L. 
Under the conditions with Na2SeO3 concentration of 
2500 mg/L, the growth of cells were inhibited, and they 
were unable to form colonies on plates supplemented 
with 3000 mg/L of Na2SeO3. Simultaneously, the Se con-
tent accumulated in the strain was determined after 48 h 
of growth in liquid MRS medium with an initial Na2SeO3 
concentration of 1 mM, according to the method speci-
fied in the National Environmental Protection Standard 
of the People’s Republic of China (HJ 811–2016). The 
concentration of Na2SeO3 in the supernatant (centri-
fuged at 8000 r/min for 10 min) decreased by 90%, and 
the color of the bacterial cells also changed from white 
to red, indicating that the elemental Se in the liquid 
was absorbed into the cells. Additionally, when the test 
strains were cultured on Se-containing plates, all colo-
nies exhibited a color change from white to orange-red, 
because Se-tolerant LAB can convert Na2SeO3 into ele-
mental Se or organic Se [41, 42]. And the elemental Se 
could be released outside the cells, which may display an 
orange-red color. After Se enrichment under appropri-
ate concentration range, LAB can enhance the ability of 
antioxidation [43], but higher concentrations of Se salts 
may inhibit the growth of the bacterial cell [44]. Zan et 
al. [29] inoculated LAB on MRS solid medium contain-
ing Se concentrations ranging from 0 to 40  mg/L to 
screen for Se-tolerant strains. The results of Chen et al. 
[43] indicate that only the isolated strain P2 was able to 
grow in a solution containing 30  mg/L Na2SeO3. The 
strains with higher Se-tolerant capacity was aimed to 
obtain in this study, thus the concentration of Na2SeO3 
was increased to about 3000  mg/L. Strain LF-17 was 
not able to form colonies on plates supplemented with 
3000  mg/L Na2SeO3, and the cell growth was inhibited, 

Fig. 1  The colony status of Limosilactobacillus sp. LF-17 grow on MRS plates added with different concentrations of Na2SeO3
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so the concentration of 3000 mg/L might be the tolerance 
limit for strain LF-17.

Se accumulation on the LF-17 cell surface determined by 
IFTR, SEM and EDS
As shown in Fig. 2A, it is evident that the infrared spec-
trum absorption of strain LF-17 exhibits a notable change 
following Se accumulation. Prior to Se accumulation, the 
-OH stretching vibration peak is observed at 3300 cm− 1, 
whereas after Se accumulation, it shifts to 3419  cm− 1, 
suggesting an association with Se enrichment on the cell 
surface. In addition, after Se enrichment, the absorption 
peaks of LF-17 at the original positions of 2930, 1654, 
1537, and 1233  cm− 1 marginally shifted to the lower 
wavenumbers of 2927, 1651, 1536, and 1232 cm− 1. Within 
the low-frequency region (1350–400  cm− 1), in addition 
to the stretching vibrations of single bonds, deformation 
vibrations also contribute to the formation of spectral 
bands. The absorption in this region is influenced by the 
molecular composition, and the resulting differences are 
subtle and intricate. The shift in the absorption peak sug-
gests that Se absorbed by the.

LAB may interact with polysaccharides, intracellular 
proteins and nucleic acids, potentially influencing the 
corresponding chemical bonds [45].

From the images taken by SEM in Fig.  2B and C, the 
bacterial cells of LF-17 displayed a smooth surface and 
a typical bacillus morphology prior to Se accumulation, 
with no detection of Se by EDS. Following Se accumula-
tion, the cell surface exhibited adhesions (indicated by 
red circle markings), suggesting the attachment of Se to 
the bacterial cells. Se attached to the surface of bacteria 
can form elemental Se aggregates either alone or in com-
bination with extracellular polysaccharides and proteins, 
serving as a cellular detoxification mechanism [44]. Wang 
et al. [46] also confirmed that SeNPs synthesized by LAB 
exhibit strong antioxidant and antimicrobial activities. 
Previous studies by Zan et al. [29] found that under con-
ditions with 10 mg/L of Se, the overall morphology of L. 
plantarum 6076 remained unaltered, however, detailed 
SEM imaging of the cell surface of the strain revealed the 
presence of pits and an augmentation in surface deposits, 
suggesting potential alterations in the morphology and 
composition of the cell surface.

Effects of different treatments on the growth indicators of 
rape seedlings
As demonstrated in Table  1, the growth status of rape 
seedlings in the LF-1 and LF-3 groups was excellent, 
showing a significant increase in plant height and fresh 
weight compared to that of the CK and LF-2 groups 
(P < 0.05). So the inoculation of LF-7 agent was benefi-
cial for the rape seedlings in LF-1 group, while the pres-
ence of inorganic Se alone in the LF-2 treatment group 

inhibited the growth of rape seedlings, likely attributed 
to the toxicity of the added Na2SeO3. Gupta et al. have 
summarized that Se might induce toxicity through mech-
anisms of the formation of abnormal selenoproteins and 
inducing oxidative stress [12] and the treatment of LF-3 
and LF-4 in this study might mitigate the toxicity of inor-
ganic Se in the soil. But an average increase of 38.62% in 
plant height and 116.7% in fresh weight was shown in the 
plants in LF-3 group addition with both LF-17 agent and 
Na2SeO3, indicating the helpful effect of the strain LF-17 
about reducing the toxicity of Na2SeO3. Se-tolerant LAB 
may convert inorganic Se into organic Se, which is more 
readily for plants to bind [47], thereby stimulating a vari-
ety of physiological processes. Upon the addition of bac-
terial agents after Se accumulation in the LF-4 group, the 
root length of rape seedlings also exhibited a significant 
enhancement (P < 0.05). It is plausible that the secretion 
of organic acids, plant hormones, or organic Se trans-
formed by the strain LF-17 contributes to the observed 
phenomenon, as LAB have the potential to stimulate 
the activation of rhizosphere soil material elements and 
promote plant growth [48]. Therefore, Se-tolerant LF-17 
could promote the growth of plant, although the applica-
tion of the LF-17 agents might be affected by the natural 
climatic conditions such as temperature and drought, etc.

Effect of bacterial agents on the rhizosphere soil enzyme 
activity related to oxidant stress of rape seedlings
In plants, under adverse environmental conditions, there 
is typically an increased development of reactive oxygen 
species (ROS), including superoxide anions and hydro-
gen peroxide, which subsequently triggers the activation 
of plant defense responses [49]. Ascorbic acid, glutathi-
one (GSH), and their related enzymes, alongside enzyme 
systems such as POD, SOD and CAT, serve as crucial 
protective components within these antioxidant systems 
[50]. Plants under stress usually produce a large amount 
of ROS within their cells, which can cause damage to cell 
structure and function. Plants always activate their anti-
oxidant enzyme system, including SOD, CAT, among 
others to counteract the harm of ROS [51]. SOD can con-
vert the harmful superoxide radical (O2

−) into hydrogen 
peroxide (H2O2), which is then transformed into water by 
POD and CAT [52]. Therefore, the enzyme activity of the 
antioxidant system can indicate the ability of the plants to 
resist injury stress [53].

As depicted in Fig. 3A, the SOD activities in the leaves 
of rape seedlings significantly increased (P < 0.05) in the 
LF-2, LF-1, and LF-4 treatment groups, in comparison 
to the CK group. This increase is likely attributed to the 
addition of Na2SeO3 and the metabolism of LF-17 agents 
(both Se-enriched and non-Se-enriched) in the soil. 
SOD enzyme activities were observed to increase under 
Se application on the RB966928 variety of sugarcane 
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Fig. 2  (A) IFTR spectra of strain LF-17 before and after Se-enriched, (B) SEM images and EDS analysis of strain LF-17 pre Se-enriched, (C) SEM images and 
EDS analysis of strain LF-17 after Se-enriched
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(Saccharum sp.), as reported by Araujo et al. [54]. How-
ever, in the LF-3 treatment group, where both Na2SeO3 
and LF-17 agents (without Se-enriched) were applied, the 
SOD activities in rape leaves were the lowest. The results 
may be influenced by the metabolic activity of strain 
LF-17. This suggests the presence of the least abiotic 
and biotic stress in this treatment, potentially due to the 
accumulation of Se by the cells of strain LF-17. The rape 
seedlings in LF-3 treatment exhibited the lowest SOD 
activities and MDA content under Na2SeO3 application, 
which may be attributed to the metabolic activities of 
the cells in bacterial LF-17 agent. Due to the intake of Se 
by LAB, the SOD activities in the cells can be enhanced, 
whereas the production of MDA was diminished, ulti-
mately leading to improved cell viability [42].

As shown in Fig.  3B, the rape seedlings in the LF-4 
treatment exhibited the highest MDA content, represent-
ing a 77.16% increase compared to the CK group, while 
the LF-3 treatment exhibited the lowest MDA content. 
The results were similar to the trends observed in SOD 
activity in Fig.  3A, indicating that ROS exerted similar 
effects in the different treatments. Notably, the envi-
ronmental stress in the LF-4 treatment was particularly 
intense, potentially attributed to the distinct metabolic 
characteristics of the Se-tolerant LF-17 agents in the soil. 
In the study conducted by Dai and Jia [55], the MDA con-
tent in the roots of three alfalfa varieties was observed 
to increase under Se treatment, compared to the control 
plants.

As can be seen in the Fig. 3C, the POD activity in the 
leaves of rape seedlings in the LF-2 group was the high-
est, compared to that in the CK group, potentially attrib-
uted to the elevated stress pressure induced by inorganic 
Se. The POD activity in the LF-1 treatment exhibited a 
significant decrease (P < 0.05), suggesting the unique 
effect of LF-17 agents (without Se-enrichment). As 
shown in Fig.  3D, the CAT activity was highest in the 
LF-4 treatment, followed by the LF-2 treatment, whereas 
it significantly decreased in the LF-3 and LF-1 treatments 
compared to the LF-4 group (P < 0.05). The antioxidant 
enzyme system, including GSH reductase and thiore-
doxin reductase, along with SeNPs and selenomethionine 
(SeMet), primarily contribute to the excellent antioxi-
dant activity [56]. Se also may regulate the expression of 

genes related to the enzymes in antioxidant systems. Se 
influenced the expression of genes encoding POD, SOD 
and CAT in mustard, leading to an increase in the con-
centrations of specific components in the cell wall, such 
as pectin, hemicelluloses and lignin [57]. Additionally, Se 
enhanced the activity of SOD, POD, and glutathione per-
oxidase (GPX) [58, 59].

Kieliszek et al. [60] found a significant increase in the 
activity of the antioxidant enzyme system in the pres-
ence of SeNPs. Many studies have reported that SeMet 
effectively inhibits lipid peroxidation by antagonizing the 
formation of free radicals, and GPX converts H2O2 to 
alleviate lipid peroxidation [61]. Se-tolerant LAB exhibit 
excellent antioxidant activity, primarily attributable to 
their antioxidant enzymes and the presence of SeNPs. 
Drutel et al. [62] reported that Se is a component of sev-
eral antioxidant enzymes, including GPX and iodothyro-
nine deiodinase, which aid in resistance to the harmful 
impacts of free radicals produced during the process of 
oxiation. Consequently, it is inferred that the activity of 
these antioxidant enzymes within cells may be signifi-
cantly enhanced by Se stimulation in the soil [33].

As shown in Fig. 3E, a significant difference in the chlo-
rophyll content of rape leaves among treatment groups 
was observed (P < 0.05), with the CK treatment exhibit-
ing the highest total content. The purple coloration of 
the rape leaves in the experiment, as shown in Fig.  4, 
indicates the impacts of different treatments on the syn-
thesis of chlorophyll and anthocyanins, which is variety-
dependent. Moulick et al. [63] soaked rice seeds in a 
0.5–1.5 mg/kg Na2SeO3 solution and observed significant 
increases in plant height, chlorophyll content, and grain 
weight, which ultimately enhanced the quality and yield 
of the rice. Se had a minimal impact on chlorophyll lev-
els, yet it increased the concentration of anthocyanins. 
The chlorophyll content was higher in the rape seedlings 
from CK group (without Se addition), but it decreased 
in the plants from the other treatments, possibly due to 
the replacement of sulfur atoms in key enzymes of chlo-
rophyll synthesis by Se, which disrupted their configura-
tions, reduced their activity, and severely hindered the 
synthesis of chlorophyll [63]. High levels of Se may also 
lead to the loss of thylakoid membrane integrity, dam-
aging the photosynthesis of the plants. Excessive Se, 
potentially in the LF-2 treatment, may exert toxicity by 
inhibiting growth and chlorophyll synthesis, leading to 
the production of ROS that induce the oxidative stress 
[35].

As shown in Fig. 3F, the Se content in the plant of rape 
seedlings subjected to the LF-2 and LF-3 treatments 
significantly increased upon the addition of Na2SeO3 
(P < 0.05), with the highest levels observed in conjunc-
tion with the LF-17 agent, averaging 105.74  mg/kg dry 
weight (DW) and accompanying improved plant growth 

Table 1  Pot experiment design and the names of each 
treatment
Treatment Bacterial agent Organic Se Inorganic Se
CK - - -
LF-1 + - -
LF-2 - - +
LF-3 + - +
LF-4 + + -
(-) Indicate without addition. (+) Indicate addition
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characteristics. The Se content in the plants of rape seed-
lings increased by 7.65% under the influence of the LF-17 
agent, even in the LF-1 treatment soil where no Se was 
applied. Dai et al. [55] found that M. sativa and V. alfalfa 
exhibited the highest Se-accumulation in the leaves 
and the stem, up to 17.19 and 28.43 mg/kg DW, respec-
tively, when supplied with 900 µM Se. The provision of 

Se exhibited positive effects on plant growth, albeit at 
high concentrations, it adversely impacted growth. The 
application of SeNPs fermentation broth resulted in a sig-
nificant elevation of Se content in wheat and rice grains 
[13]. Araujo et al. [54] investigated two sugarcane vari-
eties (RB966928 and RB867515) across four Se applica-
tion rates (0, 5, 10, and 20 µM) applied as Na2SeO3 in a 

Fig. 3  The physiological index of the rape seedlings leaves in different treatments: (A) SOD activity, (B) MDA content, (C) POD activity, (D) CAT activity, (E) 
chlorophyll content, and (F) Se content
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nutrient solution, finding that both varieties exhibited 
increased leaf Se concentrations under Se application. 
The content of Se in plants reached from 0.38 to 5.76 mg/
kg DM after exposure to Se(IV) and 2.09 to 45.73 mg/kg 
DM for exposure to Se(VI) [64]. Se-enriched microor-
ganisms can enhance the availability of Se; thus, effective 
management of these Se-rich biofertilizers may bolster 
soil resilience, safeguard biodiversity, and foster practices 
conducive to sustainable agriculture.

Rhizospheric metabolites in response to the effects of 
different treatments
Plants typically adapt to external environmental changes 
by producing secondary metabolites [65]. Changes in 
metabolic pathways, as influenced by significantly dif-
ferentiated metabolites and KEGG topology analysis, 
are depicted in Fig.  5. Specifically, the hypergeometric 
distribution algorithm was applied to the 1209 metabo-
lites annotated in the KEGG database to identify path-
ways enriched in differential metabolic concentrations, 
with P-values corrected using the Benjamini-Hochberg 
(BH) method. Comparison of metabolic topology maps 
between LF-3 and the other treatment groups revealed 

Fig. 4  Photos of the rape seedlings in different treatments
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that the LF-3 treatment induced up-regulation of the 
“cutin, suberine, and wax biosynthesis” pathways. The 
lipid composition of the stratum corneum, which cov-
ers the plant’s surface, is referred to as cuticular wax, 
and it is essential for enhancing plant longevity and pro-
tecting plants against biotic and abiotic stressors [66]. 
So the addition of both exogenous Na2SeO3 and LF-17 
agent might alter the composition and structure of the 
cutin, preventing water loss and promoting the trans-
port of nutrients. In the case of suberine, its deposition 
is induced by various environmental stresses, includ-
ing injury, drought, and salinity [67]. A recent study has 
shown that the synthesis and degradation of suberin in 
the root dermis are both responses to nutritional stress, 
mediated by ethylene and abscisic acid [68]. Therefore, 
the exogenous Na2SeO3 and LF-17 agent both in LF-3 

treatment might upregulate the metabolic pathway of 
“cutin, suberine, and wax biosynthesis” in the system 
compared to that of the other treatment groups, support-
ing protection to rape against the Se stress.

As shown in Fig.  5A, the metabolic processes in the 
rape rhizosphere soil under the LF-3 treatment exhibited 
up-regulation of the pathways involved in “VB6 metabo-
lism”, “alanine, aspartate and glutamate metabolism” and 
“pantothenate and CoA biosynthesis”, as compared to the 
CK treatment. VB6 is essential for all organisms and is 
recognized as a critical cofactor necessary for numerous 
enzymatic reactions [69]. Several studies have demon-
strated that VB6 acts as an effective antioxidant, possess-
ing ROS-quenching capabilities comparable to those of 
tocopherol and ascorbic acid [70]. As a ROS scavenger, 
VB6 can enhance an organism’s resistance to both biotic 

Fig. 5  Comparison of KEGG topology analysis results between LF-3 and other treatments: (A) LF-3 and CK, (B) LF-3 and LF-1, (C) LF-3 and LF-2, (D) LF-3 
and LF-4. Note: Each bubble in the topology analysis Figure represents a KEGG pathway. The horizontal axis indicates the relative importance of me-
tabolites within the pathway, as measured by the “Impact Value”. The vertical axis represents the enrichment significance of metabolites involved in the 
pathway, as indicated by -log10 (P-value). The size of the bubble corresponds to the “Impact Value”; the larger the bubbles, the greater the importance 
of the pathway
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and abiotic stressors [71]. This may be the reason for the 
lower antioxidant related enzyme activity in LF-3 treat-
ment. Coxon et al. [72] confirmed the significant value of 
pantothenate overproduction in plants, as it influences 
various physiological processes, including plant growth, 
development, and stress resistance to both abiotic and 
biotic factors [73]. In plants, glutamic acid and aspartic 
acid serve as precursors for up to 11 amino acids, derived 
from the secondary metabolite precursors of the couma-
rin CoA pathway. And this pathway produces alkaloid 
derivatives such as coumarin, flavonoids, suberine, which 
are related to the cellular antioxidant capacity [74]. Con-
sequently, the combined treatment of Se-tolerant LF-17 
agent and exogenous Na2SeO3 (in LF-3 treatment) might 
promote the growth of rape and resist the stress induced 
by Se better. The results are consistent with the data 
shown in Table 2.

As shown in Fig.  5B, the metabolic processes within 
the rape rhizosphere soil under the LF-3 treatment were 
found to up-regulate the pathways related to “linoleic 
acid (LA) metabolism”, “sphingolipid metabolism”, “cap-
rolactam degradation” and “terpenoid backbone biosyn-
thesis” in contrast to the LF-2 treatment. In plants, an 
increased LA content contributes to the maintenance 
of membrane integrity and fluidity, thereby facilitating 
adaptation to environmental stress [75]. Sphingolipids 
are crucial signaling molecules involved in signal trans-
duction pathways, essential for maintaining membrane 
integrity, tolerance, and stress response [76], and have 
been demonstrated to mediate the formation of plant cell 
walls and the differentiation of cell types under biotic and 
abiotic stresses [77]. Lipophilic diterpenoids are particu-
larly complex due to the involvement of multiple rate-
limiting enzymes [78], which are pivotal in plant growth, 
related metabolism, and defense process against natu-
ral enemies, pathogens, and other competitive organ-
isms [79]. Therefore, compared to the treatment without 
exogenous Se stress (LF-1), the presence of exogenous Se 
stress (in LF-3 treatment) might enhance the adaptability 
of rape to the environment and strengthen its ability to 
resist enemies and pathogens.

As shown in Fig. 5C, compared with that in LF-2 treat-
ment, the metabolism in the rape rhizosphere soil in 

LF-3 treatment was found to up-regulate the pathways 
of “cutin, suberine, and wax biosynthesis”, “citrate cycle 
(TCA cycle)”, “lysine degradation”, “nucleotide metabo-
lism”, and “flavonic biosynthesis”. TCA cycle is a central 
element in carbon metabolism in higher plant species 
[80]. During stressful conditions, enzymatic and non 
enzymatic components of the antioxidant resistant sys-
tem jointly clear ROS [81]. Hypoxia-induced oxidation-
reduction inhibition of aconitine oxidase during hypoxia, 
leading to the accumulation of CA, is considered a stress 
adaptation strategy that can induce metabolic changes 
[82]. Stress responses in plants by activating their enzyme 
defense system, which is facilitated by the accumulation 
of CA [83]. Flavonoids are suggested to play crucial roles 
in plant responses to environmental signals, especially 
under biotic and abiotic stress. Plants may substantially 
change their physiological response to Se [17]. The Se-
tolerant LF-17 agent and exogenous Na2SeO3 in LF-3 
treatment might enhance the “TCA cycle” and “Flavonoid 
biosynthesis” pathways in the plant or microorganisms.

As shown in in Fig. 5D, it is evident that the pathways 
for “Cutin, suberine, and wax biosynthesis”, “Flavonic 
biosynthesis”, “Retinol metabolism”, “Caprolactam degra-
dation”, and “Tryptophan metabolism” were up-regulated 
in the LF-3 treatment compared to that in the LF-4 treat-
ment. Multiple mechanisms have evolved in plants to 
adapt to abiotic and biotic stresses, such as the reshaping 
of primary and secondary metabolic pathways associated 
with carbohydrates, proteins, amino acids, nucleic acids, 
lipids, and plant hormones [84].

The top 30 metabolites with the highest metabolic 
abundance in CK, LF-1, LF-2, LF-3, and LF-4 are shown 
in Fig.  6. Higher abundance of three acid substances is 
observed in LF-3, namely urochoic acid, cyclopassifloic 
acid D, and glycocholic acid. It has been emphasized in 
multiple studies that plants can enhance their tolerance 
to heavy metal toxicity and promote root absorption of 
heavy metals through the secretion of a range of chelat-
ing agents, including low molecular weight organic acids 
[85]. Organic acids can dissolve metal oxides, thereby 
improving their bioavailability [86]. Furthermore, the 
abundance of tryptophan in LF-3 treatment is observed 
to be higher compared to LF-2, which is consistent with 
the upregulated tryptophan metabolism observed in 
LF-3 in Fig. 5D. It has been confirmed by Moreno-Mar-
tin et al. [87] that some LAB can accumulate Se salts 
and biotransform them into Se amino acids and SeNPs. 
L-tryptophan has also been found to elicit physiologi-
cal reactions, increase nutrient absorption, and thereby 
enhance plant growth and development [88]. The KEGG 
database could not contain complete metabolic path-
ways of plant and the Microorganisms in soil, which may 
result in the neglect the information of certain pathways 
or enzyme functions in interpreting complex soil-plant 

Table 2  Growth indicators of the rape seedlings in different 
treatment groups after grow for 35 d
Treatment 
groups

Plant height (cm) Root length (cm) Fresh 
weight (g)

CK 5.10 ± 0.13d 2.7 ± 0.14ab 0.12 ± 0.01d

LF-1 8.72 ± 0.19a 2.75 ± 0.48ab 0.38 ± 0.04a

LF-2 5.20 ± 0.28d 2.40 ± 0.12b 0.13 ± 0.01d

LF-3 7.07 ± 0.31b 2.73 ± 0.21ab 0.26 ± 0.02b

LF-4 6.30 ± 0.55c 2.98 ± 0.23a 0.20 ± 0.04c

Note: The data is expressed as the mean ± standard deviation, and different 
letters in the same column indicate the significance of the difference (P<0.05)



Page 13 of 16Li et al. BMC Plant Biology          (2025) 25:429 

interactions. Therefore, it is necessary to combine the 
data from the metabolome sequencing method and other 
information to analyze the effects of different treatments 
on the growth and Se absorption of plant.

The findings of this study could provide beneficial 
reference for the application of LAB LF-17 agent in the 
growth of rape seedlings and Se biofortification. How-
ever, further investigation is needed to explore the impact 
of strain LF-17 on the growth of other crops and food 
quality. For subsequent research, it is planned to conduct 
the further experiment in the field to verify the effects of 
the LF-17 agent under natural conditions. In the future, 
Se-enriched LAB might be applied to daily diets (such 
as yogurt and fermented plant protein beverages) and 
in the agricultural sector, such as feed additives and Se-
enriched fertilizer. So they could provide a safe and con-
trollable Se nutrition supplementation for the people in 
Se-deficient areas.

Conclusion
Strain LF-17 exhibited a higher tolerance to Na2SeO3 
concentrations of 2500  mg/L on MRS plates, with the 
Se element detectable on the cell surface of LF-17 as 
determined by a combination of FTIR, SEM, and EDX 
analyses after Se accumulation cultivation. Significant 
increases (P < 0.05) in growth and Se content of rape 
seedlings were observed upon treatment with Se-tolerant 
LF-17 agent and Na2SeO3, while oxidative stress was sig-
nificantly reduced following the enrichment of metabolic 
pathways including “cutin, suberine and wax biosynthe-
sis”, “flavoniod biosynthesis” and “terpenoid backbone 
biosynthesis”.
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