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Abstract

The application of pesticides may have significant impacts on soil environment and communities. In order to under-
stand the deep relationship between the application of chlormequat chloride (CC) and the bacterial community

in peanut soil, high-resolution characterization was performed using peanut soil samples (12 points; 0-20 cm rhizos-
phere soil) from untreated and sprayed with different concentrations of CC. Experimental data showed that with the
increase of concentration, operational taxonomic units (OTUs) richness showed a decreasing tendency. The OTUs
richness at low concentration (D, 50% CC diluted 5000 times, 45 g ai/ha), medium concentration (M, 50% CC diluted
300 times, 75 g ai/ha), and high concentration (G, 50% CC diluted 1000 times, 225 g ai/ha) were 5583, 5430, and 3910,
respectively. Low concentrations increased the composition and relative abundance of soil bacterial communities. In
contrast, high concentrations significantly reduced bacterial diversity. As the concentration of CC increases, the abun-
dance of Proteobacteria decreases, while the abundance of Firmicutes and Bacteroidetes increases. The number

of Acidobacterium and Bacteroidetes increased in groups D and M, while it decreased in group G. D, M and G groups
showed a decrease in the abundance of Pseudomonas, polaromonas, and Azovibrio compared to CK, while the abun-
dance of Flavobacterium increased. In addition, the abundance of Rahnellal decreased in groups D and M,

while the abundance increased in group G. The main metabolic pathways included the metabolisms of nucleotides,
terpenoids, polyketides, other amino acids, cofactors, vitamins, lipids, glycan biosynthesis, energy, carbohydrates,
xenobiotics, amino acids, and other secondary metabolites.

Keywords Chlormequat chloride, Peanuts, Soil bacterial diversity, Environmental ecology

Introduction

Peanuts, a significant source of plant-based oils and pro-
teins, are among the important oil crops in China [1].
Peanut overgrowth is a frequent phenomenon during
cultivation, which is primarily characterized by enlarged
leaves, shading in the field, and a corresponding increase
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in the distance between the fruit needle and the ground,
which delays needle placement, thereby significantly
affecting peanut yield and quality [2]. Therefore, appro-
priate and effective measures are required to control
excessive growth, which can help peanut plants main-
tain good morphology, optimize nutrient allocation, and
promote reproductive growth, thereby improving peanut
fruiting rate and plumpness [1, 3]. It has been observed
that plant growth regulators can modulate flowering,
improve peanut plant morphology and structure, as well
as enhance peanut seed quantity and quality [4].

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-025-03828-5&domain=pdf

Lin et al. BMC Microbiology (2025) 25:129

Chlormequat chloride (CC) is a common inhibitory
regulator of plant growth, which not only regulates plant
growth but also resists lodging. Therefore, it is widely
used in the production process of grain crops, vegeta-
bles, fruits, medicinal plants, etc. [5-9]. Recently, it has
been reported to be used in peanut production [10-12].
With increasing studies on sustainable agricultural devel-
opment and ecological health, the potential impact of
CC use is becoming a research hotspot [13]. CC exhib-
its toxicological properties and has developmental and
reproductive toxicity [14—16]. In the United States CC
was detected in urine collected from 2017 to 2022, with a
significant increase in urine levels in 2023 [17].

The foundation of agricultural ecosystems is soil biodi-
versity, which is increasingly recognized as beneficial to
human health as it can inhibit pathogenic soil organisms
and provide clean air, water, and food [18]. Soil biodiver-
sity is significantly and positively correlated with various
ecosystem functions. These functions include nutrient
cycling, decomposition, plant production, and reducing
the potential for pathogens and underground biological
warfare [19]. During peanut cultivation, the application
of CC may directly or indirectly affect the structure of
soil microbial communities and lead to complex changes
in soil biodiversity.

Several studies have investigated the effects of the
exogenous application of plant growth regulators on soil
microorganisms [20-23]; however, there are only a few
studies on the impact of CC on soil microbial communi-
ties. Therefore, this study aimed to elucidate the associa-
tion between CC and peanut soil diversity, providing an
important reference for achieving high peanut yield and
quality as well as harmonious coexistence with the eco-
logical environment.

Materials and methods
Field experiments
In 2023, field experiments were conducted in
Xiaochengzi Town, Kangping County, Shenyang City,
Liaoning Province, China (E123.35446, N 42.75081).
Kangping Xiaochengzi Town belongs to a temperate con-
tinental monsoon climate, with distinct four seasons and
year-round peanut cultivation. The soil is sandy loam,
with an average annual precipitation of about 456.3 mm,
an average annual sunshine hours of about 2584.4 h, and
an average annual temperature of about 8.1 ‘C. Set up a
total of 4 processes (3 repetitions/processes). Using the
random plot selection method, select 5x6 m plot areas
with a spacing of 50 cm for each treatment. Peanuts were
sown on May 10th, with the tested peanut variety being
Baisha.

The commercially available 50% CC was prepared
in the following concentrations: low concentration (D,
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50%CC diluted 5000 times, 45 g ai/ha), medium con-
centration (M, 50%CC diluted 3000 times, 75 g ai/ha),
and high concentration (G, 50%CC diluted 1000 times,
225 g ai/ha). The CK group was not sprayed with CC. On
July 5th, foliar sprayed CC. Soil Samples were taken on
August 5th. Used the five point sampling method within
the field, the peanut rhizosphere soil was collected using
the shaking method, and fine roots, plant residues, and
stones were removed using a 20 mesh sieve. Soil samples
were treated with liquid nitrogen and stored at —80 °C for
DNA extraction.

Soil DNA extraction and sequencing

Soil DNA was extracted using the BayBiopure Magnetic
Bead Soil DNA Extraction Kit (Guangzhou Bay Area
Biotechnology Co., Ltd.), and bacterial PCR amplifica-
tion was performed using primers F (ACTCCTACGGGA
GGCAGCA) and R (CCGTCAATTCMTTRAGTT) in
the V3-V4 variable region. The PCR amplification system
and amplification conditions were described in reference
to the literature [24]. The PCR reaction consisted of 13
pL MOBIO PCR water, 10 pL 5 Prime HotMasterMix,
0.5 pL forward and reverse primers (final concentration
of 10 uM), and 1.0 puL genomic DNA. Maintained DNA
denaturation at 94°C for 3 min, amplified at 94°C, 45 s
for 35 cycles, 50°C for 60 s, and 72°C for 90 s; extended at
72°C for 10 min to ensure complete amplification. After
PCR quality verification, the soil DNA samples were sent
to Nanjing Paiseno Biotechnology Co., Ltd. for paired
end sequencing of community DNA fragments using the
lumina platform.

Soil diversity analysis

DADA2 sequence denoising method [25], used QIIME2
analysis software, first called giime cutadapt trim paired
to remove primer fragments from the sequence and dis-
card sequences with unmatched primers; Then, called
DADA2 for quality control, denoising, splicing, and de
chimerism through qiime dada2 denoise paired. Merged
OTU feature sequences and OTU tables, and removed
singletons OTUs. Used R language scripts to statistically
analyze the length distribution of high-quality sequences
contained in all samples.The final obtainedvalid data was
submitted to the Paisenno Cloud platform for data pro-
cessing and analysis.

Sequence processing and analysis

The Alpha diversity index was calculated using Mothur
software, including Chaol index and Shannon index.
The Chaol index reflects the richness of the commu-
nity, while the Shannon index reflects the diversity of the
community. Beta diversity analysis was conducted using
R3.5.1 language, namely principal component analysis
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(PCoA). The microbial community structure bar chart
was drawn using QIIME software to present the compo-
sition and abundance distribution of soil microbial com-
munities at different taxonomic levels [26].

Results

Analysis of richness and diversity of soil bacterial

and microbial communities

Alpha diversity analysis

Statistical analysis of sequencing data revealed that
after 30 days of drug application, a total of 847,671 raw
sequences were obtained from 12 samples. After filter-
ing, a total of 794,468 valid sequences were generated,
with at least 66,206 valid sequences produced per sample,
resulting in an average of 66,206 valid sequences (Sup-
plementary Table 1). According to the dilution curves of
the samples (Supplementary Fig. 1), it can be seen that
the curves of all four groups of samples tend to flatten,
indicating that the sequencing quantity of the samples is
reasonable and the sequencing depth can meet the exper-
imental requirements.

Soil bacterial and microbial community OTUs clustering
analysis

The OTUs of D, M, G, and CK were 5583, 5430, 3910, and
4740, respectively (Fig. 1) and the order of OTUs from
high to low was D>M>CK>G. The number of OTUs
decreased with the increase of CC concentration, indicat-
ing that low and medium CC concentrations can increase
OTUs values in peanut microbial community. Moreover,
the D treatment had the highest OTUs values, whereas

Fig. 1 Venn diagram of bacterial community in peanut rhizosphere soil
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the G treatment reduced OTUs of peanut microbial
communities.

Alpha diversity refers to the indicators of richness,
diversity, and evenness of species in a locally uniform
habitat, also known as intra habitat diversity. In order to
comprehensively evaluate the alpha diversity of micro-
bial communities, richness was characterized by Chaol
[27] and Observed species indices, diversity was charac-
terized by Shannon [28, 29] and Simpson indices [30],
evolutionary diversity was characterized by Faith index
[31], evenness was characterized by Pielou index [32],
and coverage was characterized by coverage index [33].
From Table 1, it can be seen that there was no significant
difference in coverage between the different concentra-
tion treatments, indicating that the coverage of the soil
sample bank for each treatment was high. The Chaol,
Shannon, Simpson, and Pielou indices of low concentra-
tion CC treatment were significantly higher than those
of other concentration treatments. As the concentration
of CC increased, the Chaol, Shannon, Simpson, and Pie-
lou indices showed a decreasing trend. After applyed low
concentrations of CC to peanuts, the bacterial diversity
and richness of the soil significantly increased. As the CC
concentration increased, the bacterial diversity and rich-
ness of the soil significantly decreased (Table 2).

Beta diversity analysis

The Beta Diversity Index focuses on the comparison of
diversity between different habitats, that is, the differ-
ences between samples. By using the Bray Curtis distance
[34] method, analyzing the OTU composition of different

3105
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samples can reflect the differences and distances between
samples, such as the closer the sample community struc-
ture, the closer the distance reflected in the PCA graph
(Fig. 2). Inter group difference analysis was conducted
using the Python scikit bio package for "permenova” inter
group difference analysis, with a permutation test count
set to 999. As shown in Fig. 2a, the distance between
soils treated with different concentrations of CC was
relatively far, the contribution rates of the two princi-
pal components extracted by bacteria were 31.5% and
27.4%, respectively; According to 2b, all treatment groups
were greater than 0, indicating significant changes in soil

Table 1 Alpha diversity index of soil samples
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bacterial community structure after applyed different
concentrations of CC.

Analysis of soil bacterial and microbial community
composition

The top 5 dominant bacterial phyla in the bacterial com-
munity were Proteobacteria (36.67% ~56.22%), Firmi-
cutes (16.38% ~ 38.16%), Acidobacteriota (4.05% ~ 8.77%),
Bacteroidetes (4.19% ~6.99%), and Gemmatimonadota
(3.23% ~7.39%) (Fig. 3A). As the concentration of CC
increased, the abundance of Proteobacteria decreased
compared to CK, and the G group decreased by 24.26%.
The abundance of Firmicutes and Bacteroidota increased

Group Goods_coverage Chao1 Observed species Shannon Simpson Faith_pd Pielou-e

D 0.99283a 2512.39a 2450.9a 9.27990a 0.98565a 200.600ab 0.824196a
M 0.98960a 2502.79a 23752a 8.52057b 0.97555ab 225711a 0.760328b
G 0.99288a 1709.12c¢ 1633.5¢ 6.81162¢ 0.94544c 170.004b 0.638321d
K 0.99251a 2118.82ab 2055.1b 7.83026b 0.96499b 187.206b 0.711616¢

Different lowercase letters indicate significant differences between treatments at the 5% level
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Fig. 2 Analysis of intergroup differences in peanut soil bacterial communities based on distance matrix and PCoA

Table 2 SD of Alafa diversity index

Group Chao1 Faith_pd Goods_coverage Observed_species Pielou_e Shannon Simpson

D 83.7823633 13.64166714 0.001887852 89.34601278 0.021548099 0.284703853 0.003543613
M 35.05043842 31.14852697 0.004981056 83.4130885 0.021528278 0.397748991 0.003300758
G 7433758067 4.502500898 0.002397299 48508178 0.038658032 0.55612862 0.009211182
K 94.69218078 15.83879437 0.001479634 82.68270678 0.013834012 0.113040673 0.00707468
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compared to CK. The abundance of Firmicutes in
Group G reached 132.97%, while the abundance of Bac-
teroidota in Group D was 66.83%. The abundance of

W Acidobacteriota

B Gemmatimonadota
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Acidobacteriota and Bacteroidota in groups D and M
increased compared to CK, with a significant increase
under D group, at 36.36% and 46.92%, respectively. In G
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Fig. 4 Bacterial structure of the genus

group, the abundance of Acidobacteriota and Bacteroide-
tesota decreased compared to CK, reaching 35.40% and
35.79%, respectively (Fig. 3B).

At the genus level, the proportion of bacterial com-
munities without identified genera was relatively high
(Fig. 4). The dominant bacterial genera in the rhizosphere
soil of each group were Clostridium_sensu_stricto_l1,
Rahnellal, Pseudomonas, Clostridium sensu-stricto_13,
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Azovibrio, Polaromonas, RB41, Flavobacterium, and
Sphingomonas, Bacillus (Fig. 4A). Compared with CK,
the D, M, and G groups had reduced abundance of Pseu-
domonas (50.58, 7.27, and 38.95%), Polarimonas (97.59,
98.27, and 87.9%), and Azovibrio (72.87, 91.36, and
96.28%), whereas the abundance of Clostridium-sensu_
stricito-13 (36.12, 71.74, and 8.72%) and Clostridium-
sensu_stricito-1 (172.4, 55.2, and 792.8%) was increased.
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Moreover, compared to the CK, Rahnellal abundance in
the D and M groups were decreased (97.83% and 61.5%,
respectively), while increased in the G group (147.30%)
(Fig. 4B).

Analysis of species differences in soil bacterial microbial
communities

The LEfSe analysis (Fig. 5) identified 100 bacterial bio-
markers at the phylum, class, order, family, genus, and
species levels. Of these, 9 were identified at the genus
level (based on LDA log scores>4), included Azovibrio,
Bacillus, Clostridium-sensu-stricto-1, Polaromonas, 3.4
Sphingobium,  Clostridium-sensu-stricto-13, Sphingo-
monas, Massilia, and Rahnellal.

The heatmap of species composition (Fig. 6) indi-
cated that the most abundant genus in the CK group
were Polarimonas and Azovibrio; in the D group, were
Bacillus and Sphingomonas; in the M group were
Clostridium_sensu_stricto_13; in the G group were
Clostridium_sensu_stricto_1 and Rahnellal. D, M and
G groups showed a decrease in the abundance of Pseu-
domonas, polaromonas, and Azovibrio compared to CK,
while the abundance of Flavobacterium increased.

LefSe analysis

The current LA threshold is 2

4 ) g
<.
o

Fig. 5 LEfSe differential analysis of soil microbial community
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Functional prediction of metabolites

The metabolic pathway (Fig. 7) included 4 cellular pro-
cessing pathways, 2 environmental information process-
ing pathways, 4 genetic information processing pathways,
11 metabolism pathways. The main concentrated meta-
bolic pathways included the metabolisms of nucleotides,
terpenoids, polyketides, other amino acids, cofactors,
vitamins, lipids, glycan biosynthesis, energy, carbohy-
drates, xenobiotics, amino acids, and other secondary
metabolites.

Compared to the CK group, the positive regula-
tory pathways were significantly different (p<0.001,
LogFC>1) in the D group and included naphthalene
degradation and spliceosome, whereas the negative reg-
ulatory pathways involved the degradation of polycyclic
aromatic hydrocarbons (Fig. 8). Furthermore, the mark-
edly different positive regulatory pathways observed in
the M group included other polysaccharide degrada-
tion pathways, whereas the negative regulatory path-
ways involved cell apoptosis and vasopressin-modulating
water reabsorption pathways. G treatment was related
to the following positive regulatory pathways: phos-
photransferase system, bacterial invasion of epithelial
cells, bacterial invasion of epidermal cells, and bacterial
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invasion of epithelial cells. The negative regulatory path-
ways of G treatment included D-arginine and D-ornith-
ine metabolism, cell apoptosis, and styrene degradation
pathways.

Discussion

From an environmental perspective, before agricultural
chemicals were widely used in agriculture, their toxico-
logical or ecological impacts should be evaluated [35]. It
has been observed that the application of plant growth
regulators can increase plant biomass [36]. The use of
EDTA and CA reduced the diversity and richness of soil
bacterial communities, while the combination of DA-6
and EDTA or CA foliar spraying increased the diversity
and richness of soil bacterial communities [37]. Most
articles have reported that pesticides can reduce the
diversity and richness of microbial communities [38,
39]; But there was no significant difference in the alpha
diversity of bacterial communities between the pesti-
cide/fertilizer mixed and single fertilization treatments
in sugarcane fields without the addition of pesticides or
fertilizers [37](Huang et al., 2021). However, our research
indicated that as the concentration of CC increases, the
Chaol, Shannon, Simpson, and Pielou indices showed
a decreasing trend, while the low concentration CC
increased compared to CK, indicated that the applica-
tion of low concentration CC on peanuts significantly
increased soil bacterial diversity and richness.

The results of this study indicated that the dominant
bacterial phyla in soil are Proteobacteria, Firmicutes,
Acinetobacteria, Bacteroidetes, and Gemmatimonad-
ota, which was consistent with previous research find-
ings [40-42]. In some studies, it has been found that
low application can increased the number of certain

Clostridium_sensu_stricto_ 1
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beneficial bacteria in soil [43], such as Azovibrio, Bacil-
lus, Sphingobium and Sphingomonas, which was consist-
ent with the results of our study. Azovibrio can help fix
nitrogen in crops and reduce nitrogen fertilizer appli-
cation [44]. Bacillus can inhibit pathogens, induce sys-
temic resistance, promote growth, and thus promote its
widespread use as a biological control bacterium [45].
In addition, sphingolipids and sphingomonas were ben-
eficial rhizosphere microorganisms in plants that can
degrade organic pollutants such as chlorpyrifos [46],
thereby inducing plant growth and inhibiting patho-
gens, thereby enhancing plant disease resistance [47, 48].
In addition, a significant positive correlation has been
observed between members of the North Star genus and
the concentration of vanadium components in tailings,
indicating that the North Star genus has high vanadium
resistance or can utilize vanadium for energy metabo-
lism processes [49]. As the concentration increased, it
may caused changes in the community structure of soil
microorganisms. High concentration application may
have serious toxic effects on soil microorganisms. It may
damage the cell membrane structure of microorganisms
or interfere with their metabolic processes. In this study,
high concentrations of CC can reduce the number of
bacteria in the soil, leading to interference in processes
such as cell apoptosis, and styrene degradation pathways
in the soil.

The degradation process of pesticides in soil was largely
attributed to microorganisms, but there were also other
influencing factors [50]. Although our data was only for
one year and few monitoring indicators, we have also
obtained some preliminary results. In the future, we
will further improved it, not limited to planting peanuts
in one season, but can conduct research on continuous
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Fig. 7 Metabolic pathway statistics

multi season peanut planting or rotation with other
crops. Observed the effects of different concentrations of
CC on soil diversity in different seasons and crop rota-
tion, and understanded its variation patterns under dif-
ferent planting systems. At the same time, increased
research indicators to enrich the results, such as soil
enzyme activity determination, soil physicochemical
property analysis, and soil nematode and actinomycete
community research.
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Conclusion

As the concentration of CC increases, the Chaol, Shan-
non, Simpson, and Pielou indices showed a decreasing
trend. This indicates that the application of low concen-
tration CC to peanuts significantly increased soil bacte-
rial diversity and richness. As the concentration of CC
increased, the abundance of Proteobacteria decreased,
while Firmicutes and Bacteroidota increased. The abun-
dance of Acidobacteriota and Bacteroidota in groups D
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Fig. 8 Differences in metabolic pathways under different CC concentrations. A D vs. CK. B M vs. CK. C G vs. CK

and M increased, while in G group decreased. The D,
M and G groups showed a decrease in the abundance
of Pseudomonas, polaromonas, and Azovibrio com-
pared to CK, while the abundance of Flavobacterium
increased. Moreover, Rahnellal abundance in the D
and M groups was decreased, while increased in the G

group.
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CcC Chlormequat chloride

OTUs  Operational taxonomic units
PCoA  Principal component analysis
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