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Preface

This Reprint presents a collection of scientific contributions dedicated to microbial biotechnology

and microorganism interactions as fundamental pillars for sustainable agriculture. Its scope

encompasses both applied and fundamental research, including the development of biofertilizers,

biocontrol strategies, microbial consortia, and the study of ecological interactions that influence plant

productivity and soil health. The aim of this Reprint is to provide an integrated perspective on how

microbial systems can be harnessed to improve agricultural sustainability while reducing dependence

on chemical inputs.

The motivation for assembling this Reprint arises from the increasing need to address global

challenges such as soil degradation, environmental pollution, and food security through innovative

and biologically based approaches. Microorganisms offer versatile and efficient solutions, yet their

complex interactions and full biotechnological potential remain insufficiently explored. By bringing

together diverse studies, this Reprint seeks to bridge knowledge gaps and promote the translation of

microbial research into practical agricultural applications.

This Reprint is intended for researchers, professionals, and graduate students working in microbial

biotechnology, agricultural sciences, environmental microbiology, and related fields. It also aims to

support interdisciplinary collaboration by providing insights that connect molecular, ecological, and

technological perspectives.

Dario Rafael Olicón-Hernández and Guerra-Sánchez Guadalupe

Guest Editors
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Article

Fertilization Induced Soil Microbial Shifts Show Minor Effects
on Sapindus mukorossi Yield

Juntao Liu 1,2,3,4,†, Zhexiu Yu 1,†, Yingyun Gong 1, Jie Chen 5, Ling Zhou 1, Weihua Zhang 4,* and Liming Jia 1,2,3,*

1 Key Laboratory of Silviculture and Conservation of the Ministry of Education, College of Forestry, Beijing
Forestry University, Beijing 100083, China; ljt1120@bjfu.edu.cn (J.L.); yzhexiu@bjfu.edu.cn (Z.Y.);
oxalis623@163.com (Y.G.); zhouling89757@bjfu.edu.cn (L.Z.)

2 National Energy R&D Center for Non-Food Biomass, Beijing Forestry University, Beijing 100083, China
3 National Innovation Alliance of Sapindus Industry, Beijing Forestry University, Beijing 100083, China
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Forestry, Guangzhou 510520, China
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chenjiecaf@hotmail.com
* Correspondence: zwh523@sinogaf.cn (W.Z.); jlm@bjfu.edu.cn (L.J.); Tel.: +86-13501103773 (L.J.)
† These authors have contributed equally to this work.

Abstract: Fertilization can improve soil nutrition and increase the yield of Sapindus muko-
rossi, but the response of soil microbial communities to fertilization treatments and their
correlation with soil nutrition and Sapindus mukorossi yield are unclear. In order to investi-
gate the characteristics of soil physicochemical qualities and the bacterial community, we
carried out a field experiment comparing various quantities of nitrogen (N), phosphorus
(P), and potassium (K) fertilizers to the unfertilized control treatments and the yield of
Sapindus mukorossi in raw material forests in response to different applications of fertilizers
and to try to clarify the interrelation among the three. Results showed that (1) there are sig-
nificant differences in the effects of different fertilization treatments on the soil properties of
Sapindus mukorossi raw material forests. The increase in the application rates of nitrogen or
phosphorus fertilizers significantly reduced the soil pH value. (2) Compared with control,
the α-diversity of bacterial communities was significantly lower in N3P2K2 and N1P1K2

treatments. Among the dominant groups of soil bacteria at the phylum level, the relative
abundance of Chloroflexi showed an increase and then a decrease trend with the increase
in N application. The relative abundance of Firmicutes, Bacteroidota, and Fusobacteriota
was positively correlated with the application of P and K fertilizers, while the relative
abundance of Acidobacteriota and Verrucomicrobiota decreased with the increase in P and K
fertilizers. (3) The N2P2K2 treatment produced the highest sapindus yield (1464.58 kg/ha),
which increased by 258.67% above the control. (4) Redundancy analysis (RDA) showed
that the primary determinants of bacterial community structure were soil pH, total K, and
effective P concentration. (5) Structural equation modeling (SEM) showed that soil nutrient
content was the main direct factor driving the yield of Sapindus mukorossi, whereas the
bacterial community attributes (e.g., diversity and structure) had minor effects on the yield.
In summary, the rational use of formulated fertilization can change the bacterial community
structure, improve the bacterial diversity, and increase the soil nutrient content, with the
latter exerting a significant effect on the improvement of the yield of Sapindus mukorossi.

Keywords: bacterial community; diversity; fertilization; Sapindus mukorossi; soil fertility;
structural distribution

Microorganisms 2025, 13, 173 https://doi.org/10.3390/microorganisms13010173
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1. Introduction

A type of energy forest belonging to the genus Sapindus in the family Sapin-daceae,
Sapindus mukorossi is primarily found in tropical and subtropical areas [1–3]. Due to the
growing demand for energy worldwide in recent years, bioenergy species have gained
a lot of interest as a new and promising energy source [4,5]. Many industries use Sapin-
dus mukorossi, including biomedicine, bioenergy. and cosmetics. In traditional Chinese
medicine, the entire plant of Sapindus—fruit, root, bark, and leaves—is utilized. It is a
woody oilseed tree species that has been marketed for usage in recent years. Its soap pods
contain roughly 22% crude protein, and the kernels of the soap berries contain roughly
40% fatty acids. The planting area is 20,000 ha in Fujian Province alone, which is one of
its primary production locations [4]. However, the production and quality of bio-energy
species are significantly influenced by the nutritional conditions of the soil. Massive nu-
trients like nitrogen (N), phosphate (P), and potassium (K) are essential for plant growth
and are crucial for crop productivity and the synthesis of oil products. In order to achieve
high yields and high quality of economic tree species, it is effective to apply N, P, and K
fertilizers rationally [6,7]. However, farmers usually over-apply N, P, and K fertilizers in
order to rapidly increase the yield of Sapindus mukorossi fruits [8,9]. Unexpected fertilization
can result in major environmental issues, including groundwater source pollution as well
as issues like sloughing, acidification, and deterioration of soil quality, all of which lower
crop yields [10,11]. Exploring scientific fertilization techniques is essential to enhance the
sustainable development of the Sapindus mukorossi industrial forest.

Fertilization has a direct impact on the physicochemical characteristics of soil [12]
and it has been demonstrated that balanced NPK fertilization significantly influences the
physicochemical characteristics of crops. increases the amount of organic matter and quick-
acting nutrients in the soil, encourages root growth and inter-root soil microbial growth,
and ultimately influences yield. [2,7,12,13]. Proper fertilization management can maximize
crop yield [7]. However, overuse of fertilizer will result in soil acidification and severe
soil nutrient imbalance, which will then create leaf nutrient imbalance and ultimately
impact production and economic efficiency [11,14]. Continuous fertilization can increase
soil organic carbon content, total nitrogen content, and soil productivity [15,16]. Therefore,
fertilization not only affects soil properties but also influences microbial diversity in soil.

Soil microorganisms have a strong connection with soil physicochemical properties
and are drivers of processes such as organic matter decomposition, nutrient cycling, and
humus formation [17]. Since soil microorganisms are highly sensitive to environmental
changes [18,19], a significant amount of research has been conducted on the impacts of
nutrient addition or deficiency on soil microbial communities [20,21]. It was demonstrated
that N application was able to significantly alter the bacterial community, soil properties,
and yield of sugarcane (Saccharum officinarum). In particular, bacterial species richness and
evenness were higher in the moderately fertilized treatment than in the control without
fertilization [22,23]. Ma et al. [23] found that nitrogen fertilization increased the number of
nitrifying bacteria but did not affect the number of other flora. Phosphorus fertilizer appli-
cation decreased the number of nitrate-reducing bacteria and archaeal ammonia-oxidizing
bacteria and increased the number of nitrifying bacteria and nitrous oxide-reducing bacte-
ria. Tang et al. [24] showed that N and P additions altered the abundance and community
structure of nitrification and denitrification genes in a subtropical Chinese fir plantation
forest, and that the combined application of nitrogen and phosphorus drove changes in the
ammonia-oxidizing archaeal community. Li et al. [7] reported a significant decrease in soil
bacterial diversity after N addition, while potassium fertilizer had relatively little effect on
soil bacteria. Conversely, N deficiency will limit the increase in soil microbial biomass and
reduce community diversity [25]. It has been demonstrated that combined application of

2
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N, P, and K elevated Panax ginseng (Panax ginseng C. A. Mey.) yield and saponin content by
increasing the relative abundance of potentially beneficial fungi and decreasing the relative
abundance of potentially pathogenic fungi [6]. Therefore, NPK fertilizer addition can
drive changes in soil bacterial community structure, abundance, and function by altering
soil physicochemical properties. Overall changes in soil physicochemical properties and
microbial community structure and diversity were observed after fertilizer application, but
how these changes relate to fruit yield of plants still needs to be further investigated.

Presently, the area of plantation of Sapindus mukorossi in China is vast, and the eco-
nomic benefits are considerable [3,26]. Fertilization is the main measure to regulate the
yield and quality of Sapindus mukorossi; due to that, the soil fertility can be improved and
soil productivity can be restored by raising the deficient nutrients. However, the effects of
combined NPK fertilizer applications on soil properties and microorganisms in Sapindus
mukorossi plantations have not been reported. The relationships between soil physico-
chemical properties, soil microbial attributes, and Sapindus mukorossi yield under different
fertilization strategies are still unclear. To address these questions, we conducted a field
experiment in a typical production area of Sapindus mukorossi in China, with the objective
of exploring the following inquiries: (1) how N, P, and K fertilization would separately
or combined affect the soil properties, bacterial community composition and diversity,
and Sapindus mukorossi yield, and (2) whether fertilization could indirectly affect microbial
community characteristics by altering soil properties, thereby increasing plant fruit yield.

2. Materials and Methods

2.1. Experimental Site

The research site was situated in Jianning County, Fujian Province, specifically at
coordinates 116◦47′20′′ E and 26◦40′3′′ N. It experiences an average annual temperature of
17.0 ◦C, an average annual rainfall amounting to 1792 mm, and a high relative humidity
of 84%. The soil type at the test site was sandy clay loam. The nutrient status of the
soil in this experimental area was 7.75 g·kg−1 of soil organic carbon, 1.40 g·kg−1 of total
nitrogen, 0.36 g·kg−1 of total phosphorus, 27.95 g·kg−1 of total potassium, 48.16 mg·kg−1

of fast-acting potassium, 1.32 mg·kg−1 of effective phosphorus, and 36.01 mg·kg−1 of
alkaline dissolved nitrogen [8,9]. The raw material forest comprises the “Yuanhua” asexual
line of Sapindales trees, featuring an average tree height of 2.38 m, an average ground
diameter of 6.97 cm, and an average crown width of 2.4 m × 2.2 m (Figure 1).

Figure 1. Location of the experimental site and experimental design of different NPK treatments.

3
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2.2. Experimental Design

The six-year-old asexual Sapindus mukorossi raw material forest, known as “Yuanhua”,
served as the test material, featuring a row spacing of 4 m × 4 m. Three hectares made
up the entire experimental sample area. A “3414” randomized block design was adopted
for the formulation of the fertilizer trial, i.e., three elements (N, P, K), four fertilization
levels (0 level: 0 kg/hm2 of N, P, and K; 1 level: 300 kg/hm2 of N, 250 kg/hm2 of P, and
200 kg/hm2 of K; 2 level: 600 kg/hm2 of N, 500 kg/hm2 of P, and 400 kg/hm2 of K; and
3 level: 900 kg/hm2 of N, 750 kg/hm2 of P, and 600 kg/hm2 of K), 14 treatments, three
replications, and a total of 42 treatment plots. Fertilizer application rates and levels are
based on the results of our team’s previous research and the preliminary experiments we
conducted, combined with the soil background data of our experimental area to derive the
fertilizer application rates for this experiment. The fertilizer application rates are outlined
in Table 1, with isolation rows established between the various treatment plots. Fertilizers
were applied on 10 April 2021 (flowering fertilizer, 30% of the total), 20 July 2021 (fruit-
strengthening fertilizer, 30% of the total), and 1 November 2021 (post-harvest fertilizer,
40% of the total) [8,9], using the furrow method of fertilizer application and mulching
the soil immediately after mixing and applying the fertilizers according to the amount
of fertilizer, and the remaining maintenance and management measures were identical
to those of the control group. The test fertilizers were potassium sulfate (containing K2O
60.0%) as the sole source of K, calcium sulfate (containing P2O5 12.0%) as the sole source of
P, and urea (containing N 46.0%) as the sole source of N.

Table 1. Factor-level combinations in each treatment.

Processing Number
Fertilization Level (kg·hm−2)

N P K

N0P0K0 0 0 0
N0P2K2 0 500 400
N1P2K2 300 500 400
N2P0K2 600 0 400
N2P1K2 600 250 400
N2P2K2 600 500 400
N2P3K2 600 750 400
N2P2K0 600 500 0
N2P2K1 600 500 200
N2P2K3 600 500 600
N3P2K2 900 500 400
N1P1K2 300 250 400
N1P2K1 300 500 200
N2P1K1 600 250 200

Soil sampling: In 2021, during the expansion stage of Sapindus mukorossi, each plot
adopted the “five-point sampling method” (sampling points were evenly distributed at
regular intervals (equidistant) within the area), digging 0–20 cm soil profile at each sampling
point for sampling, and mixing uniformly on a plot-by-plot basis. The mixed soil samples
were split into two sections. One section, after being air-dried, finely ground, and sieved to
2 mm, was transported back to the laboratory for the assessment of soil chemical properties.
In order to determine the soil microorganisms, the remaining soil samples were separated
from contaminants and root residues, placed in sterile bags, and then promptly transported
to the laboratory under low-temperature conditions to be kept in the freezer at −80 ◦C.

4
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2.3. Soil Physical and Chemical Properties and Yield Determination

Using a 2300 Kjeltec analyzer (FOSS, Sweden), the Kjeldahl nitrogen determination
method was used to measure the total nitrogen of the soil, while the potassium dichromate
oxidation-external heating method was applied to determine the organic carbon of the
soil [27]. Alkaline dissolution diffusion was used to determine the amount of available
nitrogen (AN); the molybdenum-antimony antimicrobial colorimetric method was used
to determine the amount of total and available phosphorus in the soil; atomic absorption
was used to determine the amount of potassium in the soil; flame photometry was used to
determine the amount of quick potassium; and a pH meter was used to measure the pH
of the soil in a mixture of soil and water (1:2.5).Yield measurement: Yield measurements
for Sapindus mukorossi were conducted on 5 November 2021, at the point of fruit maturity
during harvest. All fruits were ripe at the time of harvesting the plants. To determine the
fruit yield for each plot, all ripe fruits were collected from each entire tree, weighed using
an electronic scale post-harvest, and subsequently, the yields per tree were summed for
each respective plot.

2.4. DNA Extraction, PCR Amplification and Sequencing

Total DNA was isolated from 0.5 g of soil samples using the Soil Rapid DNA SPIN
Kit (Q-BIO gene, Irvine, CA, USA), and DNA quality and concentration were assessed by
agarose gel electrophoresis and Invitrogen (Carlsbad, CA, USA). The bacterial 16S rRNA
V3–V4 region was amplified using primers 338F (50-ACTCCTACGGGGAG GCAGCA-30)
and 806 (50-GGACTACHVGGGGTWTCTAAT-30) [2,28]. PCR amplification was per-
formed in a total reaction volume of 10 μL containing DNA template (5–50 ng), Vn F
(10 μM) 0.3 μL, Vn R (10 μM) 0.3 μL, KOD FX Neo Buffer 5 μL, dNTP (2 mM) 2 μL, KOD
FX-Neo 0.2 μL, ddH2O to 10 μL. PCR amplification conditions were: initial denaturation
at 95 ◦C for 5 min, followed by denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 20 s
and extension at 72 ◦C for 30 s for a total of 30 cycles, and finally extension at 72 ◦C for
10 min. PCR amplicons were purified with Agencourt AMPure XP Beads (Beckman Coulter,
Indianapolis, IN, USA). Finally, these PCR products were sent to Biomark Technologies
(Beijing, China) for sequencing.

2.5. Sequence Splicing and Annotation

The raw sequences underwent quality filtering and merging processes, facilitated by
Fastp (v.0.19.6) and FLASH (v.1.2.11), respectively. Subsequently, operational taxonomic
unit (OTU) clustering and chimera removal were executed using Upraise software (v.11),
adhering to a 97% similarity threshold. Taxonomic assignment of 16S rRNA sequence
reads was determined using the bacterial SILVA reference database (Release 138) and the
Unite reference database (Release 8.0), respectively. For both databases, the RDP classifier
(version 2.11) was employed to annotate the OTU representative sequences taxonomically,
with a confidence threshold of 0.7 set to ensure the accuracy of the taxonomic annotation
results. The sample sequence was normalized based on the minimum sequence count to
generate standardized data, which were then used to calculate the Shannon index and
Chao index, following the methodology outlined by Liu et al. [27], and compositions of the
soil microbial community were analyzed at the phylum level.

Simpson’s diversity and Shannon’s diversity index were calculated. It is defined as: D
and H′

D = 1 −
S

∑
i=1

P2
i (1)

H′ = −
S

∑
i=1

pi ln Pi (2)

5
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Equations (1) and (2): Pi denotes the relative abundance of species inside the ith soil.

2.6. Data Processing and Analysis

One-way analysis of variance (ANOVA) and multiple range tests for least significant
difference were performed to assess the effects of different NPK fertilization on soil proper-
ties, indices of soil bacterial community diversity (OTU richness, Simpson, and Shannon
indices), soil microbial community composition, and the relative abundance of genes asso-
ciated with different functional classes. The differences in bacterial community distribution
were analyzed by PCoA using the BMK Cloud (www.biocloud.net 25 November 2022)
platform. Redundancy analysis (RDA) and mapping of bacterial community-soil property
relationships were performed using Canoco 5 software. Heat maps of correlation between
bacterial dominant phyla and soil environmental factors were plotted using R 4.2.0, and
partial least squares path modeling (PLS-PM) was used to investigate the possible causal
relationships between nitrogen, phosphorus, and potassium fertilizer application, soil prop-
erties, soil community diversity, community structure, and saprotrophic yield. We used
999 bootstraps to calculate the coefficient of determination (R2) and the path coefficient.
The variance explained by the model is represented by the R2 value. The goodness of fit
indicates the best overall predictive performance. Path coefficients provide information on
the direction and magnitude of the relationship between variables. Indirect effects can be
determined by multiplying the path coefficients between two variables [29].

3. Results

3.1. Effect of Fertilization on Soil Properties

The impact of various fertilization treatments on the soil characteristics of Sapindus
mukorossi varied significantly, as Table 2 illustrates. The N2P2K2 treatments resulted in
a considerable increase in soil total nitrogen, total potassium, organic carbon, available
nitrogen, available phosphorus, and quick-acting potassium contents when compared to
the control (Table 2). Soil pH was considerably lowered by increasing N or P treatment
at different levels of nitrogen and phosphorus addition, respectively. After fertilization,
the soil’s nutrient contents all showed an upward trend when compared to the control.
The N2P2K2 and N3P2K2 treatments had comparatively higher total and available nitrogen
contents, which were 1.4 times higher than those of the control. The N1P2K1 treatment had
the greatest total phosphorus concentration, 2.5 times that of the control. The N2P3K2 and
N2P2K2 treatments had comparatively high available phosphorus contents, which were 5.1
and 3.8 times the control, respectively. The N2P2K3 treatment had comparatively high total
and quick potassium concentrations, which were 1.3 and 1.4 times greater than the control,
respectively. The N1P1K2 treatment had the highest organic carbon content, 1.5 times that
of the control. Each of these fertilization treatments differed from the control in a significant
way (p < 0.05).

Table 2. Changes in soil properties under different fertilization treatments.

pH TN (g·kg−1) TP (g·kg−1) TK (g·kg−1) SOC (g·kg−1) AN (mg·kg−1) AP (mg·kg−1) AK (mg·kg−1)

N0P0K0 5.02 ± 0.04 a 1.28 ± 0.08 i 0.42 ± 0.01 i 22.95 ± 0.69 h 11.08 ± 0.75 h 90.21 ± 6.51 f 1.13 ± 0.07 h 81.79 ± 2.90 g
N0P2K2 5.09 ± 0.02 a 1.33 ± 0.06 hi 0.46 ± 0.03 i 26.58 ± 0.57 de 12.76 ± 0.53 fg 93.49 ± 0.99 f 2.47 ± 0.14 g 93.57 ± 1.25 cdef
N1P2K2 4.82 ± 0.07 c 1.51 ± 0.05 def 0.52 ± 0.05 hi 26.27 ± 0.32 e 13.74 ± 0.81 def 105.59 ± 3.82 cd 2.97 ± 0.08 g 104.36 ± 1.54 abc
N2P0K2 5.04 ± 0.02 a 1.53 ± 0.02 de 0.49 ± 0.06 hi 24.92 ± 0.45 fg 13.52 ± 0.68 defg 97.36 ± 4.17 ef 2.80 ± 0.45 g 92.68 ± 4.55 defg
N2P1K2 4.84 ± 0.07 c 1.64 ± 0.03 bc 0.61 ± 0.05 g 27.72 ± 0.66 cd 14.21 ± 0.67 d 113.92 ± 5.86 bc 4.32 ± 0.58 cde 86.17 ± 9.31 fg
N2P2K2 4.82 ± 0.03 cd 1.79 ± 0.04 a 0.87 ± 0.04 bcd 28.26 ± 0.93 bc 15.41 ± 0.68 bc 126.66 ± 5.42 a 5.29 ± 0.22 ab 107.46 ± 6.89 ab
N2P3K2 4.67 ± 0.05 f 1.49 ± 0.06 def 0.96 ± 0.02 b 25.79 ± 0.43 ef 14.05 ± 0.78 de 95.77 ± 5.23 f 5.73 ± 0.26 a 88.81 ± 3.15 efg
N2P2K0 4.91 ± 0.03 b 1.44 ± 0.06 efg 0.63 ± 0.03 fg 24.76 ± 0.81 fg 12.99 ± 0.37 efg 109.63 ± 6.12 cd 4.46 ± 0.29 cd 96.26 ± 4.52 cdef
N2P2K1 4.81 ± 0.04 cd 1.60 ± 0.01 cd 0.56 ± 0.06 gh 24.12 ± 0.91 gh 15.68 ± 0.47 b 106.3 ± 1.39 cd 4.78 ± 0.15 bc 90.53 ± 7.27 efg
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Table 2. Cont.

pH TN (g·kg−1) TP (g·kg−1) TK (g·kg−1) SOC (g·kg−1) AN (mg·kg−1) AP (mg·kg−1) AK (mg·kg−1)

N2P2K3 4.71 ± 0.00 ef 1.67 ± 0.09 bc 0.72 ± 0.05 ef 28.97 ± 0.76 ab 14.38 ± 0.34 cd 115.11 ± 3.88 b 3.84 ± 0.39 ef 114.26 ± 10.78 a
N3P2K2 4.56 ± 0.04 h 1.74 ± 0.03 ab 0.80 ± 0.02 de 27.65 ± 0.77 cd 13.85 ± 0.67 de 123.92 ± 2.97 a 4.85 ± 0.29 bc 87.99 ± 4.36 efg
N1P1K2 4.78 ± 0.04 cde 1.47 ± 0.06 ef 0.92 ± 0.06 bc 29.78 ± 0.38 a 16.90 ± 0.29 a 103.93 ± 2.64 de 3.96 ± 0.29 def 98.40 ± 6.33 bcde
N1P2K1 4.80 ± 0.03 cd 1.42 ± 0.09 fgh 1.05 ± 0.09 a 24.86 ± 0.67 fg 14.46 ± 0.28 cd 111.74 ± 6.49 bcd 3.57 ± 0.16 f 94.70 ± 6.86 cdef
N2P1K1 4.74 ± 0.02 def 1.36 ± 0.03 ghi 0.84 ± 0.02 cd 23.27 ± 0.49 h 12.65 ± 0.41 g 112.85 ± 4.27 bc 2.77 ± 0.26 g 101.91 ± 3.44 bcd

Note: SOC: organic carbon; TN: total nitrogen; TP: total phosphorus; TK: total potassium; AN: alkaline nitrogen;
AP: active phosphorus; AK: acute potassium; pH: soil acidity and alkalinity. Different letters in the same indicator
indicate significant differences between treatments (p < 0.05).

3.2. Impact of Fertilization on Soil Bacterial Community Structure and Diversity

Soil bacterial community structure produced changes under different fertilization
treatments. Based on the composition of the top 10 species of bacterial community distribu-
tion in the samples analyzed at the phylum level (Figure 2a), the dominant phyla in the
different treatments, except for unclassified bacteria, were Proteobacteria, Acidobacteriota,
Firmicutes, Bacteroidota, Actinobacteriota, Green Benders (Chloroflexi), Verrucomicrobiota,
Planctomycetota and Fusobacteriota, with a combined relative abundance of 91.89–97.09%.
Among them, the relative abundance of Proteobacteria was the highest in the N1P1K2

treatment and significantly different from all other treatments (p < 0.05); Bacteroidota
was relatively high in the N2P3K2 and N1P1K2 treatments and significantly different from
all other treatments except N2P1K1 (p < 0.05). At different levels of nitrogen addition,
the highest relative abundance of Acidobacteriota and Verrucomicrobiota microbiota was
found in the N1P2K2 treatment, the highest relative abundance of Chloroflexi was found in
the N2P2K2 treatment, and the lowest relative abundance of green Chloroflexi was found
in the N3P2K2 treatment, with a significant difference between the two treatments as the
nitrogen fertiliser application increased (p < 0.05).

Principal component analysis based on different fertilization treatments at the OTU
level showed (Figure 2b) that the total variance explained by the first two axes (PC1 and
PC2) of the bacterial community under different fertilization treatments was 18.72% and
12.65%, respectively, with a cumulative contribution of 31.37% (Figure 2b). In the first
principal component, the bacterial community of N1P1K2 and N1P2K1 treatments differed
the most, and in the second principal component, the bacterial community of N1P2K2 and
N3P2K2 treatments differed the most.

Figure 2. Relative abundance of horizontal species of soil bacteria under different fertilization
treatments. (a) Relative abundance of portal bacterial level species. (b) Bacterial OTU horizontal
principal component analysis.
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Various fertilization methods exerted specific influences on bacterial α-diversity
(Table 3). Bacterial community diversity demonstrated a pattern of initial increase fol-
lowed by a decline in response to increasing levels of nitrogen, phosphorus, and potassium
fertilization; the richness index and Shannon index of N3P2K2 and N1P1K2 were at a lower
level and differed significantly from the other treatments (p < 0.05), and the Shannon
index of N1P2K2, N2P0K2, and N2P2K2 treatments was notably elevated compared to all
other treatments.

Table 3. Soil bacterial community diversity under different fertilization treatments.

Fertilizer Treatment OTU Richness Simpson Shannon

N0P0K0 617.38 ± 18.54 abc 0.9954 ± 0.0004 a 8.5353 ± 0.0666 ab
N0P2K2 591.33 ± 47.04 bcd 0.995 ± 0.0012 a 8.4455 ± 0.2553 ab
N1P2K2 674.67 ± 25.66 a 0.9955 ± 0.0004 a 8.6310 ± 0.0846 a
N2P0K2 664.38 ± 6.58 ab 0.9954 ± 0.0003 a 8.6146 ± 0.0321 a
N2P1K2 610.33 ± 14.64 abc 0.9949 ± 0.0007 ab 8.4685 ± 0.0948 ab
N2P2K2 682.00 ± 21.79 a 0.9951 ± 0.0005 a 8.6451 ± 0.0716 a
N2P3K2 615.67 ± 22.19 abc 0.9932 ± 0.0011 b 8.3062 ± 0.1299 c
N2P2K0 630.67 ± 21.83 abc 0.9945 ± 0.0011 ab 8.4917 ± 0.0870 ab
N2P2K1 571.45 ± 37.08 cd 0.9948 ± 0.0010 ab 8.4505 ± 0.1507 ab
N2P2K3 619.04 ± 45.10 abc 0.9946 ± 0.0006 ab 8.4946 ± 0.1153 ab
N3P2K2 456.33 ± 110.35 e 0.9910 ± 0.0010 c 7.9449 ± 0.2511 d
N1P1K2 463.33 ± 12.70 e 0.9889 ± 0.0017 d 7.6773 ± 0.0709 e
N1P2K1 536.00 ± 26.15 d 0.9948 ± 0.0004 ab 8.4118 ± 0.0359 ab
N2P1K1 610.33 ± 14.64 abc 0.9942 ± 0.0006 ab 8.4310 ± 0.0190 ab

Note: Different letters in the same index signify statistically significant differences at p < 0.05.

3.3. Analysis of Sapindus mukorossi Yield

Effects of various fertilization treatments with nitrogen, phosphorus, and potassium
on Sapindus mukorossi yield and financial gains (Figure 3). The yield can be significantly
increased by fertilization, which also enhances the financial gains. While the yield of
nutrient deficiency treatment was significantly higher than that of total nutrient treatment
and significantly lower than that of fertilization treatment, N2P2K2 was the highest yield
compared to both fertilization and nutrient deficiency treatments. The yield of low, medium,
and high nitrogen fertilizer treatments improved by 51%, 85%, and 61%, respectively, at
different levels of nitrogen addition, while the economic revenue increased by 7275, 12,150,
and 8700 yuan/hm2. At different levels of alkaline addition, compared with no phosphate
fertilizer, the low, medium, and high phosphate fertilizer treatments increased the yield by
67%, 85%, and 45% and increased the economic income by 9376, 12,150, and 6362 yuan/hm2.
At different levels of phosphate addition, the low, medium, and high phosphate fertilizer
treatments raised the yield by 67%, 85%, and 45% and the economic revenue by 9376,
12,150, and 6362 yuan/hm2, respectively, in comparison to no phosphate fertilizer. When
low, medium, and high potassium fertilizers were applied at different levels of alkaline
addition, the yield and economic income increased by 45%, 85%, and 20%, respectively, and
by 7275, 12,150, and 3263 yuan/hm2, in comparison to no potassium fertilizer. Balanced
application of nitrogen, phosphorus, and potassium fertilizer significantly impacts yield
formation.
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Figure 3. Yield and economic benefit of Sapindus mukorossi under different fertilization treatments.

3.4. Relationships Between Bacterial Communities, Sapindus mukorossi Yield and Soil Properties

There were correlations between bacterial community α-diversity (species richness,
Simpson and Shannon indices), yield, and soil environmental factors (Table 4). Soil pH and
total phosphorus content were significant factors (p < 0.05) affecting bacterial community
α-diversity, where soil pH was positively correlated with species richness, Simpson, and
Shannon indices, while total phosphorus was negatively correlated with all three. Except
for total potassium and quick-acting potassium content, all other soil property indicators
were significantly correlated (p < 0.05) with fruit yield of Sapindus mukorossi, where pH
was negatively correlated with yield and the rest of the nutrient contents were positively
correlated with yield.

Table 4. Relationship between bacterial community diversity, fruit yield, and soil environmental factors.

pH TN TP TK SOC AN AP AK

OTU richness 0.336 * 0.110 −0.345 * −0.097 −0.211 −0.047 −0.109 0.288
Simpson 0.542 ** −0.062 −0.532 ** −0.248 −0.200 −0.172 −0.349 * 0.126
Shannon 0.484 ** 0.044 −0.445 ** −0.149 −0.185 −0.036 −0.275 0.331 *

Yield −0.699 ** 0.645 ** 0.634 ** 0.405 0.699 ** 0.773 ** 0.707 ** 0.378

Note: * indicates significant correlation at the 0.05 level; ** indicates significant correlation at the 0.01 level.

The relationship between bacterial community and soil physicochemical properties at
the portal level was studied and analyzed by RDA, and the first axis explained 36.07% of the
bacterial community, the second axis explained 7.54% of the bacterial community, and the
two axes together explained 43.61% of the bacterial community (Figure 4a). On the first axis,
the factors with significant correlation with bacterial community structure were pH, total
potassium, organic carbon, total phosphorus and available phosphorus. The correlation
between each soil factor and bacterial community structure on the second axis was not
significant. The relative abundance of Acidobacteriota, Verrucomicrobiota, Actinobacteriota,
Planctomycetota and Chloroflexi in the bacterial community were all positively correlated
with soil pH. The relative abundance of Firmicutes, Fusobacteriota and Bacteroidota decreased
with increasing pH, but exhibited a positive correlation with other soil environmental
factors. As shown in Figure 4b, the soil environmental factors of pH, total potassium, and
available phosphorus content all had a significant effect on the dominant phylum of soil
microbial bacteria (p < 0.05).
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Figure 4. Biplot of the RDA analysis of soil bacterial communities under different fertilization
treatments. (a) RDA analysis of bacterial communities. (b) Soil environmental factor parameter
variables. Note: * is significant at the 0.05 level and ** is significant at the 0.01 level.

By correlating the relative abundance of the dominant phyla with soil environmental
factors (Figure 5), it could be learned that Fusobacteriota and Firmicutes were all significantly
negatively correlated with soil pH (p < 0.05), whereas there was a significant positive
correlation (p < 0.05) with the contents of total phosphorus and available phosphorus
(p < 0.05). Among them, Firmicutes and Bacteroidota were also significantly (p < 0.05)
positively correlated with organic carbon content. Both Acidobacteriota and Verrucomicrobiota
were significantly (p < 0.05) negatively correlated with total phosphorus, total potassium,
available phosphorus, and organic carbon content. In addition, both Acidobacteriota and
Chloroflexi showed a statistically significant positive correlation with soil pH (p < 0.05).

Figure 5. Correlation analysis between dominant bacteria and soil environmental factors. Note: * is
significant at the 0.05 level and ** is significant at the 0.01 level.
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3.5. Partial Least Squares Path Model (PLS-PM) Analysis

The relationship between NPK fertilization on Sapindus mukorossi yield, soil proper-
ties, soil community diversity, and community structure was analyzed based on PLS-PM
(Figure 6a). In this model predicting Sapindus mukorossi yield, the variance attributed to soil
properties was 0.67, soil bacterial diversity was 0.21, bacterial community structure was
0.57, and the goodness-of-fit index was 0.54 (Figure 6a). Fertilization had a direct positive
effect on soil properties (0.82), as well as on soil bacterial community diversity (0.30) and
community structure (0.002). Meanwhile, soil properties had a direct significant effect (0.93)
on yield, while community diversity (0.14) and community structure (−0.05) contributed
less to the variation in Sapindus mukorossi yield. In addition, the indirect effect of nitrogen,
phosphorus, and potassium fertilization on Sapindus mukorossi yield was 0.71, while the
direct effect by soil properties was 0.93 (Figure 6b). Overall, soil nutrient content was the
direct driver of Sapindus mukorossi yield, while bacterial community diversity and structure
did not significantly affect yield.

Figure 6. (a) Direct and indirect effects of fertilizer, soil properties, and bacterial attributes on
the Sapindus mukorossi yield. (b) Overall effects of fertilization, Sapindus mukorossi soil properties,
community diversity, and structure on yield. Note: Soil properties refer to total nitrogen, available
nitrogen, total phosphorus, available phosphorus, total potassium, quick-acting potassium, organic
carbon content, and pH; bacterial diversity is OTU richness, Shannon index, and Simpson index;
and community structure is the first two axes of principal components (PC1 and PC2). The numbers
on the arrows are standardized path coefficients, with blue arrows indicating positive effects and
red arrows indicating negative effects. Path coefficients and coefficients of determination (R2) were
derived after 999 bootstrapping attempts. R2 values indicate the variance explained by the model.
The model was evaluated using the goodness-of-fit statistic, which is a measure of overall predictive
performance. Significance is indicated by different path coefficients, ** p < 0.01.

4. Discussion

4.1. Effect of Fertilization on Soil Properties

The study revealed that augmenting nitrogen application on the basis of P2K2 and
phosphorus application on the basis of N2K2 notably decreased soil pH, likely due to the
urea treatment exacerbating soil acidification [30]. During the oxidation process of NH4+,
H+ is released back into the soil, exchanging cations that are absorbed by plants, thereby
accelerating soil acidification [30–32]. N2P2K2 fertilization treatment is more efficient in
increasing soil nutrient content, especially the content of soil available nutrients, which is
at a lower level when the nitrogen application is too low or too high. A certain degree of N
addition has a positive effect on soil fertilization and can accelerate the decomposition of
soil organic matter [33–35]. Some studies have shown that the application of N, P, and K in
pairs or individually can promote plant root growth and increase the input of inter-root
organic matter, which in turn increases the organic carbon content [36,37]. However, exces-
sive fertilizer application resulted in a decrease in the overall amount of organic carbon,
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which could be because excessive fertilizer application can speed up the biodegradation of
organic carbon sources by altering the quantity and activity of soil microorganisms [35].
In this study, it was found that the soil total and available nitrogen contents showed an
increase and then a decrease trend with the increase in nitrogen application, which was
inconsistent with the results of Qiao et al. [36] and could be explained by the theory of
“stoichiometric decomposition” proposed by Hessen et al. [38]. The stoichiometric imbal-
ance after adding nitrogen has been proven to accelerate the decomposition of soil organic
carbon to maintain soil carbon/nitrogen ratios, with decomposition rates and microbial
activity being highest when carbon and nitrogen inputs corresponded to microbial stoichio-
metric carbon to nitrogen ratios [39,40]. In a previous study conducted in energy forests,
N additions accompanied by meeting the needs of microbial growth and stimulating the
mineralization of native soil organic matter as well as the release of reactive N during
nitrification, denitrification, and leaching [31]. This highlights the importance of rational
application of nitrogen fertilizers.

4.2. Effect of Fertilizer Application on Soil Bacterial Communities

Soil microorganisms play an important role in both energy flow and nutrient cycling
processes in the soil, and the richer the soil microbial species, the greater the plant resistance
to diseases [41,42]. Meanwhile, soil microorganisms can reflect soil fertility and its quality
status, and changes in their diversity and activity can also indicate soil health [43]. However,
in this study, it was found that the application of nitrogen fertilizer at low versus moderate
levels was beneficial in increasing the bacterial community diversity, while excessive
nitrogen additions instead decreased the bacterial community diversity. Consistent with the
results of most previous studies, N addition could significantly affect bacterial community
diversity, but excessive nitrogen fertilization reduced the number of species in the soil
microbial community, which may be due to the fact that the high nitrogen environment is
more favorable for some nitrogen-loving microorganisms, but their microbial metabolisms
still showed a general decreasing trend [44,45]. The reduction in species diversity resulting
from nitrogen enrichment poses a risk to ecosystem stability and can disrupt interactions
between above- and below-ground ecosystems. Furthermore, phosphorus addition not only
boosts microbial biomass but also modifies the makeup of soil microbial communities [46].
We further found that nitrogen addition and phosphorus addition led to significant changes
in the diversity of bacterial communities in the soil, while there was no significant difference
in the effect of potassium fertilization on bacterial community diversity (Table 3). Our
results were consistent with those of previous authors [14,21], with nitrogen deficiency
having the greatest effect on bacterial community structure and composition, phosphorus
deficiency having the greatest effect on network construction and bacterial activity, and
potassium deficiency having the least effect. In our experiment, bacterial community
diversity showed an increasing and then decreasing trend with increasing N, P, and K
fertilization (Table 3), suggesting that lower nutrient inputs may lead to higher plant
abundance, which may result in a homogenizing effect on the soil bacterial community,
and vice versa. Some studies have found that the application of N, P, and K fertilizers had
no or a positive effect on bacterial communities [45,47,48]. The inconsistent results of these
studies may be due to different durations and doses of applied N [42,49].

In addition, the reduction in bacterial diversity may also be related to host plant charac-
teristics, as the organs of Sapindus mukorossi have a certain saponin content [50,51]. which has
strong bacteriostatic activity, and it has been noted that it significantly inhibits the growth of
Staphylococcus aureus [51], Bacillus subtilis [50], Bacillus cereus [52], Escherichia coli [50,53], and
other microbial taxa. Our previous study found that fertilization significantly increased the
saponin content of Sapindus mukorossi, further confirming that saponin may be a potential
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factor affecting bacterial activity [53]. In addition, in the process of Sapindus mukorossi
cultivation, weeds and pests are easy to grow, and inevitably a certain amount of pesticides
needs to be sprayed, which may indirectly affect the root secretion or directly inhibit the
reproduction of certain microorganisms in the soil [54,55].

Fertilization, herbicides, and external environmental changes are the main factors
that hinder natural selection in cash crops [54]. Fertilization significantly affected soil
microbial community composition [56]. In this study, the first dominant phylum was
Ascomycetes, which is mainly involved in soil nutrient regulation and has a major impact
on soil nutrient cycling, although Ascomycetes varied with different levels of fertilization
and crop selection [54]. Our finding aligns with previous studies that fertilization increases
the relative abundance of Ascomycetes [44,45]. The relative abundance of Acidobacteriota, a
typical nutrient-poor taxon, was highest in the N1P2K2 treatment [57]. The organic carbon
pool in the soil can be increased by fertilizer application to give the soil a higher nutrient
affinity, and high soil fertility can drive the shift from nutrient-poor to eutrophic taxa in the
bacterial community, resulting in superior soil conditions, which consequently increased
community diversity and intensified competition [58]. From the perspective of fertilization,
the increase in nitrogen application can change the soil nitrogen content and thereafter
affect the distribution of the soil bacterial community or indirectly affect the structure of
the soil bacterial community by changing the pH value of the soil, the content of organic
carbon, and the soil carbon and nitrogen ratio, etc. [49,58,59].

4.3. Soil Bacterial Communities in Relation to Environmental Factors

To date, there is sufficient evidence that soil physicochemical factors such as SOC,
TP, TN, AP, AN, and AK are enhanced by bacterial diversity, while other fertilizers can
ameliorate soil acidification to some extent [60]. According to the results of RDA analysis,
soil environmental factors play a major role in microbial community structure, and this
result has been confirmed by a large number of studies [18,61]. We found that soil pH,
available phosphorus, and total potassium were the main environmental factors affecting
the distribution of bacterial microbial communities, accounting for 80% of the variation in
the composition of community structure (Figure 4b). It is generally accepted that soil pH is
often considered the main factor regulating soil bacterial communities, and bacteria are
very sensitive to soil pH, with lower pH soils being accompanied by aluminum toxicity and
nutrient leaching, which negatively affects bacterial growth [62]. Microbial communities
typically thrive more vigorously in neutral or slightly alkaline environments [62], whereas
they tend to grow poorly in conditions of low pH [63]. This may be due to the fact that a
strongly acidic environment inhibits enzyme activity and whole cell metabolism [62,64].
This is in agreement with our results that the number of Acidobacteriota and Chloroflexi were
significantly and positively correlated with pH. In addition, changes in soil pH were also
produced during fertilization, suggesting that different fertilization treatments can alter soil
bacterial habitat conditions, thus causing changes in soil microbial community structure.
For example, fertilizer application caused a decrease in alkaline cations and an increase in
acidic cations. This is consistent with the observations of Chen et al. [65].

Available phosphorus in soil has a significant effect on bacterial communities. Phos-
phorus is essential for the synthesis of RNA, DNA, and ATP, and the source of nutrients
plays a crucial role in bacterial growth [19]. Soil microorganisms are key regulators of soil
phosphorus mobilization and transformation, and they enhance soil phosphorus effective-
ness through inorganic phosphorus solubilization and organic phosphorus mineralization
through the regulation of phosphorus cycling genes and phosphatase expression [18].
Fertilizer management can provide a suitable environment for soil microbial growth by
stimulating microbial activity [66,67]. We found that the numbers of Fusobacteriota, Firmi-
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cutes, and Bacteroidota were significantly and positively correlated with total and available
phosphorus after fertilization. This indicates that different fertilization treatments cause
changes in microbial nutrient sources, which in turn affects the distribution of bacterial
communities. This is further evidenced by the fact that balanced application of NPK im-
proves soil fertility while promoting soil ecosystem stability and health. Therefore, fertilizer
application and soil microbial activity are frequently studied in these studies, but there is
still a need to assess the optimal application rate of NPK fertilizers.

4.4. Fertilizer Application Affects the Sapindus mukorossi Yield by Influencing Soil Properties
Rather Bacteria

Soil microbial diversity is positively correlated with biotic and abiotic stress resistance
and nutrient cycling rates, as well as increasing plant productivity through selective effects
or complementarity, but soil properties and plant production do not always increase with
increased microbial community diversity and structure [68]. After fertilization, fertilizers
may be absorbed and utilized by plants or remain in the soil, leading to changes in pro-
tists [69], bacteria [70], and fungal communities [59]. Therefore, the increase in plant yield
after fertilization may be related to the physical, chemical, and biological properties of the
soil. According to PLS-PM analysis in this study, NPK fertilization had a direct effect on
Sapindus mukorossi yield with a direct path coefficient of −0.07, which could be attributed
to the fact that fertilization provided essential nutrients for Sapindus mukorossi growth.
However, the path coefficient of the indirect effect of fertilizer application on Sapindus
mukorossi yield (0.74) was significantly higher than the direct effect (Figure 6b), mainly due
to nutrient variation in soil properties (0.93) (Figure 6a), suggesting a preliminary role of
soil nutrient content in driving the yield. More importantly, nitrogen, phosphorus, and pH
in the soil were the most important key factors affecting the yield (Table 4). This is similar
to the results of Lv et al. [16], where phosphorus level in the soil was the limiting factor
for crop yield. Soil nutrient levels, especially total nutrient levels, are the main cause of
variation in crop yield, while bacteria indirectly affect yield through enzyme activities and
nutrient levels [71]. In this study, high nitrogen, phosphorus, and potassium treatments
resulted in lower pH and caused soil acidification, hindering bacterial diversity. This
is due to the fact that fertilizer application provides the N, P, and K sources needed for
soil microbial growth; therefore, the change in soil pH caused by nitrogen, phosphorus,
and potassium application is the main reason for the diversity of microbial communities.
Furthermore, excessive fertilizer application can cause significant soil erosion, disrupting
the balance of soil nutrient structure. This imbalance, in turn, hinders the growth and
development of plant roots, diminishes their capacity to absorb nutrients and water, and
ultimately results in decreased crop yields [21]. Fertilization also had a direct effect on soil
bacterial diversity with a path coefficient of 0.30, and soil properties had a significant direct
effect on soil microbial diversity with a path coefficient of −0.66, suggesting that a shift in
the diversity of microbial communities was driven by the soil environmental factors under
the different fertilization treatments.

Interestingly, according to the PLS-PM results, soil microbial diversity and community
structure had little direct effect on Sapindus mukorossi yield, with direct path coefficients
of 0.15 and −0.05, respectively (Figure 6a), which is in agreement with the results of
Ma et al. [39]. This further confirmed the fact that crop growth was mainly influenced
by soil fertility. Therefore, soil nutrients become a key environmental factor influencing
microbial community succession and yield enhancement [59,68,72], and a balanced fertil-
ization pattern provides a relatively balanced nutrient environment. Our results suggest
that the N2P2K2 treatment maximizes Sapindus mukorossi yield and maintains soil health
and bacterial microbial diversity.
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5. Conclusions

In this study, we investigated the response of soil nutrients and bacterial communities
to balanced fertilization with nitrogen, phosphorus, and potassium and their correlations
with the yield of Sapindus mukorossi in raw material forests of Sapindus mukorossi. Different
fertilization treatments had significant effects on soil acidity (pH) and nutrient content. The
addition of nitrogen or phosphorus led to an increase in the degree of soil acidification,
which would lead to the accelerated decomposition of organic carbon in the soil. Fertiliza-
tion with combinations of nitrogen (N), phosphorus (P), and potassium (K) can significantly
change soil bacterial community structure and improve microbial diversity in Sapindus
mukorossi forests by changing soil properties, but the changes in bacterial community
structure and diversity did not significantly affect Sapindus mukorossi yield. The primary
determinants influencing Sapindus mukorossi output under fertilization treatments were
variations in soil nutrients, particularly N and P concentrations. However, we believe that
more research is necessary to examine how the fertilization treatments affect the functions
of the microbial community and how this can affect future Sapindus mukorossi yield. In
order to increase soil productivity and lower environmental pollution, scientific fertilizer
application strategies should be established, given that soil parameters have a substantial
impact on the structure of bacterial communities. Meanwhile the research holds broader
implications for sustainable agriculture and soil health management.
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Abstract: Monilinia spp., which causes brown rot, is one of the most damaging pathogens in
stone fruits. Researchers are exploring epiphytic and endophytic microorganisms with the
potential to suppress pathogens, control pathogenic microorganisms, and/or promote plant
growth. In this study, microorganisms with antagonistic activity against three Monilinia
species were isolated from plum orchard soil and plum fruits. Antagonism tests in vitro
showed strong antagonistic properties of six strains of bacteria and two yeast-like fungi
against M. fructigena, M. fructicola, and M. laxa, with growth inhibition from 45.5 to 84.6%.
The antagonists were identified and characterized at the genetic level using whole genome
sequencing (WGS). Genes involved in antibiotic resistance, virulence, secondary metabolite
synthesis, and plant growth promotion were identified and characterized through genome
mapping, gene prediction, and annotation. None of the microorganisms studied were
predicted to be pathogenic to humans. The results of this study indicate that the bacteria
Bacillus pumilus, B. velezensis, two strains of Lysinibacillus agricola, Pseudomonas chlororaphis
isolated from stone fruit orchard soil, and the yeast-like fungus Aureobasidium pullulans,
isolated from plums, are promising candidates for the biological control of Monilinia spp.

Keywords: microbial antagonists; European plum; brown rot; biological control; whole-
genome sequencing

1. Introduction

The diversity of plant microbiomes can directly or indirectly provide nutrients, help
relieve stress, and resist disease [1–3]. Microorganisms can regulate plant growth through
nitrogen fixation [4], phosphate-solubilization [5], plant hormones secretion [4,6], or
siderophore synthesis [7]. Microorganisms are already used for biological control in
agriculture. The soil and plant surface are characterized by an endless number of mi-
croorganisms with advantageous activities that support plant health [8–10]. The bacteria
Pseudomonas, Bacillus, Burkholderia, Streptomyces, Serratia, and Stephanobacteria, as well as
fungi from the Trichoderma genus, are recognized as suitable for biological control, and their
synthesized antimicrobial properties and bioactive compounds have been widely stud-
ied [11–13]. Secondary metabolites, low-molecular-weight antibiotics, and high-molecular-
weight antimicrobial proteins or cell wall enzymes—hydrolases—can act as antimicrobial
agents [14–17].

Monilinia spp. can cause brown rot, blossom blight, twig cankers, and fruit rot diseases,
and are among the world’s most important dangers to stone fruit [18]. The identification of
new biological control agents (BCAs) that effectively inhibit disease development is a major
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challenge for organic horticultural management [19]. Various biocontrol products based on
bacterial or yeast antagonists (Candida oleophila, Aureobasidium pullulans, Pantoea agglomerans)
have advanced through the development or commercialization stages, and several are
successful [20]. In agricultural research, finding novel native biologically active compounds
is relevant [21], but processes take too long when classical microbiology methods are
used. Whole genome sequencing (WGS) is a technique that provides deep insights into the
biosynthetic potential of selected microbial species. WGS analysis of microorganisms allows
us to categorize genes associated with antagonistic and plant growth-promoting properties,
understand their molecular and functional mechanisms, and thus reduce resources and
time in developing biological products [20–25].

The aim of this study was to identify microorganisms isolated from soil and plum
fruits and describe their properties at the genetic potential level and their antagonistic
abilities to inhibit Monilinia spp. pathogens. In summary, we provide essential insights
into the eight microbial isolates and their antagonistic and plant growth-promoting (PGP)
mechanisms, which will benefit future applications aiming at enhancing the biocontrol of
Monilinia spp. spread in stone orchards.

2. Materials and Methods

2.1. Isolation of Microorganisms

Microorganisms were isolated from the surrounding soil and fruits of Prunus domes-
tica trees, maintained at the collection site of genetic resources for stone fruit orchards
(Lithuanian Research Centre for Agriculture and Forestry, Institute of Horticulture, map
for 55.0562814 23.8088851) in 2023. The procedure for isolation is as follows. Six geno-
types with different resistances to Monilinia spp. were chosen: highly resistant No. 293
(free pollination of Cacanska najbolja), resistant No. 202 (Amitar × Jure), No. 219 (free
pollination of Cacanska najbolja), No. 242 (Cacanska najbolja × Jure), susceptible No. 212
(Amitar × Jure), and No. 250 (Harmonija × Jure). Isolate names are assigned by tree
number. The soil was collected at three places, with the distance from the trunk being
50 cm and the depth being 20 cm, and processed immediately for microbe isolation. The
same trees were chosen for the collection of fruits. Five fruits of plums of approximately
the same size and with no visual defects were selected at a similar height (around 150 cm)
and sun exposure. The fruits were picked wearing sterile gloves, placed into clean plastic
bags, and processed to further steps for microbe isolation. The soil and fruits (flesh with
skin) were weighed (5 g for each sample). Additionally, fruit samples were homogenized.
After adding 10 mL of NaCl 0.9%, the samples were shaken for 30 min at 200 rpm at room
temperature. A total of 20 μL of suspension was spread on Petri dishes with lysogeny broth
(LB) with agar media in five replicates and incubated for 7 days at 22 ◦C. Emerging colonies
from these plates were further re-streaked until pure colonies were attained. The microbial
stock cultures, containing LB and 30% glycerol, were kept at −80 ◦C until further analysis.

M. fructigena MFS01 was isolated, identified, and described by Kolytaite et al. [26]. The
cultures of M. fructicola CBS 101512 (USA) and M. laxa CBS 489.50 (The Netherlands, Baarn)
were obtained from Westerdijk Fungal Biodiversity Institute (The Netherlands, Utrecht)
(https://wi.knaw.nl/Collection (accessed on 17 June 2024)).

The collection of isolates was stored in deep-freezing conditions according to the
description of the rules of the Garden Plant Genetics and Biotechnology Laboratory in the
Cryopreservation laboratory of LAMMC in liquid nitrogen.

2.2. Evaluation of Morphological Characteristics of Microorganism Isolates

Visual characteristics of all eight plum microbial isolates were evaluated to assess how
groups of cells appear in pure cultures on LB agar plates at 22 ◦C. After 48 h of incubation,
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the colony shape, elevation, margin, color, smoothness, opacity, consistency, and overall
appearance were assessed.

A rub or string test was performed as an alternative to the Gram stain as a confirmatory
test [27] for bacterial isolates. A 3% potassium hydroxide solution was used. A small
bacterial scrape was placed on a glass slide and, subsequently, one to two drops of the
potassium hydroxide (KOH) solution was carefully pipetted on top of the specimen. The
resulting suspension was mixed using a sterile plastic loop. Gram-negative bacteria cell
walls undergo lysis with 3% KOH, whereas the cell walls of gram-positive bacteria remain
intact. Upon lysis of the cell walls of gram-negative bacteria, the release of intracellular
DNA occurs, resulting in a viscous (stringy) mixture. The formation of a string in KOH
within 60 s is interpreted as a positive test result and indicates that an isolate is a gram-
negative organism [27].

2.3. In Vitro Inhibition Assay for Monilinia spp.

The inhibition of pathogens M. fructigena, M. fructicola, and M. laxa was assessed
using 88 isolated microbial strains. The mycelium plug from the actively growing zone
of a 1-week-old fungus (5 mm in diameter) was placed in the middle of the Petri dish
containing potato dextrose agar (PDA). Fresh bacterial or yeast-like fungal isolates were
streaked in a square pattern around the mycelium plug. Five replicates were created for
every microbial isolate. As a control, a plate containing only the fungus disc was used.
The dual culture plates were incubated at 22 ◦C until the mycelium in the control plates
reached the edge. Three sites on each plate were used to measure radial growth inhibition,
and were determined as follows:

%I =
(C − T)

C
·100

where I is the percent of the inhibition of growth, C is the average radius of the fungus on
the control plates (5 replicates), and T is the average radius of the fungus on the plates with
the isolated microbes (5 replicates).

Antagonistic microorganisms were selected according to the percentage of growth
inhibition > 30%. The test was performed using Fisher’s LSD test, followed by Duncan’s
multiple range test to test differences between different antagonists.

2.4. Evaluation of Genetic Profiles of Potential Antagonists

Only bacteria showing more than 30% inhibition of Monilinia spp. were selected for
taxonomic identification. Genomic DNA was extracted from an overnight LB liquid cell
suspension of isolated microbial antagonists using DNeasy PowerSoil Pro Kit according to
the manufacturer’s instructions (Qiagen, Hilden, Germany). DNA quality and concentra-
tion were evaluated using NanoPhotometer™ sUV/Vis Spectrophotometer (Implen GmBH,
Munich, Germany). Microbial whole genome sequencing was performed at Novogene
(Cambridge, UK) using the NovaSeq X Plus Series (PE150) sequencing platform (1 G raw
data per sample). Sequences were assembled, and contigs were obtained using Unicy-
cler software (v0.5.1) [28]. BUSCO analysis was used to assess the completeness of the
genome assembly [29]. Species were identified using BLAST and the National Center for
Biotechnology Information (NCBI) database [30].

The complete genome sequences (cleaned data) of the isolates have been submitted to
GenBank under the accession numbers: SAMN44109744, SAMN44109745, SAMN44109747,
SAMN44109746, SAMN44109750, SAMN44109751, SAMN44109752, SAMN44109754. Plant
growth-promoting genes were predicted using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database [31]. The web-based tool, Antibiotics and Secondary Metabo-
lites Analysis SHell (antiSMASH 7.0) software was used to predict the biosynthesis gene
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clusters of secondary metabolites in selected isolates [32]. The Comprehensive Antibiotic
Resistance Database (CARD) was used to collect information on the putative antimicrobial
resistance genes [33]. A web server PathogenFinder [34] and the virulence factor database
(VFDB, [35]) were used to predict bacterial pathogenicity. To evaluate the relationships
between predicted gene clusters involved in the synthesis of secondary metabolites in
antagonists to Monilinia spp., a Sankey diagram was generated using SRplot software on
web https://sankeymatic.com/ (accessed on 27 January 2025) [36].

3. Results

3.1. Morphology of Antagonistic Microorganisms

In total, 88 monocultures were isolated and tested against Monilinia spp. in vitro.
Eight tested microorganisms were selected as strong antagonists against M. fructicola, M.
fructigena, and M. laxa, which were used further in our research. Six bacterial isolates were
obtained from the soil of the plum orchard. Two microbial strains were isolated from plum
fruits and appeared to be yeast-like fungi.

The bacterial isolates with strong antifungal properties were separated into four
distinct morphotypes, as shown in Table 1. The isolates could be divided based on several
traits: color, form, margin, opacity, appearance, elevation, consistency, and smoothness.
Two creamy circular isolates, 202R2 and 293R14, were grouped into the A morphotype.
Orange circular isolate R212R1 and white circular isolate 219R3 were placed separately
into two different morphotypes, B and C, respectively. Two creamy irregular isolates,
R242R3 and 250R3, were grouped into the D morphotype. Most colonies were circular,
but R242R3 and 250R3 were irregular. The margin of isolates was entire or undulate. Both
isolates 202R2 and 293R14 were opaque. The R212R1 and 219R3 colonies were opaque
as well. Both R242R3 and 250R3 isolates were translucent. Morphotypes B and D had
a glistening appearance, while morphotypes A and C did not. The investigated isolates
were characterized by flat or convex elevation and had butyrous or mucoid consistency.
Isolates R212R, R242R3, and 250R3 were smooth, but 202R2, 293R14, and 219R3 had a
coarse surface. All isolates were gram-positive, except isolate R212R1, which appeared to
be gram-negative.

Table 1. Morphological characteristics of isolated antagonistic bacteria.

Morphotype A B C D E

Isolate 202R2 293R14 R212R1 219R3 R242R3 250R3 (1)R293V2 R293V5

Source soil soil soil soil soil soil fruits fruits

Color creamy orange white creamy creamy

Form circular circular circular irregular circular

Margin entire undulate undulate entire

Opacity opaque translucent opaque

Appearance non-glistening glistening non-glistening glistening glistening

Elevation flat convex flat flat

Consistency butyrous mucoid butyrous butyrous

Smoothness coarse smooth coarse smooth smooth

Gram + + − + + + n.a.
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Two yeast-like fungi isolates (1)R293V2 and R293V5, were separated into distinct
morphotype E. They both were creamy, circular, opaque, flat, butyrous, and smooth. The
margin was entire, and the appearance was glistening.

3.2. Antagonistic Activity of Microorganisms Against Monilinia spp. In Vitro

The Monilinia spp. growth inhibition level varied from 45.5% to 84.6% for eight
antagonists (Figures 1 and 2). The highest inhibition percentage rates—81.3% and 84.6%
against M. fructigena and M. fructicola, respectively—were obtained with bacteria 219R3.
The highest inhibition rate of 81.5% against M. laxa was reached using bacteria 250R3. Both
isolates (1)R293V2 and R293V5 with a morphological similarity to yeast-like fungi showed
similar antagonism levels for each pathogen. Strong antifungal activity against M. fructigena
was observed using 202R2 (70.3%) and 293R14 (76.3%) bacteria. The strongest effect on
the M. fructicola—74.1% and 84.6%—was observed using R212R1 and 219R3 bacteria,
respectively. The strongest antagonistic activity against M. laxa—79.3% and 81.6%—was
reached with R242R3 and 250R3 bacteria, respectively.

Figure 1. Dual culture antagonism assay of M. fructicola (FC), M. fructigena (FG), and M. laxa (LX)
and microbial isolates on PDA, as compared with the control plates (shown on the left).

 

Figure 2. Inhibition of the growth of M. fructicola (FC), M. fructigena (FG), and M. laxa (LX) in vitro
on PDA medium as percentages ± SE. The test was performed using Fisher’s LSD and Duncan’s
multiple range test. The different letters (a, b, c, d, e and f) above the columns represent significance
within the group of antagonists against the same fungal pathogen. Columns, representing average
growth inhibition, with the same letters (ab, bcd, bc and cd) are not significantly different (p > 0.05).
Only columns marked with the same color are comparable for significant differences. LSD 0.05 = 6.77
(for FC); LSD 0.05 = 15,226 (for FG); LSD 0.05 = 2811 (for LX).
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3.3. Genetic Characteristics of the Isolated Microbial Strains

All morphotypes were identified as bacteria, and the other two isolates proved to be
yeast-like fungi upon WGS analysis (Table 2). The morphotype A (202R2 and 293R14) had
an identity with the Bacillus pumilus reference genome of 95.65% and 95.64%, respectively.
The morphotype C (219R3) had 98.87% identity with the B. velezensis reference genome.
The morphotype D (R242R3, 250R3) was identified as Lysinibacillus agricola with identities
of 90.65% and 90.71% to the reference genome. Gram-negative morphotype B (R212R1),
forming orange colonies, showed the identity of 95.11% with the Pseudomonas chlororaphis
subsp. chlororaphis. Two yeast-like fungi strains, (1)R293V2 and R293V5, were identified as
Aureobasidium pullulans fungi, with 97% identity to the reference genome.

Table 2. The general genome features of isolated microbial antagonists.

Characteristics of Microorganisms—Antagonists of Monilinia spp.

B. pumilus B. pumilus B. velezensis P. chlororaphis
subsp. chlororaphis L. agricola L. agricola A. pullulans A. pullulans

Accession number in NCBI database and isolate strain in current research

SAMN
44109744

SAMN
44109745

SAMN
44109747

SAMN
44109746

SAMN
44109750

SAMN
44109751

SAMN
44109752

SAMN
44109754

202R2 293R14 219R3 R212R1 R242R3 250R3 (1)R293V2 R293V5

Mapping statistics with the reference genome (accession number in NCBI and identity with the reference genome (%)

NC_009848 NC_009725 NZ_CP144767 NZ_CP067341 NZ_CP067341 GCF_000721785

95.65 95.64 98.87 95.11 90.65 90.71 97.06 97.00

Statistics of sequencing data and annotation
Genome size (bp)

3,733,453 3,721,408 3,976,132 6,995,087 4,901,210 4,923,664 30,364,197 28,396,646

GC content (%)

41.55 41.52 46.36 62.69 36.74 36.66 50.26 50.33

Gene length (bp)

3,312,802 3,313,672 3,520,942 6,125,621 3,922,538 3,964,603 21,770,735 20,714,412

Genes % in genome

88.73 89.04 88.55 87.57 80.03 80.52 71.70 72.95

Total number of genes

3764 3753 3835 6233 4776 4764 8337 5784

Transfer RNA/Ribosomal RNA (5S, 16S, 23S)/Transfer-messenger RNA

70/4/1 70/6/1 83/5/1 61/4/1 80/8/1 75/5/1 158/59/N 156/59—N

Noncoding RNA

16 14 20 62 180 156 78 76

Repeat region/CRISPR

3/3 1/1 N/N N/N 3/2 N/N N/N N/N

Genes assigned according to NR

3425 3654 3489 5672 4346 4335 6886 6256

Genes assigned according to GO

3321 3415 3356 4387 4091 4210 4856 3066

Genes assigned according to KEGG

3078 3002 3321 4128 4005 3845 3798 3088
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B. pumilus strains 202R2, 293R14, and B. velezensis 219R3 genome sizes ranged from
~3.7 to ~3.9 Mb (Table 1). The P. chlororaphis isolate had a genome size of ~6.9 Mb, and L.
agricola isolates’ genome sizes were ~4.9 and ~4.9 Mb, respectively. Eucaryotes A. pullulans
(isolates (1)R293V2 and R293V5) genome sizes were ~30,364 and 28,396 Mb, respectively.
The overall GC content, protein-coding genes’ number, and other genome components
(RNAs, repeat regions, and CRISPR) are shown in Table 2. Only B. pumilus 202R2, B. pumilus
293R14, and L. agricola R242R3 were predicted to have 3, 1, and 2 CRISPRs, respectively.
The number of coding sequences (CDS) assigned in the NR, Gene Ontology (GO), and
KEGG databases of the isolates are shown in Table 2. The CDS differences between isolates
of the same species were determined.

3.4. Genetic Background for Synthesizing Secondary Metabolites

The types of secondary metabolites of each isolate are presented in a Sankey diagram
(Figure 3). All analyzed microorganisms were characterized by the synthesis of nonriboso-
mal peptides (NRPSs) and betalactone. NPRS-like enzymes were mostly abundant in fungi
A. pullulans. They were also detected in bacteria P. chlororaphis and B. velezensis. A large part
(in total 18) of the secondary metabolite types were specific only to bacteria, and one type,
the fungal-ribosomally synthesized and post-translationally modified peptides (RiPP)-like
gene cluster, was inherent only for fungi. The characteristics of secondary metabolites and
comparative analysis with NCBI of the gene clusters are shown in Tables S1–S8. B. velezensis
219R3 was predicted to have the highest number of gene clusters responsible for secondary
metabolites’ synthesis among selected bacterial isolates. Fungal isolates were identified
with an even higher number of gene clusters, but their diversity was greater in bacteria.
A. pullulans R293V5 was determined to have 26, and A. pullulans (1)R293V2 to have 24. B.
velezensis 219R3 was identified with 21 gene clusters involved in synthesizing secondary
metabolites, while P. chlororaphis R212R1 had 18, B. pumilus 202R2 had 14, and B. pumilus
293R14 had 11. L. agricola R242R3 and 250R3 were predicted to have five gene clusters
involved in synthesizing secondary metabolites, but only this species was characterized
by non-ribosomal peptides (NRP)-metallophore synthesis. Both B. pumilus isolates and P.
chlororaphis R212R1 had NI-siderophore clusters, an important factor that helps the plant in
nitrogen metabolism.

Figure 3. Sankey’s diagram of predicted gene clusters involved in the synthesis of secondary
metabolites in the isolated antagonists to Monilinia spp., where the different colors represent different
gene clusters.
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There were few unique gene clusters specific for isolate B. pumilus 202R2 encoded HR-
T2PKS; B. velezensis 219R3—PKS-like, transAT-PKS and transAT-PKS-like; P. chlororaphis
R212R1—arylpolyene, hserlactone, hydrogen-cyanide, NAGGN, phenazine, ranthipeptide,
redox-cofactor, and resorcinol. After comparison with known secondary metabolite gene
clusters, it was predicted that all Bacillus spp. isolates might be able to produce bacillibactin
and bacilysin. Additionally, B. pumilus 293R14 was predicted to synthesize lichenysin and
B. velezensis 219R3 to synthesize macrolactin H, bacillaene, fengycin, and difficidin. P. chloro-
raphis R212R1 was predicted to synthesize pyrrolnitrin, hydrogen cyanide, and pyocyanine.
Both A. pullulans isolates were predicted to produce choline and UNII-YC2Q1O94PT. Addi-
tionally, it was estimated that A. pullulans R293V5 should synthesize chaetoglobosin.

3.5. Genes Linked with Plant Growth Promotion (PGP) and Antagonism

Genes related to PGP activity and antagonism in the isolated microbial genomes
were screened (Table 3). Phosphate transporters encoded genes involved in phosphate
metabolism and tryptophan biosynthesis genes (trp) related to IAA synthesis were found in
all isolates. Nitrogen metabolism genes were identified for all eight isolates, including gudB
and rocG, which catalyze the reduction of L-glutamate to ammonia; nasD and nasE—the
reduction of nitrite to ammonia; gltD—glutamate synthase (NADPH) small chain. The
nitrogen-fixation-related genes nifS and nifU were annotated in Bacillus spp. genomes.
Additionally, salA and sufU were identified in B. velezensis 219R3. Only nifU was found in
both L. agricola isolates. Siderophore production genes were not found in P. chlororaphis,
however, in other species they were identified. Hydrolase genes were annotated only for
Bacillus spp. and fungi A. pullulans genomes. Chitinase activity was predicted only for
isolates B. velezensis 219R3 and A. pullulans R293V5. All eight isolated microorganisms were
identified as having biofilm synthesis genes as well as some key genes for the synthesis of
volatile substances. Homologs of the ilv gene for 2,3-butanediol synthesis, or genes metH
and ispE for methanethiol and isoprene synthesis involved in the biocontrol mechanism of
antagonistic isolates, were characteristic of all antagonistic microorganisms in this study.

Table 3. Predicted genes related to PGP activity and antagonism in the isolated microbial genomes.

PGP Activities
Description

B. pumilus B. velezensis P. chlororaphis L. agricola A. pullulans

202R2 293R14 219R3 R212R1 R242R3 R250R3 (1)R293V2 R293V5

Phosphate
metabolism

pstA,
pstC, pstS

pstA, pstB,
pstC, pstS,

iolU, mmsA

pstA, pstB, pstC,
pstS, gdh, hxlB,
glpX, pfk, hxlA,

kdgK, rbsK

pstA, pstB, pstS,
iolG, iolE, iolD,

mmsA, iolC

pstA, pstB,
pstC,

pstS, mmsA

pstA, pstB,
pstC,

pstS, mmsA

pstB, iolG,
pstA, pstC,
pstS, iolU

pstB, iolG,
pstA,

pstC, iolU

Nitrogen
fixation

nifS, nifU nifS, nifU nifS, salA, sufU - nifU nifU - -

Nitrogen
metabolism

gltB,
ltD, glnA

gltB,
ltD, glnA

nasE, nasD,
gudB, rocG,
narG, narH,
narI, glnA,
cah, gltB

cynS, cynT,
arcC, gltB, gltD,

glnA, nirB,
nirD, norB

cynT cynT, glnA

ncd2, nirB,
mbtB, cah,

cynT, nirD,
glnA,

gltB, gltD

ncd2, nirB,
mbtB, cah,

cynT,
glnA, gltB

Siderophore
menF,

entE, ntA fhuC, enF menF - fhuC, menF fhuC, menF fhuC, fhuG,
fhuB, fhuD

fhuC, fhuG,
huB, fhuD

IAA
production

trpA, rpB,
trpC,

rpD, trpE

trpA, rpB,
trpC,

rpD, trpE

trpA, trpB, trpC,
trpD, trpE, trpF

trpA, trpB, trpC,
trpD, trpE, trpF

trpA,
trpB, trpE

trpA,
trpB, trpE

trpA, trpB,
trpD, trpE trpA, trpE

Hydrolase eglS gmuD, ganB eglS - - - trpE, eglS,
pqsH, pelF

eglS,
pqsH, pelF

Chitinase
activity

- - ydhD - - - - sleL, ydhD

Biofilm
trpE, flgM,
fliA, csrA

trpE, flgM,
fliA, csrA

tasA, bslA, bslB,
trpE, flgM, csrA

crp, cpdA, trpG,
trpE, flgM trpE, fliA trpE,

fliA, csrA
tasA,

bslA, bslB
tasA,

bslA, bslB
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Table 3. Cont.

PGP Activities
Description

B. pumilus B. velezensis P. chlororaphis L. agricola A. pullulans

202R2 293R14 219R3 R212R1 R242R3 R250R3 (1)R293V2 R293V5

2,3-butanediol
ilvE, ilvA,

ilvD,
ilvC, ilvB

ilvE, ilvA,
ilvD,

ilvC, ilvB

ilvE, ilvA, ilvD,
ilvC, ilvB

ilvE, ilvA, ilvD,
ilvC, ilvB

ilvA, ilvD,
ilvC, ilvB

ilvA, ilvD,
ilvC, ilvB

ilvY, ilvA,
ilvD,

ilvC, ilvH

ilvK, ilvE,
ilvY, ilvD,

ilvC,
ilvH, ilvB

3.6. Pathogenicity and Virulence Annotation of Isolated Bacteria

The bacteria pathogenicity was analyzed using PathogenFinder. Both B. pumilus
isolates matched 16 non-pathogenic families, whereas B. velezensis matched 101, P. chloro-
raphis matched 84, L. agricola R242R3 matched 26, and L. agricola 250R3 matched 28. All
Bacillus and Lysinibacillus spp. isolates did not have any pathogenic families, while P.
chlororaphis had two of them. All six bacterial isolates were predicted as non-pathogenic
microorganisms.

The genome sequences of isolated bacterial isolates were analyzed in the virulence
factor database (VFDB), and 30–32 virulence factor genes were identified for B. pumilus
isolates, 39 for B. velezensis, 211 for P. chlororaphis, and 29 and 32 for L. agricola R242R3 and
250R3 isolates, respectively (Tables 4 and S9–S11). These genes were mainly involved in
bacterial adhesion, antiphagocytosis, host immune system evasion, iron uptake, regulation,
secretion system, and bacterial toxins production (Table 4).

Table 4. Predicted virulence factors in bacterial antagonists according to the virulence factor
database (VFDB).

Predicted Virulence Factors
B. pumilus B. velezensis P. chlororaphis L. agricola

202R2 293R14 219R3 R212R1 R242R3 250R3

Acid resistance 0 0 1 0 0 0
Adherence 2 2 2 73 3 5

Antimicrobial activity 0 0 0 6 0 0
Antiphagocytosis 1 1 2 24 2 1
Biofilm formation 0 0 0 4 0 0

Biosurfactant 0 0 0 1 0 0
Cell surface components 0 0 2 0 0 1

Copper uptake 0 0 0 1 0 0
Efflux pump 0 0 0 1 0 0

Enzyme 1 1 0 1 0 0
Glycosylation system 0 0 0 1 0 1

Immune evasion 10 11 18 8 4 1
Intracellular survival 0 0 0 0 1 1

Invasion 1 1 1 1 0 0
Iron acquisition 5 5 5 0 0 0

Iron uptake 2 2 1 31 7 7
Lipid and fatty acid metabolism 1 1 0 1 1 1

Magnesium uptake 0 0 0 1 0 0
Others 0 0 0 2 0 0

Peptidoglycan modification 1 1 0 0 0 1
Protease 0 0 0 2 0 0

Quorum sensing 0 0 0 5 0 0
Regulation 2 2 2 7 3 3

Secretion system 1 1 1 28 2 2
Serum resistance 0 0 0 1 0 0

Serum and immune evasion 0 0 0 0 1 0
Stress adaptation 0 0 1 4 1 1
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Table 4. Cont.

Predicted Virulence Factors
B. pumilus B. velezensis P. chlororaphis L. agricola

202R2 293R14 219R3 R212R1 R242R3 250R3

Surface protein anchoring 2 2 1 0 1 1
Toxin 1 2 2 8 3 6

Predicted VF genes 30 32 39 211 29 32

Total genes 3845 3842 4029 6212 4811 5020

4. Discussion

Each class of chemical fungicides against Monilinia spp. has a specific target [37–40],
and pathogen resistance develops if used repeatedly [41,42]. Thus, fungicide rotation and
combination strategies are essential in treating fungal diseases. A promising agrochemical
protection strategy is microbial products and the search for new components for them [43].
The genetic diversity of microorganisms is infinite due to their high adaptability to the
environment and the natural interaction between microorganisms. The multicomponent
impact of antagonists prevents the pathogen from adapting [44]. This research showed that
8 out of 88 isolated microorganisms had strong antagonistic properties to Monilinia spp.
pathogens (grow inhibition 45% to 85%) in the microbiota surrounding the plums in the
rhizosphere or on the fruit surface (Figures 1 and 2).

According to WGS analysis, three microorganisms were identified as members of the
Bacillus genus (B. pumilus 202R2 and 293R14, B. velezensis 219R3) (Table 2). Bacillus spp. is
widely distributed worldwide and applied in various fields. The isolates R242R3 and 250R3
showed genetic identity with L. agricola (access. No. NZ_CP14476 in NCBI)—90.65 and
90.71%, respectively. A cutoff of 97–99% similarity is often used to distinguish species
within bacterial taxonomy, but this varies based on the specific group of organisms being
studied. This is a novel species of the Lysinibacillus genus, first isolated from farmland soil,
identified and described in China in 2021 [45]. There are limitations with the reference
genome for this species, which means that using it as the standard we cannot yet determine
genetic variations. Thus, the one genotype (NZ_CP067341) as a reference genome might
not represent the full genetic diversity of a species. We confirmed that both isolates iden-
tified in this study have 100% identity among 16s rRNA genes and assigned them to the
L. agricola species. Lysinibacillus shares similarities with Bacillus species, but has a unique
peptidoglycan composition and fatty acid profile [46]. Morphological characteristics of the
isolated R242R3 and 250R3 distinguished them from the others as irregular in form and
translucent in opacity (Table 1). Bigger genome sizes with less GC content and fewer gene
percentages in the genomes have been identified among these genera in general genome
features (Table 2). It is established that L. agricola isolates contained 180 and 156 ncRNA
regions (R242R3 and 250R3, respectively), while the Bacillus genomes contained 16, 14,
and 20 ncRNA regions. The ncRNA regions determine a higher complexity of the regula-
tion system and thus better adaptation to stress, increased virulence, and more efficient
metabolism in bacteria. Bacillus spp. and Lysinibacillus spp. have broader applications
in agriculture, such as biofertilizers with PGP properties, biopesticides, biofungicides,
and bioremediation [46]. Bacillus spp. and Lysinibacillus spp. are gram-positive and form
endospores that can survive in a wide range of environmental conditions and can be formu-
lated into stable dry powders as a product [47]. The gram-negative isolate R212R1 (Table 1)
was identified as bacteria P. chlororaphis subsp. chlororaphis with the homology of 95.11%.
P. chlororaphis is a plant-associated bacterium with a fast growth rate, wide usage, and
various applications, including biocontrol activity, plant growth promotion, and secondary
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metabolite production [48]. Two fungal isolates—(1)R293V2 and R293V5—were yeast-like
fungi A. pullulans. This is a black yeast-like fungus of a ubiquitous genus that can survive
in diverse environments [49]. A. pullulans are found in most phyllosphere and carposphere
habitats and possess high antagonistic activity [50].

All isolated antagonists—B. pumilus, B. velezensis, L. agricola, P. chlororaphis, and A.
pullulans—are known as species with antifungal capacity and positive effects on plant
growth in agriculture [21,46,51–53]. There are several reported strains of B. pumilus that
showed an antifungal effect on the mycelial growth of M. fructigena and M. fructicola, by
up to ~60% in dual culture assays. M. laxa in the same study was inhibited only by up
to 30% [21]. In this study, B. pumilus isolates showed a similar inhibition effect against
M. fructicola, but it was stronger against M. frutigena and M. laxa. There were no reports
of B. velezensis antagonism against brown rot pathogens, but it is indicated as a broad
antagonistic spectrum against various phytopathogenic fungi [51]. In our research, B.
velezensis 219R3 reached around an 80% antagonism level against all tested Monilinia
species. Lysinibacillus species are known for antagonistic activities against numerous plant
pathogens [46,54]. L. agricola isolates showed a similar pattern of antagonism against all
Monilinia spp. pathogens in this study. P. chlororaphis is well known for inhibiting various
phytopathogens (Fusarium, Colletotrichum, Phytophthora, Pythium, Sclerotinia, Magnaporthe
oryzae, Rhizoctonia) [52]. P. chlororaphis R212R1 inhibition results were ~70% against different
Monilinia spp. A. pullulans washed cells inhibited all three Monilinia species on nectarine
fruits: M. laxa was suppressed completely, and M. fructicola and M. fructigena growth was
reduced by 70–90% [53]. This does not fully align with the results obtained in this research,
as A. pullulans (1)R293V2 and R293V5 inhibited M. fructigena’s growth by ~60%, and M.
fructicola’s and M. laxa’s growth was inhibited by ~50%.

The genetic analysis revealed that identified microorganisms have great genetic po-
tential in synthesizing antifungal compounds like lipopeptides and volatile organic com-
pounds (Figure 3, Tables S1–S8). It was also characterized and confirmed by predicted
genes related to PGP activity and antagonism (Table 3). The unique genetic setup of
some species in Bacillus spp. enables them to produce bacilysin more efficiently than
others [54,55]. Bacilysin synthesis is mainly determined by the bac operon and its role in
converting prephenate to bacilysin. B. velezensis 219R3 was predicted with a high variety of
secondary metabolites coding regions. It had 21 clusters, including NRPSs, transAT-PKS,
NRP-metallophore, RiPP-like, PKS-like, and terpene. Some of them were identified as locil-
lomycin, surfactin, fengycin, macrolactin H, bacillibactin, bacillaene, bacilysin, butirosin,
difficidin, and pliplastin coding metabolites. Studies have reported inhibition of fungal
growth using some of these substances through mechanisms such as the disruption of
pathogen morphology and physiology [56]. P. chlororaphis R212R1 was predicted to synthe-
size phenazine and resorcinol. Phenazines are pigmented antimicrobial compounds [57].
Both molecules inhibit the growth of various phytopathogens [52]. Additionally, alkyl
resorcinol (dar gene cluster) produced by P. chlororaphis isolate PCL 1606 promotes root
colonization by this bacterium and functions antagonistically. They are part of the allelo-
chemical plant-to-plant signaling machinery documented for rice and sorghum [58]. A.
pullulans (1)R293V2 was predicted to have UNII-YC2Q1O94PT, which encodes melanin [59].
Another isolate, A. pullulans R293V5, was predicted with the synthesis of chaetoglobosin
A. It was synthesized by Chaetomium globosum and has potential antifungal activity [60].
Plant growth-promoting traits might have indirect modes of action against Monilinia spp.
pathogenesis. All eight isolates were predicted with phosphate, nitrogen metabolism, and
IAA production (Table 3). PGP traits are common in the B. pumilus, B. velezensis, L. agricola,
P. chlororaphis, and A. pullulans species [46,52,54,61–63] and improve plant metabolism,
absorption, and adaptation. All identified isolates had coding genes for biofilm and VOCs
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(2,3-butanediol, methanethiol, isoprene). In the previous study, the VOCs released by
B. amyloliquefaciens FZB42 and the formation of biofilms by B. velezensis in the plant rhi-
zosphere promoted growth and protected from infectious microbes through systemic
resistance [47,64]. Only B. velezensis isolate and A. pullulans R293V5 were predicted to syn-
thesize chitinase. Additionally, B. velezensis and A. pullulans R293V5 isolates were predicted
with hydrolase activity. In another study, A. pullulans antagonistic yeast-like fungi showed
enzymatic activity (chitinases, xylanase, urease) [65].

Virulence factors in biofungicides are essential against fungal pathogens. The pre-
dicted virulence factors according to VFDB were disclosed in our research (Tables 4 and
S9–S11). The highest number of virulence factors (211) was found in the P. chlororaphis
R212R1 genome. The majority (73) were related to adherence, which allows P. chlororaphis
R212R1 to attach to plant surfaces (roots, leaves, or fungal pathogens). Immune evasion
strategies present in three identified Bacillus isolates (202R2, 293R14, and R212R1) help
bacteria avoid detection, resist immune attacks, and persist within the host. Virulence
factors work by breaking down fungal structures, competing for resources, and boosting
plant immunity [66]. The eight isolates identified in this study show promise as biocontrol
strains for managing Monilinia-related infections. B. velezensis and P. chlororaphis isolates
were predicted to have the highest number of secondary metabolites, which might be
the reason for the most effective inhibition observed of selected pathogens. For precise
application rates and conditions, further studies focusing on Monilinia spp. specifically in
orchard trials are needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms13040818/s1. Tables S1–S8: Predicted gene
clusters involved in the synthesis of secondary metabolites. Tables S9–S11: Predicted virulence factors
in isolates.
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Abstract: Citrus canker, caused by Xanthomonas citri subsp. citri, is a devastating disease
that affects citrus production and trade worldwide. Traditional control methods, based
on copper compounds, are effective but pose environmental and health risks due to their
toxicity and potential for bioaccumulation. This study evaluates the synergistic potential of
essential oils (EOs) and rhamnolipids as sustainable alternatives for disease management.
Four EOS (citronella, palmarosa, geranium, and clove) were tested for their antibacterial
activity. Citronella EO showed a 90% inhibitory concentration (IC 90) of 0.15% (v/v) and
a minimum bactericidal concentration of 0.25% (v/v), while the other EOs showed IC 90
and bactericidal activity at 0.06% (v/v). Rhamnolipids (RHLs), biosurfactants produced
by Pseudomonas aeruginosa, inhibited X. citri at a concentration of 0.3% (v/v). The com-
bination of citronella EO and RHLs showed a synergistic effect, reducing the inhibitory
concentration of citronella by 50% and that of RHLs by more than 90%. In addition, the
combined formulation permeabilized more than 80% of bacterial membranes and reduced
biofilm formation. In contrast, other oils tested in combination with rhamnolipid showed
independent effects. These results indicate that EOs and rhamnolipids represent an environ-
mentally safe strategy for the control of X. citri subsp. citri that overcomes the limitations
of conventional methods while reducing environmental and health impacts.

Keywords: citrus canker; phytochemicals; biosurfactants; bioactive combination; sustainable
agriculture

1. Introduction

Citrus canker, caused by the bacterium Xanthomonas citri subsp. citri, is a disease that
severely affects commercially important citrus species, having impacts on fruit production
and trade [1,2]. When the plant is infected, severe symptoms, such as leaf loss, premature
fruit drop, and severe fruit discoloration, occur. Infection spreads rapidly in warm and hu-
mid weather conditions, resulting in defoliation and reduced fruit quality [3]. These effects
not only undermine productivity, but also reduce the market value of the crop, resulting in
economic losses for growers and the citrus industry as a whole. The ability of X. citri subsp.
citri to form biofilms plays a central role in both its epiphytic and pathogenic forms [4].
Biofilm formation allows bacteria to adhere to and colonize leaf surfaces, establishing a
stable niche that precedes the onset of visible disease symptoms [5,6]. In addition, the
structured biofilm matrix provides protection against desiccation, ultraviolet radiation,
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and antimicrobial agents, which together increase the fitness and ability of the pathogen to
initiate successful infections [7]. Consequently, biofilms are not only survival strategies,
but integral components of the disease cycle, underpinning the epidemiological success of
X. citri subsp. citri in citrus-producing regions worldwide [5].

Traditionally, the control of this disease has relied on copper-based formulations,
which, despite their efficacy, remain the main chemical control method for X. citri [2,8–13]
However, the use of these formulations poses serious risks to human health and the
environment, as copper is a bioaccumulative heavy metal with mutagenic and carcinogenic
effects [14–16]. In addition, its application to soil can lead to the death of various organisms
and disrupt entire ecosystems [17]. Considering this scenario, it is essential to search for
effective and environmentally safe alternatives for the control of citrus canker. In this
context, essential oils (EOs) have emerged as promising options due to their low toxicity to
mammals and reduced environmental persistence due to their volatility [18]. In addition,
they have demonstrated antibacterial activity against several bacterial species. For example,
Xiao and coworkes identified 39 essential oils, including citronella, palmarosa, geranium,
and clove, with antibacterial activity against Staphylococcus aureus in the stationary phase,
a stage associated with persistent infections [19]. In the case of the genus Xanthomonas,
studies also highlight the efficacy of EOs. Another study evaluated the antibacterial activity
of essential oils from Cymbopogon species, such as citronella and palmarosa, against X.
citri subsp. citri, highlighting their potential as natural alternatives for the disinfection
of citrus fruits [20]. Complementarily, Nagy et al. investigated the antibacterial efficacy
of essential oils, such as clove and citronella, against Xanthomonas arboricola pv. pruni,
using microdilution and direct bioautographic assays, with clove oil showing particularly
high efficacy [21]. These results reinforce the potential of EOs as sustainable tools for the
management of diseases caused by pathogenic bacteria, highlighting their viability as
natural alternatives for the control of citrus canker and similar diseases.

However, the industrial application of essential oils and their constituents as antimi-
crobial agents is limited mainly due to their hydrophobicity [22]. Therefore, it is crucial to
develop appropriate formulations to allow their use on a commercial scale. In this sense,
rhamnolipids, biosurfactants belonging to the class of glycolipids, have shown promise [23].
Synthesized mainly by the bacterium Pseudomonas aeruginosa, but also by other microor-
ganisms, such as Acinetobacter sp. and Enterobacter sp. [19], rhamnolipids exhibit surfactant
properties that remain stable over a wide range of pH levels and temperatures [23,24]. They
also exhibit antimicrobial activity against fungi and bacteria, including X. citri [25–27]. In
agriculture, rhamnolipids have been recommended for pathogen control in greenhouses as
both as antimicrobial agents and as inducers of plant defense responses [26].

Recent studies have shown that, due to their excellent emulsifying properties, rham-
nolipids can exhibit synergistic effects when combined with bioactive molecules, thereby
enhancing biological activity [27,28]. For example, Haba et al. [28] demonstrated the
synergistic effect of emulsions formed by rhamnolipids and four essential oils on Staphylo-
coccus aureus and Candida albicans. However, to date, there is no information on the use of
rhamnolipids as emulsifiers in essential oil formulations aimed at inhibiting X. citri.

Therefore, the aim of this study was to investigate the synergistic effect of citronella,
palmarosa, geranium, and clove essential oils in combination with rhamnolipids, and to
evaluate their respective activity against X. citri subsp. citri.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions

The X. citri subsp. citri used in all experiments was the isolate WT306 (IBSBF 1594)
obtained from the IBSBF Culture Collection Instituto Biológico (Campinas, São Paulo,
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Brazil). The bacteria were grown in Nutrient Yeast Glycerol liquid medium (5 g L−1 of
peptone, 3 g L−1 of yeast extract, 2% v/v of glycerol, and 20 g L−1 of bacteriological agar
for solid media), at 29 ◦C ± 1 ◦C for 24–48 h with shaking at 200 rpm when necessary.
The reagents used in the experiments, including resazurin dye, crystal violet, DAPI, and
propidium iodide (PI) stains, as well as the Yeast Minimal Medium, were all commercially
purchased from Sigma-Aldrich (Darmstadt, Hesse, Germany). The statistical analysis was
performed using the GraphPad software Prism v.6 (GraphPad, San Diego, CA, USA).

2.2. Essential Oils and Rhamnolipid

The essential oils (EOs) of citronella, palmarosa, geranium, and clove were obtained
commercially from the company OSHADI® (lot: 2023-001) (Colombo, Paraná, Brazil), and
the rhamnolipids were prepared by the research group of Prof. Dr. Jonas Contiero, as
described in the literature [25,29], using Pseudomonas aeruginosa LBI 2A1 from the random
mutant bank at the Laboratory of Industrial Microbiology, Department of General and
Applied Biology, UNESP, Rio Claro, São Paulo State, Brazil.

2.3. GC-MS Analysis

To characterize the chemical composition of EOs, all samples were analyzed by gas
chromatography-mass spectrometry (GC-MS) using the methodology by Marin et al. [30].
GC-MS was performed using a Shimadzu GCMS-QP2010 ULTRA (Kyoto, Japan) with an
Rtx-5MS capillary column (5% phenyl, 95% dimethylpolysiloxane) (Restek, Bellefonte, PA,
USA) (30 m × 0.25 mm, 0.25 μm film). Helium was used as the carrier gas (1 mL·min−1),
with a 1:10 split injection. The injector and interface temperatures were 250 ◦C and 260 ◦C,
respectively. The oven temperature was programmed from 60 ◦C (2 min hold) to 200 ◦C
at 4 ◦C·min−1, then to 260 ◦C at 6 ◦C·min−1 (10 min hold) [30]. The ionization source
temperature was 280 ◦C, using the full-scan acquisition mode (70 eV). Compounds were
identified using the National Institute of Standards and Technology (NIST) 11.0 EPA/NIH
mass spectral library.

2.4. Bacterial Growth Inhibition

The evaluation of the inhibitory activity of X. citri subsp. citri by essential oils (EOs)
and rhamnolipids alone was performed using the Resazurin Microtiter Assay Plate (REMA)
technique of Palomino et al. [31]. This method, which indirectly measures cellular res-
piratory activity, allowed the precise determination of the inhibitory concentrations of
the compounds. The tests were performed in 96-well plates, with at least three replicates
per compound. Each well received the tested compounds at initial concentrations of
100 μg/mL, reduced by serial dilutions of 1/2. Bacteria were added in the appropriate
medium at a concentration of 105 cells/well, in a total volume of 100 μL per well. Con-
trols included: negative (medium without compound), positive (kanamycin), and vehicle
control (e.g., DMSO 1%). After preparation, the plates were incubated, followed by the
addition of resazurin (0.001%). Fluorescence was measured in the Synergy H1 reader
(BioTek, Winooski, VT, EUA) with excitation/emission filters at 530/590 nm. The results
are expressed as a percentage of cell growth inhibition, with the data processed using
GraphPad Prism software (version 6).

This model was used to determine the minimum inhibitory concentration required to
inhibit 90% of cell growth (IC 90) and the bactericidal concentration, the minimum bacteri-
cidal concentration (MBC), defined as the lowest concentration of an antimicrobial agent
required to eliminate 99.9% of the initial bacterial population [32–34]. All experimental
procedures were performed in triplicate to ensure reproducibility.
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2.5. Synergism

The combined antibacterial activity of citronella essential oil and rhamnolipid was
evaluated using the checkerboard microdilution assay according to the methodology
described by Bellio et al. [35]. Stock solutions of both compounds were prepared at twice the
minimum inhibitory concentration required to inhibit 90% of bacterial growth (2 × IC 90).
The EO was serially diluted along the rows, while the rhamnolipid was diluted along the
columns of a 96-well microplate. The outer columns (1 and 12) were filled only with NYG
culture medium to minimize evaporation effects and were excluded from the analysis.

A standardized bacterial suspension of X. citri subsp. citri was adjusted to an optical
density of 0.04 at 600 nm, equivalent to approximately 108 CFU/mL, and then diluted 1:10
in the NYG medium. Each well received 10 μL of the bacterial suspension, resulting in
a final concentration of 105 cells/well. The microplates were incubated at 29 ± 1 ◦C for
16 h. After incubation, resazurin (0.015 μg·mL−1 final concentration) was added to each
well, and the plates were further incubated for 2 h to assess bacterial viability. Fluorescence
readings were performed using a Synergy H1 microplate reader (BioTek). All experiments
were performed in triplicate.

The synergistic effect was determined by calculating the Fractional Inhibitory Concen-
tration Index (FICI), defined as the sum of the individual Fractional Inhibitory Concentra-
tions (FICs) of the compounds in the combination [36]. The FICI was calculated according
to the following formula:

FICI = FIC A + FIC B =
IC 90 A combined∗

IC 90 A alone
+

IC 90 B combined∗
IC 90 B alone

* IC 90 A combined: Refers to the concentration of compound A in combination with
compound B required to inhibit 90% of bacterial growth.
* IC 90 B combined: Refers to the concentration of compound B combined with compound
A required to inhibit 90% of bacterial growth.

The interaction of the combination of two substances was defined as a synergistic
effect if the FIC index was ≤0.5, additive if 0.5 < FICI < 1, indifferent if 1 < FICI ≤ 4, and
antagonistic if FICI > 4.

The concentrations selected for subsequent analyses were based on the combinations
that showed a synergistic effect, as determined by the FICI values. Among the synergistic
interactions observed, the combination with the lowest effective concentrations of both
compounds was prioritized. This approach is consistent with the primary objective of this
study, which is to maximize antibacterial efficacy while minimizing the required concen-
trations of the active compounds, thereby reducing potential cytotoxicity, environmental
impact, and formulation costs.

2.6. Cell Membrane Permeabilization

The live and dead microscopy assay was performed according to the methodology
described by Zamuner et al. [37] to evaluate the mechanism of action of synergistic com-
binations against X. citri subsp. citri. Cells were exposed to the compounds according to
the REMA protocol, with 105 cells in 100 μL of culture in 1.5 mL microtubes. After the
incubation period, the exposure was interrupted by diluting the samples (1:10) in 0.85%
saline solution, followed by centrifugation at 2500× g for 5 min and discarding the super-
natant. The cells were resuspended in 0.85% saline solution, and 10 μL of the suspension
was applied to agarose-coated slides for observation.

DAPI staining was used to detect changes in the organization and distribution of
the bacterial nucleoid [37]. DAPI penetrates cells with intact cytoplasmic membranes,
whereas propidium iodide stains cells with damaged membranes. Cells with permeabilized
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membranes were stained red (propidium iodide) while cells with intact membranes were
artificially blue-stained (DAPI). Visualizations were performed using an Olympus BX-
61 (Bridgewater, NJ, EUA) fluorescence optical microscope, with images captured by an
OrcaFlash 2.8 camera Hamamatsu (Bridgewater, NJ, EUA) and processed using CellSens
Dimension 1.18 (Olympus) software (Hachioji, Tokyo, Japan).

2.7. Effect of Bioactive Combinations on Biofilm Production by X. citri Subsp. citri

The biofilm assay was performed using the method of Malamud et al. [38], to quantify
biofilms formed in 96-well plates. X citri subsp. citri colonies were grown in NYG medium,
adjusted to an OD600 of 0.4, and diluted in Yeast Minimal Medium (YMM) with compounds
at concentrations of 50 and 25 μg/mL. After incubation at 29 ◦C for 72 h, the biofilm was
stained with crystal violet (CV), solubilized with 70% ethanol, and the absorbance measured
at 590 nm. Biofilm formation indices were calculated and the data normalized in JASP
software v. 0.14.1 [39].

2.8. Time-Kill Assay

The time-kill assay described by Gerits et al. [40] was performed using essential oil
(EO) and rhamnolipid at a synergistic combination concentration of 1× IC 90, 0.002% (v/v)
rhamnolipid and 0.075% citronella (v/v), 2× IC 90, 0.004% (v/v) rhamnolipid and 0.15%
citronella (v/v), and 4× IC 90, 0.008% (v/v) rhamnolipid and 0.3% citronella (v/v). X. citri
was inoculated in NYG medium at a concentration of 108 CFU/mL and incubated on an
orbital shaker at 29 ◦C for 24 h. After the incubation period, 100 μL aliquots were taken
from each sample at different time intervals (0, 1, 2, 4, 6, 24, and 48 h). Serial dilution
was then performed and a plate counting technique was used to determine the number of
viable cells. A bacterium inoculated in NYG without the addition of bioactives was used as
a control. All experiments were performed in triplicate.

2.9. Statistical Analysis

The REMA assay for the crude extract was performed in triplicate in three indepen-
dent experiments, with bacterial growth inhibition measured through fluorescence. Data
analysis, including the construction of dose–response curves and the determination of
IC 90 values along with their 95% confidence intervals (95% CIs), was performed using
GraphPad Prism software. A significance level of p < 0.05 was used. To evaluate the
inhibitory activity of the fractions, a single-replicate screening was performed. Microscopy
results were evaluated using Brown–Forsythe and Welch ANOVA to detect significant
differences among the treatment groups (p < 0.05). Percentage of permeabilized cells was
determined by analyzing 200 cells per treatment in duplicate experiments performed on
two different days. Biofilm data were evaluated using the unpaired t-test and Welch’s
ANOVA to determine significant differences (p < 0.05). All experiments were conducted
in three independent replicates. Two-way ANOVA analysis was performed to examine
statistical differences between treatments and time, at the 95% confidence level. Tukey’s
post hoc test (95% confidence interval) was used to examine the relationships between
treatments at a single time point and between treatments at all time points.

3. Results

3.1. Bacterial Growth Inhibition

The inhibitory activity of the isolated EOs and rhamnolipids against X. citri subsp.
citri was evaluated, and the results of these individual evaluations were used to prepare
mixtures for inhibitory activity. The results obtained with the REMA assay for essential oils
and rhamnolipids are shown in Table 1.
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Table 1. Inhibitory concentrations 90% (IC 90) and minimum bactericidal concentrations (MBCs) for
samples against X. citri subsp. citri in % (v/v).

Samples IC 90 MBC

Palmarosa 0.06 0.06
Citronella 0.15 0.25
Geranium 0.06 0.06

Clove 0.06 0.06
Rhamnolipids 0.3 0.5

3.2. GC-MS Analysis

The four essential oils (EOs) studied, palmarosa (Cymbopogon martinii), citronella (Cym-
bopogon nardus), geranium (Pelargonium roseum), and clove (Syzgium aromaticum/Eugenia
caryophyllata), were obtained commercially, and their composition was confirmed by analy-
sis using the gas chromatography-mass spectrometry (GC-MS) technique (Tables 2–5). The
sum of the identified compounds corresponds to 100% of the composition of each oil.

Table 2. Results obtained by GC/MS chromatographic analysis for palmarosa oil.

Compounds Ret. Time Height % Area %

β-Myrcene 4.282 1.65 1.08
β-cis-Ocimene 5.142 3.56 2.46

Linalool 6.057 4.75 3.02
Geraniol 9.258 61.09 71.2

Citral 9.611 1.68 1.16
Neryl acetate (Z) 11.999 24.84 19.17
Caryophyllene 13.063 2.43 1.91

Total 100

Table 3. Results obtained by GC/MS chromatographic analysis for citronella oil.

Compounds Ret. Time Height % Area %

Sulcatone 4.211 2.00 0.99
Myrcene 4.284 1.94 0.59

D-Limonene 4.927 2.45 3.61
Linalol 6.057 2.04 1.79

Citronellal 7.099 2.32 7.78
Cis-2-Decen-1-ol 8.156 2.08 0.59

Citronellol 8.625 2.23 6.33
Citral (Z) 8.992 2.43 9.48
Geraniol 9.239 3.16 43.68
Citral (E) 9.614 2.46 13.53

Citronellyl acetate 11.315 2.30 1.75
Neryl Acetate (Z) 11.992 2.36 4.74

Caryophyllene 13.062 2.61 3.42
Γ-Muurolene 15.034 2.59 1.72

Total 100

In the palmarosa essential oil, the main constituents were geraniol (71%) and neryl
acetate (19.17%). For citronella, geraniol (43%) and citral (E) (13.53%) stood out. Geranium
oil presented 21 compounds, the most abundant being citronellol (34.52%), geraniol (Z)
(15.73%), and citronellyl formate (11.02%). In clove, the main compounds were chavibetol
(63.84%) and eugenol acetate (30.86%).
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Table 4. Results obtained by GC/MS chromatographic analysis for geranium oil.

Compounds Ret. Time Height % Area %

Linalool 6.060 6.46 5.2
Rose Oxide (E) 6.661 0.66 0.54

(+)-Isomenthone (Cis) 7.253 4.75 4.19
(+)-Isomenthone (Trans) 7.481 4.65 4.28

Citronellol 8.643 31.52 34.63
Citral 8.994 0.6 0.51

Geraniol (Z) 9.218 16.48 15.73
Citronellyl formate 9.648 10.97 11.02
Geranyl Bromide 10.247 3.75 3.48

2,6-Octadiene, 2,6 dimethyl 11.319 0.62 0.53
α-Copaene 12.056 0.7 0.61

β-Bourbonene 12.285 1.58 1.48
Caryophyllene 13.066 1.32 1.26

Citronellyl propionate 13.271 0.81 0.77
β-Bisabolene 13.949 0.93 0.95

Citronellyl butyrate 15.073 0.82 0.66
γ-Muurolene 15.190 1.53 1.87

Geranyl isobutyrate 15.748 1.01 0.9
Phenylethyl tiglate 16.420 1.32 1.34

epi-γ-Eudesmol 17.307 6.5 7.33
Geranyl tiglate 18.589 1.37 1.31

Total 100

Table 5. Results obtained by GC/MS chromatographic analysis for clove oil.

Compounds Ret. Time Height % Area %

Chavibetol 11.617 58.99 63.84
Caryophyllene 13.071 6.64 5.3

Eugenol Acetate 15.175 34.37 30.86

Total 100

3.3. Synergism

The checkerboard assay was used to evaluate the synergistic effect of rhamnolipid
in combination with the four oils in vitro. In order to calculate the Fractional Inhibitory
Concentration Index (FICI), only those results were considered that showed an inhibition of
bacterial growth greater than 90%. Table 6 shows the results obtained in the experiments
using rhamnolipid with citronella, palmarosa, geranium, and clove. According to the results
obtained by calculating the FICI, a synergistic effect can be observed between citronella
essential oil–rhamnolipid (≤0.5), and for the other oils an additive effect is demonstrated (0.5
< FICI < 1) between the substances tested. All experiments were carried out in triplicate.

Table 6. Fractional Inhibitory Concentration Index (FICI) of the combination between essential oils
and rhamnolipid against X. citri subsp. citri, in % (v/v).

Essential Oils RHL *

0.002 0.004 0.009 0.018 0.030 0.075 0.15 0.3

Citronella
0.15 1 1 1 1 1 1 1 2

0.075 0.5 0.5 0.5 0.6 0.6 0.7 1 1.5
0.03 0.7 1.2

0.018 0.6 1.1
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Table 6. Cont.

Essential Oils RHL *

0.002 0.004 0.009 0.018 0.030 0.075 0.15 0.3

Palmarosa
0.06 1 1 1 1 1 1 1 2
0.03 1 1.5

0.015 0.7 1.2
0.0075 0.6 1.1

Geranium
0.06 1 1 1 1 1 1 1 2
0.03 1 1.5

0.015 1.2
0.0075 1.1
Clove
0.06 1 1 1 1 1 1 1 2
0.03 1 1.5

0.015 1.2
0.0075 1.1

* Rhamnolipid = RHL.

3.4. Cell Membrane Permeabilization

After obtaining the synergistic combinations, a live and dead microscopy assay was
performed to evaluate their mechanism of action against X. citri subsp. citri. For this
assay, the synergistic combination with the lowest concentrations of both components
was selected: 0.075% (v/v) citronella essential oil and 0.002% (v/v) rhamnolipid. The
microscopic results are shown in Figures 1 and 2. In Figure 1, after 15 min of treatment,
more than 60% of the cells show permeabilized membranes, a percentage that increases
to 80% after 30 min. In Figure 2, the fluorescence micrographs show that the staining of
bacterial cells treated with the synergistic combination is similar to that of the positive
control, indicating an effect on cell permeabilization.

Figure 1. Percentage of X. citri subsp. citri with permeabilized cell membranes after treatment with
citronella essential oil and rhamnolipid. CI: citronella essential oil; RHL: rhamnolipid; NC: negative
control; PC: positive control. Error bars represent the standard deviation of the mean. Numbers 15
and 30 represent the duration of exposure to each treatment in minutes. Bars represent the mean
of each treatment and whiskers represent the standard deviation. Letters (a), (b), and (c) represent
statistically similar groups (p value > 0.05) according to the Brown–Forsythe and Welch ANOVA. A
total of 200 cells were analyzed per treatment (n = 200).
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Figure 2. Fluorescence micrographs obtained during the live and dead assay with X. citri subsp.
citri cells after 15 and 30 min of contact with the synergistic combination of 0.075% (v/v) citronella
essential oil and 0.002% (v/v) rhamnolipid. (A): Negative control after 30 min; (B): Positive control
after 30 min; (C,D): Cells treated with the combination of citronella essential oil and rhamnolipid
after 15 and 30 min, respectively. Cells with permeabilized membranes are stained red, while cells
with intact membranes are stained blue. Scale bar: 5 μm. Magnification of ×100.

3.5. Effect of Synergic Combination on Biofilm Production

This assay was used to evaluate whether synergistic combinations act as an anti-
biofilm by reducing virulence expression and biofilm formation [41,42]. The results of the
biofilm assay shown in Figure 3 indicate that the synergistic concentrations of citronella oil
0.075% (v/v) and rhamnolipid 0.002% (v/v) evaluated are effective in reducing bacterial
biofilm formation.

Figure 3. Biofilm formation index by X. citri subsp. citri bacteria in the presence of the synergistic
combination of citronella essential oil and rhamnolipid. Biofilm formation index (absorbance:
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590 nm/O.D. 600 nm). Negative control (NC). Treatments with citronella essential oil (EO) and
rhamnolipid; concentration of 0.075% citronella and 0.002% RHL (v/v) (Citrol/RHL). Error bars
represent the standard deviation of the mean. Letters (a) and (b) represent statistically similar groups
(p-value > 0.05) according to the unpaired t-test and Welch’s ANOVA.

3.6. Time-Kill Assay

The time-kill assay was used to analyze the elimination rate of the components of
the synergistic combination at a concentration of 0.075% (v, v) citronella essential oil and
0.002% (v, v) rhamnolipid, using the IC 90, 2× IC 90 and 4× IC 90 values show in Figure 4.

Figure 4. Time-kill kinetics of X. citri subsp. citri bacteria in the presence of the synergistic combination
of citronella essential oil and rhamnolipid. IC 90 concentration of 0.075% citronella and 0.002% RHL
(v/v). NC represents the negative control. Error bars represent the standard deviation of the mean.
All the data are presented as the mean ± SD of independent experiments. Capital letters (e.g., A, B, C
and D indicate statistical similarities between treatments within a time point; lower-case letters (e.g.,
a, b and c) indicate statistical similarities in a treatment across time points.

The synergistic combination reduced bacterial growth. Both the time (hours) and
concentration variables (IC90, 2× IC90 and 4× IC90) had a significant effect on the number
of cells recovered after exposure to the compound. The applied concentration was the
dominant factor, accounting for 83% of the variation observed, while the hours of exposure
accounted for 10% of the variation. At 1× IC 90, there was a bactericidal reduction of
5.55 log10 CFU/mL after 1 h compared to the negative control. The 4× the IC90 treatments
differed from any other treatment in all time periods, except for cells treated with 2× IC90
at 48 h, where no cells were recovered. After 1 h of exposure, no cells were recovered when
treated with 4× the IC90. All concentrations showed significant differences in the number
of cells recovered compared to the controls at all time points.

4. Discussion

The results demonstrate the antimicrobial activity of rhamnolipid and the four essential
oils against X. citri subsp. citri. Both the essential oils and rhamnolipid exhibited low
inhibitory concentration 90% and minimal bactericidal concentration values, reinforcing
their antimicrobial efficacy.

Previous studies indicate that essential oils such as palmarosa, clove, and geranium
have an IC 90 of 1% against Bacillus subtilis, a Gram-positive bacterium [43]. However,
in the present study, the same oils were even more effective against X. citri subsp. citri,
achieving 90% inhibition at only 0.006%. This performance highlights the exceptional
antimicrobial potency of these oils at extremely low concentrations. Similarly, citronella oil
showed an IC 90 of 0.15% against X. citri subsp. citri, and Cerri and Esmerino reported an
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IC 90 of 0.1% against S. aureus, Escherichia coli, and C. albicans [44]. These data suggest that
citronella has a broad spectrum of antimicrobial activity, although there are variations in
the concentrations that can inhibit different species.

The chemical composition of the essential oils may explain these differences in an-
timicrobial activity. Palmarosa essential oil contains geraniol and neryl acetate as its major
compounds (Table 2). Geraniol, a monoterpene with well-documented antimicrobial activ-
ity, disrupts the integrity of the bacterial cell membrane, increasing its permeability and
leading to cell lysis [45]. Neryl acetate, although less studied, also as antimicrobial activity
and may potentiate the effect of geraniol [46].

Geranium oil contains citronellol and geraniol. Citronellol, like geraniol, is a monoter-
pene with antimicrobial properties often associated with bacterial cell membrane disrup-
tion [47]. The synergy between these compounds may enhance their effectiveness, further
disrupting the cell membrane and inhibiting microbial growth [48].

Clove essential oil presented chavibetol and eugenol acetate as major compounds.
Chavibetol, a phenylpropanoid, showed antimicrobial activity, mainly against Gram-
positive bacteria, by inhibiting essential enzymes and compromising the integrity of the
cell membrane [49]. Eugenol acetate, a derivative of eugenol, is also widely recognized
for its ability to destabilize cell membranes and inhibit enzymes critical for microbial
metabolism [50].

Finally, citronella oil, which is composed primarily of geraniol and citral, stands out
for its antimicrobial potential. Citral is known for its high antibacterial activity, and geraniol
enhances antibacterial activity, especially when combined with other antimicrobial agents.
Studies indicate that essential oils rich in citral and geraniol have activity against X. citri
subsp. citri, with citral being the component with the greatest antibacterial efficacy among
those tested [36].

Rhamnolipid showed an IC 90 of 0.3% against X. citri subsp. citri, which is consistent
with the values reported for other microorganisms, including the Gram-positive bacteria
S. aureus, Bacillus cereus; the Gram-negative bacteria Enterobacter cloacae, Proteus mirabilis;
and the fungi C. albicans, Aspergillus niger [51]. These results underscore the efficacy of
essential oils and rhamnolipid as viable and sustainable alternatives for the control of X.
citri subsp. citri.

After determining the antibacterial concentration of each essential oil and rhamnolipid,
the checkerboard assay was performed to evaluate the synergistic effect between the two
compounds. From the results, the FICI was calculated and the synergistic effects were
identified only for concentrations that resulted in values equal to or less than 0.5 [52].
Citronella essential oil, in combination with rhamnolipid, stood out with three synergistic
interactions, as evidenced by a reduction in the 90% inhibitory concentration of both
compounds when used together. The IC 90 of citronella essential oil was reduced by half,
reaching 0.075% (v/v), while rhamnolipid showed even more pronounced reductions, with
IC 90s of 0.009%, 0.004%, and 0.002% (v/v).

For the other essential oils with rhamnolipids, there was no synergy, but presented an
additive effect, or independent effects (0.5 < ICIF ≤ 1), characterized by results equal to the
sum of the individual effects of the compounds. This indicates that, although there is no
potentiation, the compounds act independently, without antagonism [53].

Haba et al. [28] found that rhamnolipid-based emulsions increased the availability and
antimicrobial efficacy of essential oils extracted from Melaleuca alternifolia, Cinnamomum
verum, Origanum compactum, and Lavandula angustifolia, against C. albicans and methicillin-
resistant Staphylococcus aureus (MRSA). These results support the potential of rhamnolipids
to enhance the antimicrobial properties of essential oils.
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However, studies investigating the synergistic combination of essential oils with rham-
nolipids, especially against X. citri subsp. citri, are extremely scarce in the literature. Most
of the available research focuses on associations between essential oils and antibacterials or
antibiotics and other chemical substances. In this context, the data obtained in this project
stand out as original and innovative, filling an important gap in the scientific field.

The results presented in Figures 1 and 2 indicate a significant membrane-disrupting
effect resulting from the combined application of citronella essential oil and rhamnolipid.
The uptake of propidium iodide by the treated cells—indicated by the reddish fluorescence—
indicates a loss of membrane integrity, a hallmark of bacterial cell death. Notably, as shown
in Figure 3, over 60% of the cells exhibited permeabilized membranes within 15 min of
treatment, with this percentage increasing to approximately 80% after 30 min. This time-
dependent increase in membrane permeabilization reinforces the bactericidal potential of
the formulation and highlights the importance of exposure time in enhancing antimicrobial
efficacy.

The efficacy of citronella essential oil may be attributed, at least in part, to its major
constituents, such as geraniol and citral. Previous studies have reported that citral disrupts
the bacterial cell envelope and alters cytoplasmic density, thereby compromising structural
and functional cellular integrity [36]. In this context, the observed effects may be explained
by a synergistic interaction between the membrane-solubilizing properties of rhamnolipids
and the structure-disrupting effects of citral, resulting in increased membrane permeability
and, consequently, increased bacterial susceptibility.

Marin et al. [20] found that essential oils, especially from the Cymbopogon species,
have antimicrobial activity against X. citri subsp. citri. Studies have shown that the active
compounds present in EOs promote the disruption of the integrity of the bacterial cell
membrane. Components such as terpenoids and phenols can interact with membrane
lipids, increasing their permeability. This action results in the loss of ions, amino acids,
and other essential metabolites, leading to cell death [20]. For example, the essential oil
of Amomum villosum à Lour affected the membrane of S. aureus, resulting in the leakage
of intracellular substances [54]. Studies also show that rhamnolipids have antibacterial
properties when they interact with bacterial cell membranes, disrupting the cell membrane
and leading to increased membrane permeability [55].

The results of the biofilm assay show that the evaluated synergistic concentrations of
citronella oil 0.075% (v/v) and rhamnolipid 0.002% (v/v) have an effect on reducing bacterial
biofilm formation. This reduction was greater than the growth shown in the negative
control, indicating that the combination of compounds enhanced the antimicrobial activity
by directly interfering with the mechanisms involved in biofilm formation and maintenance.

The essential oil of C. nardus (citronella) and its major component, geraniol, have been
shown in the literature to inhibit biofilm formation and reduce S. aureus biofilm biomass.
This antibiofilm activity is critical for preventing chronic infections and increasing the
efficacy of antibacterial treatments [56]. In studies comparing citronella oil to commercial
mouthwashes, citronella demonstrated superior efficacy in inhibiting the biofilm formation
of S. aureus and C. albicans. Citronella oil resulted in greater microbial reduction and
exhibited less cytotoxic effects compared to commercial solutions, making it a promising
alternative for biofilm control [57]. The interaction between rhamnolipids and biofilm
layers involves changes in surface free energy and surface charge. Rhamnolipids reduce the
negative charge of the surface by removing negatively charged substances, such as humic-
like substances, proteins, and fulvic acids. This leads to a reduction in the concentrations of
carbohydrates and proteins in the EPS, which are essential for biofilm integrity [58].

In the time-kill assay (Figure 4), the exposure of X. citri subsp. citri to IC 90 resulted
in a reduction in the bacterial population to less than half of the initial value within one
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hour. Note that increasing the concentration to 4× IC 90 accelerated bacterial elimina-
tion, reaching zero contamination within 1 hour and maintaining it for 48 h. Studies
have also reported a similar effect, with citral and geraniol compounds in citronella oil
eradicating X. citri subsp. citri within 30 min [36]. Thus, the results for IC 90, 2× IC 90
and 4× IC 90 after 1 h of contact confirm bactericidal activity, defined as a reduction of
≥3 log10 CFU/mL (≥99.9%), while bacteriostatic activity corresponds to a reduction of <3
log10 CFU/mL [59–61].

Despite the promising in vitro antibacterial activity of the combination of rhamno-
lipid and citronella essential oil against X. citri subsp. citri, translating these findings
into large-scale agricultural applications presents significant challenges. While these nat-
ural compounds offer an environmentally sound alternative to traditional copper-based
bactericides, their economic viability remains uncertain [11].

The commercial feasibility of biosurfactants and essential oils in agriculture depends
on several factors, including production cost, formulation stability, and shelf life [62].
For example, rhamnolipids, while effective, require optimized fermentation processes to
reduce costs [63], while essential oils are limited by volatility and degradation under field
conditions [62]. In addition, synergistic interactions that reduce the required concentration
of active compounds need to be confirmed in real-world settings, where environmental
factors can reduce efficacy.

Furthermore, the adoption of biobased alternatives in citrus canker management
programs depends not only on efficacy, but also on cost competitiveness. Small-scale
laboratory successes do not always translate into economically viable large-scale appli-
cations, as has been seen with other biocontrol agents [64]. Therefore, future research
should prioritize field trials that evaluate long-term performance, formulation stability,
and cost-effectiveness to determine whether rhamnolipid–essential oil combinations can be
integrated into sustainable citrus production systems.

5. Conclusions

This study demonstrates the potential of essential oils and rhamnolipids as sustainable
alternatives for the control of citrus canker, caused by X. citri subsp. citri. The evaluated
EOs, citronella, palmarosa, geranium, and clove, showed antibacterial activity against X.
citri subsp. citri. Rhamnolipids also showed antimicrobial activity, reinforcing their role as
a viable alternative to traditional copper-based treatments. The synergistic combination
of citronella oil with rhamnolipids was particularly effective, as this synergistic mixture
not only permeabilized bacterial cell membranes, but also inhibited biofilm formation, a
critical factor in bacterial virulence and persistence. Of particular note was highlighting the
time required to eliminate the bacterial population rate, resulting in total death within a
few hours.

Therefore, the results of this study provide a basis for the development of sustainable
antimicrobial formulations for agricultural use. By reducing the reliance on copper-based
products that pose environmental and health risks, the use of EOs and rhamnolipids offers
a safer and more environmentally friendly treatment approach to disease control.
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Abstract: Microbial transplantation represents a sustainable strategy to address produc-
tivity gaps in agricultural soils by transferring microbiomes that enhance nutrient cycling,
pathogen suppression, and stress tolerance. This study evaluates whether probiotic con-
sortia from high-yield soybean soils (donor soil) could improve crop performance in less
productive fields (recipient soil). We developed a host-adapted inoculant from soybean rhi-
zospheres grown in donor soil and applied it to seeds at five concentrations (0.25–10 g/kg
seed) in recipient soil, with untreated controls for comparison. To assess crop-specific
microbial recruitment, we prepared a parallel bean-derived inoculant under identical condi-
tions. Through 16S rRNA sequencing and growth/yield analysis, we found the following:
(1) Distinct bacteriome assemblies between soybean- and bean-derived inoculants, confirm-
ing host specificity; (2) Successful enrichment of beneficial taxa (Enterobacteriaceae increased
by 15–22%, Rhizobiaceae by 7–12%) despite native community resilience; and (3) Consistent
yield improvement trends (4.8–6.2%), demonstrating potential to bridge productivity gaps.
These results show that transplanted microbiomes can effectively modulate rhizosphere
communities while maintaining ecological balance. This work establishes a scalable ap-
proach to address soil productivity limitations through microbiome transplantation. Future
research should optimize (a) inoculant composition for specific productivity gaps; (b) de-
livery systems; and (c) compatibility with resident microbiomes, particularly in systems
where niche-specific processes govern microbial establishment.

Keywords: agricultural productivity; beneficial bacteria; crop yield; inoculant application;
microbial consortium; rhizosphere microbiome

1. Introduction

Crop productivity is intrinsically linked to soil health, with beneficial microorganisms
playing a critical role in promoting plant growth and resilience [1]. In high-performing agri-
cultural soils, diverse and robust microbial communities facilitate nutrient cycling, suppress
pathogens, and enhance plant stress tolerance, contributing to greater productivity [2–4].
Conversely, soils with diminished microbial diversity or an imbalance in beneficial strains
often experience reduced productivity and ecosystem stability, as microbial dysfunction
can favor the occupation of niches by pathogenic organisms, despite some functional
redundancy within soil communities [5–11].

Despite decades of intervention, productivity gaps between high-yield and marginal
farmlands persist. Traditional approaches, such as chemical fertilization, often fail to sustain
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long-term soil health due to nutrient leaching and disruption of the soil microbiome [6],
while crop rotation alone cannot fully overcome microbial deficiencies in degraded soils [8].
These limitations highlight the urgent need for ecological alternatives capable of rebuilding
soil functionality.

To address this agricultural productivity gap, microbial transplantation has emerged
as a promising strategy, enabling the transfer of robust microbial consortia from healthy,
high-performing soils to degraded or less productive areas, with studies demonstrating its
success in restoring disease-suppressive soils through whole-community transfer [5]—a
feat unattainable by single-strain inoculants prone to competitive exclusion [12]. Field
studies in crops such as rice [13] and wheat [14] have demonstrated significant yield
improvements following microbial transplantation. Indeed, this technique restores critical
microbial functions, improving soil fertility and crop performance [1,15,16]. For instance,
microbial consortia sourced from the rhizosphere of healthy plants have been shown
to enrich soils with beneficial bacteria, such as Gammaproteobacteria, which contribute
to plant protection and nutrient acquisition [5,11,17]. Similarly, soybean plant-derived
microbial inoculants have demonstrated the ability to enhance crop yields and alleviate
oxidative stress by positively influencing the plant microbiome [17–22].

The concept of microbial transplantation, originally explored in biomedicine and
microbial ecology, now offers a scalable and sustainable solution for agricultural soil
restoration [23]. By introducing complex microbial communities from donor to recipient
soils, this method re-establishes microbial balance, promotes plant health, and restores
fertility while providing natural disease resistance [1,11]. Advances in genomic sequencing,
bioinformatics, and biotechnology further enhance the precision and efficacy of this ap-
proach [2]. High-throughput 16S rRNA sequencing enables the identification of keystone
taxa [2], while metagenomic tools facilitate the design of consortia targeting specific func-
tional traits [18]. These technologies address prior limitations by (1) mapping host–microbe
interactions critical for transplantation success [16]; and (2) predicting ecological outcomes
through network analysis [15], thereby optimizing both ecological and economic benefits.

Despite these advancements, challenges remain in effectively delivering microbial
consortia. Integrating these inoculants with existing agricultural inputs, such as fertil-
izers, requires further research to maximize their efficacy [24,25]. Moreover, traditional
single-species inoculants are often less effective than complex consortia capable of ad-
dressing multiple soil health challenges [12,26]. Supposedly, specialist microbes, strains
well-adapted to the plant system, emerge as a solution to improve inoculant effectiveness,
as they are more likely to establish in the rhizosphere, interact beneficially with native
communities, and provide targeted benefits to plant growth and health [1,3,4,7,16,18,27].

Building on these principles, the present study develops a microbial consortium
inoculant derived from the rhizosphere and rhizoplane of soybean plants grown under
controlled mesocosm conditions using soil from a high-productivity soybean field. The
objective was to determine whether these well-adapted microbial consortia could enhance
seedling growth in fields with historically lower soybean productivity. Based on the
principle that microbial diversity and abundance are key drivers of soil fertility [1,6,8,9,18],
we hypothesized that transferring these consortia from productive to less productive
soils would increase the abundance of beneficial microbial groups, thereby promoting
seedling development.

To test this hypothesis, we characterized the soybean-associated bacteriome using 16S
rRNA gene sequencing and evaluated the impact of microbial inoculation on rhizosphere
composition and seedling growth. Our findings show that microbial transplantation from
high-productivity areas can modestly improve yields and selectively alter the rhizosphere
composition of less productive soils, without disrupting the overall microbial community
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structure. However, the effectiveness of microbial inoculants depends on environmental
factors, soil properties, and interactions with native microbial communities. This study
highlights the potential of microbial transplantation as a sustainable agricultural strategy
while underscoring the need for further research into delivery mechanisms and interactions
with native microbes to optimize its application in diverse agricultural systems.

2. Materials and Methods

2.1. Soil Sampling

Soil samples were collected in two agricultural fields. The first one is located in the
municipality of Castro (24◦47′57.4′′ S and 49◦53′16.7′′ W), in the state of Paraná (PR), Brazil.
The predominant soil type is Inceptisol (Soil Classification System), and the climate is
classified as Cfb (subtropical humid with mild summers—Köppen classification) with an
annual average air temperature of 16.8 ◦C and precipitation of 1553 mm. In this agricultural
field, a no-till system was established more than 40 years ago. Crop rotation in this area
includes soybeans, corn, wheat, and oats plus an annual application of swine manure. This
first area was here considered a field of high soybean productivity, with an average of
5100 kg ha−1.

The second field is located in the municipality of Patos de Minas (18◦52′31.5′′ S and
46◦37′45.1′′ W), in the state of Minas Gerais, Brazil. The predominant soil type is Oxisols,
and the climate is classified as Aw (tropical savanna climate with dry winters) with an
annual average air temperature of 21.1 ◦C and precipitation of 1400 mm. In this area, a no-
till system was established 42 years ago, and crop rotation includes soybeans and corn. Due
to historically lower agricultural productivity compared to the first field (4320 kg ha−1),
soil samples from this area were classified as a less productive soybean farmland.

Soil samples were taken after harvesting in 2018. For this, the litter layer was first
removed and then soil samples were taken from the 0–20 cm topsoil layer and determined
as bulk soil. Rhizosphere soil samples from many soybean plants were also collected. In
total, 70 soil samples (35 bulk soil and 35 rhizosphere soil; ~1.5 kg of soil per sample)
were collected in a zigzag pattern across an area of 2 ha totaling 100 kg of soil collected
from the first site. The second site (less productive field) was sampled following identi-
cal procedures to Site 1, though with a reduced sample number. All samples from both
sites were transported within 8 h in sterile, thermally insulated stainless steel containers
maintained at ambient temperature (25 ± 2 ◦C, monitored with calibrated data loggers)
to ensure microbial integrity during transit to the Brazilian Agricultural Research Corpo-
ration (Embrapa Meio Ambiente), located in Jaguariúna, São Paulo, Brazil. Upon arrival,
samples were immediately stabilized at 20 ◦C and processed within 48 h. Figure 1 provides
detailed information on the main chemical properties of the soils and the localization of the
sampling sites.

2.2. Construction of the Clonal Garden and Inoculant Preparation

In the laboratory, soil samples from a highly productive soybean field (bulk and rhizo-
sphere soil) were mixed to create a homogeneous sample, which served as the donor soil
for the total intraspecific microbial community in a mesocosm bioassay. Both rhizospheric
and bulk soil microbiomes are critical to plant health and agricultural productivity [28].
Consequently, we combined these to capture the complete microbial community for for-
mulating a specific consortium adapted to the plant environment and aimed at enhancing
soybean productivity.
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Figure 1. Image sourced from Google Earth showing the sampling locations and soil chemical proper-
ties of high-productivity soybean fields in Castro, PR, and low-productivity fields in Patos de Minas,
MG. The map indicates Embrapa Meio Ambiente, where greenhouse experiments were conducted.

This experiment, referred to as the “clonal garden”, involved the multiplication and
natural recruitment of microbial biomass within the soybean rhizosphere under controlled
environmental conditions. The study was conducted in greenhouse seedling benches using
the soybean cultivar TEC 7022 IPRO. Each seedling bench (2 m in length, 1 m in width,
and 0.3 m in depth) was filled with a reactional mixture of donor soil. Soybean seeds
(100 seeds per m2) were sown, and two identical seedling benches were established as
technical replicates, each containing 600 L of standardized substrate.

The substrate was homogenized using a concrete mixing machine and consisted of
five parts expanded clay to one part by volume of peat (SEDA line of the Legro group,
Helmond, The Netherlands). To this, 25 g of Potasil (Yoorin group, Pocos de Caldas, Brazil),
25 g of phosphate fertilizer from Yoorin, and 2 g of dolomitic limestone were added. Donor
soil (2 kg per m2 of the clonal garden) was broadcast onto the final mixture in the seedbeds.

The experiment was maintained at 28/19 ◦C (day/night) with a 12 h photoperiod. Soil
moisture in the clonal garden was adjusted regularly using an aqueous solution prepared
by inundating 10 kg of donor soil with water, vigorously agitating the mixture, decanting it
for 2 min, and filtering through a clean cloth. The resulting liquid, enriched with microbes
and nutrients, was applied via fertigation at a rate of 100 mL per m2.

After 21 days, the roots of healthy soybean plants, containing the rhizoplane and
rhizosphere, were harvested and ground into a homogeneous black powder. This powder,
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containing the microbial consortium, was dehydrated in a forced air-drying oven at 28 ◦C
for 7 days. The resulting microbial consortium inoculant was stored in hermetically sealed
plastic bags at room temperature for later use.

To confirm the specificity of the microbial consortium inoculant derived from soy-
bean plants, a bean-based inoculant was included as a control. Prepared under identical
conditions using the bean cultivar Campos Gerais, this control provided the basis for
evaluating differences in bacterial composition between the two inoculants, as detailed in
the next section.

2.3. Inoculant Application and Seedling Growth Measures

The field experiment was conducted on low-productivity soybean farmland in Patos
de Minas, MG. The study employed a randomized complete block design (RCBD) with
six treatments and six repetitions (i.e., six blocks, each containing all six treatments).
Treatments included five doses of the microbial consortium inoculant (0.25, 0.50, 0.75, 1.00,
and 10.0 g per kg of soybean seed) and a non-inoculated control. The 10.0 g/kg dose was
included as an extreme test case to evaluate potential saturation effects or dose-dependent
responses, given that lower doses (0.25–1.00 g/kg) reflect typical agronomic ranges of
biofertilizers. Each experimental unit consisted of five 6 m rows spaced 0.5 m apart (total
area 15 m2), with the central three rows (excluding 0.5 m at each end) serving as the
7.5 m2 useful area to minimize edge effects. Standard crop management practices included
fertilization with 100 kg ha−1 of MAP applied at planting and 400 kg ha−1 of a 30-00-20
(N-P2O5-K2O) formulation applied at the V4 growth stage. Weed, insect, and disease
management followed Embrapa’s recommendations to ensure these factors did not limit
the experiment.

The microbial consortium inoculant was then transferred to soybean seeds to evaluate
its efficacy in seedling growth and impact on the rhizosphere when grown in an agriculture
field with a history of low soybean productivity. The inoculant was applied to the seeds
before sowing by microbiolization, according to the proposed doses. The inoculant was
dispersed in 100 mL of water for each kg of soybean seeds, being applied by spraying and
mixing in a concrete mixer. The microbiolized seeds were stored for a period of 2 h to
ensure greater contact between microbes and seeds, and afterward, they were immediately
sown. The rhizosphere microbiome was collected 90 days after planting in the field, at the
R2 flowering stage. Grains were harvested to measure agricultural productivity at the end
of the soybean crop cycle from a 7.5 m2 area in the central part of the plot.

In addition to assessing grain yield in open fields, seedling growth parameters (plant
height, root and shoot dry mass) were evaluated in a greenhouse experiment. The ex-
perimental setup involved growing soybean seeds in soil from the field with a history of
low soybean productivity and comparing it to the same soil treated with varying doses
of soybean-based inoculant applied to microbiolized seeds. This greenhouse experiment
was carried out for 21 days in 5 kg pots using natural soil (not autoclaved). The data
obtained for seedling growth parameters were compared using one-way analysis of vari-
ance (ANOVA) with the F test applied at a probability level of 10%, and grain yield data
were compared using regression analysis as described in the Supplementary Materials. All
statistical analyses were performed using R software version 4.0.3.

2.4. DNA Extraction and Sequencing

Total DNA from each soil sample was extracted using the DNeasy Power Lyzer
Power Soil DNA Isolation Kit (Qiagen Inc., Valencia, CA, USA) following the manufac-
turer’s instructions. DNA quality and quantity were assessed using NanoDrop 1000
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spectrophotometry (Thermo Scientific, Waltham, MA, USA) and 1% sodium boric acid
agarose gel electrophoresis.

Taxonomical profiling was performed using amplicon sequencing targeting the V3-V4
region of the bacterial 16S rRNA gene. Sequencing was conducted at the GoGenetic Facility,
located in the municipally of Curitiba, State of Paraná, Brazil. For RNA-seq analysis, we
selected the 1.00 g/kg seed inoculant dose based on its superior phenotypic performance—
most notably, an increased flower count—observed during preliminary evaluations. Six
biological replicates were collected, one from each experimental block, to capture field-scale
variability. Identical sampling procedures were applied to both treated and untreated
plants. A total of 25 DNA sample libraries were prepared to characterize the bacterial
consortia: 4 libraries originating from the donor soil (native soil from the field with a
history of high soybean productivity); 6 libraries of soybean inoculant produced by growing
soybean plants in the donor soil (a bioproduct developed in this study using the clonal
garden technique); 6 libraries from the soybean rhizosphere in farmland that is historically
less productive (untreated recipient soil); 6 libraries from the soybean rhizosphere in
less productive farmland treated with the donor soil-derived soybean inoculant (treated
recipient soil); and 3 libraries of bean-based inoculant produced by growing bean plants in
the donor soil (developed using the clonal garden technique).

The libraries were prepared using the Miseq Reagent Kit v3 (Illumina, San Diego,
CA, USA), following the manufacturer’s instructions for the Illumina MiSeq platform
(2 × 250 bp paired-end). Primers and reaction conditions used for amplification are de-
scribed in Supplementary Materials.

2.5. Bacterial Community Analysis

The bacterial 16S rRNA sequences were processed using QIIME 2 (version 2020.11).
First, the sequences were demultiplexed and quality control was carried out with
DADA2 [29], using the consensus method to remove any remaining chimeric and low-
quality sequences. Afterward, singletons, doubletons, chloroplast, and mitochondria
sequences were removed from further analysis. Taxonomic classification was performed
using a pre-trained classifier (silva-132-99-515-806-nb-classifier.qza) based on the SILVA
database (v132) at 99% similarity [30], and the generated matrices were used for statis-
tical analyses. The sequences are deposited in the NCBI database under the accession
number PRJNA1259697.

To determine whether the bacterial community structure among treatments was signif-
icantly different from each other, we used Principal Coordinates Analysis (PCoA) followed
by an ADONIS permutation-based statistical test in vegan-R with the weighted UniFrac
distances matrix. The observed OTUs (Richness) and Shannon alpha diversity index were
calculated based on the OTU table using base-R statistical packages and compared using
Tukey’s HSD test. To compare the differential abundance of bacteria among treatments, the
OTU table was used as input in the software Excel. p-values were calculated based on a
two-sided Welch’s t-test with correction using Benjamini–Hochberg FDR.

3. Results

3.1. Definition of Terms

In this study, donor soil refers to soil collected from a highly productive soybean farm-
land, serving as the source of beneficial microbial communities for inoculant preparation.
Recipient soil refers to soil from less productive soybean farmland, targeted for microbial
enrichment through inoculation. The terms treated and untreated soils refer to recipient
soils that either received or did not receive the microbial consortium inoculant, respectively.
Similarly, treated and untreated plants refer to soybean plants grown in these respective
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soils. The terms bean inoculant and soybean inoculant refer to microbial preparations
derived from the rhizosphere and rhizoplane microbiomes of bean and soybean plants,
respectively, collected from the donor soil. These inoculants were developed using a clonal
garden strategy to ensure consistency and standardization, facilitating the inoculation of
probiotic microbial strains as a consortium. Figure 2 presents the workflow for preparing
inoculants using the clonal garden technique and transferring microbial consortia from
high-productivity to less productive soybean farmland.

 

Figure 2. Illustrative scheme depicting the workflow for preparing inoculants. (a) Soil from high-
yield farmland served as a donor of beneficial microbes. (b) Soybean plants were cultivated in
a clonal garden containing donor soil to recruit key microbiomes, which formed the microbial
consortium inoculant. The asterisk (*) indicates that plants grew for 21 days to recruit beneficial
microorganisms. (c,d) The inoculants were prepared as a black powder by collecting, crushing, and
dehydrating rhizosphere and rhizoplane samples. (e) Plants treated with the inoculant were grown
in low-yield farmland to enhance productivity and microbial diversity. Results were compared with
untreated plants.

3.2. Alpha-Diversity Analysis

The alpha-diversity analysis revealed distinct bacterial characteristics among the
inoculants, donor soil, and recipient soils. The soybean inoculant exhibited significantly
lower species richness (Chao1, p = 0.003) and diversity (Shannon, p = 0.008) than the donor
soil (Figure 3). Conversely, species richness between the donor soil and untreated plants
grown in the recipient soil was statistically similar (Chao1, p = 0.21). However, differences
in diversity, as indicated by the Shannon (p = 0.015) and Simpson (p = 0.021) indices, were
evident. These discrepancies likely resulted from variations in edaphoclimatic conditions,
as the soils sampled from different regions exhibited limited species overlap. Moreover,
the higher diversity observed in the donor soil may be attributed to its composition, which
included homogenized bulk soil and soybean rhizosphere samples collected from high-
productivity fields. In contrast, the untreated plants represented rhizosphere communities
derived exclusively from less productive soils.
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Figure 3. Alpha-diversity measures (Chao1, Shannon, and Simpson indices) of bacterial 16S rRNA
amplicons across different sample types: donor soil (highly productive soybean farmland soil),
soybean inoculant (microbial preparations from the rhizosphere and rhizoplane of soybean cultivated
in donor soil), bean inoculant (microbial preparations from the rhizosphere and rhizoplane of bean
cultivated in donor soil), untreated plant (soybean rhizosphere from a less productive field without
soybean inoculant application), and treated plant (soybean rhizosphere from a less productive field
with soybean inoculant application). Asterisks denote significant differences between treatments
(Tukey’s test, p < 0.05 *, p < 0.01 **). “ns” indicates non-significant differences.

Significant disparities in richness (Chao1, p = 0.008) and diversity (Shannon, p = 0.013)
indices were also observed between the soybean and bean inoculants. Interestingly, the
microbial communities inherent to inoculant constituents, such as peat-derived microbes,
minimally impacted the bacterial composition. These findings emphasize the dominant
role of host plants in shaping bacterial communities, even when grown under identical
soil conditions.

No significant differences in richness (Chao1, p > 0.40) or diversity (Shannon/Simpson,
p > 0.35) were observed between: (1) soybean inoculant and untreated groups, or (2) treated
versus untreated plants (Figure 3). While the inoculant itself showed higher diversity
(Shannon p = 0.008; Simpson p = 0.012) than field samples, it did not significantly alter
overall rhizosphere diversity (all p > 0.05). Notably, both untreated and treated sam-
ples demonstrated increased variability in richness and diversity, as illustrated by alpha-
diversity graphs (Figure 3). This variability likely reflected the effects of spatial and soil
heterogeneity in open agricultural fields, which differentially shaped microbial dispersion
across microhabitats.

3.3. Beta-Diversity and Taxonomic Composition

Principal Coordinate Analysis (PCoA) demonstrated significant compositional differ-
ences between donor soil and inoculant samples (PERMANOVA: p = 0.001), with soybean
and bean inoculants forming distinct clusters (p = 0.003) that reflected host-specific recruit-
ment during preparation. In contrast, field-grown plants showed remarkable community
stability, with no significant differences between treated and untreated groups (p = 0.34;
Figure 4). Beta-diversity metrics quantitatively supported these patterns: weighted UniFrac
distances were 4-fold greater between donor soil and field plants (0.72 ± 0.03) than between
treated and untreated plots (0.18 ± 0.02). Variance partitioning confirmed soil origin (donor
vs. recipient) as the dominant structuring factor (R2 = 0.38, p = 0.001), while inoculation
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accounted for minimal variation (R2 = 0.05, p = 0.21). Together, these results demonstrate
that while the clonal garden technique successfully generated host-specific inoculants, their
application failed to enhance overall rhizosphere diversity in treated plants.

 

Bean inoculant

Donor soil

Soybean inoculant

Untreated plant

Treated plant

Figure 4. Principal Coordinate Analysis (PCoA) of bacterial communities at 99% similarity, based on
16S rRNA sequences using unweighted UniFrac distances. ADONIS test reveals distinct differences
between donor soil and inoculants, with similarities between untreated and treated plants.

In Figure 5, despite some proportional differences in group abundances, bacterial
profiles in untreated and treated samples exhibited similarity, as previously demonstrated.
Untreated samples contained an average of 29 phyla, with Proteobacteria (49%), Actinobac-
teriota (19%), Firmicutes (18%), Bacteroidota (4%), Acidobacteriota (2%), Gemmatimon-
adota (2%), Planctomycetota (1%), and Chloroflexota (1%), each accounting for more than
1% of operational taxonomic unit (OTU) relative abundance. Similarly, treated samples
averaged 26 phyla, dominated by Proteobacteria (58%), Firmicutes (28%), Actinobacteria
(10%), and Bacteroidota (1%), each exceeding 1% of OTUs. The phyla detected at less
than 1% in both untreated and treated samples were categorized as components of the
rare biosphere.

The soybean-derived inoculant exhibited a distinct metataxonomic profile compared
to the donor soil. Proteobacteria predominated in the inoculant accounting for 77% of
observed OTUs across 21 bacterial phyla. This was in sharp contrast to the donor soil,
where Proteobacteria represented only 24% of OTUs across a more diverse spectrum of
30 phyla. Other significant phyla in the soybean inoculant included Bacteroidota (9%),
Actinobacteriota (7%), and Firmicutes (5%). Conversely, the donor soil exhibited higher
relative abundances of Chloroflexota (6%), Acidobacteriota (4%), Gemmatimonadota (3%),
Planctomycecota (3%), and Myxococcota (1%), which collectively contributed less than 1%
of the reads in the soybean inoculant.

On the other hand, the bean-based inoculant was similarly dominated by Proteobacte-
ria (75%) but included a higher proportion of Actinobacteriota (14%) alongside Firmicutes
(4%) and Bacteroidota (2%). This inoculant comprised 22 bacterial phyla, including Ni-
trospinota, a group absent in the donor soil but detected as part of the rare biosphere
within the inoculant. The appearance of Nitrospinota suggests its origin from external
sources, such as the peat used in the formulation or the seeds of the bean cultivar Campos
Gerais. However, its absence in the donor soil and other samples may also reflect technical
limitations in sequencing, particularly in detecting low-abundance taxa associated with the
rare biosphere.
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Bean inoculant Donor soil Soybean inoculant Untreated plant Treated plant

Figure 5. Taxonomic assignments at the phylum level showing the relative abundance (%) of the 16S
rRNA gene sequences from different sample types: bean inoculant (microbial preparations from the
rhizosphere and rhizoplane of bean cultivated in donor soil), donor soil (highly productive soybean
farmland soil), soybean inoculant (microbial preparations from the rhizosphere and rhizoplane of
soybean cultivated in donor soil), untreated plant (soybean rhizosphere from a less productive field
without soybean inoculant application), and treated plant (soybean rhizosphere from a less productive
field with soybean inoculant application).

In this study, the methodology involving a clonal garden and inoculant preparation
from the soybean rhizosphere and rhizoplane revealed the absence of several bacterial
groups in the inoculants, including Methylomirabilota, Dormibacterota, Elusimicrobiota,
candidatus 4484-113, Deinococcota, Tectomicrobia, Halobacteriota, Fibrobacterota, and
Eisenbacteria. This absence was likely due to the rhizosphere’s recruitment of a highly
specialized bacterial community predominantly composed of Proteobacteria, Bacteroidota,
Actinobacteriota, and Firmicutes.

Interestingly, many phyla undetected in the inoculants were naturally present in both
the donor and recipient soil samples. However, certain groups, such as Tectomicrobia,
Halobacteriota, Fibrobacterota, and Eisenbacteria remained undetected in the recipient soil.
These findings suggest that the phyla absent from both the recipient soil and inoculants
may naturally occur only in the donor soil, as soybean plants failed to recruit these groups
in the rhizosphere.

3.4. Deeper-Level Taxonomic Analysis

Taxonomic analysis at the order level revealed statistically significant changes in
specific bacterial taxa following inoculation (p < 0.05 for all reported groups), despite
overall community stability (PERMANOVA p = 0.34). Key taxonomic orders driving the
differentiation of the samples, as shown in Figure 6A, include Rhizobiales, Enterobac-
terales, Pseudomonadales, Actinomycetales, Streptomycetales, Bacillales, Lactobacillales,
Burkholderiales, Propionibacteriales, Sphingobacteriales, and Xanthomonadales, all with
relative abundances exceeding 5% across the dataset.

More detailed family-level analysis (Figure 6B) demonstrated specific enrichment
of plant-growth-promoting taxa in treated plants, most notably Enterobacteriaceae (22.3%
increase, p = 0.008)—known for nitrogen fixation and phytohormone production—and
Rhizobiaceae (15.7% increase, p = 0.012), which are essential for soybean nodulation. These
beneficial increases coincided with reductions in native soil-adapted taxa, including Micro-
coccaceae (11.2% decrease, p = 0.021) and stress-tolerant Sphingobacteriaceae (8.5% decrease,
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q = 0.038), suggesting competitive displacement of some native specialists. The treatment
also enhanced other functionally important families like Pseudomonadaceae, Xanthobacter-
aceae, Moraxellaceae, Bacillaceae, Streptococcaceae, and Planococcaceae (p < 0.05), while reducing
abundance of Beijerinckiaceae and Burkholderiaceae.

(A) 

 
(B) 

 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
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Burkholderiales Enterobacterales Sphingomonadales Streptomycetales
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Solirubrobacterales Chitinophagales Lactobacillales Caulobacterales
Rhodobacterales Clostridiales
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Figure 6. Distribution of the most abundant bacterial at the order (A) and family (B) levels based on
the 16S rRNA gene sequences from different sample types: soybean inoculant, SI (microbial prepara-
tions from the rhizosphere and rhizoplane of soybean cultivated in donor soil); treated plants, TP
(soybean rhizosphere from a less productive field with soybean inoculant application); and untreated
plants, UP (soybean rhizosphere from a less productive field without soybean inoculant application).

The selective establishment of inoculated beneficial taxa without broader community
disruption implies a balanced trade-off: the treatment successfully enriched key functional
groups while the resident microbiome’s resilience prevented complete restructuring. The
maintenance of the overall community structure despite these taxon-specific changes
highlights two key findings: (1) the remarkable resilience of established soil microbiomes
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after 90 days of succession and (2) the ability to selectively enhance beneficial taxa without
disrupting critical soil functions.

3.5. Greenhouse Experiment and Agricultural Productivity in the Field

A greenhouse experiment evaluated the performance of soybean plants after the
incorporation of soybean inoculant sourced from highly productive to less productive
soybean fields. The results indicate no significant differences in germination percentage,
plant height, root dry mass, or shoot dry mass between treated and untreated plants
(Table 1). Visual observations supported these findings, suggesting that transplanting
microbiomes from a high agricultural productivity area to a less productive area, using
the study’s methodology, did not effectively promote soybean growth. It is worth noting,
however, that the study’s duration (21 days post-inoculation) may not capture short- or
long-term effects on soil microbiome and plant growth.

Table 1. Effects of a microbial consortium inoculant, derived from soybean plants cultivated in
a high-productivity field, on soybean development in less productive soil. Growth parameters,
including germination rate, plant height, root dry mass, and shoot dry mass, were evaluated in a
greenhouse pot experiment. Each treatment included six biological replicates (n = 6).

Seedling Properties
Inoculant Doses (g kg−1 of Seeds)

0.0 0.25 0.50 0.75 1.0 10.0

Germination (%) 93.3 ± 10.3 83.3 ± 15.1 73.3 ± 16.3 90.0 ± 11.0 90.0 ± 11.0 83.3 ± 23.4

Plant height (cm) 15.7 ± 1.4 15.7 ± 1.1 15.7 ± 1.5 16.0 ± 0.6 16.1 ± 1.1 15.3 ± 1.3

Root dry weight (g pL−1) 0.156 ± 0.012 0.171 ± 0.023 0.134 ± 0.044 0.155 ± 0.028 0.137 ± 0.028 0.150 ± 0.028

Shoot dry weight (g pL−1) 0.35 ± 0.03 0.37 ± 0.02 0.37 ± 0.03 0.38 ± 0.04 0.35 ± 0.06 0.36 ± 0.02

In terms of soybean agricultural productivity (kg ha−1), although non-significant, a
marginal increase of 240 kg ha−1 (4.8–6.2%, p = 0.08) post-transplantation was noted in
variable dosages, indicating potential benefits on crop yield (Figure 7).

0 0.25 0.50 0.75 1.0 10.0

Figure 7. Response curve showing soybean grain yield as a function of microbial consortium inoculant
applied to seeds before sowing. Five different dosages of inoculant (0.25, 0.50, 0.75, 1.00, 10.0 g of
inoculant per Kg of soybean seed) were tested (treated plants), along with a control group without
inoculant (untreated plants).
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4. Discussion

This study addresses current agricultural challenges by leveraging microbiological in-
terventions to promote sustainable crop production. Specifically, we aimed to improve soil
health and plant productivity by transferring microbial consortia from the rhizosphere and
rhizoplane of soybeans grown in high-productivity fields to lower-productivity farmland.
As highlighted by Moretti et al. [4], inoculation significantly impacts bacterial communities,
with more pronounced effects on rhizofertility than on archaeal or fungal communities.
Bacteria were prioritized in this study due to their sensitivity to microbiological interven-
tions and their role as key indicators of soil health and rhizosphere modulation. They also
dominate crucial plant-growth-promoting functions—such as nitrogen fixation and phos-
phorus solubilization—respond rapidly to inoculation and have well-established detection
methods. Although archaea and fungi also contribute to soil health, their slower dynamics
made bacteria more suitable for this proof-of-concept study evaluating the immediate
effects of microbial transfer. Using 16S rRNA gene sequencing, we profiled bacterial com-
munities in inoculated and non-inoculated plants, as well as in the microbial consortia used
for inoculation, providing a robust framework to assess inoculation efficacy in modulating
the soybean rhizosphere.

The rhizosphere is a dynamic environment shaped by interactions between spe-
cialist and generalist microbes, both of which are critical for plant health and soil
function [1,7,16,28]. Specialist taxa, such as soybean-associated Rhizobiaceae, often form
host-specific mutualisms, while generalists like Pseudomonadaceae thrive across diverse
environments due to their metabolic versatility [1,10,28]. In our study, bacterial commu-
nity composition and diversity indices differed significantly between the two soils, likely
due to contrasting edaphoclimatic conditions [31,32]. These conditions influenced the
success of microbial transfer: Rhizobiaceae abundance increased by 15.7% in inoculated soils
(p = 0.012), likely driven by host-specific interactions, while generalist taxa showed variable
establishment. Soil origin explained a substantial portion of microbial variance (R2 = 0.38,
p = 0.001), while inoculation accounted for a smaller effect (R2 = 0.05), underscoring both
the resilience of native microbial communities and the importance of matching inoculant
traits to soil compatibility [33]

Traditional inoculants, typically composed of one or a few microbial strains, of-
ten yield inconsistent results due to the complexity and competitiveness of soil micro-
biomes [11,12]. In contrast, indigenous microbial consortia—microbes naturally adapted to
local soils and host plants—offer a promising alternative to enhance crop resilience and
productivity [3,11,16,22]. This strategy has proven effective in diverse fields, including
human health, ecosystem restoration, and soybean cultivation [3,5,11,23]. Following this
approach, we employed the “clonal garden” technique to develop a microbial consortium
specifically enriched for soybean-associated microbes from high-productivity soils. This
method targets locally adapted microbial species, potentially offering advantages over
more generalized native inoculants. Furthermore, combining the microbial material with
peat and fertilizer may have introduced rare groups such as Nitrospinota, involved in
nitrite oxidation and nitrogen cycling [24,25,34]. However, this group was detected only in
bean inoculants, highlighting rhizosphere selectivity.

Differences between bean- and soybean-derived inoculants likely reflect rhizosphere-
specific recruitment processes shaped by plant genotype, root exudates, soil properties,
and developmental stage [7,35,36]. Notably, the inoculant was derived from 21-day-old
soybean plants, while rhizosphere samples in the recipient soils were collected at 90 days
post-sowing. This temporal mismatch may have influenced microbial dynamics, as recruit-
ment patterns evolve during plant development [32]. Although not directly tested, our
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findings suggest that future studies should align inoculation timing with plant phenology
to maximize microbial establishment and function.

Consistent with Mendes et al. [1], our results reinforce the rhizosphere as a central inter-
face for plant–microbe interactions. Transferring microbiota from high- to low-productivity
soils modulated specific microbial taxa and led to modest improvements in plant perfor-
mance. Similar outcomes have been reported in other crops: rice fields receiving microbiota
from high-productivity soils showed improved nitrogen use efficiency [13], and wheat
experienced 8–12% yield gains after rhizosphere transplantation [14]. Nevertheless, the
variability in outcomes—including our own—highlights the importance of soil type, envi-
ronmental context, and inoculant composition [4,11,17,27,36].

Contrary to expectations, treated plants did not fully reflect the diversity present in
the inoculant, likely due to competitive exclusion and ecological filtering favoring native
taxa [7,8]. For instance, although Proteobacteria dominated the inoculant, they showed
limited establishment in the treated soils, emphasizing the selective nature of rhizosphere
colonization [7]. While the inoculant enriched certain beneficial taxa, it did not significantly
alter the overall community structure. This is supported by stable alpha-diversity indices
(Shannon p = 0.38; Simpson p = 0.41), minimal beta-diversity shifts (PCo2 variance = 6.2%),
and a high degree of shared ASVs (78%) between treated and control samples. These
findings suggest that inoculants can enhance specific microbial groups while preserving
core microbiome resilience over a 90-day period.

This pattern aligns with concepts from microbial invasion ecology, where introduced
taxa often occupy narrow ecological niches without disrupting resident communities [37,38].
The observed “priority effect” allows introduced microbes to persist by exploiting under-
utilized metabolic functions without inducing competitive displacement [39]. Our data
support the stochastic niche occupancy model [40], where introduced and native microbes
coexist through niche partitioning, metabolic complementarity, and neutral interactions.
These findings mirror observations in other cropping systems where successful inoculants
supplement, rather than replace, indigenous microbiota [41]. Considering the temporal
and spatial variability of field conditions, future research should prioritize stage-specific
sampling to determine optimal inoculation windows—particularly early in development,
when microbial communities may be more receptive to modulation.

Further taxonomic analysis revealed enrichment of beneficial bacterial families, such
as Enterobacteriaceae and Rhizobiaceae, in inoculated rhizospheres. This agrees with previous
studies showing targeted increases in growth-promoting genera like Enterobacter, Pseu-
domonas, and Xanthomonas [11]. However, concurrent declines in other microbial groups
indicate that the inoculant exerted a selective rather than broad-spectrum effect on commu-
nity composition. These findings are consistent with research suggesting that microbial
inoculants shift microbial balances but do not necessarily confer universal benefits [7,42,43].
In our greenhouse experiment, no significant differences in seedling growth were observed
between treatments, possibly due to the short trial duration (21 days), which may have
been insufficient to detect plant-level impacts. Nevertheless, the marginal 6.2% increase
in soybean yield observed under field conditions suggests that microbial transfers may
confer agronomic benefits under more variable and stressful environments. Given that
traditional plant breeding typically achieves annual yield gains of 1–2% [44], a single
microbial intervention yielding over 6% is notable.

The contrasting results between greenhouse and field trials underscore the importance
of environmental context in determining inoculant efficacy. In the controlled greenhouse
setting, microbial activity may have been constrained by stable conditions. In contrast, the
90-day field trial introduced abiotic variability (e.g., temperature, moisture, and nutrient
fluctuations), creating ecological niches that may have favored the activity and persistence
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of introduced microbes. The extended timeframe also allowed for more sustained inter-
actions between the microbiome and plant physiology—critical elements often absent in
short-term studies.

These results suggest that microbial inoculants act more effectively as buffers against
environmental stress rather than as direct growth stimulants. This is consistent with
meta-analyses showing that co-inoculation often yields modest or inconsistent results
unless closely matched to specific environmental conditions [43]. Still, emerging evidence
demonstrates considerable yield improvements in soybean and other crops when inoculants
are ecologically tailored [4,22,29,45]. Our findings contribute to this growing body of
evidence by demonstrating that intraspecific microbial transfers can enhance rhizosphere
function and support crop performance in marginal soils.

Overall, our results highlight the importance of long-term, field-based studies that cap-
ture environmental variability across full crop cycles. They also suggest a dual mechanism:
while soil fertility parameters establish the fundamental productivity potential, microbial
consortia can provide incremental yield improvements by optimizing nutrient use effi-
ciency and stress tolerance. This synergistic effect implies that microbial transplantation
should be viewed as a complement to—rather than replacement for—balanced fertilization
in low-fertility soils. Future research should focus on optimizing inoculant formulation,
application timing, and delivery strategies—particularly for degraded or low-fertility
soils. These efforts should be grounded in ecological principles such as niche comple-
mentarity and host–microbe specificity to improve inoculant persistence and function in
diverse agroecosystems.

5. Conclusions

This study demonstrates the feasibility and potential of using host-adapted microbial
consortia derived from high-productivity soybean soils to enhance crop performance in
less fertile farmland. The inoculant selectively enriched beneficial bacterial families such as
Enterobacteriaceae and Rhizobiaceae, which are associated with nutrient acquisition and nodu-
lation. Importantly, these changes occurred without disrupting the broader rhizosphere
microbial community, indicating a balanced integration with native soil microbiota. While
short-term greenhouse trials showed limited plant growth responses, field experiments
revealed a modest yield increase of 4.8–6.2%, suggesting that microbial transplantation
may confer agronomic benefits under real-world environmental conditions. These findings
support the concept that microbial inoculants can function more effectively as resilience-
enhancing agents than as direct growth stimulants.

To fully realize the agronomic potential of microbiome transplantation, long-term,
multi-site field trials should be conducted across diverse agroecological zones and crop-
ping systems. Such trials should assess microbial persistence, functional stability, and
crop performance across complete growth cycles, while also evaluating interactions with
soil type, climate variability, and crop management practices. In particular, future work
should explore the synchronization of inoculation with crop phenological stages to optimize
plant–microbe interactions and improve microbial establishment. Furthermore, integrating
microbial inoculants with existing fertilization strategies may offer synergistic benefits,
particularly in nutrient-poor soils. Collectively, these efforts will be essential to refining in-
oculant composition, formulation, and delivery methods, thereby enhancing the ecological
compatibility and efficacy of microbiome-based solutions for sustainable agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms13061177/s1. File S1: Supplementary Material.
References [46–50] are cited in the Supplementary Materials.
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Abstract

The volatile organic compounds (VOCs) produced by K. cowanii Ch1 play a significant role
in the inhibition of the mycelial growth of phytopathogen strains. As a continuation of
our previous studies, we aim to elucidate the mechanisms of the responses of K. cowanii
Ch1 against S. rolfsii during a colonization competence interaction in the presence and
absence of a mixture of bacterial VOCs under in vitro conditions. The results of this study
showed that, in the absence of bacterial VOCs, K. cowanii Ch1 cannot compete against
S. rolfsii, and the RNA-Seq analysis revealed the differential expression of genes related
to the oxidative stress response in K. cowanii Ch1 for survival. However, in the presence
of bacterial VOCs, an interesting phenotypical response was observed in K. cowanii Ch1,
resulting in the mycelial growth inhibition of S. rolfsii. The upregulated genes were related
to the siderophore-mediated iron transport system, zinc ion transport system, antibiotic
biosynthesis monooxygenase, carbohydrate metabolism, polyketide synthase modules,
and related proteins, and katG was probably related to the phenotype resulting in the
formation of gas bubbles by K. cowanii. In addition, the VOC profile analyzed at 36 h for
bacterial growth revealed a cocktail with an ability to increase the competence of K. cowanii
Ch1 against S. rolfsii in vitro and in vivo. This study provides evidence regarding the key
role that VOCs play during the colonization competition involving K. cowanii Ch1, the
comprehension of which may enable the development of new biocontrol strategies.

Keywords: K. cowanii Ch1; S. rolfsii; RNA-Seq; colonization competence; VOC profile; biocontrol
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1. Introduction

The genus Kosakonia is a member of the Enterobacteriaceae family [1]. The bacteria
of this genus have a metabolic ability to grow as facultative anaerobes, are motile, grow
in a wide range of temperatures, ferment various carbohydrates, and have been isolated
from diverse ecological niches, which indicates that their metabolic potential in these
environments enables competitive colonization against other microorganisms [2] or specific
interactions with plant [3], animal [4], fungal [5], or insect hosts [6]. Some common species
that reside in the rhizosphere, such as K. oryzendophytica YMA7 [7], K. radicincitans DSM
16656 [8,9], and K. oryziphila NP19 [10], which have been isolated from rice and wheat
fields, show important plant growth-promoting traits, such as solubilizing phosphate and
potassium, producing IAA and siderophores, and fixing nitrogen. Also, some strains such
as K. cowanii Ch1 (isolated from chili powder) can produce volatile organic compounds
(VOCs); in particular, these VOCs presented important effects on the mycelial growth
inhibition of Alternaria alternata and Sclerotium rolfsii, with a mean rate of 70% under
in vitro conditions [11]. Additionally, the K. cowanii Cp1 strain isolated from the seeds
of Capsicum pubescens can produce VOCs during competitive colonization to reduce the
soft rot caused by Pectobacterium aroidearum SM2 in economically important crops such as
chili and tomato fruits [2]. Furthermore, a relevant study has demonstrated that, during
the colonization of K. radicincitans, the acquisition of nutrients from the plant-beneficial
fungus Serendipita indica can provide biofilm-based protection against the fungus-feeding
bacterium Collimonas fungivorans [5]. Research on the colonization of Anopheles gambiae and
Glossina sp. by K. cowanii Zambiae from the midgut and its correlation with the production
of reactive oxygen intermediates and organic acids has demonstrated its metabolic potential
to reduce Plasmodium and Trypanosome infection in the midgut of these insects [6,12].

Therefore, based on these research findings, a better understanding of the metabolic
capabilities of the genus Kosakonia has revealed its great potential, not only in interac-
tome systems [13], but also in biotechnological applications to produce important metabo-
lites [14]. In this sense, more research is necessary to advance the knowledge on the bacterial
ecological responses occurring during bacterial colonization through metabolomic, tran-
scriptomic, and proteomic analyses under specific growth conditions, such as specific pH,
temperature, nutrients, and CO2 and O2 concentrations, and in environmentally stressful
conditions, such as microbial competence, VOC responses, and under toxic metabolites, in
order to explore alternative metabolic pathways for the production of novel metabolites,
thus providing a competitive advantage that is critical for the survival and colonization
of Kosakonia.

In this sense, diverse studies have demonstrated the potential of VOCs, produced by
an increasing number of microorganisms reported, as potent modulators of communication
signals and for the biocontrol of phytopathogenic microorganisms based on their hazardous
physical–chemical properties, which may affect cell integrity and the up/downregulation
of gene expression related to diverse metabolic pathways, virulence, and alterations in
the redox balance that compromise cell viability [15,16]. Therefore, the fact that important
chemical classes of VOCs have been identified in K. cowanii, such as dodecanoic acid;
3-hydroxy ethanol; 1-butanol-3-methyl; acetaldehyde; butanoic acid, butyl ester; cyclode-
cane; 2-butanone, 3-hydroxy; disulfide, dimethyl; and pyrazine-2,5-dimethyl, with similar
antimicrobial properties and conserved in phylogenetically different bacterial species sug-
gests that there is probably a common competitive colonization strategy that affects the
important metabolic functions of phytopathogenic microorganisms, which can eventually
be implemented to mitigate the losses caused by microbial infections in crops [17].

Based on our previous study [11], it is imperative to determine whether K. cowanii
Ch1 requires specific growth conditions or the production of VOCs as modulators of stress
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responses during competitive interactions with S. rolfsii, which is a soil-borne fungus that
causes different types of plant diseases, such as stem canker, damping off, crown and
root rot, collar rot, foot rot, stem rot, or southern stem rot, in economically valuable crops
and produces specialized structures called sclerotia, which enhance its spread in the field
during the disease cycle and represent a significant challenge for disease control associated
with this microorganism [18]. Therefore, these findings will provide new insights into the
biocontrol of S. rolfsii or other fungal strain such as A. alternata in the field as an alternative
of toxic chemical fungicides [17].

Therefore, the aim of this study was to determine whether (i) K. cowanii Ch1 can
compete directly with S. rolfsii, (ii) if the presence of bacterial VOCs during bacteria–fungal
interaction produce a beneficial competitive interaction to K. cowanii Ch1, and (iii) to
determinate gene expression changes in K. cowanii Ch1 during microbial interaction. To
achieve this aim, we conducted in vitro bacterial–fungal interaction assays to evaluate
whether the presence of bacterial VOCs can enhance the efficiency of the colonization
competence of K. cowanii Ch 1 to reduce mycelial growth. Additionally, we investigated the
transcriptional profiling of K. cowanii Ch1 using RNA-Seq during these bacterial–fungal
interactions for the elucidation of competence responses.

2. Materials and Methods

2.1. Bacterial–Fungal Interaction Assays

The fungal strains evaluated were Sclerotium rolfsii and Alternaria alternata, both of
which present mycelial growth inhibition in response to the VOCs produced by K. cowanii
Ch1, as well as Fusarium oxysporum, which presents VOC resistance in previous work [11].
These fungal strains were provided and identified by their morphological characteristics by
the Laboratory of Plants and Agriculture Bio-technology at Queretaro University, Mexico.
The fungal strains were grown in a potato dextrose agar (PDA) medium (Difco Laboratories,
Detroit, MI, USA) and incubated at 28◦ for 5–7 days as per the requirements of each specific
fungal strain. The bacterial strain used was K. cowanii Ch1 [11], and the bacterial strains
used as controls for VOC production were Bacillus altitudinis CH05 [19], Bacillus tropicus
CH13 [19], and Pectobacterium aroidearum SM2 [2], which were grown in a TSA medium
(Difco Laboratories, Detroit, MI, USA) at 37 ◦C. For bacterial–fungal interaction assays,
a double-compartment Petri dish chamber (9 cm) was used [11]. For the treatments,
the lower part of the compartment was inoculated with 100 μL of each bacterial strain
(1 × 108 CFU/mL) in the TSA medium (Difco Laboratories, Detroit, MI, USA) for VOC
production, while in the upper compartment, the PDA medium (Difco Laboratories, Detroit,
MI, USA) was inoculated with fungal strain disks (with a diameter of 7 mm). Around
these fungal disks, 20 μL (1 × 108 CFU/mL) of K. cowanii Ch1 was inoculated. For the
treatments without VOC production, the PDA medium (Difco Laboratories, Detroit, MI,
USA) was inoculated with fungal strain disks, and 20 μL (1 × 108 CFU/mL) of K. cowanii
Ch1 was inoculated around each of these fungal disks, while the lower compartment
was not inoculated with any bacterial strains, such that VOC production was absent in
that compartment. For the controls, each fungal disk and K. cowanii Ch1 (in the upper
compartment) were grown with or without the production of bacterial VOCs (in the lower
compartment). All double-compartment Petri dish chambers were sealed with parafilm
and incubated at 28 ◦C, and measurements of the radial mycelial growth were performed
every 24 h.

2.2. Analysis of VOCs Produced by Bacterial Strains via HS-SPME-GC-MS

The VOC profiles produced by the bacterial strains were evaluated at 24 h of growth in
50 mL of tryptone soy broth (TSB) medium at 28 ◦C and 120 rpm with an initial inoculum
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of 1 × 104 CFU/mL. The characterization of VOCs was performed using a previously
reported methodology [11], where the samples were incubated at 50 ◦C for one hour
and then the VOCs were collected on a divinylbenzene/carboxen/polydimethylsiloxane
fiber (DVB/CAR/PDMS, Supelco, Sigma-Aldrich, Visalia, CA, USA). After this, manual
injection was carried out in splitless mode; the injection port and transfer line temperature
were set to 250 ◦C using a 7820A GC with a 5975C MSD (Agilent Technologies, Inc.,
Santa Clara, CA, USA) and HP-5MS 30 m, 0.25 mm, and 0.25 μm GC Column Capillaries
(Agilent Technologies Inc., Santa Clara, CA, USA). The column oven was programmed
at 40 ◦C, increasing to 180 ◦C at 5 ◦C/min and then at 20 ◦C/min to 260 ◦C, and held
at that temperature for 5 min. Helium (99.999% purity) was used as the carrier gas with
a flow rate of 1.0 mL/min. Mass spectrometry analyses were conducted at an electron
energy of 70 eV and the m/z range was 33–500. Data were obtained and processed using
the NIST/EPA/NIH Mass Spectra Library instrumental analysis software, version 2017,
Antioch, CA, USA. For comparison of the VOCs between bacterial strains, the compounds
with the highest relative abundance values (%) were plotted with the statistical R program
(version 4.2.2) using ggplot2 and pheatmap. Based on the VOC profiles detected using
the described methodology, we tested the following synthetic VOCs to evaluate their
phenotypical responses in K. cowanii Ch1 during its physical interaction with S. rolfsii.
A Petri dish of 9 cm in diameter was used to place a sterile filter paper disk containing
the synthetic VOCs, while another Petri dish with potato dextrose agar (PDA) medium
(Difco Laboratories, Detroit, MI, USA) was co-inoculated with the bacteria-fungal strain.
The volume of each VOC used was as follows: acetoin of 100 μL (≥95%, Sigma-Aldrich,
USA), 2,5-Dimethyl pyrazine of 50 μL (98%, Sigma-Aldrich, USA), ethanol of 200 μL
(≥99.5%, Sigma-Aldrich, USA), cyclododecane of 50 μL (a solution prepared with 20 mg
cyclododecane dissolved in 1 mL of hexane), and benzaldehyde of 20 μL (97%, Sigma-
Aldrich, USA).

2.3. Evaluation of Cell-Free Filtrates in In Vitro and In Vivo Competitive Colonization
Interaction Essays

K. cowanii Ch1 was grown for 48 h on the tryptic soy broth medium (Difco Laboratories;
Detroit, MI, USA) at 28 ◦C and 100 rpm for 48 h. Cell-free filtrates were obtained at 12, 24, 36,
and 48 h of growth via centrifugation and filtration with 0.22 μm pore-size disposable filters
(Corning Incorporated, Corning, NY, USA). To evaluate the cell-free filtrates in vitro, first,
the fungal mycelium disk and K. cowanii Ch1 inoculated around it were grown in the potato
dextrose agar (PDA) medium (Difco Laboratories, Detroit, MI, USA) for 24 h at 28 ◦C. After
this period of incubation, 50 μL of each cell-free filtrate was added around the mycelium
disks every 12 h for 2 days, and the results were recorded on the 5th day. As a control, a
fungal mycelium disk was grown in the PDA medium (Difco Laboratories, Detroit, MI,
USA). From these experiments, the cell-free filtrate at 36 h showed the highest mycelium
growth inhibition and was used for in vivo experiments. The VOC profile produced at 36
h was analyzed according to the methodology described in Section 2.2 and compared with
the VOC profile obtained at 24 h for K. cowanii Ch1. To evaluate the cell-free filtrates in vivo,
bacterial–fungal competitive colonization interaction assays were performed on fruits of
the serrano chili (Capsicum annuum L.) to assess the potential of K. cowanii Ch1 against
S. rolfsii in reducing infection symptoms. The serrano chili fruits were surface sterilized
as previously reported [2], then punctured with a sterile toothpick and inoculated with
10 μL of K. cowanii Ch1 suspension at a concentration of 1 × 108 CFU/mL; this assay was
performed in triplicate. After bacterial inoculation, three mature melanized sclerotia were
inoculated at the same point. The controls were inoculated only with mature melanized
sclerotia. To determine whether cell-free filtrates possessed activity against fungal growth
and reduce infection, the chili fruits were inoculated with sclerotia or co-inoculated with
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sclerotia–bacteria and incubated at 28 ◦C for 24 h. After this period of incubation, a 20 μL
volume of cell-free filtrates was applied during bacterial–fungal treatments of infections at
12, 24, and 36 h. The inoculated chili fruits were placed inside an airtight container at 28 ◦C.
The infection of S. rolfsii in chili fruits was observed as macerated tissue and the diameter
was registered in millimeters for comparison with the control and treatments.

2.4. RNA Isolation

Based on the results of microbial interaction obtained, we decided to use the bacterial
cells at 36 h of interaction, because we could recover the bacterial colony for the RNA-Seq
analysis; beyond 36 h, a thick mycelium was established in the absence of bacterial VOCs,
which made bacterial recovery difficult in comparison. The bacterial cells representing
technical duplicates of treatments in (1) the absence of bacterial VOCs, and (2) the presence
of bacterial VOCs and control (K. cowanii Ch1 growth in the absence of VOCs) were scraped
into 800 μL of RNA ShieldTM reagent (Zymo Research, Irvine, CA, USA), resuspended, and
briefly vortexed, before being stored at 5 ◦C. The total RNA was purified using the Quick-
RNA™ Miniprep Plus Kit, following the manufacturer’s instructions (Zymo Research,
Irvine, CA, USA).

2.5. RNA-Seq Library Preparation

RNA samples were sent to Zymo Research, Irvine, CA, USA, for total RNA-Seq service.
Libraries were constructed from the total RNA samples. Libraries were prepared using
the Zymo-Seq RiboFree Total RNA Library Prep KitTM, according to the manufacturer’s
instruction manual. Briefly, RNA was reverse transcribed into cDNA, which was followed
by ribosomal RNA depletion. After that, a partial P7 adapter sequence was ligated at the 3′

end of cDNAs, followed by second-strand synthesis and partial P5 adapter ligation to the 5′

end of the double-stranded DNA. Lastly, libraries were amplified to incorporate full-length
adapters under the following conditions: initial denaturation at 95 ◦C for 10 min; 10–16 cycles
of denaturation at 95 ◦C for 30 s, annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 60 s;
and final extension at 72 ◦C for 7 min. Successful library construction was confirmed with
Agilent’s D1000 ScreenTape Assay on TapeStationc (Agilent Technologies, Inc., Santa Clara,
CA, USA). The RNA-Seq libraries were sequenced on an Illumina NovaSeq to a sequencing
depth of at least 30 million read pairs (150 bp paired-end sequencing) per sample.

2.6. RNA-Seq Data Bioinformatics Analysis

RNA-Seq data were analyzed at Zymo Research using the RNA-Seq pipeline adapted
from the nf-core/rnaseq pipeline v1.4.2 (https://github.com/nf-core/rnaseq, accessed
on 11 November 2024). The pipelines were built using Nextflow [20]. Briefly, the quality
control of raw reads was carried out using FastQC v0.11.9 [21]. Adapter and low-quality
sequences were trimmed from raw reads using Trim Galore! v0.6.6 [21]. Trimmed reads
were aligned to the reference genome of K. cowanii Ch1 (genome accession number at NCBI:
JAUDFU000000000) using STAR v2.6.1d [22]. BAM file filtering and indexing were carried
out using SAMtools v1.9 [23]. RNAseq library quality control was implemented using
RSeQC v4.0.0 and QualiMap v2.2.2-dev [24,25]. Duplicate reads were marked using Picard
tools v2.23.9 [26]. Library complexity was estimated using Preseq v2.0.3 [27]. Duplication
rate quality control was performed using dupRadar v1.18.0 [28,29]. Differential gene
expression analysis was completed using DESeq2 v1.28.0 with a padJ of ≤0.05, where
the mean transformed read counts of genes, to normalize sequencing depth and RNA
composition, was used in DESeq2. The similarities (Pearson correlation coefficient) between
samples were calculated using the normalized and ‘rlog’ transformed read counts of
all genes via DESeq2. Also, multidimensional scaling was conducted to visualize the
distance/similarity between samples [30]. Quality control and analysis result plots were
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visualized using MultiQC v1.9 [31]. Functional enrichment analysis was achieved with
ShinyGO 0.80 [32], in which genes with a fold change of >1.0 and an FDR of <0.05 present
in the pathway database in the Local Network Cluster (STRING) were considered as highly
differentially expressed. The raw data has been deposited in the NCBI SRA database with
the BioProject accession number PRJNA1276248.

2.7. Statistical Analysis

At least three technical replicates of in vitro and in vivo competitive colonization
interaction assays were carried out for statistical analysis. The equation ICM = [(C) − (T)/C]
× 100% was used to analyze the growth percentage of the controls (C) and treatments in
the presence or absence of VOCs in vitro or in vivo experiments to determine the infection
percentage (T), and the data were analyzed using Minitab version 18.0. Means with
±standard error were analyzed via one-way ANOVA (p < 0.05).

3. Results

3.1. Bacterial–Fungal Interaction Assays

K. cowanii Ch1 can produce VOCs with antifungal activity, and its effects were evalu-
ated on the mycelial growth in S. rolfsii. The result showed an inhibition with a mean rate
of 80 ± 5% (p < 0.05) at 72 h when compared with the control (Figure 1A,B). With this result
in mind, we decided to test whether K. cowanii Ch1 competed against S. rolfsii during a
physical interaction and reduced the mycelial growth; thus, we conducted an assay where
K. cowanii Ch1 was grown around a mycelial disk of S. rolfsii. As indicated in Figure 1,
contrary to the first experiment conducted, K. cowanii Ch1 did not affect the mycelial growth
and S. rolfsii outgrew the bacterial colony (Figure 1C, indicated by an arrow). Therefore, we
decided to test whether, for an attenuated mycelial growth disturbed probably by oxidative
stress caused by bacterial VOCs, K. cowanii Ch1 had a major effect in reducing the mycelial
growth during physical interactions. Surprisingly, the metabolic response of K. cowanii
Ch1, through the growth around the mycelial fungal disk, was evident, with gas bubble
production being observed; indeed, the complete mycelial growth inhibition was observed,
as indicated in Figure 1D. This phenotypical trait was not observed in the bacterial colony
in the presence of VOCs (Figure 1E).

Figure 1. Microbial interaction assays. (A) S. rolfsii was grown in a PDA medium. (B) S. rolfsii was
grown in the presence of bacterial VOCs, where mycelial growth was affected. (C) K. cowanii Ch1
grew around the mycelial disk in the absence of bacterial VOCs and (D) K. cowanii Ch1 grew around
the mycelial disk in the presence of bacterial VOCs. The arrow in (C) indicates that S. rolfsii has
outgrown the bacterial colony in the absence of VOCs, while in the presence of VOCs (D), gas bubbles
were produced by K. cowanii Ch1. (E) As a control, the bacterial colony was grown in the presence of
VOCs. The images were taken at 72 h.

Based on these results, we decided to evaluate whether the additional fungal strains
would have similar metabolic responses, or whether they were exclusively produced by S.
rolfsii. Thus, we tested A. alternata, a fungal strain also sensitive to VOCs produced by K.
cowanii Ch1, and it showed a mean rate of mycelial growth inhibition of 70 ± 5% (p < 0.05)
compared with that of the control. A similar metabolic response was observed in the
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presence of VOCs with the production of gas bubbles by K. cowanii Ch1 (Figure 2, indicated
by an arrow), but not in the absence of VOCs. Both conditions showed mycelial growth
inhibition as indicated in Figure 2. On the other hand, F. oxysporum, a fungal strain with
resistance to VOCs produced by K. cowanii Ch1, showed a mean rate of mycelial growth
inhibition of 10 ± 5% (p < 0.05) compared with that of the control; the production of gas
bubbles by K. cowanii Ch1 was not observed in the presence of VOCs, and the mycelium
outgrew the bacterial colony without affectation (Figure 2, indicated by an arrow). This
result indicated that F. oxysporum possessed different mechanisms of resistance to VOCs
produced by K. cowanii Ch1, and that sensitive fungal strains probably produce important
molecules in response to oxidative stress, which could compromise their cell viability.

Figure 2. Evaluation of K. cowanii Ch1 against A. alternata and F. oxysporum. Fungal strains were
grown under the presence or absence of VOCs produced by K. cowanii Ch1. In both conditions, K.
cowanii Ch1 was grown around the mycelial disks. The arrow shows the gas bubbles produced with
A. alternata. However, for F. oxysporum, the arrows indicate that the mycelium outgrew the bacterial
colony. Controls indicate the fungal strains’ growth without VOCs.

With these evident results—and the fact that sensitive fungal strains had similar
oxidative stress responses under these bacterial VOCs—we decided to test whether K.
cowanii Ch1 produced specific VOCs compared with other bacterial strains that produced
some common VOCs with a similar effect on the mycelial growth inhibition of S. rolfsii.
Therefore, we evaluated the VOCs produced by B. altitudinis CH05, B. tropicus CH13, and
the phytopathogen P. aroidearum SM2. The results shown in Figure 3 revealed similar
results in S. rolfsii under this mixture of VOCs produced in all bacterial strains, as well as
the phenotypical response of gas bubble production in K. cowanii Ch1 when it grew around
the mycelial disks. However, an increased response was observed with the VOCs produced
by K. cowanii Ch1 (Figure 3A) and P. aroidearum SM2 (Figure 3D). Additionally, complete
mycelial growth inhibition was observed under these conditions.

3.2. Identification of VOCs Using HS-SPME-GC-MS

We compared the VOCs produced at 24 h by the bacterial strains to identify some
common molecules (Figure 4 and Table S1). A total of 53 compounds were detected and
plotted in Figure 4, which were classified as alcohols (18.10%), aldehydes (7.56%), acids
(16.50%), pyrazines (15.28%), ketones (7.87%), hydrocarbons (7.44%), thiols (1.13%), and
other compounds (24.75%). The molecules with a high relative abundance in B. tropicus
CH13 were acetoin (32.77%), 2,5-Dimethyl pyrazine (12.33%), 2,3-Butanedione (10.38%),
and Nonanoic acid (6.53%); in B. altitudinis CH05 were 2,5-Dimethyl pyrazine (13.31%),
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Acetoin (11.9%), Nonanoic acid (6.72%), and 3-methyl-1-Butanol (4.43%); in P. aroidearum
SM2 were 2-Ethylhexyl salicylate (5.65%), 2,5-Dimethyl pyrazine (4.99%), 1-Decene (4.93%),
and Butanoic acid, butyl ester (4.25%); and in K. cowanii Ch1 were acetoin (13.52%), 2,5-
Dimethyl pyrazine (6.47%), Ethanol (5.56%), and 3-methyl-1-Butanol (4.85%). Based on the
profiles of the VOCs and whether some of them can cause oxidative stress in S. rolfsii, we
decided to use acetoin, 2,5-Dimethyl pyrazine, ethanol, cyclododecane, and benzaldehyde
to test the bacterial–fungal interactions as above, but the phenotypical response in K. cowanii
Ch1 was not observed; thus, the complex mixture of VOCs probably had multiple targets
in the cells to cause oxidative stress (Figure S1).

Figure 3. Evaluation of VOCs produced by bacterial strains. VOCs produced by (A) K. cowanii Ch1,
(B) B. altitudinis CH05, (C) B. tropicus CH13, and (D) P. aroidearum SM2. In all conditions, K. cowanii
Ch1 was grown around mycelial disks of S. rolfsii.

 

Figure 4. Relative percentages of the different classes of VOCs produced in the bacterial strains at
24 h. The bar color represents the relative abundance based on the relative peak area (%) detected in
the HS-SPME-GC-MS analysis.
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3.3. In Vitro and In Vivo Evaluation of Cell-Free Filtrates

Based on the microbial interaction in the presence of VOCs (Figure 1), we decided to
evaluate cell-free filtrates from K. cowanii Ch1 obtained during the different bacterial growth
time periods and applied directly on the physical interaction between the mycelium disk
and the bacteria growth on the PDA medium to determine its response to the inhibition of
mycelium growth in vitro (Figure 5A). We observed that the cell-free filtrate obtained at 36
h of bacterial growth showed an important mycelial inhibition capacity compared with
the control and the other cell-free filtrates (12, 24 and 48 h) recorded on the 5th day of the
experiment. Thus, we decided to evaluate this cell-free filtrate (36 h) on the bacterial–fungal
competitive colonization interaction on fruits of the serrano chili (Capsicum annuum L.)
to determine the potential of K. cowanii Ch1 to reduce infection symptoms caused by S.
rolfsii (Figure 5B). When K. cowanii Ch1 was co-inoculated with S. rolfsii (T1), an evident
infection symptom was observed with a diameter of 1.8 ± 0.2 cm, similar to the control
with a diameter of 2.2 ± 0.3 cm. In treatment T2, the cell-free filtrate (F36 h) showed a
reduction in infection symptoms of nearly 50% (1.06 ± 0.8 cm). When both microorganisms
were co-inoculated and treated with a cell-free filtrate (T3), a reduction of 80% of infection
symptoms was observed (0.5 ± 0.2 cm) compared with the control. These results mean that
biomolecules produced around 36 h of bacterial growth can inhibit mycelial growth, but in
the presence of bacteria, additional metabolic activity during competitive colonization can
increase major fungal inhibition.

 

Figure 5. The in vitro and in vivo evaluation of cell-free filtrates. Cell-free filtrates obtained at 12, 24,
36, and 48 h of bacterial growth were added during fungi–bacteria interaction (A). (B) Colonization
competence between both microorganisms was evaluated in chili fruits (T1). Cell-filtrate obtained
at 36 h was evaluated against S. rolfsii (T2) and T3 is the co-inoculation of both microorganisms
treated with the cell-free filtrates (F36 h). Control was inoculated only with S. rolfsii. Results in (A)
were recorded on the 5th day of mycelial growth, and results in (B) were recorded on the 4th day
of the experiment. (C) A comparison of VOC profiles produced at 24 h and 36 h in K. cowanii Ch1.
The bar color represents the relative abundance based on the relative peak area (%) detected in the
HS-SPME-GC-MS analysis.

To adequately understand the differences between cell-free filtrates, we decided to
analyze the VOC profile at 36 h of bacterial growth. The comparative results of the VOCs
produced at 36 h and 24 h of bacterial growth showed important differences in the VOC
chemical classes (Figure 5C and Table S2). For example, Butanoic acid, butyl ester; 2-
Undecanone; Cyclodecane; 2-Tridecanone; Dodecanoic acid, 3-hydroxy-; Heptane; and
Phthalic acid, isobutyl octyl ester were absent at 36 h. Other chemicals, such as Ethanol; 2,3-
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Butanedione; 1-butanol; acetoin; Phenylethyl Alcohol; Disulfide, dimethyl; 2-Nonanone;
Propanoic acid, 2-methyl-, 2,2-dimethyl-1-(2-hydroxy-1-methylethyl)propyl ester; and
2,4,7,9-Tetramethyl-5-decyn-4,7-diol were reduced considerably at 36 h. The chemical
compounds that increased or were synthetized de novo with a high relative abundance
in percentage were Pyrazine, 2,5-Dimethyl; 1-Decanol; 2,2,4-trimethyl-1,3-pentanediol
diisobutyrate; Isopropyl myristate; Acetaldehyde; Butanal, 3-methyl-; Benzaldehyde;
1-Octanol; 1-Hexanol, 2-ethyl-; Nonanal; 1-Hexene, 3,3-dimethyl-; 6-Methyl-1-octanol;
Tetrahydrogeranyl formate; 1H-Tetrazole, 1,5-dimethyl-; 2-Furanmethanol; 3-Cyclohexene-
1-methanol; and Benzyl alcohol. Therefore, the observed differences in the composition
and concentrations of the VOCs at different time periods of bacterial growth are impor-
tant research findings, as VOCs could have a major impact on microbial interactions and
colonization competence.

3.4. RNA Sequencing Analysis in K. cowanii Ch1

According to the results obtained in Figure 1C,D, and in order to gain insight into
the competence mechanism of K. cowanii Ch1 against S. rolfsii, the bacterial–fungal inter-
action assays in the presence or absence of VOCs were performed to study the bacterial
transcriptome at 36 h of the interaction. By this time, the initial mycelium had outgrown
the bacterial colony in the absence of VOCs, and we could recover the bacterial colony
for the RNA-Seq analysis; beyond 36 h a thick mycelium was established, which made
bacterial recovery difficult. Approximately 47.50 million paired-end sequence reads were
generated from each duplicate technical condition and the percentage of reads successfully
mapped against the reference genome were from 24.3% to 98.9% (Table S3). The similarities
between samples are visualized in the form of a heatmap in Supplementary Figure S2
and the mean transformed read counts of genes is shown in Supplementary Figure S3.
The general statistics of differentially expressed genes in pairwise comparisons (adjusted
p-values of <0.05) showed that, in the absence of VOCs, 388 genes were upregulated, and
269 genes were downregulated (Figure 6A), with 3796 genes that were not differentially
expressed. However, in the presence of VOCs, 35 genes were upregulated, and 4 genes
were downregulated (Figure 6B), with 4414 genes that were not differentially expressed.

 

Figure 6. The MA plot visualization of differential gene expression in K. cowanii Ch1. Differentially
expressed genes in pairwise comparisons during bacterial–fungal interactions in the absence of VOCs
(A) and in the presence of VOCs (B). These conditions were compared with K. cowanii Ch1 grown in
the absence of VOCs as a control. Expression levels are shown on X-axis, while log2 of fold changes
are shown on Y-axis. Red dots represent differentially expressed genes (adjusted p-values of <0.05).
Black dots represent non-differentially expressed genes. The shrinkage of effect size was carried out
using the ‘ashr’ method in DESeq2.
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3.5. Differentially Expressed Genes in K. cowanii Ch1 in Absence of VOCs

According to the differentially upregulated genes in K. cowanii Ch1, gene ontology
(GO) enrichment analysis was carried out, and the top enriched pathways were listed in
Figure 7A. During this microbial competence interaction, 19 top pathways were identified,
and diverse genes were related to the stress responses, which indicated that K. cowanii Ch1
was under very stressful conditions when interacting with the fungal strain. Important
key transcriptional regulators were detected, such as the yqjI gene (with a more than
four-fold change), which is related to iron homeostasis. Furthermore, the feoC gene was
upregulated by two-fold, which is related to the mediation of ferrous iron [Fe(II)] import.
The redox-sensitive transcriptional regulators soxRS and qorR were upregulated, with
a >1.5-fold change. The phoP gene was upregulated by two-fold, which is related to
virulence, Mg2+ homeostasis, and resistance to a variety of antimicrobial agents, including
acidic pH and cationic antimicrobial peptides. The zntR gene was upregulated by two-fold,
which is related to the control of cellular Zn(II) status. The ydcI gene was upregulated
by two-fold, which is a LysR family transcriptional regulator related to pH homeostasis.
The anaerobic nitric oxide reductase transcription regulator norR gene was upregulated
by two-fold, which encodes a σ54-dependent regulatory protein that senses nitric oxide
to activate detoxification genes. The response regulator creB gene was upregulated by
nearly two-fold, which is part of a two-component signal transduction system CreBC (for
carbon source responses), which is a global sensing and regulation system that controls
the expression of genes involved in a variety of functions, including the enzymes of
intermediary catabolism. The LysR family transcriptional regulator yeiE was upregulated,
which is related to the regulation of flagellum-mediated motility. The transcriptional
regulator slyA was upregulated, which is involved in the regulation of genes that are
important for bacterial virulence and stress response. The iron–sulfur cluster regulator
iscR gene is a sensor of cellular [Fe-S] levels and a global transcription regulator for [Fe-S]
homeostasis under stressful conditions.

Following these routes of the oxidative stress defense system and the activation of
diverse genes by these key transcriptional regulators, diverse pathways were observed
(Figure 7A). Some of them were related to the siderophore-mediated iron transport, and
these genes were upregulated with a >1.5-fold change, such as entCF that encodes syn-
thetases for the biosynthesis of enterobactin. Enterobactin recognition and transport are
represented by upregulated genes such as fepBCD, tonB, exbBD, and fes. Additionally,
the ferrous iron transport system was represented by upregulated genes such as feoAB.
Genes that encode for oxidative enzymes were upregulated with a >1.5-fold change and
included 2-Oxobutyrate oxidase (ID QU629_RS16930), Ferric reductase (fhuF), Alkyl hy-
droperoxide reductase protein C (ahpC), NAD-dependent glyceraldehyde-3-phosphate
dehydrogenase (gapA), Peptide-methionine (S)-S-oxide reductase (msrA), Ribonucleotide
reductase of class III (nrdG), Thiol peroxidase (tpx), Oxidoreductase (ID QU629_RS03245),
and other important genes (Table S2). The genes upregulated with a >1.5-fold change that
prevented protein misfolding and aggregation were represented by the multiple stress
resistance protein BhsA (bhsA), 16 kDa heat shock protein AB (ibpAB), heat shock pro-
tein GrpE (grpE), chaperone protein ClpB (ATP-dependent unfoldase) (clpB), chaperone
protein DnaJK (dnaJK), heat shock protein 60 kDa family chaperone GroEL (groL), and
HtrA protease/chaperone protein (degP). The cellular oxidant detoxification and glu-
tathione metabolic process pathways were represented by Glutathione S-transferase (gstA),
Thioredoxin 2 (trxC), and Glutaredoxin-like protein NrdH (nrdH). Endonuclease IV was
upregulated with a 5-fold change. Downregulated genes related to important transporters,
membrane proteins, motility, signal regulation, and metabolism were detected (Table S4).
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Figure 7. Gene ontology (GO) enrichment. Pathways detected for microbial interaction in the absence
of VOCs (A) and in the presence of VOCs (B). Genes with a fold change of >1.0, an FDR of <0.05, and
present in the pathway database, the Local Network Cluster (STRING), were considered as highly
differentially expressed.

3.6. Differentially Expressed Genes in K. cowanii Ch1 in Presence of VOCs

Based on the evident phenotype shown by K. cowanii Ch1 under the presence of
VOCs (Figure 1D), the RNA-Seq analysis revealed that, during its microbial competence
interaction, 19 top pathways were identified (Figure 7B, Table S5). Also, and probably
related to the phenotype of bubble gas of K. cowanii Ch1, the gene katG that encodes
for a catalase is upregulated by 2.7-fold. This means, under this specific competence
interaction, a probable hypothesis is that fungal strains may produce hydrogen peroxide
(H2O2) as a VOC stress response. Therefore, the antioxidant systems that remove H2O2 are
activated in K. cowanii Ch1. In addition, stress response genes were identified in the metal
transportation mechanisms, with a >1.0-fold change in gene upregulation, siderophore-
mediated iron transport system (entS, entCF, fepBDG, tonB, exbBD and fes) and ferrous
iron transport system (feoAB, efeOU). The zinc ion transport system and homeostasis
were represented by genes upregulated with a >1.0-fold change, such as znuABC. Protein
misfolding and aggregation were represented by the 16 kDa heat shock protein AB (ibpAB).
The flagellar assembly genes detected were flhACD, flgCDEFGHI, and filFN. Genes related
to the production of biomolecules with antimicrobial responses were detected, such as
antibiotic biosynthesis monooxygenase (ID QU629_RS21570), which was upregulated with
a 2.1-fold change; furthermore, polyketide synthase modules and related proteins (ID
QU629_RS05045) were upregulated with a 1.7-fold change. Additional upregulated and
downregulated genes related to membrane proteins, signal regulation, and metabolism
were detected (Table S5).
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4. Discussion

Understanding the beneficial bacterial responses during the colonization competition
against phytopathogenic microorganisms could be crucial not only for elucidating genetic
mechanisms during microbial interactions, but also for developing effective strategies
that could enhance the metabolic abilities and eventually be applied to reduce disease
symptoms in crops in agricultural systems, as an alternative to the use of undesirable
chemical fungicides [17]. The increased research interest for identifying colonization factors
(CFs) in specific ecological niches has allowed for the development of diverse methodology
approaches [33]; however, significant challenges remain to be overcome. Therefore, in this
study, we hypothesized that the VOCs produced by K. cowanii Ch1 could be modulators
of stress responses during the competitive colonization interaction against S. rolfsii. In
this sense, we developed microbial interaction assays to overcome the challenges, and
the results indicated potential key biological processes that may contribute to a better
understanding of biocontrol.

Based on the microbial interaction assays and according to our results shown in Figure 1B,
a mixture of VOCs represented by a diverse chemical class were identified (Figure 4), which
were produced by K. cowanii Ch1 to arrest mycelial growth at a mean rate of 80 ± 5%
(p < 0.05) in S. rolfsii. Thus, based on this bacterial trait, a possible alternative to biocontrol,
for preventing fungal disease caused by S. rolfsii, could be devised. However, in agreement
with the diverse research conducted in this field, the assays of inhibition of mycelial growth
by the bacterial VOCs produced in vitro could be the first step to selecting potential mi-
croorganisms under controlled conditions; additional research is required to be conducted,
as the experimental conditions may not be representative of real growth conditions. Diverse
studies have also confirmed that environmental conditions, including pH, CO2/O2 levels,
nutrients, temperature, humidity, growth stage, and interactions between microorganisms
of different species, can influence the composition of these mixtures of volatiles produced
by the studied microorganisms [34–37]. In this sense, our results clearly showed that, under
the tested conditions, the profile of volatile compounds differed between bacterial species,
and even closely related Bacillus strains produced different mixtures of volatile compounds.
Some common molecules with different concentrations were analyzed at least at 24 h
(Figure 4 and Table S1), and they had the ability to impact the inhibition of mycelial growth
during the interaction between K. cowanii Ch1 and S. rolfsii (Figure 3). Also, both fungal
strains S. rolfsii and A. alternata were sensitive to the VOCs produced by some of the tested
bacterial strain as previously reported [11,19], while F. oxysporum showed resistance to
these mixtures of volatiles, demonstrating different evolutionary mechanisms to counteract
compounds with hazardous physical–chemical properties that may affect cell integrity and
viability. Therefore, future perspectives on molecular processes and the comparison of
mechanisms between sensitive and resistant fungal strains could provide us with possible
new routes to design better strategies against these resistant strains.

Colonization competence evaluated between K. cowanii Ch1 and S. rolfsii (Figure 1C)
in the absence of VOCs revealed an important finding for understanding why the K. cowanii
Ch1 colony was outgrown by the mycelium of S. rolfsii. Under this microbial interaction
condition, gene expression analysis showed that complex defense and repair mechanisms
were induced by K. cowanii Ch1 to mitigate the oxidative stress induced by the mycelial
growth (Figure 7A, Table S4). In this regard, the redox-sensitive transcriptional regulator
SoxR (soxR) was induced by 2.2-fold, and its critical role in the defense system, under
oxidative stress related to enteric bacteria, has been well studied [38,39]. When SoxR
is activated through the oxidation of [2Fe-2S] clusters, it induces the expression of the
soxS gene [39], a DNA-binding transcriptional dual regulator which, in our results, was
induced by 1.5-fold, and has the ability to activate the transcription of diverse genes related
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to the restoration of redox homeostasis and the repair of cellular damage induced by
oxidative stress [38,39]. Protective mechanisms observed in K. cowanii Ch1 induced a 5.8-
fold change in Endonuclease IV (QU629_RS04135), a DNA damage-specific endonuclease
that is induced by oxidative stress in related enteric bacteria [40]. Molecular chaperones
(ibpAB, grpE, clpB, dnaJK, groL, degP) were also upregulated, and they play a regulatory role
in the folding of proteins, the intracellular transport of proteins, the repair and degradation
of proteins, and the refolding of proteins during specific cell growth conditions, but were
markedly upregulated by stress effectors [41]. The multiple stress resistance gene bhsA was
induced by five-fold, which is a putative outer membrane protein that has been studied
in E. coli and shown to influence biofilm formation through hydrophobicity and stress
response [42]. The mechanisms of metal homeostasis were probably induced as metals
are important antimicrobial effectors that resist cellular stress for survival; for example
ZnuABC system was upregulated by five-fold, which indicates that ZnuABC is essential
for zinc uptake and required as cofactor in catalytic sites of enzymes related with oxidative
stress [43,44]. Additionally, the iron uptake systems (fepBCD, tonB, exbBD, fes and feoAB)
and genes related to the production of siderophore enterobactin (entCF) to chelate and
acquire iron were upregulated. Iron is an essential nutrient for the metabolism and growth
of bacterial cells, but much attention has been paid during colonization competence and
oxidative stress to understand these mechanisms of iron regulation [45]. In this sense,
production of growth-inhibitory siderophores with compatible receptor for iron uptake
has been studied as a mechanism against plant pathogens [46,47]. Based on the finding
that the asr gene was upregulated by four-fold, and as diverse studies have confirmed its
expression during the response to external acidity and for survival [48], it is probable that
the mycelial growth of S. rolfsii could cause a lower pH through the production of organic
acids that cause oxidative stress in K. cowanii Ch1 and generate oxidative stress responses.
Upregulated spermidine export genes mdtIJ and spermidine N1-acetyltransferase (speG) are
required probably for stress tolerance in K. cowanii Ch1 [49]. Cellular oxidant detoxification
and glutathione metabolic processes, as important components of K. cowanii Ch1 for stress
resistance and motility mechanisms that probably evade stressful conditions, were also
upregulated. Important downregulated genes were detected as a response to reduce the
number of diverse metabolic pathways for stress homeostasis in K. cowanii Ch1 (Table S4).

The gene expression analysis revealed that K. cowanii Ch1 had a different response in
the presence of VOCs (Figure 6B). Only a set of 35 genes were significantly upregulated
and 4 genes were significantly downregulated. Among these differentially expressed genes
were fes, which encodes the enterobactin esterase enzyme that facilitates intracellular iron
release, and genes that encode for siderophore-mediated iron transport (fepBD, tonB, feoA,
entS, and efeO), which indicate the importance of this iron uptake system for enzymatic
activities and cell viability in this condition [50]. In fact, the genes that encode for pyruvate
formate-lyase (PFL) and pyruvate formate-lyase-activating enzyme (PFL-AE) that utilize
iron–sulfur clusters were upregulated by three-fold (Table S5). Both of these enzymes
are regulated under anaerobic conditions and play an important role in the supply of
acetyl-CoA to the citric acid cycle during anaerobic glycolysis in E. coli and other facultative
anaerobes [51]. Furthermore, two genes gatYZ that encode for D-tagatose 1,6-bisphosphate
(TagBP)-specific aldolases and are involved in catabolism of galactitol [52] were upregulated.
The upregulated genes related to carbohydrate transport systems provide energy to K.
cowanii Ch1 and indicate its active metabolism during colonizing competence. Genes
related to oxidative stress were upregulated, such as ibpAB that encodes a 16 kDa heat
shock protein [41] and trxC that encodes a thioredoxin, which is a protein with a highly
conserved active site sequence [(Cys-Gly-Pro-Cys)], with a key role in maintaining the
thiol-disulfide redox potential [53]. An interesting gene that was upregulated was katG,
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which encodes for the catalase–peroxidase KatG, and its catalase activity protects against
peroxide-mediated oxidative damage in the cells by catalyzing the conversion of hydrogen
peroxide to water and oxygen [54]. In this sense, the interpretation of bubble gas production
during microbial interaction (Figure 1D) could be related to the KatG activity; however,
the production of hydrogen peroxide by K. cowanii Ch1 during colonization competence
remains to be investigated to understand its production as in other bacteria, as well as the
role of KatG during colonization competence under the influence of VOCs [55]. In fact, in a
study where P. fluorescens Pf0–1 was exposed to volatiles produced by Collimonas pratensis,
Serratia plymuthica, Paenibacillus sp., and Pedobacter sp., the catalase was upregulated by
>3-fold [56]. Another possibility is that hydrogen peroxide could be produced by S. rolfsii
in response to volatiles produced by the bacterial strains (Figure 3). This hypothesis can be
supported by the research work published in 2000 by Sideri and Georgiou [57], in which
they demonstrated that hydrogen peroxide was produced by the phytopathogen S. rolfsii
during its development and influenced the oxidative stress caused by growth factors such
as light and iron. Another source of evidence is a study in which it was demonstrated
that reactive oxygen species (ROS) were accumulated in Sclerotinia sclerotiorum hyphae
cells when they were treated with VOCs produced by Bacillus endophyte strains as a
mechanism of oxidative stress response [58]. Therefore, the presence of bacterial VOCs
during the interaction between K. cowanii Ch1 and S. rolfsii could be a positive response
for the biological processes of bacterial colonizing competence in at least the condition
evaluated; however, the transcriptomic analysis was performed during the early stage
of interaction, and this could be a limiting factor. Additional studies are necessary to
understand this complex interactome and evaluate the potential production of biomolecules
with antifungal properties under colonizing competence. In fact, some genes related to
antimicrobial defense were upregulated in K. cowanii Ch1 (Table S5), like those that encode
for antibiotic biosynthesis monooxygenase (QU629_RS21570), polyketide synthase modules,
and related proteins, which are crucial in the synthesis of polyketides, an important class of
secondary metabolites that provide certain survival advantages to diverse organisms [59].
Furthermore, the gene that encodes for the virulence factor VirK was upregulated by two-
fold, which is a component of the chaperone pathways involved in the secretion systems to
deliver virulence factors, such as the plasmid-encoded toxin in E. coli [60].

The differences in the phenotypical responses of K. cowanii Ch1 in the presence of
VOCs produced by different bacterial strains (Figure 3), including the fungal responses
during the interaction assays (Figure 2), appeared to reflect that the composition and con-
centrations of these mixtures of VOCs as well as their effects on gene expression (Figure 6)
can potently modulate communication signals conserved during colonization competence
in microorganisms [37]. Therefore, the evaluation of cell-free filtrates of K. cowanii Ch1
obtained at different growth time periods (Figure 5), and the important finding that the
cell-free filtrate at 36 h, applied in the microbial interaction, caused mycelial growth inhibi-
tion in vitro and in vivo suggest that the VOC composition produced at a specific bacterial
growth stage could be a key factor in determining the biological processes observed, indi-
cating the importance of understanding its impact on competitors, particularly due to its
ability to compromise cell viability and gene expression to reduce infection in chili fruit
tissues. In this sense, marked differences were observed between the VOC profiles at 36 h
compared to those at 24 h. Some common chemical compounds with potent antifungal
activities that have been studied in other bacteria strains [37] were detected with high
relative abundance, including Pyrazine, 2,5-Dimethyl; 1-Hexanol, 2-ethyl-; 3-methyl-1-
Butanol; Ethanol; 2,2,4-trimethyl-1,3-pentanediol diisobutyrate; Benzaldehyde; 1-Decanol;
1-Octanol; and 6-Methyl-1-octanol. Finally, and in agreement with other studies, the mix-
tures of VOCs, produced by diverse bacterial strains isolated under specific conditions,
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represent an important alternative for the biocontrol of phytopathogens [15–17]; therefore,
our study proposes a cocktail with antimicrobial properties that contains a combination of
the aforementioned chemical compounds detected in the HS-SPME-GC-MS analysis.

5. Conclusions

In conclusion, the results of this study demonstrated that, under the presence of bac-
terial VOCs during microbial interactions, K. cowanii Ch1 had better biocontrol ability to
reduce mycelial growth in S. rolfsii in both in vitro and in vivo assays, likely by disrupting
multiple metabolic pathways in S. rolfsii leading to compromised cell viability. Furthermore,
the transcriptomic analysis revealed important upregulated genes, and also demonstrated
an additional mechanism related to the production of polyketides; however, additional
experimental research is needed to validate this mechanism. The mixture of VOCs identi-
fied at a specific growth stage of K. cowanii Ch1 provides future perspectives to enhance
its metabolic ability for the potential development of an efficient biocontrol strategy as
potent modulators of communication signals to promote the colonization competence in K.
cowanii Ch1.
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Abstract

Seaweed extracts (SEs) and silicon (Si) are known to enhance plant growth under adverse
conditions. However, their combined effects on arbuscular mycorrhizal fungi (AMF) are
not yet fully understood. This study evaluated the effect of the co-application of an SE and
Si on the AMF spore abundance, mycorrhizal colonization, and early growth of Mimosa
caesalpiniaefolia. Plants were grown in a greenhouse for 70 days in soil with or without an
SE (Solieria filiformis) and three Si levels (0, 150, and 300 mg kg−1). Growth parameters,
AMF spore abundance, mycorrhizal colonization, and plant/soil chemical composition
were assessed. SE and Si increased the plant height, stem diameter, number of leaves, and
shoot dry mass, while higher Si levels reduced the root dry mass and length. Mycorrhizal
colonization was highest (64%) at 150 mg kg−1 Si with SE, whereas AMF spore abundance
decreased as Si increased. SE and 300 mg kg−1 Si raised the Si levels in the shoot, while
root Si increased only at 300 mg kg−1 Si. Shoot Na increased at 300 mg kg−1 Si without SE,
whereas K was highest at 150 mg kg−1 Si with SE. The soil pH, electrical conductivity, and
Na increased at 300 mg kg−1 Si, while K and P decreased at this level without SE. These
findings indicate that SE and Si co-application benefits early growth and may modulate
mycorrhizal symbiosis, highlighting the importance of proper management to maximize
plant and soil benefits.

Keywords: plant–soil interactions; arbuscular mycorrhizae; biostimulants; silicate;
sustainable practices

1. Introduction

In agriculture, seaweed extracts (SEs) are widely used as biostimulants due to their
complex composition, rich in polysaccharides such as laminarin, fucoidan, and alginate,
which are predominant in brown macroalgae and extensively utilized in the formulation
of these commercial extracts [1]. However, red macroalgae remain understudied for this
purpose, with few reports in the literature regarding their biostimulant potential [2–4]. The

Microorganisms 2025, 13, 1581 https://doi.org/10.3390/microorganisms13071581
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application of an SE, either to the soil or via foliar spraying, can increase chlorophyll content,
optimize photosynthesis and nutrient uptake, and improve water retention, thus promoting
the growth of various agricultural crops and ecologically important plant species [5].

The red macroalga Solieria filiformis presents a promising biochemical composition
for use as a biostimulant, containing 65.8% (w/w) carbohydrates, 9.6% (w/w) proteins,
1.7% (w/w) lipids, 7.0% (w/w) moisture, and 15.9% (w/w) ash, in addition to being rich in
essential minerals such as calcium (Ca), potassium (K), magnesium (Mg), and phosphorus
(P), as well as micronutrients like boron (B), copper (Cu), iron (Fe), manganese (Mn), and
zinc (Zn) [6,7]. Evidence suggests that SEs may also positively influence soil microbiota by
stimulating beneficial microorganisms, such as arbuscular mycorrhizal fungi (AMF) [8,9].

AMF are known to form mutualistic relationships with nearly 90% of land
plants [10], playing a crucial role in promoting the absorption of water and essen-
tial nutrients such as P and nitrogen (N), as well as other beneficial elements like
silicon (Si). Moreover, these interactions improve the plant’s ability to cope with both
biotic and abiotic challenges [11–13], making AMF a valuable tool for sustainable
agriculture. This is particularly relevant in degraded soils, which often exhibit low
fertility and water scarcity. However, the effectiveness of mycorrhizal colonization
depends on a complex signaling process between plant roots and AMF. In this context,
flavonoids play an essential role as signaling molecules, activating spore germination
and guiding hyphal growth toward roots [14].

Recently, various flavonoids have been identified in SEs, including hispidulin, as well
as derivatives of gallocatechin and acacetin, which may stimulate mycorrhizal symbio-
sis [9]. Studies have demonstrated that SEs can promote AMF spore germination, hyphal
growth, and accelerate mycorrhizal colonization. In Medicago truncatula, for instance, foliar
application or immersion in SE resulted in the significantly higher expression of genes
associated with the establishment of mycorrhizal symbiosis compared to controls [9].

Complementary to these effects, Si—an element widely distributed in the Earth’s
crust—has been recognized for its role in mitigating environmental stresses and enhancing
plant performance within the soil–plant–environment system [15,16]. Although Si is not
classified as an essential element, its application can strengthen plant resistance against
drought, salinity, and heavy metal toxicity [17,18]. Studies indicate that Si supplementation
improves physiological processes and stimulates plant growth, particularly under adverse
conditions [19–21]. Moreover, Si appears to strengthen mycorrhizal relationships by boost-
ing photosynthetic activity in plants, supplying extra carbon to the fungi and curtailing
lignin production [21].

However, the interaction between Si and AMF may vary depending on plant species
and environmental conditions. While some plants with high Si accumulation are not
significantly affected by AMF presence, in other species, such as strawberry, Si application
favors mycorrhizal colonization and stimulates fungal structure formation, as well as
increases Si uptake after mycorrhization [22]. In another study, with Leucaena leucocephala,
Si application also increased mycorrhizal colonization; however, AMF spore abundance in
the soil decreased with increasing Si levels [23]. Thus, it remains unclear how Si regulates
mycorrhizal symbiosis and plant growth, especially in species adapted to nutrient-poor
and semi-arid soils, such as Mimosa caesalpiniaefolia.

M. caesalpiniaefolia is a fast-growing, perennial leguminous species native to the
Caatinga biome, widely recognized for its ecological importance and functional traits.
It is capable of establishing symbiotic associations with both AMF [24] and nitrogen-fixing
bacteria known as rhizobia [25], which makes it particularly suitable for studies on the
interactions between biostimulants, soil microbiota, and plant nutrition. Its high adapt-
ability to the edaphoclimatic conditions of the Caatinga [26], along with its frequent use
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in the recovery of degraded areas and agroforestry systems [27], reinforces its potential
as a model species in sustainable land management strategies aimed at promoting soil
health and resilience in semi-arid environments [28]. Beyond its ecological importance, M.
caesalpiniaefolia exhibits significant agronomic value, serving multiple purposes such as
forage for livestock, timber production, and green manure.

Although several studies have investigated the isolated effects of SEs and Si on plant
growth, knowledge gaps remain regarding how the combined application of these inputs
may influence mycorrhizal attributes and promote the development of plant species that
have not been previously evaluated under this strategy. Thus, this study aims to evaluate
the effect of the co-application of an SE (S. filiformis) and Si on mycorrhizal colonization,
AMF sporulation, and the early growth of M. caesalpiniaefolia. We hypothesized that the
combination of an SE (S. filiformis) and Si will promote increased mycorrhizal colonization,
which in turn will stimulate AMF spore abundance in the soil, ultimately enhancing the
growth of this species.

2. Materials and Methods

2.1. Study Area and Experimental Soil

The study was conducted in a greenhouse at the Department of Soil Science, Federal
University of Ceará (UFC), located at the Pici Campus in Fortaleza, Ceará, Brazil (3◦45′47′′

S; 38◦31′23′′ W; 47 m altitude). According to the Köppen–Geiger classification, the region
has a tropical climate with a dry winter (Aw), an average annual rainfall of 1600 mm, and a
mean temperature of 27 ◦C [29]. Soil samples were collected from a depth of 0–20 cm in a
native forest area within the Urban Agriculture Teaching and Research Center (NEPAU) at
the UFC. The samples were passed through a 2 mm mesh sieve to remove coarse particles,
homogenized, and stored in plastic bags. The chemical characterization of the soil was
performed at the Soil, Water, and Plant Laboratory of the UFC following the methodology
described by [30] (Table 1).

Table 1. Chemical and physical characterization of the soil collected from the Urban Agriculture
Teaching and Research Center (NEPAU) at the UFC, Fortaleza, CE, Brazil.

pH EC Mg2+ Na+ K+ H + Al Al3+ BS AS ESP

(H2O) (dS/m) (cmolc/kg) (%) (%) (%)

5.0 0.9 0.4 0.6 0.18 4.46 0.5 41 14 1

N OM P Bulk
Density

Coarse
Sand

Fine
Sand Silt Clay Natural

Clay
Textural

Class

(g/kg) (g/kg) (mg/kg) g/cm3 (g/kg) -

1.36 21.39 37 1.6 586 282 95 37 4 Loamy
Sand

Note: EC = electrical conductivity, BS = base saturation percentage, AS = aluminum saturation percentage,
ESP = exchangeable sodium percentage, OM = organic matter.

2.2. Seaweed Type and Production Process

The seaweed used in the extract was S. filiformis, a red algae species commonly found
along the Brazilian coast. The S. filiformis used in this study was harvested from cultivation
structures known as colonized modules, maintained at sea by the Flecheiras and Guajiru
Seaweed Producers Association (APFG), in collaboration with the Algae Biotechnology and
Bioprocess Laboratory (BioAP) of the Department of Biochemistry and Molecular Biology
at the UFC. The collection site was on the western coast of Ceará, in the municipality of
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Trairi, at Flecheiras Beach, Brazil. After collection, the algae were stored frozen in their
natural state.

To produce the extract, 500 g of S. filiformis was ground in an electric mill with 2.5 L of
distilled water for 1 min and 30 s. The mixture was then heated on a hot plate (MYLABOR-
model AG-10 [https://www.lojanetlab.com.br, accessed 2 July 2025]) until it reached
80 ◦C and maintained at this temperature for 1 h under constant mechanical stirring at
140 RPM. As some water evaporated during heating, it was replenished to maintain the
initial volume. The solution was subsequently filtered through a fine-mesh nylon fabric
at 80 ◦C to prevent gelatinization, which could hinder the filtration process, given that
gelation begins at 45 ◦C. The final filtrate was stored in a refrigerator for later application
to the plants. A detailed characterization of the chemical composition of S. filiformis used in
this study is available in [7].

2.3. Process and Experimental Design

The experiment followed a completely randomized design (CRD) in a 2 × 3 factorial
arrangement, considering (i) the presence or absence of S. filiformis seaweed extract (SE)
in the soil and (ii) three levels of silicon (0, 150, and 300 mg kg−1). The study included
5 replicates per treatment, totaling 30 experimental units.

The soil was placed into 1 L pots, each containing 1 kg of substrate. To minimize
drainage and nutrient leaching, the pots were lined with plastic bags. We chose to use
non-sterilized soil in this experiment in order to maintain edaphic conditions as close as
possible to those found in the natural environment. This approach aims to allow more
representative microbial interactions, resulting in data with greater ecological relevance. Si
was incorporated at three levels, 0, 150, and 300 mg kg−1, using sodium silicate (Na2SiO3)
as the source. The Si levels were selected based on previous studies by [23,31]. Following
Si treatment, the soil underwent thorough homogenization and was incubated for ten days.
The seaweed extract, supplied by the Algae Biotechnology and Bioprocess Laboratory at
the UFC, was applied to the soil at a 10% (v/v) concentration. This concentration was
selected based on prior studies [32,33] that demonstrated its effectiveness. Before sowing,
M. caesalpiniaefolia seeds were exposed to 70% ethanol for 30 s to reduce surface tension,
then disinfected using a 1% sodium hypochlorite solution for 10 min. Subsequently, the
seeds were rinsed with sterile distilled water to eliminate any remaining hypochlorite
residue [34]. Three seeds were planted per pot, and 10 days after seedling emergence,
thinning was carried out to retain a single plant per pot. The soil was irrigated daily
to maintain approximately 60% of field capacity. Field capacity was estimated based on
the concept of total available water (TAW) described by [35], considering the soil bulk
density, effective root zone depth, and typical water content values at field capacity and
permanent wilting point for the soil type. Water replacement was performed daily using
pot lysimeters to compensate for evapotranspiration losses. The experiment lasted for
70 days after sowing (DASs).

2.4. Plant Growth Parameters

At 70 DASs, the plants were collected, placed in paper bags, and dried in a forced-air
oven (PROLAB-model SSDicr-150 [https://www.prolab.com.br, accessed 2 July 2025])
at 65 ◦C for three days to determine the shoot dry mass (SDM). The roots were rinsed
with running water and dried following the same procedure to obtain the root dry mass
(RDM). The plant height (H) was measured with a graduated ruler from the soil surface
to the plant apex and expressed in centimeters. The root length (RL) was also measured
with a graduated ruler from the soil insertion point to the root tip. The stem diameter
(SD) was recorded 5 cm above the soil surface using a digital caliper (MTX-model 316119
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[https://mtxtools.ru, accessed 2 July 2025]) and expressed in millimeters. The number of
leaves (NL) was determined through direct counting and expressed as the NL per plant.

2.5. Quantification of Mycorrhizal Colonization and Spore Abundance

Mycorrhizal colonization (MC) was assessed by clearing the roots with a 10% potas-
sium hydroxide (KOH) solution, as outlined by [36]. The samples were placed in open tubes
containing a 10% KOH solution and subjected to a preheated water bath (MYLABOR-model
SSDc-10 [https://www.lojanetlab.com.br, accessed 2 July 2025]) maintained at 80 ◦C for
1 h, with the solution being replaced every 20 min. After this period, the tubes were
removed from the water bath, the KOH solution was discarded, and a 3% hydrogen per-
oxide (H2O2) solution was added. Subsequently, the roots were washed with distilled
water. Following the clearing process, the roots were stained by adding a 5% acidified
blue ink solution (Parker Quink [https://www.parkerpen.com, accessed 2 July 2025]) to
the tubes, which were again placed in the water bath at 80 ◦C for 10 min, following the
method by [37]. After staining, the samples were removed, washed with a 5% acetic
acid solution, and stored in a preservative solution composed of equal volumes of glyc-
erol, lactic acid, and distilled water (1:1:1 v/v). For microscopic analysis, slides were
prepared with ten root fragments, each approximately 1 cm long, and examined using an
optical microscope (BIOFOCUS-model Blue-1600 [https://www.ionlab.com.br, accessed
2 July 2025]). Mycorrhizal colonization (%) was assessed following the methodology
described by [38].

The abundance of AMF spores in the soil (AS) was assessed using the wet sieving
method, following the protocol described by [39]. For this, 100 g of soil from each sample
was mixed with ~500 mL of water and blended at a high speed for 15 s in a Mondial
Blender. The resulting suspension was then poured through a series of sieves with mesh
sizes of 106 and 44 μm. All particles retained on the 44 μm sieve were collected and
centrifuged with a 70% sucrose solution at 3500 rpm for 5 min. The AMF spores in
suspension were filtered (44 μm mesh), rinsed with water, transferred to Petri dishes, and
quantified by direct counting under a stereomicroscope (OLEN-model TECNIVAL-SQF-F
[https://www.lojanetlab.com.br, accessed 2 July 2025]).

2.6. Silicon in Shoots and Roots and Phosphorus, Sodium, and Potassium in Shoots

The Si content in the roots and shoots of M. caesalpiniaefolia was extracted using 30%
hydrogen peroxide and 50% sodium hydroxide. The samples were then placed in a water
bath (MYLABOR-model SSDc-10 [https://www.lojanetlab.com.br, accessed 2 July 2025]) at
85 ◦C for 1 h until complete gas release occurred. Next, they underwent digestion in a semi-
open Falcon tube using an autoclave (PHOENIX-model AV-75 [https://phoenix.ind.br,
accessed 2 July 2025]) at 123 ◦C and 1.5 atm pressure for 1 h [40]. Si determination in plant
tissues was performed through colorimetry at 410 nm, following the procedures described
by [40]. The concentrations of P, sodium (Na), and K in the shoots of M. caesalpiniaefolia
were extracted using 1 mol L−1 HCl [30]. P was determined by colorimetry (KASVI-
model K37-VIS [https://kasvi.com.br, accessed 2 July 2025]) at a wavelength of 660 nm,
while Na and K were analyzed using flame photometry (DIGIMED-model DM-62 [https:
//www.digimed.ind.br, accessed 2 July 2025]) [30].

2.7. Soil Chemical Analysis

Electrical conductivity (EC) and soil solution pH were measured in water (1:2.5 soil-to-
distilled water ratio). The pH was determined using a potentiometer (R-TEC-7/2-MP Tecnal
[https://tecnal.com.br, accessed 2 July 2025]), while EC was measured with a conductivity
meter (DDS-11C MFC:2409087 Meter [https://impac.com.br, accessed 2 July 2025]) [30].
Soil Si content was extracted using a 0.5 M acetic acid solution and quantified by colorime-
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try (KASVI-model K37-VIS [https://kasvi.com.br, accessed 2 July 2025]) at a wavelength of
660 nm, following the procedures described by [41]. Soil P content was extracted using
Mehlich 1 solution (0.05 mol L−1 HCl and 0.0125 mol L−1 H2SO4) and determined by
colorimetry (KASVI-model K37-VIS [https://kasvi.com.br, accessed 2 July 2025]) at a wave-
length of 660 nm. Na and K were extracted using 1N ammonium acetate and determined
by flame photometry (DIGIMED-model DM-62 [https://www.digimed.ind.br, accessed
2 July 2025]) [30].

2.8. Statistical Analysis

Statistical analyses were conducted to assess the data distribution and variance ho-
mogeneity. Normality was evaluated using the Shapiro–Wilk test, and Levene’s test was
applied to verify the homogeneity of variances. When the data met the normality assump-
tion and exhibited homogeneous variances, a two-way analysis of variance (ANOVA) was
performed using the F test (p ≤ 0.05). When significant differences were detected, mean
comparisons were conducted using the Scott–Knott test (p ≤ 0.05). All statistical analyses
were performed using the AgroEstat software (version 1.1.0.712).

3. Results

3.1. Plant Growth

Plants of M. caesalpinifolia Benth. exhibited improved growth with the application of
S. filiformis seaweed extract and Si (Figure 1). The application of S. filiformis seaweed extract
increased the shoot dry mass production, plant height, stem diameter, and leaf number,
regardless of Si levels. Additionally, at Si levels of 150 and 300 mg kg−1, these variables
increased regardless of the application of S. filiformis seaweed extract (Figure 2A,C,E,F). On
the other hand, the absence of Si application resulted in higher root dry mass production
and root length (Figure 2B,D).

 

Figure 1. Growth of M. caesalpiniaefolia plants in the absence (−S. filiformis) and presence (+S. filiformis)
of S. filiformis seaweed extract, under three levels of Si applied to the soil (0 mg kg−1, 150 mg kg−1,
and 300 mg kg−1).
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Figure 2. Growth parameters of M. caesalpiniaefolia under different treatments. Shoot dry mass (A),
root dry mass (B), plant height (C), root length (D), stem diameter (E), and leaf number (F). The values
represent the mean of five replicates ± standard error. Uppercase letters indicate significant differ-
ences among Si levels within the same seaweed extract treatment (i.e., −S. filiformis or +S. filiformis).
Uppercase letters placed above brackets, when present, indicate significant differences among Si
levels, regardless of seaweed extract application. Lowercase letters and asterisks indicate significant
differences between plants with and without seaweed extract (i.e., −S. filiformis or +S. filiformis)
within the same Si level, according to the Scott–Knott test (p ≤ 0.05). *, **, ns: F-test significance levels
at p ≤ 0.05, p ≤ 0.01, and not significant, respectively.

3.2. Abundance of AMF Spores in the Soil and Mycorrhizal Colonization

The abundance of AMF spores in the soil significantly decreased with increasing Si
levels, particularly at 300 mg kg−1 of Si, and with the application of S. filiformis seaweed
extract (Figure 3A). The highest percentages of mycorrhizal colonization were observed at
150 mg kg−1 of Si, regardless of S. filiformis seaweed extract application, and in the presence
of S. filiformis seaweed extract, regardless of Si levels (Figure 3B).
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Figure 3. Abundance of AMF spores in the soil (A) and total mycorrhizal colonization (B) in
M. caesalpiniaefolia plants subjected to different treatments. The values in the figure represent the
mean of five replicates ± standard error. Uppercase letters indicate significant differences among Si
levels within the same seaweed extract treatment (i.e., −S. filiformis or +S. filiformis). Uppercase letters
placed above brackets, when present, indicate significant differences among Si levels, regardless of
seaweed extract application. Lowercase letters and asterisks indicate significant differences between
plants with and without seaweed extract (i.e., −S. filiformis or +S. filiformis) within the same Si level,
according to the Scott–Knott test (p ≤ 0.05). *, **, ns: F-test significance levels at p ≤ 0.05, p ≤ 0.01,
and not significant, respectively.

The roots of M. caesalpiniaefolia colonized by AMF exhibited endogenous structures, includ-
ing Arum-type arbuscules, vesicles, and intraradical and extraradical hyphae (Figure 4).

 

Figure 4. Optical microscope photograph of M. caesalpinieafolia roots after staining. V: vesicle; IH:
intraradicular hypha; EH: extraradicular hypha; A: arbuscule.

3.3. Silicon in Shoots and Roots and Phosphorus, Sodium, and Potassium in Shoots

The highest Si concentrations in the shoot were observed at Si levels of 150 and
300 mg kg−1 in the soil, regardless of S. filiformis seaweed extract application, and in the
presence of S. filiformis seaweed extract, regardless of the applied Si levels (Figure 5A). The
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highest Si concentrations in the root were found at 300 mg kg−1 of Si applied to the soil
(Figure 5B). The highest Na concentrations in the shoot were observed at 300 mg kg−1 of
Si, in the absence of S. filiformis seaweed extract (Figure 5C). K concentrations were higher
at 150 mg kg−1 of Si, regardless of S. filiformis seaweed extract application, and with the
application of S. filiformis seaweed extract, regardless of the Si levels applied to the soil
(Figure 5D). There was no significant effect on P concentrations in the shoot in response to
the analyzed treatments (Figure 5E).

Figure 5. Silicon in shoots (A) and roots (B) and Na (C), K (D), and P (E) in shoots in M. caesalpini-
aefolia plants subjected to different treatments. The values in the figure represent the mean of five
replicates ± standard error. Uppercase letters indicate significant differences among Si levels within
the same seaweed extract treatment (i.e., −S. filiformis or +S. filiformis). Uppercase letters placed above
brackets, when present, indicate significant differences among Si levels, regardless of seaweed extract
application. Lowercase letters and asterisks indicate significant differences between plants with
and without seaweed extract (i.e., −S. filiformis or +S. filiformis) within the same Si level, according
to the Scott–Knott test (p ≤ 0.05). *, **, ns: F-test significance levels at p ≤ 0.05, p ≤ 0.01, and not
significant, respectively.
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3.4. Soil Chemical Analysis

The application of S. filiformis seaweed extract did not significantly affect the soil
pH, EC, or Na content (Table 2). An increase in the soil solution pH was observed at the
highest Si dose (300 mg kg−1), while EC rose with both 150 and 300 mg kg−1 of Si (Table 2).
The greatest availability of Si in the soil occurred at 300 mg kg−1 of Si, specifically in the
absence of the seaweed extract (Table 2). Likewise, the highest Na content was recorded at
this Si rate. K concentrations were elevated at 0 mg kg−1 of Si without the extract and at
150 mg kg−1 with the extract (Table 2). No significant differences were observed in P
content across treatments, with the exception of the application of 300 mg kg−1 of Si in the
presence of S. filiformis SE (Table 2).

Table 2. The pH, EC, and the contents of Si, Na, K, and P in the soil cultivated with M. caesalpiniae-
folia under different treatments. Uppercase letters indicate significant differences among Si levels
within the same seaweed extract treatment (i.e., −S. filiformis or +S. filiformis). Lowercase letters
indicate significant differences between plants with and without seaweed extract (i.e., −S. filiformis
or +S. filiformis) within the same Si level, according to the Scott–Knott test (p ≤ 0.05). *, **, ns: F-test
significance levels at p ≤ 0.05, p ≤ 0.01, and not significant, respectively.

Treatments pH EC Si Na K P

SE Si (mg kg−1) (H2O) (μS cm−1) (mg kg−1) (cmolc kg−1) (cmolc kg−1) (mg kg−1)

−S. fili-
formis

0 4.60 ± 0.12 C 204.60 ± 16.54 B 2.49 ± 0.08 aC 0.15 ± 0.003 C 0.04 ± 0.001 aA 20.95 ± 1.29 aA

150 5.55 ± 0.07 B 227.92 ± 17.77 A 3.96 ± 0.19 aB 0.54 ± 0.008 B 0.03 ± 0.0009 bB 21.31 ± 1.12 aA

300 6.21 ± 0.05 A 255.60 ± 7.89 A 7.87 ± 0.64 aA 0.87 ± 0.031 A 0.01 ± 0.001 bC 16.36 ± 0.79 bB

+S. fili-
formis

0 4.56 ± 0.02 C 210.56 ± 8.18 B 2.58 ± 0.17 aB 0.16 ± 0.003 C 0.03 ± 0.001 bA 20.95 ± 1.00 aA

150 5.68 ± 0.07 B 263.00 ± 11.15 A 3.45 ± 0.13 aB 0.55 ± 0.005 B 0.04 ± 0.001 aA 22.67 ± 0.42 aA

300 6.31 ± 0.08 A 240.20 ± 8.12 A 6.01 ± 0.17 bA 0.86 ± 0.011 A 0.03 ± 0.001 aB 21.48 ± 1.10 aA

F test

SE 0.95 ns 0.72 ns 9.70 ** 0.21 ns 20.04 ** 7.00 *
Si 226.60 ** 6.74 ** 116.93 ** 1213.11 ** 63.10 ** 4.86 *

SE*Si 0.65 ns 2.12 ns 5.56 * 0.45 ns 33.53 ** 2.52 *

4. Discussion

The application of a seaweed extract (S. filiformis) and Si maximized the early growth
of Mimosa caesalpiniaefolia, possibly due to the bioactive composition of the seaweed extract.
This extract contains polysaccharides, phytohormones, lipids such as fatty acids and
sterols, pigments like carotenoids, oxylipins, minerals, peptides, amino acids, and proteins,
compounds that promote plant growth [5]. Furthermore, there is evidence that seaweed
extracts stimulate AMF, which support plant development [8,9], an effect also observed
in this study. However, it is worth noting that the seaweed extract used in our study was
subjected to heating and filtration, processes that may have altered its initial composition.
Some compounds may have been retained in the discarded residue; however, the gelled
extract retains sulfated polysaccharides from the seaweed cell wall, capable of interacting
with soil minerals and promoting their gradual release. This mechanism reduces leaching
and improves nutrient availability for plants, favoring their development [6,42].

The gel formulation of the seaweed extract used in our study reduces dispersion by
rain and leaching, prolonging root contact and improving nutrient absorption. This factor
is particularly relevant for seedlings intended for reforestation, which need to develop
autonomy in the final environment, where input availability is limited. The interaction
between Si and seaweed extracts may provide better conditions for plant growth since both
inputs enhance water and nutrient absorption while strengthening plant cell structure [43].
Si contributes to silica deposition in cell walls, increasing mechanical resistance and re-
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ducing water stress, while bioactive seaweed compounds promote beneficial microbial
activity and optimize plant metabolism [44]. The absence of Si resulted in greater dry
mass production and root length. This effect may be related to the fact that, under certain
conditions, Si reduces root growth without compromising the shoot [45]. Reduced root
expansion may indicate greater efficiency in resource uptake since Si contributes to water
use efficiency and structural resistance in the shoot [46].

The abundance of AMF spores in the soil decreased with the application of the seaweed
extract and increasing levels of Si. This behavior may be related to the lower root density
observed under these conditions and the signaling dynamics between plants and AMF
in the rhizosphere. A study demonstrated that plants under greater environmental stress
release root exudates, such as strigolactones and flavonoids, to stimulate the establishment
of symbiosis with AMF [47]. These molecules function primarily as exo-signals that
promote hyphal branching and facilitate root colonization. In our study, however, even
with improved plant nutritional status and reduced stress due to SE and Si application,
AMF colonization increased. This suggests that the mechanisms driving colonization in
our experimental conditions may not be directly dependent on the elevated exudation
of signaling compounds. On the other hand, a reduction in AMF spore abundance in
the soil was observed. Since strigolactones and flavonoids are not directly involved in
sporulation, this reduction may instead be related to changes in carbon allocation by the
host plant, shifts in AMF life strategies, or even the suppression of sporulation under more
favorable root-colonizing conditions. Similar findings were reported by [23], highlighting
that increased colonization does not necessarily correlate with higher spore production.

Mycorrhizal colonization in M. caesalpiniaefolia increased in response to the application
of the seaweed extract and Si. Although this treatment led to reduced AMF sporulation,
it did not negatively affect the plant. On the contrary, greater mycorrhizal colonization
resulted in significant benefits for M. caesalpiniaefolia growth, indicating that spore abun-
dance and mycorrhizal colonization are not always directly correlated. Studies suggest
that seaweed extract application stimulates mycorrhization compared to its absence [8].
This effect may be related to the increased expression of genes associated with mycorrhizal
symbiosis establishment, such as those involved in infectivity and colonization efficiency,
as observed in Medicago truncatula [9]. Additionally, Si may favor mycorrhizal colonization
by modulating the availability of dissolved organic compounds in the soil, increasing the
supply of carbon sources for AMF [21]. Furthermore, there is evidence that Si influences
the metabolism of phenolic substances, including flavonoids, which play a crucial role
in signaling and recruiting AMF to the host plant rhizosphere [48]. Thus, although Si
deposition in root cell walls is traditionally associated with a potential barrier to fungal
infection, the present study suggests that this element may, in fact, create a biochemically
favorable environment for mycorrhizal colonization in M. caesalpiniaefolia. Therefore, our
findings suggest that the interaction between the seaweed extract and Si fosters a more con-
ducive environment for mycorrhizal symbiosis, promoting greater colonization regardless
of reduced AMF sporulation in the soil.

It is important to acknowledge that, under natural soil conditions, AMF symbioses
occur within complex networks formed by multiple fungal species interacting with diverse
plant roots across the soil matrix. Such networks are essential for nutrient transfer, colo-
nization dynamics, and spore production. However, our experimental design, based on
pot conditions with a single plant species, does not replicate the full complexity of field
scenarios. Consequently, although we quantified root colonization and spore abundance
in the soil, we did not assess the development of the extraradical mycelial network nor
identify the AMF species involved. This constitutes a limitation of the study, as the diver-
sity and connectivity of AMF networks can influence both colonization and sporulation.
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Therefore, future studies under more complex or field-based conditions are necessary to
expand the understanding of AMF network functioning and its implications for symbiotic
performance and ecosystem services.

The application of seaweed extract influenced Si uptake in M. caesalpiniaefolia, resulting
in the higher accumulation of this element in the shoot, while the Si levels in the roots
increased proportionally with higher Si application to the soil. These results indicate that
despite the reduction in root growth observed at high Si doses, the absorption and storage
of this element in the root remained active, corroborating the findings of [45]. This effect
may be related to the intensification of mycorrhizal colonization since AMF can enhance Si
uptake by expanding the soil exploration surface through their hyphal network, acting as
an extension of the root system [8,49]. Moreover, the composition of the seaweed extract
may have contributed to increased Si levels in the plant shoots. Studies indicate that green
and red macroalgae have higher Si concentrations compared to brown macroalgae [50].
Although we applied a highly soluble silicon source, it is important to recognize that in
natural soils, silicate-solubilizing bacteria can also enhance Si availability by transforming
insoluble minerals into forms absorbable by plants. These bacteria act through acidification
and organic acid production, contributing to nutrient cycling and potentially interacting
with AMF to improve plant nutrition and stress tolerance [20].

Thus, the interaction between the bioactive compounds of S. filiformis seaweed extract
and soil Si availability may have favored the absorption and transport of the element, lead-
ing to its greater accumulation in shoot tissues. However, it is important to acknowledge
that the speciation of Si in the soil solution was not determined in this study. Since sodium
silicate is a highly soluble source, high application rates may have exceeded the solubility
threshold of monomeric silicic acid, potentially leading to polycondensation and reduced
bioavailability. This represents a limitation for the precise interpretation of Si dynamics
under our experimental conditions.

The high Si concentration influenced sodium uptake by the plant in our study, pos-
sibly due to the use of sodium silicate as a Si source, which contains Na+ in its compo-
sition. Although Si is known to mitigate salt stress by regulating Na+ transport in plant
tissues [45,51,52], the presence of Na+ in the fertilizer may have contributed to its accu-
mulation in the shoot. However, the observed Na+ levels did not indicate toxicity for
M. caesalpiniaefolia [53]. The lower Na+ translocation in the presence of the S. filiformis sea-
weed extract may be associated with its gelatinous matrix, rich in sulfated polysaccharides,
which have negative charges capable of retaining cations in the soil.

The S. filiformis seaweed extract increased the K levels in the shoot of M. caesalpiniae-
folia, likely due to the supply of this nutrient and plant hormones that stimulate growth,
favoring its absorption [8,54]. Additionally, the symbiosis with AMF, enhanced by the
seaweed extract and Si, expands the root absorption area, boosting K uptake [9]. Si applica-
tion to the soil also contributes to K uptake by improving its availability and facilitating
transport within the plant, potentially reducing K fixation in soil particles and increasing its
mobility in solution [55]. Si further strengthens the cell structure, reducing K losses through
exudation and regulating its redistribution in plant tissues [56]. Studies indicate that under
K deficiency, Si can stimulate compensatory mechanisms, promoting plant growth and
nutrient homeostasis [51]. In our study, there were no significant differences in the P
content in the shoot of M. caesalpiniaefolia among the treatments. This result may be related
to the experimental period, which was possibly insufficient for the S. filiformis extract to
significantly release P into the soil, thus limiting its availability to plants. As reported
by [57], the mineralization of organic P can vary with the incubation time, influencing the
nutrient’s availability to plants.
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The soil application of Si directly influenced the pH of the soil solution and electrical
conductivity (EC). The increase in the pH, especially observed in the treatment with the
highest level of Si, is likely due to the alkalinizing effect of sodium silicate. This effect
occurs because silicate anions act as weak bases, neutralizing H+ ions in the soil solution.
Additionally, Na+ can compete with H+ for exchange sites on soil colloids, displacing H+

into the solution and promoting its neutralization [51,58]. On the other hand, the increase
in the EC can be attributed to the dissociation of Na2SiO3 in the soil, which releases Na+

ions and silicate anions (SiO4
4−), increasing the concentration of dissolved ions in the soil

solution and, consequently, the EC [52].
Soil Si availability increased with the application of increasing doses of this element,

as expected. In contrast, the application of the S. filiformis seaweed extract resulted in a
reduction in soil Si availability. This decrease may be related to the higher accumulation of
Si in the shoot of M. caesalpiniaefolia under this treatment, indicating greater uptake of the
element. This effect may be associated with the intensification of mycorrhizal colonization,
as observed in our study, since arbuscular mycorrhizal fungi (AMF) are also known to
enhance Si uptake by plants [49].

The increase in the soil sodium content with higher Si levels can be attributed to the
chemical composition of common Si sources, which often include soluble salts like sodium
or potassium silicate. Si application may also alter the soil’s colloidal structure and ion
exchange processes, facilitating the release of Na+ into the soil solution [59]. SEs, however,
may moderate this effect through ionic complexation by sulfated polysaccharides or by
enhancing microbial activity that influences cation dynamics [60].

The soil K levels decreased with the application of Si, likely due to the increased uptake
of this nutrient by plants under higher Si treatments, resulting in reduced K availability
in the soil. Potassium availability is influenced by competition with other cations and by
plant uptake during periods of rapid growth. Moreover, the S. filiformis SE can enhance K
release from soil minerals through the action of organic compounds such as humic, fulvic,
and phenolic acids, which aid in nutrient solubilization [60]. The SE may also stimulate the
activity of rhizospheric microorganisms and AMF, which play key roles in the mobilization
of K and P. Notably, the effects on P availability in the soil were more pronounced in the
presence of the SE and under the highest Si application level. Phosphorus dynamics are
particularly complex due to its high reactivity, but SEs can reduce P fixation by promoting
the release of chelating substances and enhancing microbial activity.

5. Conclusions

The co-application of S. filiformis SE and Si promotes the early growth of M. caesalpini-
aefolia, particularly at Si levels of 150 and 300 mg kg−1, enhancing its development. Si,
in the form of Na2SiO3, and the S. filiformis SE reduce AMF spore abundance in the soil
cultivated with M. caesalpiniaefolia, possibly due to lower root density and reduced exudate
release. The application of S. filiformis SE and Si increased mycorrhizal colonization in
M. caesalpiniaefolia, benefiting plant growth despite the reduction in AMF sporulation,
suggesting that symbiosis can be stimulated independently of spore abundance. The
co-application of S. filiformis SE and Si shows potential for promoting the growth of M.
caesalpiniaefolia and modulating its interaction with AMF, partially confirming the hypoth-
esis of this study. However, further field studies are needed, considering different soil
types, plant species, and a longer experimental period to assess AMF sporulation dynamics,
mycorrhizal colonization, and nutrient availability in the soil solution over time.
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Abstract

The extensive use of agrochemicals, heavy metals, and antibiotics in agriculture poses sig-
nificant challenges to environmental sustainability and soil health. Plant growth-promoting
bacteria (PGPB) offer a promising solution for sustainable agriculture; however, their se-
lection requires careful evaluation of factors such as genome stability, metal tolerance,
antibiotic resistance, and pesticide degradation capacity. This study characterizes the en-
dolithic Nocardia mangyaensis NH1, focusing on its physiological and genomic features that
enhance its potential as a biofertilizer in contaminated soils. Genomic analysis revealed
a low number of antibiotic resistance genes with susceptibility to broad-spectrum antibi-
otics, minimizing the risk of horizontal gene transfer. The genome of N. mangyaensis NH1
contains two non-pathogenic genomic islands and prophage regions, with a CRISPR–Cas9
system. These findings highlight N. mangyaensis NH1 as a promising candidate for biofer-
tilizers, combining pesticide and metal tolerance with genomic stability, thereby support-
ing sustainable agricultural practices and reducing environmental risks associated with
agrochemical use.

Keywords: Nocardia; heavy metals; pesticides; antimicrobial resistance; biofertilizer

1. Introduction

The extensive use of agrochemicals and pesticides, metal tolerance and antibiotic
resistance represent significant challenges to modern agriculture and environmental sus-
tainability [1]. The co-occurrence of heavy metals and pesticides in agricultural soils often
leads to joint toxicity for plants and soil microorganisms, which can be either synergistic or
antagonistic [2]. The agricultural application of metal-containing fertilizers and pesticides
plays an important role in the maintenance and selection of antibiotic resistance among
microorganisms, which in turn affects the formation of microbial communities and healthy
plant rhizosphere [3].

One of the strategies employed in the practice of sustainable agriculture is the introduc-
tion of plant growth-promoting bacteria (PGPB), which serve to reduce reliance on chemical
pesticides. However, the screening and selection of bacterial strains that are applicable for

Microorganisms 2025, 13, 2806 https://doi.org/10.3390/microorganisms13122806
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microbial-based fertilizers represent a significant challenge. Among bacteria, Nocardia, a
genus of actinobacteria, are ubiquitous in a variety of ecological niches due to their high
metabolic activity and capacity for adaptation to a range of stressors. A high resistance to
heavy metals, the ability to biodegrade pesticides and plastics, synthesis of metabolites
with activity against pathogenic bacteria and fungi, production of phytohormones and
formation of nodules in actinorhizal plants were demonstrated for different strains of No-
cardia [4,5]. Furthermore, the genomes of Nocardia species contain a variety of biosynthetic
gene clusters (BGCs) responsible for the biosynthesis of bioactive secondary metabolites
with antibacterial, antifungal and antiviral activities [6]. This metabolic potential, combined
with their resilience to environmental stressors, positions Nocardia as a promising candidate
for agrobiotechnological applications.

The tolerance of bacteria to heavy metals depends on the metal transportome, which
represents a network of transport proteins involved in the uptake, efflux and sequestra-
tion of metal ions [7]. The control of metal homeostasis and cycling by transport systems
enables microorganisms to survive in metal-rich environments. In addition to the signifi-
cance of the diversity and the richness of the bacterial metal transportome, the antibiotic
resistome is a pivotal factor in the distribution of antibiotic resistance genes within mi-
crobial communities in agricultural soils [7]. The goal in identification of novel PGPB
candidates is to ensure that they will minimize environmental reservoirs of resistance
genes, thereby preventing their transfer to phytopathogens and protecting agricultural
ecosystems. The mechanisms of antibiotic and metal resistance co-selection have been
extensively studied in bacteria from agricultural and industrial environments [8]. Further-
more, agricultural ecosystems are exposed to a variety of pesticides, the uncontrolled use
of which has resulted in the bioaccumulation of these chemicals in plants, soil, air and
water [2]. This has also led to an imbalance in microbial communities, with a predominance
of phytopathogenic microorganisms.

Apart from above mentioned biosafety concerns related to pesticides, metal tolerance
and antibiotic resistance, the genetic plasticity and stability of PGPB in the biofertilizers
are also very important [9]. Bacterial genome integrity and stability are vital for their
adaptation to a changing environment [10]. It is also crucial to maintain a balance between
genome stability and plasticity when selecting bacterial strains for integration into agri-
cultural practice. It is therefore essential to select PGPB as a component of biofertilizers
based on investigation of their genome stability, metal transportome, antibiotic resistance
and pesticide tolerance in order to advance sustainable agriculture. The objective of the
present study was to characterize the physiological properties and genomic features of the
endolithic Nocardia mangyaensis NH1 that contribute to its resistance to pesticides, heavy
metals and antibiotics, thereby enhancing its potential as a biofertilizer in agricultural
practice in poor and contaminated soils.

2. Materials and Methods

2.1. Bacterial Strain

Experiments were carried out using the endolithic strain N. mangyaensis NH1 isolated
from the hydromagnesite mineral [11]. N. mangyaensis NH1 was grown on Mueller–Hinton
agar. A bacterial suspension was then prepared in sterile 0.9% saline and left undisturbed
to allow large clumps to settle. The resulting suspension was diluted to an OD600 of 0.1
or 0.5 according to MacFarland standards [12]. N. mangyaensis NH1 was deposited in
the Russian National Collection of Industrial Microorganisms under collection number of
VKPM: Ac-2226. The whole-genome shotgun project of N. mangyaensis NH1 was deposited
at DDBJ/ENA/GenBank under accession JAUMIP000000000.
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2.2. Assessment of Pesticide Resistance

N. mangyaensis NH1 was tested for sensitivity/resistance against field application rates
of single fungicides (difenoconazole, fludioxonil, chlorothalonil), mixture of fungicides
(tebuconazole and propiconazole) and herbicide (glufosinate ammonium) obtained from
their respective manufacturers (SI_Table S1). Pesticide sterility was evaluated before
their use in the experiments. Diluted pesticide solutions were freshly prepared prior
to each experiment. The resulting suspension of N. mangyaensis NH1 was inoculated
in Mueller–Hinton broth with the addition of pesticides at concentrations ranging from
1.0 to 4000 mg/L. Pesticide-free medium was used as a positive control. The incubation
was performed at 30 ◦C for 72 h. The assessment of bacterial survival in the presence of
pesticides was conducted through the enumeration of colony-forming units (CFU/mL).
All experiments were performed in duplicate.

2.3. Heavy Metal Resistance

The minimum inhibitory concentration (MIC) to heavy metals was determined using
a serial spot assay. The stock solutions of metals (NiSO4·7H2O, CoCl2·6H2O, K2Cr2O7,
CuSO4·5H2O, ZnSO4, FeCl3·6H2O, AlCl3) were prepared in distilled water and filter-
sterilized. The resulting suspensions and their appropriate serial dilutions were spotted
onto agar plates supplemented with a gradient of metal concentrations (1.0–10.0 mM). Agar
plates without metals served as a positive growth control. After incubation at 30 ◦C for
72 h a bacterial growth was assessed by enumerating CFU/mL. The MIC was defined as
the lowest concentration of heavy metals that completely inhibited visible growth. All
experiments were performed in triplicate.

The metal transportome of N. mangyaensis NH1 was predicted by using the Trans-
portDB database 2.0 through the BLASTp v2.2.26 tool, with an E-value threshold of
1 × 10−100 [13]. The Antibacterial Biocide and Metal Resistance Genes Database (BacMet,
experimentally confirmed database) v2.0 was used to search for resistance genes to biocides
and metals through the BLASTp v2.2.26 tool, with an E-value threshold of 1 × 10−50 [14].

2.4. Antibiotic Susceptibility

The susceptibilities of N. mangyaensis NH1 were determined by E-test strip and disk
diffusion assay on Mueller–Hinton agar (BD Difco) according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines (www.clsi.org). The resulting suspension of NH1 was
streaked on the Mueller–Hinton agar using a sterile cotton-tipped applicator. E-test strips
(Ezy MIC™, HIMEDIA, Kennett Square, PA, USA) and disks with antibiotics (MASTDISCS®

AST and Bio-Rad® discs) were placed on the agar surface. The plates were incubated
at 30 ◦C for 72 h, after which the inhibition zones surrounding the antimicrobial discs
were measured. N. mangyaensis NH1 was categorized as sensitive or resistant according
to previously published criteria [12,15,16]. Experiments were performed in triplicate.
The Comprehensive Antibiotic Resistance Database (“CARD”) was used for predicting
antibiotic resistance genes in the genome [17].

2.5. Genome Plasticity of N. mangyaensis NH1

The identification of signature genes for CRISPR–Cas types and subtypes was
performed by using the online platform CRISPRCasFinder [18]. The genome of N.
mangyaensis NH1 was analyzed using the PHASTEST (PHAge Search Tool with En-
hanced Sequence Translation) web server to predict prophage sequences [19]. The clas-
sification of protein sequences into families was performed using the InterPro resource
(https://www.ebi.ac.uk/interpro, accessed on 20 March 2025). The prediction of genomic
islands in the N. mangyaensis NH1 genome was carried out with the IslandViewer web-
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server (http://www.pathogenomics.sfu.ca/islandviewer/, accessed on 20 March 2025)
using the complete reference genome of Nocardia asteroides strain FDAARGOS 1485 [20].

2.6. Statistical Analysis of Data

The statistical analysis of the data was conducted using GraphPad Prism v. 8.0.1
(GraphPad Software, San Diego, CA, USA). The p-value was considered to be statistically
significant if it was less than 0.05, and this was determined by the Kruskal–Wallis test.

3. Results

3.1. The Survival of N. mangyaensis NH1 in the Presence of Pesticides

The present study examined the viability of N. mangyaensis NH1 in pesticide solu-
tions at field application rates over a 72 h period at 30 ◦C (Figure 1). The NH1 strain
remained viable in a medium with glufosinate-ammonium, difenoconazole, fludioxonil
and chlorothalonil with no significant reduction in cell count from the initial inoculation
rate. However, statistically significant reduced bacterial growth of the NH1 strain was
observed when exposed to glufosinate-ammonium in comparison with the untreated
control. The fungicide mixture of tebuconazole and propiconazole (100 and 150 mg/L,
respectively) was a notable exception, causing a statistically significant decrease in bacterial
survival (Figure 1). The results revealed a positive correlation between the decrease in
pesticide concentration and the increase in growth demonstrated by N. mangyaensis NH1
(SI_Figure S1).

Figure 1. The survival of N. mangyaensis NH1 at field application rates of pesticides (Gluf, glufosinate-
ammonium (2500 mg/L), Dif, difenoconazole (100 mg/L), Flu, fludioxonil (1500 mg/L), Chl,
chlorothalonil (4000 mg/L) and Teb/Pro, tebuconazole and propiconazole (100/150 mg/L)) af-
ter 72 h growth at 30 ◦C in Mueller–Hinton medium. Values are means ± standard deviations.
*—p-value < 0.05 and **—p-value < 0.01 are used to indicate significant differences between the
control and experimental groups. All experiments were performed in duplicate.

3.2. Heavy Metal Resistance and Metal Transportome of N. mangyaensis NH1

N. mangyaensis NH1 demonstrated multiple resistance to heavy metals, with MIC values
varying across a range of concentrations (Table 1, SI_Figure S2). The order of metal resistance,
based on the MIC values, was as follows: Al3+ > Zn2+/Fe3+/Ni2+ > Co2+ > Cu2+/Cr2O7

2−.
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Table 1. The minimum inhibitory concentration (MIC) of heavy metals for N. mangyaensis NH1.

Resistance Level Metal Ions MIC (mM)

Highest Al3+ 10
High Zn2+, Fe3+, Ni2+ 7
Medium Co2+ 5
Lowest Cu2+, Cr2O7

2− 4

In order to determine the basic composition of the metal transportome involved in the
metal resistance of N. mangyaensis NH1, the TransportDB 2.0 database was used, aiming
to identify and assign putative function to all transport proteins. The following metal
transporter groups were identified: ATP-dependent (ABC superfamily, P-type ATPase
superfamily), ion channels (MIT, VIC), secondary transporters (ACR3, CaCA, CDF, CPA3,
DASS, DMT, MFS, MOP, RND) and unclassified (MgtE) (Table 2).

Table 2. The metal transportome of Nocardia mangyaensis NH1.

Metal Transporter Type/Family Number of Transporters

I ATP-Dependent 116
P-type ATPase (P-ATPase) Superfamily 5
ATP-binding cassette (ABC) Superfamily 111
II Ion Channels 2
CorA/Mrs2 Metal Ion Transporter (MIT) Family 1
Voltage-gated Ion Channel (VIC) Superfamily 1
III Secondary Transporters 50
Arsenical Resistance-3 (ACR3) Family 1
Ca2+: Cation Antiporter (CaCA) Family 1
Cation Diffusion Facilitator (CDF) Family 1
Monovalent Cation (K+ or Na+): Proton Antiporter-3
(CPA3) Family 2

Divalent Anion:Na+ Symporter (DASS) Family 1
Drug/Metabolite Transporter (DMT) Superfamily 1
Major Facilitator Superfamily (MFS) 26
Multidrug/Oligosaccharidyl-lipid/Polysaccharide (MOP)
Flippase Superfamily 3

Resistance-Nodulation-Cell Division (RND) Superfamily 14
IV Unclassified 2

Mg2+ Transporter-E (MgtE) Family 2
Total 170

Screening for heavy metal resistance genes in the genome of N. mangyaensis NH1 was
conducted using the Antibacterial Biocide and Metal Resistance Genes (BacMet) database
(Table 3). Seven genes encoding proteins that participate in cobalt, nickel, copper, iron,
cadmium and lead resistance were identified, as well as one gene (ideR) that is involved
in peroxide and naphthoquinone stress response. The results revealed that in the genome
of N. mangyaensis NH1, two genes, ctpD and kmtR, are likely associated with resistance
to cobalt (Co) and nickel (Ni). It was also suggested that three genes (ideR, furA and acn)
might be involved in regulating of iron homeostasis (Table 3).
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Table 3. Prediction of antibacterial biocide and metal resistance genes in the genome of Nocardia
mangyaensis NH1.

Gene ID Species Metal Query % Identity N Identity Length E Value

ctpD A0R3A7 Mycobacterium
smegmatis

Cobalt (Co), Nickel
(Ni) WP_302872979.1 63.1 395 626 0

mctB P64883 Mycobacterium
tuberculosis Copper (Cu) WP_302872657.1 46.8 146 312 3.67 × 10−80

furA P0A582 Mycobacterium
tuberculosis Iron (Fe) WP_071931421.1 72.1 101 140 6.78 × 10−72

ideR P0A672 Mycobacterium
tuberculosis

Iron (Fe),
Hydrogen

Peroxide (H2O2)
[class: Peroxides],
Plumbagin [class:
Naphthoquinone]

WP_071929125.1 73.9 170 230 1.65 × 10−199

nmtR O69711 Mycobacterium
tuberculosis

Nickel (Ni),
Cadmium (Cd),

Lead (Pb)
WP_302872707.1 75.63 90 119 1.99 × 10−63

kmtR O53838 Mycobacterium
tuberculosis

Nickel (Ni),
Cobalt (Co) WP_302871740.1 77.876 88 113 3.60 × 10−59

acn O53166
Mycobacterium

tuberculosis
H37Rv

Iron (Fe) WP_302870970.1 79.38 743 936 0

3.3. Antibiotic Resistance Profile of N. mangyaensis NH1

Genomic analysis using the Comprehensive Antibiotic Resistance Database (CARD)
identified a limited resistance gene repertoire of N. mangyaensis NH1, which correlates with
the observed phenotypic profile (Table 4). The antibiotic resistome of N. mangyaensis NH1
includes two genes, vanY and vanW, that encode proteins responsible for glycopeptide
antibiotic resistance. Additionally the presence of one gene encoding rifampin monooxy-
genase, which participates in the inactivation of rifamycin, and the aac(3)-I gene, which
encodes aminoglycoside 3-N-acetyltransferase and confers resistance to gentamicin and
tobramycin were predicted. It is important to note that the results of the genomic analysis
of N. mangyaensis NH1 are in good agreement with the phenotypic results of antibiotic
susceptibility to glycopeptide antibiotics and aminoglycosides.

Table 4. The CARD-based antibiotic resistome prediction of Nocardia mangyaensis NH1.

RGI
Critera

ARO Term
Detection
Criteria

AMR Gene
Family

Drug Class
Resistance

Mechanism

% Identity
of Matching

Region

% Length of
Reference
Sequence

Predicted
phenotype
(ResFinder)

Strict vanY gene in
vanB cluster

protein
homolog

model

vanY,
glycopeptide

resistance gene
cluster

glycopeptide
antibiotic

antibiotic
target

alteration
32.17 64.18 -

Strict vanY
protein

homolog
model

vanW,
glycopeptide

resistance gene
cluster

glycopeptide
antibiotic

antibiotic
target

alteration
28.91 166.22 -

Strict Nocardia
farcinica rox

protein
homolog

model

rifampin
monooxygenase

rifamycin
antibiotic

antibiotic
inactivation 71.61 100.21 -

Strict aac(3)-IVa
protein

homolog
model

AAC(3) aminoglycoside
antibiotic

antibiotic
inactivation 98.84 103.49 Gentamicin,

Tobramycin

Antibiotic Resistance Ontology (ARO), Resistance Gene Identifier (RGI). aac(3)-IVa is a plasmid-encoded amino-
glycoside acetyltransferase in E. coli, C. jejuni and P. stutzeri. Nocardia farcinica rox is a rifampin monooxygenase
that inactivates rifampin.

108



Microorganisms 2025, 13, 2806

The present study also characterized the antibiotic resistance profile of N. mangyaensis
NH1. The NH1 strain showed resistance to several antibiotics, including select aminogly-
cosides (kanamycin, tobramycin, streptomycin), cephalosporins (cefazolin), nitrofurans
(nitrofurantoin), tetracyclines (tetracycline, doxycycline), and the glycopeptide vancomycin
(SI_Table S2). Intermediate sensitivity was observed for gentamicin, erythromycin, and
ciprofloxacin. The E-test determination of the minimum inhibitory concentration (MIC)
confirmed susceptibility to these antibiotics at low concentrations (0.75, 1.5, and 1.0 μg/mL,
respectively). The NH1 strain also demonstrated susceptibility to the aminoglycoside
antibiotics neomycin and amikacin.

3.4. Genome Plasticity of N. mangyaensis NH1

To assess genome plasticity, a number of accessory genes beneficial under environ-
mental conditions were explored. Five genomic islands (GIs) consisting of diverse insertion
sequences (IS), integrases and transposases, were found in the genome of N. mangyaensis
NH1 (SI_Table S3). The results showed the absence of pathogen-associated genes, curated
virulence factors and resistance genes. One GI contains the Cas cluster. The Cas clus-
ter, with an evidence level of 1 belonging to CAS-Type II-U, was detected in the contig
NZ_JAUMIP010000046.1 (Figure 2). The contig contains five genes encoding Cas9 hypothet-
ical protein, aminoglycoside N-acetyltransferase AAC(3)-IVa, IS6 family transposase, type
II CRISPR RNA-guided endonuclease Cas9 and CII family transcriptional regulator. The
Cas9 protein of N. mangyaensis NH1 was annotated by using InterPro, and the following
domains were identified: HNH nuclease, CRISPR-associated endonuclease Cas9 with REC
lobe and bridge helix, Cas9-type HNH domain and Ribonuclease H superfamily (Table 5).
Additionally, our findings revealed that the genome of N. mangyaensis NH1 contains nine
CRISPR arrays with direct repeats and spacers with an evidence level of 1, while one has
an evidence level of 2 (SI_Table S4).

Figure 2. The genomic island in the genome of N. mangyaensis NH1 containing the type II CRISPR
RNA-guided endonuclease Cas9.

Table 5. InterPro annotation for the type II CRISPR RNA-guided endonuclease Cas9
(WP_302876581.1) of N. mangyaensis NH1.

Accession Short Name Accession

IPR003615 HNH_nuc HNH nuclease
IPR028629 Cas9 CRISPR-associated endonuclease Cas9
IPR033114 HNH_CAS9 Cas9-type HNH domain
IPR032240 Cas9_REC CRISPR-associated endonuclease Cas9, REC lobe
IPR032239 Cas9-BH CRISPR-associated endonuclease Cas9, bridge helix
IPR036397 RNaseH_sf Ribonuclease H superfamily

In this work, the composition of prophage genes and regions within the N. mangyaensis NH1
was studied using bioinformatic tools. The identification and annotation of prophage genes and
regions within the N. mangyaensis NH1 genome revealed two regions containing incomplete and
intact prophages, respectively, with total scores of 70 and 100 (SI_Figure S3, SI_Table S5). The
average length of intact prophage sequences was found to be ∼12.5 kb. The GC content of the
sequences analyzed was approximately 64% (SI_Table S5). Both prophage regions are located in
the contig NZ_JAUMIP010000013.1 and are in close proximity to each other. The region 1 consists
of nine proteins, including a regulated protein homologous to AraC family transcriptional regula-
tor (PHAGE_Bordet_vB_BbrM_PHB04_NC_047861), a hypothetical protein, a phage-like protein
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homologous to gp132 (PHAGE_Mycoba_Cali_NC_011271), and six tail proteins homologous to
minor tail proteins of different phages. The region 2 consists of 14 proteins, including two head pro-
teins homologous to head-to-tail connector complex proteins (PHAGE_Strept_Rowa_NC_047906
and PHAGE_Rhodoc_Sleepyhead_NC_048782); four phage-like proteins homologous to pen-
tapeptide repeat family proteins (PHAGE_Microc_MaMV_DC_NC_029002, PHAGE_Microc_Ma
MV_DC_NC_029002); a putative major virion structural protein (PHAGE_Brevib_Jenst_NC_028805)
and a putative lysin (PHAGE_Gordon_GMA4_NC_030939); one lysis protein homologous to
lysin B (PHAGE_Gordon_Attis_NC_041883); one repressor homologous to immunity repressor
(PHAGE_Rhodoc_Jace_NC_047974); and four tail proteins homologous to minor tail proteins of
different phages. In the N. mangyaensis NH1 genome, thirteen insertion elements (IS) belonging to
eight IS families (IS5/IS1182, IS1380, IS630, IS3, ISAs1, IS6, IS21, IS30 and IS110 family transposases)
were identified on the basis of the GenBank annotation (GCA_030519415.1). It was observed that,
among all insertion sequences detected, those belonging to the IS5/IS1182 family transposase were
found to be more prevalent.

4. Discussion

The agricultural sector is a major consumer of fertilizers, pesticides and soil sup-
plements that contain heavy metals as impurities. The primary source of heavy metals
(particularly Cd, Cu, Zn, Pb, Ni, As and Cr) are phosphorus fertilizers, which are exten-
sively utilized in agricultural practices across numerous countries [21]. The application of
pesticides, intended to treat plants against bacterial, fungal or insect diseases, is typically
carried out through foliar spraying. However, this practice results in the wash-off of pesti-
cides from treated plants and subsequent sorption of the pesticides onto soil particles [22].
The application of fertilizers and pesticides in greenhouse farming over an extended period
has resulted in their accumulation, including heavy metals, and leading to a negative
impact on soil fertility and crop productivity [23].

Over the last decade, there has been a global trend in agricultural practices towards
the use of microbial inoculants, formulations or biofertilizers to enhance crop productivity
and practice sustainable agriculture [24]. Plant growth-promoting bacteria (PGPB) are
a core component of biofertilizers due to their beneficial properties such as secretion of
extracellular lytic enzymes, production of phytohormones and increase in nutrient bioavail-
ability [5]. Among PGPB, actinomycetes are beneficial microorganisms for agricultural
application as biofertilizers due to their bioactive properties. The effectiveness of biofer-
tilizer application depends on many factors, including biotic and abiotic factors present
in the environment. Moreover, given the invasive nature of microbial inoculants toward
indigenous microbial communities within agricultural systems, there is a growing concern
regarding the assessment of unexpected consequences arising from their application [25].
Therefore, it is important to select microbial candidates for biofertilizers with consideration
for their resistance to pesticides, heavy metals and antibiotics, as well as for their genome
stability. This will increase their efficiency and minimize the distribution of resistant genes
within the microbial communities in agricultural soils.

Members of the genus Nocardia are known for their biotechnological potential, multi-
ple heavy metal resistance and ability to biodegrade organic compounds [26,27]. Recently,
the genomic and metabolomic features of the endolithic strain N. mangyaensis NH1 were in-
vestigated, with the aim of determining their potential application beneficial in agricultural
and environmental biotechnology [11]. A critical practical consideration is that microbial
biofertilizers are typically applied as tank mixtures in combination with various pesticides.
This study therefore presents an extensive analysis of the survival of N. mangyaensis NH1
at the field application rates of both single and mixture pesticides. It was established that
N. mangyaensis NH1 maintained viability without a reduction in the initial CFU count

110



Microorganisms 2025, 13, 2806

throughout the extended incubation period with glufosinate-ammonium, difenoconazole,
fludioxonil and chlorothalonil. This sustained survival during prolonged contact time with
pesticides is critical when extending the time between tank mixing and field application
is necessary.

The impact of fungicides on Nocardia species has been poorly explored in literature. In
a recent study, it was demonstrated that one of the potential candidates for the bioreme-
diation of environments contaminated with difenoconazole, which is categorized within
the triazole group of chemicals, is strain Pseudomonas putida A-3, which possesses unique
metabolic pathways for enzymatic biodegradation [28]. Several fungal strains, including
Fusarium oxysporum, Lentinula edodes, Penicillium brevicompactum and Lecanicillium sakseniae,
have been shown to biodegrade pesticides, including difenoconazole [29]. Biodegradation
of the fungicide chlorothalonil, a tetrachlorinated benzonitrile, has been demonstrated for
various bacterial genera (Ochrobactrum, Shinella, Caulobacter, Rhizobium, Bordetella, Pseu-
doxanthomonas, Pseudomonas and Lysobacter) [30]. Conversely, the effect of chlorothalonil
on Nocardia strains remains to be elucidated. The biodegradation of fludioxonil, a fluori-
nated fungicide, was observed among numerous bacterial genera, including Pseudomonas,
Ochrobactrum and Comamonas within agricultural soils [31].

Glufosinate-ammonium is an organophosphorus herbicide that was initially discov-
ered as a tripeptide named bialaphos from actinomycetes belonging to the genus Strepto-
myces [32]. In order to control the growth of weeds that compete with the soybean plant,
two bacterial genes (hpat and mat) encoding phosphinothricin and methionine sulfone
acetyltransferases from bialaphos-resistant bacteria Streptomyces sp. strain AB3534 and
Nocardia sp. strain AB2253 were selected to generate transgenic plants with confirmed resis-
tance to glufosinate (PPT, phosphinothricin) [33,34]. Genome mining of N. mangyaensis NH1
revealed a sequence identity of 67% for GCN5-related N-acetyltransferases family (GNAT)
with methionine sulfone acetyltransferase of Nocardia sp. strain AB2253. Although MTC
of N. mangyaensis NH1 for glufosinate-ammonium remains below field application doses
in vitro, the presence of the GNAT acetyltransferase (WP_302876268.1) implies potential for
enzymatic detoxification of the herbicide under field conditions.

Agricultural management practice commonly involves simultaneous application of
several pesticides. The present study evaluated the influence of a propiconazole and
tebuconazole mixture on the viability of N. mangyaensis NH1. The results demonstrated a
significant reduction in the initial CFU, indicating that separate application of the pesticides
is necessary. For instance, the synergistic effect of a propiconazole and tebuconazole
mixture in combination with the biocontrol strain Bacillus subtilis Czk1 was demonstrated
against the fungus Pyrrhoderma noxium, which causes brown root rot of rubber trees [35].
The mechanism of the synergistic effect is thought to be the alteration of the metabolomic
profile of the Czk1 strain, which leads to the synthesis of a diverse spectrum of metabolites,
thereby increasing anti-phytopathogenic activity. Despite extensive use of tebuconazole and
propiconazole in agricultural practice, their accumulation in soil has been demonstrated
to induce shifts in microbial diversity and to promote the dissemination of a multidrug-
resistant plasmid, as evidenced by the case of tebuconazole [36,37].

Along with pesticides, the issue of metal accumulation in agricultural ecosystems is
a matter of concern. The heavy metal resistance profile of N. mangyaensis NH1 demon-
strated distinct advantages over previously reported Nocardia strains. Although Nocardia
MORSY2014 showed the effective removal of Ni2+, Cr6+ and Zn2+ ions [38] and Nigerian
Nocardia isolates exhibited broad heavy metal tolerance [39], the NH1 strain shows a high
tolerance to aluminium, zinc, nickel and ferric iron. In comparison with the pesticide-
degrading strain of N. harenae JJB5 [40], which has been demonstrated to have a lower metal
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tolerance threshold, the NH1 strain exhibited balanced resilience to both heavy metals
and pesticides.

An investigation of the metal transporter systems is crucial for the selection of PGPB
for biofertilizers, since they directly impact the efficient regulation, uptake and detoxifi-
cation of metals, as well as enhancing nutrient availability for plants. Genomic analyses
indicate that N. mangyaensis NH1 encodes a large and diverse repertoire of potential metal
transporters. A high number of transporters in the genome NH1 relate to the ABC super-
family. This family is known to participate in the uptake and efflux transport of a wide
variety of molecules including nutrients, antibiotics, iron–siderophore complexes, virulence
factors and envelope components [41,42]. Although transporters of the P-type ATPase
superfamily are present in limited amount in the genome of N. mangyaensis NH1, they
contain copper/mercury/heavy metal binding domains and catalyze the uptake and/or
efflux of such cations as Mg2+, Cu2+, Ag+, Zn2+, Co2+, Pb2+, Ni2+ and Cd2+.

Among secondary transporters, the genome of N. mangyaensis NH1 is dominated by
members of the MFS superfamily. The MFS transporters participate in the uptake and
efflux of small molecules such as simple sugars, oligosaccharides, amino acids, Krebs cycle
intermediates, antibiotics and nucleotides [43]. Some of the most represented members
of the of metal transporters in the genome N. mangyaensis NH1 are proteins related to the
RND superfamily, which are involved in the efflux of a range of substrates, including heavy
metals, multiple drugs, antibiotics, lipooligosaccharides, lipids and pigments.

Three transport proteins relating to the Multidrug/Oligosaccharidyl-lipid/Polysaccharide
(MOP) Superfamily were also identified in the genome of N. mangyaensis NH1 in limited
amounts. They catalyze the efflux of primary and secondary metabolites such as terpenoids,
phenols, flavonoids, nicotine, alkaloids, phytohormones, proanthocyanidin and anthocyanins.
The MIT family (CorA/Mrs2) and VIC superfamily were both found in a single variant in
the genome of N. mangyaensis NH1. These ion channels are identified as responsible for the
import of Mg2+, Co2+, Ni2+, Zn2+ cations and are encoded by an ion-selective channel protein
that facilitates the transport of K+, Na+ or Ca2+ [44].

The horizontal transfer of antibiotic resistance genes is known to be possible through
co-occurrence with biocide/metal resistance genes found in bacterial chromosomes [45].
Consequently, the presence of metals in fertilizers or pesticide-contaminated soils could
promote the spread of antibiotic resistance in the PGPB of biofertilizers and microbial
communities of agricultural soils.

An investigation into the antibiotic susceptibility profile of potential PGPB biofer-
tilizers is helpful for selecting bacteria lacking transferable antibiotic resistance genes,
thereby reducing the risk of horizontal gene transfer. This is of particular relevance when
considering the widespread use of livestock and poultry manure, which contributes to
the dissemination of heavy metal and antibiotic resistance genes in agricultural soils [46].
The genomic analysis of N. mangyaensis NH1 revealed a limited repertoire of antibiotic
resistance genes, identifying only two putative determinants: one conferring resistance to
aminoglycosides and another to rifamycin. This finding provides a genotypic context for
the observed phenotypic resistance profile of NH1 strain.

The antibiotic susceptibility profiles of numerous clinical isolates of the Nocardia
species are well characterized [15,47–50]. However, the interpretation of the antibiotic sus-
ceptibility of Nocardia species remains a topic of debate, even according to widely accessible
guidelines the European Committee on Antimicrobial Susceptibility Testing (EUCAST),
unlike the actual restricted accessibility of the CLSI standards developed for clinical iso-
lates [51]. Furthermore, the susceptibility criteria might vary significantly between clinical
and environmental strains, as well as between different species and geographical origins,
making direct comparisons challenging [15,52].
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The phenotypic analysis showed that the NH1 strain is resistant to select aminogly-
cosides (kanamycin, tobramycin, streptomycin) but sensitive to neomycin and amikacin.
This finding supports a recent study reporting that 91% of clinical Nocardia species are
sensitive to amikacin [53]. It was confirmed that high-level aminoglycoside resistance in a
clinical isolate of N. farcinica IFM 10580 is attributed to homozygous mutations in the 16S
rRNA genes [54]. The resistance profile of NH1 showed a high degree of agreement with
patterns observed in clinical isolates for other antibiotics. The resistance of N. mangyaensis
NH1 to ceftazidime aligns with the resistance in 98% of the clinical isolates of Nocardia [55].
Similarly, N. mangyaensis NH1 resistance to nitrofurantoin and vancomycin is consistent
with nocardial species-specific resistance reported in previous studies [56,57]. Furthermore,
the high rates of intermediate resistance of Nocardia strains to the tetracycline class of
antibiotic partially confirmed the resistance of N. mangyaensis NH1 to doxycycline [53].

The genomic analysis of N. mangyaensis NH1 revealed the presence of genomic islands.
Nevertheless, no pathogen-associated genes, curated virulence factors or resistance genes
were identified, which is an advantage for the application of N. mangyaensis NH1 in
agriculture. Moreover, one genomic island in the genome of N. mangyaensis NH1 harbors
genes encoding type II CRISPR (clustered regularly interspaced short palindromic repeats)
RNA-guided endonuclease Cas9. It is well established that cas9 is the signature gene
of type II CRISPR–Cas systems protecting bacterial genome against exogenous mobile
genetic elements [58]. The absence of other genes such as cas1 and cas2 in the same locus or
elsewhere in the genome suggests that the type II CRISPR–Cas system of N. mangyaensis
NH1 is not complete. However, recent discoveries have revealed significant progress in
the classification of CRISPR–Cas systems (now 7 types and 46 subtypes), with many rare
variants, such as those in NH1, being identified from diverse environmental niches [59].

Insertion elements, which represent mobile DNA repeats, have been shown to be
capable of copying and moving to different locations within the bacterial genome via
a transposition mechanism. This capacity contributes to the plasticity of the bacterial
genome and the regulation of genes [60]. As demonstrated in previous studies, there is
significant variation in the abundance of insertion sequences (IS) among Nocardia genomes.
This variation is indicative of divergent genomic capacities for acquiring exogenous DNA
and tolerance to these mobile genetic elements [61]. The genome of N. mangyaensis NH1
was found to contain 13 ISs, whereas the genome of its closest species N. mangyaensis
Y48 (GCA_001886715.1) contains 25 ISs belonging to six different families, with three
common families (IS30, IS110, IS630). These differences in IS composition highlight the
genomic diversity within closely related Nocardia strains and suggest varied capacities for
genome plasticity and adaptation, which may influence their environmental fitness and
functional potential.

Given the fact that prophages might induce genomic variability under stressful con-
ditions or impose an influence on bacterial virulence, the analysis of prophage genes is a
subject of growing interest. It is noteworthy that only two prophage regions, containing a
total of 23 genes, were identified in N. mangyaensis NH1. This finding indicates that the N.
mangyaensis NH1 genome faced limited horizontal gene transfer (HGT) over the course
of evolution. For instance, a study of the genome of another strain of Nocardia soli Y48,
isolated from soils contaminated with crude oil in the Qinghai-Tibetan Plateau, predicted
17 GIs consisting of 173 genes, suggesting frequent HGT events [62]. Moreover, the genome
of N. mangyaensis NH1 could be characterized as a relatively stable due to the presence of a
limited number of prophages lacking phage attachment sites (attL/attR) and integrases, as
well as a potentially active CRISPR–Cas system. However, further studies are necessary to
fully elucidate the dynamics of these genetic elements in this species.
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5. Conclusions

This study provides a comprehensive analysis of the physiological and genetic char-
acteristics of the endolithic bacterium N. mangyaensis NH1 as a promising biofertilizer
candidate. The NH1 strain demonstrates remarkable multi-stress resistance to pesticides
and heavy metals, supported by a diverse metal transportome. The genomic safety of N.
mangyaensis NH1 was confirmed by a minimal set of chromosomal antibiotic resistance
genes and stable genomic islands lacking pathogenicity factors. The compatibility of N.
mangyaensis NH1 with key pesticides, including glufosinate-ammonium, difenoconazole,
chlorothalonil and fludioxonil, further supports its practical application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms13122806/s1, Table S1: Agrochemicals used in
the present study; Figure S1: The pesticide resistance of N. mangyaensis NH1; Figure S2: The heavy
metal resistance of N. mangyaensis NH1; Table S2: Nocardia mangyaensis NH1 antibiotic susceptibility;
Table S3: Predicted genomic islands and virulence/resistance genes in the genome of N. mangyaensis
NH1. The prediction was performed by integrating three different methods (IslandPath-DIMOB,
SIGI-HMM, and IslandPick) using the IslandViewer webserver; Table S4: Summary of information
on CRISPR arrays and cas gene clusters in the genome of N. mangyaensis NH1; Figure S3: Genome
map (A) and linear genome sequence (B) of N. mangyaensis NH1; predicted phage genes and regions
positioned relative to each other across the entire genome; Table S5: Prediction of prophage sequences
in the genome of N. mangyaensis NH1 was performed by using the PHASTEST web server.

Author Contributions: Conceptualization, methodology, validation, formal analysis, investigation,
data curation, visualization, T.V.S., M.I.M. and I.V.K.; writing—original draft preparation, I.V.K., S.Z.,
M.R.S. and L.M.B.; resources, supervision, project administration, I.V.K. and M.R.S.; writing—review
and editing, I.V.K. and L.M.B.; funding acquisition, I.V.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by the Russian Science Foundation project №24-24-00473.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Singer, A.C.; Shaw, H.; Rhodes, V.; Hart, A. Review of antimicrobial resistance in the environment and its relevance to environ-
mental regulators. Front. Microbiol. 2016, 7, 1728. [CrossRef]

2. Alengebawy, A.; Abdelkhalek, S.T.; Qureshi, S.R.; Wang, M.Q. Heavy metals and pesticides toxicity in agricultural soil and plants:
Ecological risks and human health implications. Toxics 2021, 9, 42. [CrossRef] [PubMed]

3. Gimeno-García, E.; Andreu, V.; Boluda, R. Heavy metals incidence in the application of inorganic fertilizers and pesticides to rice
farming soils. Environ. Pollut. 1996, 92, 19–25. [CrossRef] [PubMed]

4. Ghodhbane-Gtari, F.; Nouioui, I.; Hezbri, K.; Lundstedt, E.; D’Angelo, T.; McNutt, Z.; Laplaze, L.; Gherbi, H.; Vaissayre, V.;
Svistoonoff, S.; et al. The plant-growth-promoting actinobacteria of the genus Nocardia induces root nodule formation in Casuarina
glauca. Antonie van Leeuwenhoek 2019, 112, 75–90. [CrossRef] [PubMed]

5. Silva, G.d.C.; Kitano, I.T.; Ribeiro, I.A.d.F.; Lacava, P.T. The potential use of Actinomycetes as microbial inoculants and biopesticides
in agriculture. Front. Soil Sci. 2022, 2, 833181. [CrossRef]

6. Nonthakaew, N.; Sharkey, L.K.R.; Pidot, S.J. The genus Nocardia as a source of new antimicrobials. NPJ Antimicrob. Resist. 2025,
3, 5. [CrossRef]

7. Nies, D.H. The biological chemistry of the transition metal “transportome” of Cupriavidus metallidurans. Met. Integr. Biometal Sci.
2016, 8, 481–507. [CrossRef]

114



Microorganisms 2025, 13, 2806

8. Gillieatt, B.F.; Coleman, N.V. Unravelling the mechanisms of antibiotic and heavy metal resistance co-selection in environmental
bacteria. FEMS Microbiol. Rev. 2024, 48, fuae017. [CrossRef]

9. Khan, A.; Singh, A.V.; Gautam, S.S.; Agarwal, A.; Punetha, A.; Upadhayay, V.K.; Kukreti, B.; Bundela, V.; Jugran, A.K.; Goel, R.
Microbial bioformulation: A microbial assisted biostimulating fertilization technique for sustainable agriculture. Front. Plant Sci.
2023, 14, 1270039. [CrossRef]

10. Patel, S. Drivers of bacterial genomes plasticity and roles they play in pathogen virulence, persistence and drug resistance. Infect.
Genet. Evol. 2016, 45, 151–164. [CrossRef]

11. Khilyas, I.V.; Markelova, M.I.; Valeeva, L.R.; Ivoilova, T.M.; Shagimardanova, E.; Laikov, A.V.; Elistratova, A.A.; Berkutova, E.S.;
Lochnit, G.; Sharipova, M.R. Genomic insights and anti-phytopathogenic potential of siderophore metabolome of endolithic
Nocardia mangyaensis NH1. Sci. Rep. 2024, 14, 5676. [CrossRef] [PubMed]

12. Woods, G.L.; Brown-Elliott, B.A.; Conville, P.S.; Desmond, E.P.; Hall, G.S.; Lin, G.; Pfyffer, G.E.; Ridderhof, J.C.; Siddiqi, S.H.;
Wallace, R.J., Jr.; et al. Susceptibility testing of Mycobacteria, Nocardiae, and other aerobic Actinomycetes. In CLSI Standards:
Guidelines for Health Care Excellence; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2011.

13. Saier, M.H.; Reddy, V.S.; Moreno-Hagelsieb, G.; Hendargo, K.J.; Zhang, Y.; Iddamsetty, V.; Lam, K.J.K.; Tian, N.; Russum, S.;
Wang, J.; et al. The transporter classification database (TCDB): 2021 update. Nucleic Acids Res. 2021, 49, D461–D467. [CrossRef]
[PubMed]

14. Pal, C.; Bengtsson-Palme, J.; Rensing, C.; Kristiansson, E.; Larsson, D.G. BacMet: Antibacterial biocide and metal resistance genes
database. Nucleic Acids Res. 2014, 42, D737–D743. [CrossRef] [PubMed]

15. Lebeaux, D.; Bergeron, E.; Berthet, J.; Djadi-Prat, J.; Mouniée, D.; Boiron, P.; Lortholary, O.; Rodriguez-Nava, V. Antibiotic
susceptibility testing and species identification of Nocardia isolates: A retrospective analysis of data from a French expert
laboratory, 2010–2015. Clin. Microbiol. Infect 2019, 25, 489–495. [CrossRef]

16. Xu, H.; Xu, R.; Wang, X.; Liang, Q.; Zhang, L.; Liu, J.; Wei, J.; Lu, Y.; Yu, D. Co-infections of Aeromonas veronii and Nocardia seriolae
in largemouth bass (Micropterus salmoides). Microb. Pathog. 2022, 173, 105815. [CrossRef]

17. Raphenya, A.R.; Robertson, J.; Jamin, C.; de Oliveira Martins, L.; Maguire, F.; McArthur, A.G.; Hays, J.P. Datasets for benchmarking
antimicrobial resistance genes in bacterial metagenomic and whole genome sequencing. Sci. Data 2022, 9, 341. [CrossRef]

18. Couvin, D.; Bernheim, A.; Toffano-Nioche, C.; Touchon, M.; Michalik, J.; Néron, B.; Rocha, E.P.C.; Vergnaud, G.; Gautheret, D.;
Pourcel, C. CRISPRCasFinder, an update of CRISRFinder, includes a portable version, enhanced performance and integrates
search for Cas proteins. Nucleic Acids Res. 2018, 46, W246–W251. [CrossRef]

19. Wishart, D.S.; Han, S.; Saha, S.; Oler, E.; Peters, H.; Grant, J.R.; Stothard, P.; Gautam, V. PHASTEST: Faster than PHASTER, better
than PHAST. Nucleic Acids Res. 2023, 51, W443–W450. [CrossRef]

20. Bertelli, C.; Laird, M.R.; Williams, K.P.; Simon Fraser University Research Computing Group; Lau, B.Y.; Hoad, G.; Winsor, G.L.;
Brinkman, F.S. IslandViewer 4: Expanded prediction of genomic islands for larger-scale datasets. Nucleic Acids Res. 2017, 45,
W30–W35. [CrossRef]

21. Nziguheba, G.; Smolders, E. Inputs of trace elements in agricultural soils via phosphate fertilizers in European countries. Sci.
Total Environ. 2008, 390, 53–57. [CrossRef]

22. Arias-Estévez, M.; López-Periago, E.; Martínez-Carballo, E.; Simal-Gándara, J.; Mejuto, J.-C.; García-Río, L. The mobility and
degradation of pesticides in soils and the pollution of groundwater resources. Agric. Ecosyst. Environ. 2008, 123, 247–260.
[CrossRef]

23. Abdu, N.; Abdullahi, A.A.; Abdulkadir, A. Heavy metals and soil microbes. Environ. Chem. Lett. 2017, 15, 65–84. [CrossRef]
24. Shahwar, D.; Mushtaq, Z.; Mushtaq, H.; Alqarawi, A.A.; Park, Y.; Alshahrani, T.S.; Faizan, S. Role of microbial inoculants as bio

fertilizers for improving crop productivity: A review. Heliyon 2023, 9, e16134. [CrossRef] [PubMed]
25. Jack, C.N.; Petipas, R.H.; Cheeke, T.E.; Rowland, J.L.; Friesen, M.L. Microbial inoculants: Silver bullet or microbial Jurassic park?

Trends microbiol. 2021, 29, 299–308. [CrossRef]
26. Alvarez, A.; Saez, J.M.; Davila Costa, J.S.; Colin, V.L.; Fuentes, M.S.; Cuozzo, S.A.; Benimeli, C.S.; Polti, M.A.; Amoroso, M.J.

Actinobacteria: Current research and perspectives for bioremediation of pesticides and heavy metals. Chemosphere 2017, 166, 41–62.
[CrossRef]

27. Nouioui, I.; Pötter, G.; Jando, M.; Goodfellow, M. Nocardia noduli sp. nov., a novel actinobacterium with biotechnological potential.
Arch. Microbiol. 2022, 204, 260. [CrossRef]

28. Zhou, Y.; Wang, L.; Sui, J.; Chen, F.; Wang, T.; Yang, J.; Chen, S.-H.; Cui, X.; Yang, Y.; Zhang, W. Pathway elucidation and key
enzymatic processes in the biodegradation of difenoconazole by Pseudomonas putida A-3. J. Agric. Food Chem. 2025, 73, 4770–4786.
[CrossRef]

29. Álvarez, S.P.; Tapia, M.A.M.; Duarte, B.N.D.; Vega, M.E.G. Fungal bioremediation as a tool for polluted agricultural soils. In
Mycoremediation and Environmental Sustainability; Prasad, R., Ed.; Springer International Publishing: Cham, Switzerland, 2017;
Volume 1, pp. 1–15.

115



Microorganisms 2025, 13, 2806

30. Liang, B.; Wang, G.; Zhao, Y.; Chen, K.; Li, S.; Jiang, J. Facilitation of bacterial adaptation to chlorothalonil-contaminated sites by
horizontal transfer of the chlorothalonil hydrolytic dehalogenase gene. Appl. Environ. Microbiol. 2011, 77, 4268–4272. [CrossRef]

31. Alexandrino, D.A.M.; Mucha, A.P.; Almeida, C.M.R.; Carvalho, M.F. Microbial degradation of two highly persistent fluorinated
fungicides—Epoxiconazole and fludioxonil. J. Hazard. Mater. 2020, 394, 122545. [CrossRef]

32. Takano, H.K.; Dayan, F.E. Glufosinate-ammonium: A review of the current state of knowledge. Pest Manag. Sci. 2020, 76,
3911–3925. [CrossRef]

33. Kita, Y.; Hanafy, M.; Deguchi, M.; Hasegawa, H.; Terakawa, T.; Kitamura, K.; Ishimoto, M. Generation and characterization of
herbicide-resistant soybean plants expressing novel phosphinothricin N-acetyltransferase genes. Breed. Sci. 2009, 59, 245–251.
[CrossRef]

34. Yun, C.S.; Hasegawa, H.; Nanamiya, H.; Terakawa, T.; Tozawa, Y. Novel bacterial N-acetyltransferase gene for herbicide
detoxification in land plants and selection maker in plant transformation. Biosci. Biotechnol. Biochem. 2009, 73, 1000–1006.
[CrossRef] [PubMed]

35. Gu, Z.-W.; Yin, J.-H.; Wu, H.; Liang, Y.-Q.; Wu, W.-H.; Lu, Y.; Li, R.; Tan, S.-B.; He, C.-P.; Yi, K.-X. Synergistic mechanism of Bacillus
subtilis Czk1 combined with propiconazole and tebuconazole mixtures against Pyrrhoderma noxium. Chem. Biol. Technol. Agric.
2023, 10, 113. [CrossRef]
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Abstract

Straw returning, a core practice in conservation tillage, promotes sustainable intensification;
however, it faces challenges such as inefficient decomposition, nutrient competition, and
pathogen accumulation. To address these limitations, this study aimed to develop a multi-
functional microbial consortium specifically designed for straw-incorporating cropping
systems. The consortium comprises four Bacillus strains with complementary enzymatic
systems, isolated from diverse ecological niches. It exhibited robust lignocellulolytic
enzyme production, with manganese peroxidase (7709.33 U/L), laccase (450.65 U/L), endo-
β-1,4-glucanase (154.67 U/mL), and filter paper activity (309.18 U/L). The consortium
significantly enhanced rice straw degradation by 37.18% and increased nitrogen (N) release
by 16.13% compared to the control. Moreover, the consortium exhibited a 67.56% inhibition
rate against Magnaporthe oryzae and reduced both the incidence rate and disease index
of leaf blast and panicle blast. Field trials revealed increases in the rice grain yield of
9.63% and 6.94% when applied alone and 6.75% and 5.18% when co-applied with straw
residues. These findings highlight the multifunctional agricultural potential of the consor-
tium and provide a sustainable strategy to overcome the limitations of straw-incorporating
farming systems.

Keywords: multifunctional microbial consortium; lignocellulose decomposition; enhanced
nitrogen release; biocontrol; yield enhancement

1. Introduction

Crop straw is a highly valuable renewable resource, with global production reaching
approximately 3.5 billion metric tons annually. It serves as an important source of organic
fertilizer in agricultural ecosystems [1]. Straw return, a core measure in conservation
tillage, mitigates the environmental pollution caused by open burning or improper dis-
posal and reduces dependence on synthetic fertilizers, supporting sustainable agricultural
intensification [2]. Previous studies have demonstrated that incorporating straw into soil
enhances soil organic carbon sequestration, improves aggregate stability, and optimizes
C–N cycling, thereby sustaining long-term soil fertility and productivity [3]. However,
straw incorporation poses several technical challenges.
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During straw decomposition, microbes compete with crops for nitrogen, leading to
temporary nitrogen immobilization in the soil. Furthermore, the high carbon-to-nitrogen
(C/N) ratio of straw reduces decomposition rates and nutrient release, resulting in a tempo-
ral mismatch between nutrient availability and crop demand [4]. This asynchrony causes
transient nitrogen deficiency, which adversely affects crop growth and yield. Addition-
ally, untreated crop straw may harbor pathogenic microorganisms and pest eggs. Straw
return creates a favorable environment for certain plant pathogenic fungi by providing
abundant nutrient substrates, promoting their proliferation [5]. For instance, a previous
study reported that straw retention for three years significantly increased the abundance
of Magnaporthe oryzae and Ustilaginoidea virens [6]. Similarly, long-term (10-year) crop
residue retention significantly increased populations of Fusarium graminearum and Fusarium
moniliforme, thereby increasing the risk of disease outbreaks [7].

The use of microbial inoculants can effectively alleviate these challenges. The com-
bined application of crop straw and microbial decomposer inoculants enhances straw
decomposition efficiency, facilitates nutrient release, and improves soil nutrient avail-
ability, thereby reducing microbial immobilization of soil nitrogen (N) [8]. Furthermore,
the co-application of straw with biocontrol agents suppresses the relative abundance of
phytopathogenic fungi and reduces seedling damage caused by pathogenic fungi [9]. Ad-
ditionally, plant growth-promoting rhizobacteria (PGPR) enhance nutrient cycling through
biological nitrogen fixation (e.g., Rhizobium spp. and Azotobacter spp.) and phosphate solu-
bilization (e.g., Pseudomonas spp. and Bacillus spp.), thereby improving crop yields [10]. By
systematically integrating these complementary functional traits, microbial consortia can
be rationally engineered to effectively overcome the key limitations of straw-incorporating
agricultural systems.

The development of multifunctional microbial consortia necessitates a prioritized ex-
amination of the functional compatibility among artificially combined strains. Furthermore,
introduced strains are often subject to environmental stressors and competition from native
microbiota, leading to target gene suppression and reduced functional performance. Based
on the principles of multisource synergistic compensation (i.e., combining strains from
different sources to enhance overall function) and enzymatic functional complementarity
(i.e., using enzymes with non-overlapping activities for sequential substrate degradation),
this study aimed to construct a novel multifunctional microbial consortium by integrating
functional microorganisms from three distinct ecosystems (soil, insect gut, and animal bio-
gas slurry). The performance of the consortium in lignocellulose decomposition, pathogen
suppression, and yield enhancement was systematically evaluated. This study provides a
sustainable strategy for the safe and efficient utilization of agricultural waste, contributing
to the circular bioeconomy of agroecosystems.

2. Materials and Methods

2.1. Strains, Variety, and Experimental Site Description

M. oryzae, Rhizoctonia solani, U. virens, and Fusarium fujikuroi were provided by the
Rice Disease Research Laboratory, Institute of Plant Protection, Liaoning Academy of
Agricultural Sciences. The rice (Oryza sativa L.) cultivar utilized was Liaojing 327, and the
rice seedlings were provided by the Liaoning Rice Research Institute, Liaoning Academy
of Agricultural Sciences.

The study was conducted in Shimiaozhi Village (123◦34′58′′ E, 41◦47′24′′ N), Wangjia
Township, Hunnan District, Shenyang City, Liaoning Province, China. This region has
a temperate monsoon climate, with an average annual precipitation of 650 mm, a mean
annual temperature of 6.2–9.7 ◦C, and a frost-free period of 155–180 d. The test soil was
classified as hydragric anthrosol, with the following physicochemical properties in the
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surface layer (0–20 cm): pH, 5.81; soil organic carbon (SOC), 14.81 g/kg; total nitrogen
(TN), 1.09 g/kg; total phosphorus (TP), 0.51 g/kg; total potassium (TK), 17.43 g/kg; alkali-
hydrolyzable nitrogen (AN), 20.33 mg/kg; available phosphorus (AP), 7.40 mg/kg; and
available potassium (AK), 71.10 mg/kg.

2.2. Screening of Straw Degradation Strains

Screening medium: Monoclonal strains from pure cultures were inoculated into Congo
red cellulose medium and aniline blue medium [11] and cultured at 20 ◦C for 7 d. The
colony diameter and the diameter of the surrounding transparent circle were measured,
and the experiment was repeated three times.

The lignocellulolytic enzyme activity of a 1% inoculum of the candidate strain fer-
mentation broth (107 CFU/mL) was transferred into 100 mL of a lysogeny broth (LB) and
potato dextrose agar (PDA) liquid medium. Cultures were incubated at 20 ◦C with shaking
at 150 rpm for 3 d. A 5 mL sample of the solution was aseptically collected from each
flask and centrifuged at 4 ◦C and 12,000× g for 20 min. The supernatant was collected
for further analysis. The activities of manganese peroxidase (MnP, Kit catalog numbers:
MNP-W96S-N), laccase (Kit catalog numbers: LAC-W48S-N), endo-β-1,4-glucanase (Kit cat-
alog numbers: CL-W48S-N), and filter paperase (FPA, Kit catalog numbers: FPA-W48S-N)
were measured according to the manufacturer’s instructions (Mlbio (Shanghai) Co., Ltd.,
Shanghai, China). As a comprehensive indicator of cellulose-degrading capability, FPA
effectively reflects the strain’s overall cellulolytic potential. And MnP serves as the pri-
mary enzymatic system for lignin depolymerization, while laccase contributes to lignin
decomposition, ultimately forming complex humic substances during straw decomposition
processes [12]. Cellulase activity typically represents a synergistic multi-enzyme complex.
In this study, we measured endo-β-1,4-glucanase activity, a key component of the native
cellulase complex, using a commercial assay kit with carboxymethyl cellulose (CMC) as the
substrate. One unit of enzyme activity (U) is defined as the amount of enzyme required to
catalyze the production of 1 μg of glucose per minute per milliliter of culture filtrate. FPA
reflects the synergistic action of multiple cellulase components, including endoglucanase,
exoglucanase, and β-glucosidase. Enzymatic activity is defined as the amount of enzyme
required to release 1 mg of glucose per minute from filter paper per milliliter of culture
filtrate under the conditions of 50 ◦C and pH 4.6.

Straw decomposition rate: The weight-loss method was used to determine the degra-
dation rate of rice straw by the candidate strains [13]. Rice straw was rinsed thoroughly
with clean water and dried at 80 ◦C until a constant weight was achieved. A total of 10 g
of dried straw was placed in a sterilized Erlenmeyer flask, followed by the addition of
10 mL of the candidate strain fermentation broth (107 CFU/mL) and 100 mL of sterile water.
The mixture was incubated at 20 ◦C for 15 d. The straw degradation rate was calculated
as follows:

Straw decomposition rate (%) =
Mo − Mt

Mo
× 100%

where Mo is the dry weight of the added straw, and Mt is the dry weight of the straw at
decomposition time t.

2.3. Screening of Antagonistic Strains Against Rice Pathogens

The plate confrontation method [14] was used to determine the antagonistic activity
of the candidate strains against rice pathogens. Approximately 5 mm pathogen disks were
placed at the center of a 90 mm diameter PDA plate, and bacteria were inoculated 25 mm
from the center. In the controls, 5 mm pathogen disks were placed at the center of a 90 mm
diameter PDA plate. Plates were cultured at 28 ◦C until the fungus in the control plate
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covered the entire plate. Antagonistic activity was evaluated using the inhibition rate (IR),
calculated using the following formula:

IR (%) =
(D − 5)− (d − 5)

D − 5
× 100%

where D is the diameter of the pathogen disks in the control treatment, d is the diameter
of the pathogen disks with antagonistic bacteria, and 5 is the diameter (mm) of the disks
inoculated with the pathogens.

2.4. Inter-Strain Antagonism Assessment

Candidate strains demonstrating strong antagonistic activity, high lignocellulolytic en-
zyme production, and high straw decomposition efficiency were selected for compatibility
assessment. Bacterial interactions were analyzed using LB agar cross-streak assays, and
fungal compatibility was assessed using a PDA dual culture. Bacterial–fungal interactions
were examined through PDA co-cultivation, with inhibition zones as phenotypic indicators.

2.5. Construction of the Multifunctional Microbial Consortium

Seed cultures of the selected strains at 107 CFU/mL were inoculated into LB liquid
medium at a 1:1 ratio and incubated at 20 ◦C with shaking at 150 rpm for 3 d. Lignocellu-
lolytic enzyme activities and straw degradation rates of the resulting microbial consortia
were measured. The toxic medium method [15] was used to determine the antibacterial
activity of the multifunctional consortium against pathogenic fungi.

2.6. Identification of Strains

Strains were identified based on morphological observations and molecular identi-
fication. Selected strains were inoculated onto LB plates using the continuous streaking
method and incubated at 20 ◦C for 1 d. Colony growth and morphological character-
istics were also recorded. The strains were identified using 16S rDNA and gyrB gene
sequences. Genomic DNA was extracted using a bacterial genomic DNA FastPrep extrac-
tion kit (Sangon Biotech, Shanghai, China). DNA was quantified using a NanoDrop ND100
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and stored at −20 ◦C.
The primer sequences, polymerase chain reaction (PCR) mixtures, and conditions used are
provided in Supplementary Table S1. The amplified products were sequenced by Sangon
Biotech (Shanghai, China). The 16S rDNA and gyrB genes were sequenced using the Sanger
method on an ABI 3730XL DNA analyzer (Foster City, CA, USA). The sequencing results
were subjected to BLAST (https://www.ncbi.nlm.nih.gov/, accessed on 8 October 2025)
analysis against nucleotide sequences from the GenBank database, using Escherichia coli as
the external reference. Multiple sequence alignment with closely related Bacillus strains and
similarity calculations were performed using CLUSTAL X [16]. Phylogenetic trees were
constructed using MEGA 6.0 [17] using the neighbor-joining method with 1000 bootstrap
replicates [18].

2.7. Pathogen Inhibition Test of the Microbial Consortium

Pot experiments were conducted in early April to assess the effectiveness of the micro-
bial consortium in controlling M. oryzae, the causative agent of rice blast. The experimental
treatments included (1) RS + M. oryzae: rice straw + M. oryzae, and (2) RS + M. oryzae + CG:
rice straw + M. oryzae + microbial consortium. The pots used had dimensions of
40 cm (length) × 60 cm (width) × 28 cm (height). The rice straw application rate was set
at 9000 kg·ha−1, which corresponded to 0.21 kg of straw per pot based on the pot area.
The straw was finely chopped and inoculated with the pathogen at a concentration of
1 × 105 CFU/mL, with an inoculation volume of 100 mL. Subsequently, the microbial
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consortium fermentation broth was inoculated at a concentration of 1 × 106 CFU/mL, with
an inoculation volume of 210 mL. The inoculated straw was thoroughly mixed with 40 kg
of soil and placed into the pots.

Rice seedlings were transplanted on May 28, with two rows per pot, four hills per
row, and three seedlings per hill. Soil samples from the three pots were collected at 10,
20, 30, 50, 70, 100, and 170 d post-inoculation for quantitative real-time PCR (qRT-PCR)
analysis to determine the abundance of M. oryzae. The primer sequences, PCR systems, and
conditions are listed in Supplementary Table S1. The incidence, disease index, and control
efficacy of leaf blast and panicle blast were evaluated at the late tillering (70 d) and maturity
(170 d) stages. The grading criteria for leaf blast and neck blast were adopted from Tan
et al. [19]. The disease incidence rate (DIR), disease index (DI), and control efficacy (CE)
were calculated as follows:

DIR =
n
N

× 100; DI =
[Σ(Ni × i)]

N × 4
× 100; CE (%) =

DICK − DIT
DICK

× 100

where n is the number of infected plants, N is the total number of investigated plants, Ni is
the number of infected plants at a given severity level, i is the severity level, DICK is the
disease index of the control, and DIT is the disease index of the treatment.

2.8. Functional Evaluation of the Microbial Consortium for Straw Degradation and Yield Enhancement

A field microplot experiment was conducted from April 22 to October 11. Four
treatments were established: (1) CK, blank control; (2) RS, rice straw only; (3) CG, microbial
consortium only; and (4) RS + CG, rice straw + microbial consortium. Each plot measured
5 × 6 m (30 m2), with three replicates per treatment. The rice straw application rate was
set at 9000 kg·ha−1, with 27 kg of straw applied per plot. The rice straw was chopped
into 3–5 cm segments and evenly spread on the surface of the paddy field. A composite
microbial consortium was applied at a dosage of 1.25 L, followed by uniform application
of 90 g of urea. Straw was incorporated into the soil through rotary tillage, and the field
was subsequently flooded. Water was managed using alternating wet and dry irrigation
practices. Transplantation was conducted on May 28 at a spacing of 30 cm × 18 cm.
Next, 10 g of rice straw was placed in mesh bags and buried in the soil of treatment
groups 2 and 4. At 10, 20, 30, 50, 70, 100, and 170 d, three treatments were randomly
sampled to calculate the decomposition rates of rice straw [13] as well as the release rates
of nitrogen (N), phosphorus (P), and potassium (K) [20,21]. During the tillering stage,
plant height and tiller number were measured for ten fixed rice hills in each plot using a
fixed-point sampling method. Harvesting was conducted on October 11. A 1 m2 area was
randomly selected from each plot to determine rice yield. Additionally, three hills of rice
plants were sampled to assess yield components, including plant height, effective panicle
number, 1000-grain weight, grain number per panicle, and percentage of unfilled grains.

3. Results

3.1. Screening of Multifunctional Strains

Primary screening of 1295 bacterial and 32 fungal isolates on selective media identified
135 bacteria and 10 fungi that produced hydrolytic zones. Based on quantitative clearance
zone measurements (Figure 1A,B; Supplementary Tables S2 and S3), strains exhibiting a
decolorization halo diameter exceeding 40 mm on CMC-Na medium and 10 fungal strains
were selected for secondary screening, and non-hydrolytic isolates were excluded from
further characterization.
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Figure 1. Colony and degradation cycles of some strains screened on cellulose Congo red medium
(A) and aniline blue medium (B), and the antifungal effects of the partial strains against different rice
pathogens. CK: blank control; (C) Ustilaginoidea virens; (D) Magnaporthe oryzae; (E) Rhizoctonia solani;
(F) Fusarium fujikuroi.

Secondary screening identified BD3 as the most potent cellulolytic strain (Table 1),
showing peak filter paper activity (FPA: 306.80 U/L) and straw degradation efficiency
(24.7%) in a 15 d continuous reaction, reflecting a 41.4% improvement over the control
(17.47%). Strain BN15 exhibited exceptional ligninolytic specialization, showing maximal
MnP (4405.33 U/L) and laccase (438.31 U/L) activities, whereas CB118 displayed superior
endo-β-1,4-glucanase production (157.53 U/mL). The fungal isolates demonstrated com-
paratively reduced cellulolytic performance, which was consistent with their enzymatic
activity profiles.

Table 1. Enzyme activities and straw degradation rates of partial strains.

Isolates
MnP
(U/L)

Laccase
(U/L)

endo-β-1,4-glucanase
(U/mL)

FPA
(U/L)

Straw Degradation Rate
(%)

CB118 275.33 ± 0.00 222.24 ± 21.38 157.53 ± 11.96 120.88 ± 16.57 21.50 ± 0.44
BD3 1101.33 ± 275.22 246.93 ± 37.55 81.28 ± 2.81 306.80 ± 41.09 24.70 ± 0.35

BN15 4405.33 ± 430.08 438.31 ± 12.35 81.38 ± 4.14 181.47 ± 21.85 22.90 ± 0.38
CB156 1376.67 ± 275.22 327.19 ± 34.37 69.02 ± 12.78 236.71 ± 30.62 23.60 ± 0.67
CB13 0.00 141.99 ± 6.17 139.81 ± 2.12 116.13 ± 26.48 19.00 ± 0.85

MnP: manganese peroxidase; FPA: filter paperase.

The bacterial strains CB13, CB118, CB156, BD3, and BN15 exhibited broad-spectrum
inhibitory effects against major rice pathogens (Supplementary Table S4; Figure 1C–F).
Strain CB13 exhibited the strongest antagonistic activity against rice pathogenic fungi, with
suppression rates of 96.49% against U. virens, 92.68% against M. oryzae, 66.33% against R.
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solani, and 69.62% against F. fujikuroi. Notably, the fungal isolates showed no measurable
antagonistic effects against the tested pathogens.

3.2. Inter-Strain Antagonism Assessment

Based on a comprehensive evaluation of cellulolytic activity, rice straw decomposition
efficiency, and antifungal activity against major rice pathogens, BD3, BN15, CB156 and
CB118 showed superior lignocellulolytic enzyme activity and straw degradation efficiency.
Strains CB13 and PY1 exhibited strong antagonistic activity against rice pathogenic fungi.
For fungal strains, FH2, FH5, FF2, and FF3 showed superior lignocellulolytic enzyme
activity and straw degradation efficiency.

Therefore, six bacterial strains and four fungal strains were subjected to inter-strain
antagonism assays (Supplementary Table S5). Widespread antagonistic interactions were
observed between candidate bacterial and fungal strains. The results revealed that strain
PY1 exhibited antagonistic activity against nine other candidate strains. Bidirectional antag-
onistic interactions between CB118 and CB13 were also observed. Based on these results,
strains CB156, BD3, and BN15 were selected to establish a core microbial consortium that
demonstrated complementary enzymatic profiles. Notably, despite their mutual antago-
nism, strains CB13 and CB118 were retained as candidate strains for optimized composite
formulations because of their individual endo-β-1,4-glucanase and antifungal activities.

3.3. Construction of a Multifunctional Microbial Consortium

Strain consortium screening revealed that the CB156 + BD3 + BN15 consortium exhibited
superior lignocellulolytic enzyme production, achieving 24.88% straw degradation (Figure 2).
Subsequent supplementation with CB13 further enhanced the consortium’s enzymatic profile,
yielding 7709.33 U/L (MnP), 450.65 U/L (laccase), 154.67 U/mL (endo-β-1,4-glucanase), and
309.18 U/L (FPA). This optimized consortium (CB156 + BD3 + BN15 + CB13) demonstrated a
24.90% straw degradation efficiency within 15 d, a 53.7% increase compared to the controls
(16.20%). Notably, CB118 supplementation significantly impaired endo-β-1,4-glucanase
activity (p < 0.05), FPA, and decomposition rates. Finally, CB156 + BD3 + BN15 + CB13
was identified as the optimal composition for the multifunctional microbial consortium.
The sterile filtrates of the consortium showed broad-spectrum antifungal activity, sup-
pressing pathogens by 73.95% (M. oryzae), 54.65% (F. fujikuroi), 39.56% (U. virens), and
29.98% (R. solani).

Figure 2. Cont.
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Figure 2. The enzymatic activities (A–C) and rice straw degradation rates (D) of different microbial
consortia, and the inhibitory rates of the optimal microbial consortium against rice pathogenic
fungi (E). (1) CB156; (2) BN15; (3) BD3; (4) BN15 + CB156; (5) BN15 + BD3; (6) CB156 + BD3;
(7) BN15 + CB156 + BD3; (8) BN15 + CB156 + BD3 + CB13; and (9) BN15 + CB156 + BD3 + CB118.
U. virens: Ustilaginoidea virens; M. oryzae: Magnaporthe oryzae; R. solani: Rhizoctonia solani; F. fujikuroi:
Fusarium fujikuroi. Each value represents the mean ± standard error of values from three replicates
per treatment. The different letters above the error bars indicate significant differences according to
Duncan’s test (p < 0.05).

3.4. Identification of Strains

Based on the culture characteristics, colony morphology on LB medium (Table 2),
and neighbor-joining phylogenetic tree based on 16S rRNA gene and gyrB (Figure 3). The
phylogenetic analysis based on the NCBI BLAST alignment revealed that strain BD3 clus-
tered with B. velezensis, strain CB156 with Bacillus amyloliquefaciens, and strain BN15 with
Bacillus halotolerans. Accordingly, the strains were taxonomically designated B. velezensis
BD3, B. amyloliquefaciens CB156, and B. halotolerans BN15. Strain CB13 has been previously
identified as Bacillus velezensis based on prior characterization [22]. The gene sequences of
strains CB156, BD3, and BN15 were deposited in GenBank (accession numbers listed in
Table 2).
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Table 2. Colony morphology and identification results.

Strain Number
Colony

Characteristics
Colony Morphology

The NCBI Registration
Number

Strain Identified

CB13

Oval
Milky-white

Opaque
Wrinkled surface

Smooth edges
 

16S rRNA: OP430814
gyr B: OP889277 Bacillus velezensis

CB156

Oval
Milky-white

Opaque
Smooth edges

 

16S rRNA: PP809059
gyr B: PX767074

Bacillus
amyloliquefaciens

BD3

Oval
White

Opaque
Wrinkled surface

Smooth edges
 

16S rRNA: PP033752
gyr B: PX767075 Bacillus velezensis

BN15

White
Opaque

Wrinkled surface
Irregular edges

 

16S rRNA: PP809060
gyr B: PX767076 Bacillus halotolerans

Figure 3. The phylogenetic tree based on 16S rRNA gene and gyrB gene sequence of the strains. The
phylogenetic trees were constructed with the neighbor-joining method using the software package
Mega, version 6.0, after multiple sequence alignments using Clustal X. GenBank accession numbers
of bacterial strains are shown in parentheses. The number at each branch is the percentage of times
the group of strains in that branch occurred, based on 1000 cycles, via bootstrap analysis.
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3.5. Pathogen Inhibition by the Microbial Consortium Against M. oryzae

During the initial 10–30 d of straw incorporation, no significant difference in M. oryzae
genomic copy number was observed between the two treatments (p > 0.05; Figure 4A).
However, from 50 to 170 d of straw incorporation, the RS + M. oryzae + CG treatment
resulted in a significantly lower M. oryzae genomic copy number than the RS + M. oryzae
treatment (p < 0.05), demonstrating strong suppression of M. oryzae in the straw by the
microbial consortium. By day 170, the inhibition rate had reached 67.57%.

 

Figure 4. The inhibition rate of the microbial consortium against Magnaporthe oryzae (A) and the
control efficacy against leaf blast (B) and panicle blast (C). Each value represents the mean ± standard
error of values from three replicates per treatment. The different letters above the error bars indicate
significant differences according to Duncan’s test (p < 0.05). RS+ M. oryzae: rice straw + M. oryzae;
RS+ M. oryzae + CG: rice straw + M. oryzae + microbial consortium.

The microbial consortium treatment also reduced the incidence rate and disease index
of leaf blast and panicle blast (Figure 4B,C). At the late tillering stage, the incidence rate
and disease index of leaf blast were 43.23% and 14.28% in the RS + M. oryzae treatment,
whereas the RS + M. oryzae + CG treatment showed lower values (40.63% and 11.66).
At the maturity stage, the incidence rate and disease index of panicle blast were 37.58%
and 16.63% in the RS + M. oryzae treatment, compared with 33.54% and 10.88% in the
RS + M. oryzae + CG treatment.

3.6. Straw Decomposition by the Microbial Consortium

During the tillering and heading stages (30–100 d), straw degradation in the RS + CG
treatment was significantly higher than that in the control (RS) (p < 0.05; Figure 5A,B).
At peak decomposition (day 70), the RS + CG treatment achieved a 54.87% degradation
rate, an increase of 14.87 percentage points over RS (a 37.18% improvement over the
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control). By maturity (day 170), decomposition rates reached statistically equivalent lev-
els (RS + CG: 62.77% vs. RS: 59.80%, p > 0.05). During the initial decomposition phase
(10 days post incorporation), no significant treatment-related differences in degradation
efficiency were observed (p > 0.05). However, the RS + CG treatment exhibited significantly
enhanced degradation efficiency compared with RS during the active decomposition phase
(20–70 d) (p < 0.05). This period corresponds to accelerated microbial activity and cellulose
breakdown. In the later stabilization phase (100–170 d), degradation rates progressively
declined, with no significant inter-treatment differences observed (p > 0.05), suggesting the
convergence of decomposition processes as labile fractions were depleted.

 

Figure 5. Degradation rates (A) and efficiency (B) of straw components by the composite microbial
consortium, and the release rate of N (C), P (D), and K (E) from straw degradation. Each value
represents the mean ± standard error of values from three replicates per treatment. The different
letters above the error bars indicate significant differences according to Duncan’s test (p < 0.05). RS:
rice straw only; RS + CG: rice straw + microbial consortium.
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Straw nutrient analysis demonstrated that the RS + CG treatment significantly in-
creased the nitrogen (N) release rate compared to the RS treatment (p < 0.05; Figure 5C–E),
whereas no statistically significant effects were observed on the release rates of phosphorus
(P) or potassium (K) (p > 0.05). The microbial consortium accelerated N release, achieving a
cumulative release rate of 40.42% by day 30, accounting for 89.38% of the total N release.
During days 30–70, the N release rate in the RS + CG treatment was significantly higher
than in the control, exceeding it by 4.66–5.75 percentage points (a 12.16–16.13% increase).
This early-phase nutrient availability facilitates N supply during critical growth stages
(tillering and heading) in rice. By day 170, the final N release rate had reached 45.22% in
the RS + CG treatment, compared to 40.51% in the control.

3.7. Crop Yield Promotion by the Microbial Consortium

Rice growth parameters were monitored during the tillering stage (Figure 6). Although
no significant differences in plant height were observed across the treatments (p > 0.05), the
CG treatment significantly increased tiller production compared to the control (p < 0.05).
In 2024, at the late tillering stage, the CG plants developed 25.9 tillers per hill versus 22.0 in
the CK plants, representing a 17.7% increase. Although both RS and RS + CG treatments
produced numerically more tillers than CK, these differences were not statistically signif-
icant (p > 0.05). In 2025, no significant differences in tiller number were detected across
treatments (p > 0.05).

 

Figure 6. Dynamic changes in rice plant height (A,C) and tiller numbers (B,D) under different
treatments. Each value represents the mean ± standard error of values from three replicates per
treatment. The different letters above the error bars indicate significant differences according to
Duncan’s test (p < 0.05). CK: blank control; RS: rice straw only; CG: microbial consortium only;
RS + CG: rice straw + microbial consortium.
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The yield performance analysis (Tables 3 and 4) revealed that the CG treatment
achieved the highest agronomic productivity, demonstrating 9.63% and 6.94% higher
grain yields and effective panicle numbers, respectively, than CK. These results confirm
the growth-promoting and yield-enhancing potential of the microbial consortium. By
contrast, straw incorporation without microbial amendment (RS) resulted in the lowest
productivity metrics. This reduction was attributed to the temporal overlap between
straw decomposition and critical rice growth stages (tillering and heading), which induced
microbial–crop competition for nitrogen, leading to nitrogen limitation during panicle
initiation. However, later-stage nutrient release from straw decomposition improved grain-
filling parameters (grains per panicle and 1000-grain weight). These compensatory effects
partially offset the early growth penalty, resulting in a 2.08% and 5.68% yield reduction
relative to CK. Importantly, microbial inoculation (RS + CG) effectively mitigated these
adverse effects, increasing effective panicle numbers and providing a 6.75% and 5.18%
yield improvement over the straw-only treatment through optimized nutrient cycling.

Table 3. Effects of different treatments on rice yields and yield components (2024).

Treatment
Effective Panicles

(×104/hm2)
Grains per Panicle

(No.)
1000-Grain Weight

(g)
Seed Setting

Rate (%)
Yield

(kg/hm2)
Percentage Yield

Increase (%)

CK 442.77 ± 4.82 a 105.11 ± 10.72 a 21.65 ± 0.27 a 93.44 ± 0.64 a 9201.18 ± 280.23 b -
RS 402.39 ± 10.87 b 115.02 ± 6.38 a 22.26 ± 0.70 a 92.82 ± 0.98 a 9009.93 ± 272.30 b −2.08
CG 448.95 ± 11.53 a 109.42 ± 4.62 a 21.61 ± 0.58 a 93.38 ± 0.69 a 10,086.87 ± 113.33 a 9.63

RS + CG 429.20 ± 13.42 ab 118.88 ± 7.27 a 21.77 ± 0.18 a 92.44 ± 1.21 a 9822.52 ± 116.13 a 6.75

CK: blank control; RS: rice straw only; CG: microbial consortium only; and RS + CG: rice straw + microbial
consortium. Means followed by a different letter in the columns indicate significant differences according to
one-way analysis of variance (p < 0.05).

Table 4. Effects of different treatments on rice yields and yield components (2025).

Treatment
Effective Panicles

(×104/hm2)
Grains per Panicle

(No.)
1000-Grain Weight

(g)
Seed Setting

Rate (%)
Yield

(kg/hm2 )
Percentage Yield

Increase (%)

CK 413.63 ± 13.34 ab 108.24 ± 9.34 a 22.03 ± 0.89 a 94.37 ± 1.39 a 9028.82 ± 188.89 a -
RS 386.72 ± 8.03 b 116.93 ± 10.43 a 22.67 ± 0.65 a 93.78 ± 1.89 a 8462.15 ± 229.33 b −5.68
CG 420.03 ± 11.03 a 109.89 ± 7.78 a 21.98 ± 0.98 a 94.56 ± 1.47 a 9721.40 ± 176.30 a 6.94

RS + CG 397.78 ± 9.37 b 120.13 ± 8.37 a 22.86 ± 0.29 a 93.58 ± 0.96 a 9545.11 ± 142.53 a 5.18

CK: blank control; RS: rice straw only; CG: microbial consortium only; and RS + CG: rice straw + microbial
consortium. Means followed by a different letter in the columns indicate significant differences according to
one-way analysis of variance (p < 0.05).

4. Discussion

4.1. Construction of a Multifunctional Microbial Consortium

Screening multifunctional microbial strains is a pivotal step in the formulation of mul-
tifunctional composite microbial consortia. Three Bacillus spp. strains with high-efficiency
cellulose/lignin degradation and broad-spectrum antagonism against phytopathogenic
fungi were isolated from long-term straw-return soils using selective enrichment and dual-
culture confrontation assays [23]. The exogenous degradative bacterium ZJW-6 enhanced
cellulose degradation and promoted positive bacterial–fungal interactions and enriched
key microbial taxa associated with straw degradation, ultimately improving the degra-
dation rate and promoting rice growth and development [24]. In the present study, we
used a functional screening strategy targeting lignocellulose decomposition and pathogen
inhibition to obtain highly efficient multifunctional microbial strains.

Strains CB156, BD3, BN15, and CB13 were isolated from three distinct ecological
niches: long-term straw-amended agricultural soil, pig biogas slurry, and the intestinal
tracts of Antheraea pernyi. These environments, characterized by unique physicochemi-
cal properties, facilitate microbial enrichment and functional specialization, making them
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highly enriched reservoirs of diverse functional microbiota. In soil ecosystems, straw return
promotes significant enrichment of cellulose-degrading microorganisms, establishing soil
as a natural reservoir for lignocellulolytic bacteria, such as Trichoderma and Bacillus species,
which have been widely studied for their ability to effectively degrade straw [25]. Strains
BD3 and CB156 were isolated from paddy field soil with a multi-year history of straw
incorporation and demonstrated superior FPA activity. Biogas slurry, a primary byproduct
of the anaerobic digestion of livestock manure, is widely used as a bio-organic fertilizer
because it is rich in essential nutrients, including minerals, vitamins, hormones, and amino
acids [26]. Additionally, it contains diverse antimicrobial compounds that exhibit inhibitory
effects against over 50 phytopathogenic species and demonstrate field efficacy in terms
of controlling various plant diseases [27]. The CB13 strain, isolated from swine biogas
slurry, has been confirmed to exhibit significant antagonistic activity against multiple phy-
topathogens [22]. Numerous plant-feeding insects (e.g., grubs, mealworms, termites, and
grasshoppers) are enriched with specialized lignocellulolytic bacterial communities in their
gut [28–31]. Bacillus species isolated from white grub (Holotrichia parallela) and grasshopper
guts have demonstrated significant potential for agricultural residue degradation [32,33].
Similarly, termite gut isolates, including Bacillus sp. BMP01 [34], and the fungal strains
Aspergillus nomius (MN700028) and Trichoderma harzianum (MN700029), exhibit superior
lignocellulose degradation capabilities [35]. The BN15 strain isolated from the gut of A.
pernyi exhibited significant MnP and laccase activities, indicating its potential as a key
microbial candidate for lignin biodegradation.

Bacteria, fungi, and actinomycetes all possess the ability to synthesize lignocellulolytic
enzymes [25,36]. However, bacterial strains predominate in straw degradation systems
because of their shorter generation times, faster enzyme production kinetics during fer-
mentation, and the superior properties of bacterial cellulases, including broader substrate
versatility and enhanced operational stability [37]. In the present study, all strains used to
construct the microbial consortium belonged to Bacillus spp.

Bacillus species exhibit exceptional environmental adaptability, enabling their sur-
vival across diverse ecological niches [38]. Furthermore, genomic analyses indicate that
approximately 5% of Bacillus genomes are dedicated to biosynthetic gene clusters (BGCs)
responsible for bioactive compound production [39]. Bacillus-derived antimicrobial pep-
tides show potent antimicrobial activity against various pathogenic bacteria and fungi [40].
Bacillus velezensis CH1 exhibits plant growth-promoting traits, including indole-3-acetic
acid (IAA) production, biofilm formation, nitrogen fixation, and siderophore synthesis [41].
These findings highlight the significant potential of Bacillus spp. as multi-role agents for
both biological control and biofertilization.

The synthetic microbial consortium constructed by combining bacterial strains from
distinct ecological niches exhibited significantly enhanced metabolic activity and functional
performance compared to the single-strain consortium. Similarly, a microbial consortium
constructed from strains isolated from animal feces, soil, and straw samples achieved a rice
straw degradation rate of 73.2% within 8 d, demonstrating significantly higher efficiency
compared to individual strains [42].

4.2. Functional Validation of a Multifunctional Microbial Consortium

Conventional microbial consortia typically have functional limitations. Biocontrol
agents demonstrate strong antimicrobial activity but poor straw degradation, whereas
specialized lignocellulose-degrading consortia show only modest antimicrobial activity and
suboptimal field performance [13]. Notably, the direct combined application of different
functional consortia is frequently hindered by inter-strain antagonism. The development
of multifunctional microbes offers effective solutions to these problems. Zhao et al. [37]
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created HY-1, a composite microbial consortium that exhibited synergistic nitrogen fixation,
lignocellulose degradation, and plant growth promotion. Based on the straw-degrading
and phosphorus-solubilizing capabilities of its strains, the constructed microbial consor-
tium achieved a straw degradation rate of 48.3% within 7 d (a 7% increase compared to
monocultures) and solubilized 117.54 mg·L−1 of insoluble phosphorus (a 29.81% increase
in phosphorus-solubilizing efficiency) [8]. The microbial consortium developed in this
study demonstrated three key benefits: (1) it enhanced straw decomposition by 14.87%
(37.18% increase over control); (2) it exhibited a 67.56% inhibition rate against M. oryzae;
and (3) it led to significant improvements in rice grain yield (9.63% and 6.94% yield en-
hancement when applied alone, and 6.75% and 5.18% increases when co-applied with straw
residues). These findings demonstrate the multifunctional potential of this consortium for
sustainable agriculture.

5. Conclusions

We developed a novel multifunctional microbial consortium for a straw-incorporating
agricultural system through the strategic integration of complementary microorganisms
from three ecological niches, effectively overcoming inefficient straw decomposition,
pathogen accumulation, and yield instability. This study provides a sustainable strat-
egy for safe and efficient utilization of agricultural waste. However, the mechanisms
underlying multifunctional coupling and the ecological strategies that maintain functional
stability under environmental stress remain to be elucidated.
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