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Editorial on the Research Topic

Soil microbial communities to promote suppressiveness against

soil-borne pathogens and diseases

Introduction

The phaseout of methyl bromide, stringent regulations on fumigant application,

and the consumer demand for safer food are leading farmers toward the adoption of

more sustainable soil management practices for the control of soil-borne pathogens

(Rosskopf et al., 2024). In this context, organic amendment-based approaches such as

soil biofumigation, biosolarization, and anaerobic soil disinfestation have emerged as

promising alternatives to the use of synthetic soil fumigants, especially for their ability to

suppress soilborne pathogens while preserving soil health and the environment. However,

their widespread adoption is still limited by technical and sustainability constraints, such as

the variability in efficacy across soils and climates, relatively high costs, amendment type,

and use of impermeable plastic barriers. Given these limitations, new approaches aimed

at enhancing natural soil suppressiveness and shifting soil microbial communities against

soil-borne pathogens have gained increasing attention. Soil microorganisms, whether

native or introduced ex novo, play a pivotal role in providing ecosystem services that

can contribute to this goal by enhancing both soil and plant health. Thus, harnessing

this biological potential offers a promising way to reduce agrochemical dependency and

increase the resilience of cropping systems.

The main aim of this Research Topic was to expand knowledge on how soil

management practices influence microbial communities and their ability to suppress

soil-borne pathogens. The contributions span both fundamental understanding and

practical implications, addressing the effects of soil amendments, microbial community

shifts associated with disease suppression, interactions with plant defensemechanisms, and

the overall effects on soil health and crop yield. Together, the 12 articles included reflect a

growing body of evidence that shows how soil microbial communities can contribute to
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the sustainable management of soil-borne pathogens and enhance

soil health and productivity (Table 1).

Outline of contributions

Several contributions emphasized the use of native beneficial

microbes with biocontrol potential, while underscoring the

importance of single and mixed microbial inoculants in disease

suppression strategies. Correa-Delgado et al. provided a detailed

inventory of Trichoderma spp. from banana rhizospheres,

identifying 10 species, six of which were reported for the first

time in the Canary Islands, along with two putative novel

taxa. Their findings revealed distinct distribution patterns

across agroecosystems and a strong correlation with soil

chemical properties, particularly pH and phosphorus levels. This

comprehensive survey offers a foundation for the development

of future biocontrol strategies against Fusarium oxysporum f. sp.

cubense subtropical race 4. Li et al. demonstrated that Bacillus

velezensis NT35, a strain isolated from the rhizosphere soil

of Panax ginseng, exhibited antifungal activity and enhanced

resistance to Ilyonectria robusta by modulating the expression of

defense-related genes and shaping the rhizosphere microbiota.

Similarly, focusing on Bacillus velezensis BF-237, a strain isolated

from wheat rhizosphere soils, Wang Y. et al. demonstrated

its efficacy in reducing wheat crown rot (WCR) severity and

in supporting beneficial microbes under pathogen pressure.

Furthermore, functional predictions suggest that microbial

communities adapt to WCR by enhancing signaling pathways and

decreasing anabolic activity. Conversely, a native mixed inoculant

composed of Serratia marcescens and Paenibacillus polymyxa

TABLE 1 Summary of beneficial organisms added to the soil or agronomic practices, target pathogens and target crops included in the Research Topic.

Beneficial organisms added to
the soil or agronomic practices

Target pathogen Target crop References

Trichoderma sp Fusarium oxysporum f. sp. cubense subtropical

race 4 (Foc-STR4)

Banana (Musa acuminata) Correa-Delgado

et al.

Bacillus velezensis NT35 Ilyonectria robusta Panax ginseng Li et al.

Bacillus velezensis BF-237 Wheat crown rot (WCR). Fusarium sp Wheat Wang Y. et al.

Serratia marcescens and Paenibacillus polymyxa NA Cajanus cajan Liu et al.

Nostoc punctiforme Heterodera glycines Ichinohe Soybean [Glycine max (L.) Merr.] Yin et al.

Application of biochar, lime or both Ralstonia solanacearum Tobacco (Nicotiana tabacum L.) Bian-hong et al.

Bio-organic fertilizers enriched with T.

asperellum, B. amyloliquefaciens, and B. subtilis

Unidentified root disease Codonopsis pilosula Huang et al.

Native bacteria from biosolarized soil with fresh

sheep manure

Colletotrichum gloeosporioides, F. proliferatum, F.

oxysporum f. sp. radicis-cucumerinum, Botrytis

cinerea and Phytophthora capsici

Tomato (Solanum lycopersicum L) Marín-Guirao and

de Cara-García

Functional rhizosphere microbiomes associated

with plant genetic factors

Fungal plant pathogens. I.e. F. oxysporum Panax notoginseng Shi et al.

Fumigation with allyl isothiocyanate NA Peppers (Capsicum annuum L.) Tian et al.

Crop rotation F. oxysporum Vanilla (Vanilla planifolia)

black pepper (Piper nigrum L.)

sweet rice tea (Strobilanthes tonkinensis

Lindau)

Hong et al.

Intercropping NA Torreya grandis cv Merrillii

Polygonatum sibiricum

Wang Q. et al.

promoted Cajanus cajan growth (Liu et al.). This inoculant caused

more pronounced changes in the soil fungal community than

in bacterial communities, indicating that soil fungi are more

sensitive to the inoculation of non-native biocontrol agents.

Changes in the abundance of both beneficial and potentially

pathogenic fungi were detected, alongside improved nutrient

availability and plant development. Finally, Yin et al. reported that

the cyanobacterium Nostoc punctiforme mitigated the soybean

cyst nematode by indirectly reshaping the rhizosphere microbiota,

rather than directly triggering host-defense mechanisms. The

inoculation altered bacterial and fungal community composition

in the soybean rhizosphere, increasing the relative abundance of

taxa with potential nematicidal activity.

Other studies explored the interaction between soil

amendments and microbial communities in the context of

disease suppression. Bian-Hong et al. reported that lime, biochar,

and a combination of the two reduced the tobacco bacterial wilt

caused by Ralstonia solanacearum and improved tobacco yield

in acidified soils. Biochar and lime-biochar treatments improved

soil pH, and nutrient availability, while reducing acidity and bulk

density. All treatments expanded niche breadth, enhanced positive

microbial interactions, and intensified negative interactions

involving R. solanacearum. Huang et al. showed that bio-organic

fertilizers, based on prickly ash seed meal enriched with beneficial

microorganisms such as T. asperellum, B. amyloliquefaciens,

and B. subtilis, significantly reduced root rot and improved

Codonopsis pilosula yield and quality compared to synthetic

fertilizers. These effects were attributed to modifications in the

structure of the rhizosphere bacterial community, enhanced

stability of the microbial network, and enrichment of key taxa

such as Microlunatus, Rubrobacter, and Nakamurella. Functional
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analyses indicated that bacterial signal transduction and amino

acid metabolism may play a central role during the early and mid-

growth stages. The study by Marín-Guirao and de Cara-García,

conducted over two seasons in an organic Mediterranean tomato

greenhouse, demonstrated that native bacterial diversity, shaped

by biosolarization with fresh sheep manure, may enhance natural

suppressiveness but also interfere with the performance of

introduced biocontrol agents. A notable finding of the study was

the high prevalence of native bacteria with antagonistic properties,

primarily Streptomyces spp. and Bacillus spp., which inhibited

the growth of both pathogenic and beneficial fungi sourced from

commercial products.

Crop genotype and previous cultivation practices have also

been identified as major factors influencing the composition and

assembly of soil and rhizosphere microbial communities. Shi

et al. demonstrated that the deterministic assembly of biocontrol-

associated microbial communities in the rhizosphere of Panax

notoginseng was particularly evident during the third year of

root development and was influenced by plant genetic pathways.

Transcriptomic analyses revealed that genes involved in protein

export, alkaloid and amino acid biosynthesis, along with associated

transcription factors, contributed to the recruitment of beneficial

microbial taxa. Tian et al. showed that allyl-isothiocyanate

fumigation significantly alters soil microbial diversity and

composition, notably promoting Actinomycetota and suppressing

Pseudomonadota. However, its effects on endophytic bacterial

communities differed among pepper genotypes, highlighting the

complex interactions among fumigation, soil microbiota, and plant

internal microbiomes.

Finally, crop rotation and intercropping have proven to

be effective strategies for disease management linked to soil

microbiome modulation. Hong et al. showed that rotating vanilla

with pandan or sweet rice tea significantly reduced Fusarium

wilt by decreasing F. oxysporum abundance, enhancing fungal

diversity, and enriching beneficial microbial taxa. In addition,

the raised soil pH along with the altered microbial communities,

was directly associated with pathogen suppression and enhanced

vanilla disease resistance. Wang Q. et al. demonstrated that

intercropping Torreya grandis with Polygonatum sibiricum

enhanced soil microbial diversity, reduced the relative abundance

of fungal genera, including potential soil-borne pathogens (e.g.,

Cladosporium, Fusarium, Neocosmospora), and enriched microbial

groups involved in carbon and nitrogen cycling. These findings

further support the role of diversified plant systems in fostering

microbial diversity and pathogen suppression.

Conclusion

The studies in this Research Topic offer valuable frameworks

for transitioning to more sustainable alternatives in the

management of soil-borne pathogens. Together, they underscore

the importance of managing soil microbial communities as a

cornerstone of any sustainable strategy aimed at improving soil and

plant health. These contributions provide compelling evidence that

biotic and abiotic interventions, including microbial inoculants,

organic amendments, genotype selection, and cropping system

diversification, can enhance pathogen suppression by promoting

beneficial taxa and restructuring microbial networks. Nevertheless,

the complexity of microbial interactions, underlying mechanisms

and key microbial traits in disease-suppressive soils remains largely

elusive. Therefore, recognizing that each agroecosystem presents

unique conditions and challenges, tailored approaches are required

for the successful generation of disease-suppressive soils.
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Banana (Musa acuminata) is the most important crop in the Canary Islands

(38.9% of the total cultivated area). The main pathogen affecting this crop is the

soil fungal Fusarium oxysporum f. sp. cubense subtropical race 4 (Foc-STR4),

for which there is no effective control method under field conditions. Therefore,

the use of native biological control agents may be an effective and sustainable

alternative. This study aims to: (i) investigate the diversity and distribution of

Trichoderma species in the rhizosphere of different banana agroecosystems

affected by Foc-STR4 in Tenerife (the island with the greatest bioclimatic

diversity and cultivated area), (ii) develop and preserve a culture collection of

native Trichoderma species, and (iii) evaluate the influence of soil chemical

properties on the Trichoderma community. A total of 131 Trichoderma isolates

were obtained from 84 soil samples collected from 14 farms located in different

agroecosystems on the northern (cooler and wetter) and southern (warmer and

drier) slopes of Tenerife. Ten Trichoderma species, including T. afroharzianum,

T. asperellum, T. atrobrunneum, T. gamsii, T. guizhouense, T. hamatum, T.

harzianum, T. hirsutum, T. longibrachiatum, and T. virens, and two putative novel

species, named T. aff. harzianum and T. aff. hortense, were identified based

on the tef1-α sequences. Trichoderma virens (35.89% relative abundance) and

T. aff. harzianum (27.48%) were the most abundant and dominant species on

both slopes, while other species were observed only on one slope (north or

south). Biodiversity indices (Margalef, Shannon, Simpson, and Pielou) showed

that species diversity and evenness were highest in the healthy soils of the

northern slope. The Spearman analysis showed significant correlations between

Trichoderma species and soil chemistry parameters (mainly with phosphorus

and soil pH). To the best of our knowledge, six species are reported for the first

time in the Canary Islands (T. afroharzianum, T. asperellum, T. atrobrunneum,

T. guizhouense, T. hamatum, T. hirsutum) and in the rhizosphere of banana

soils (T. afroharzianum, T. atrobrunneum, T. gamsii, T. guizhouense, T. hirsutum,

T. virens). This study provides essential information on the diversity/distribution

of native Trichoderma species for the benefit of future applications in the control

of Foc-STR4.
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Introduction

The Canary Island archipelago comprises eight islands located
in the subtropical region of the Atlantic Ocean near the Tropic of
Cancer, off the African coast of Western Sahara (between 27◦37′-
29◦25′N and 13◦20′-18◦10′W). Its climate is characterized by low
annual thermal variations, mainly due to the influence of cold ocean
currents and trade winds from the NE (cold and humid) that blow
for most of the year (Carracedo et al., 2002). The Canary Islands
are one of the most biodiverse areas in the European Union and
one of the most outstanding in the world for its endemism. This
region contains half of Spain’s endemic flora and provides the right
conditions for the cultivation of a wide variety of subtropical and
tropical species (Madruga et al., 2016). Banana (Musa acuminata) is
the most important crop in the Canary Islands. It covers a total area
of 8,891 ha (38.9% of the cultivated area of the whole archipelago)
and provides 63% of the total banana production in Europe (Food
and Agriculture Organization of the United Nations, 2022; Instituto
Canario de Estadística [ISTAC], 2022). Due to the commercial
importance of the crop, since 2013, it has been included in the
Register of Protected Designations of Origin (PDO) and Protected
Geographical Indications (PGI) (EUR-Lex, 2013).

Various pests and diseases affect banana crops in subtropical
areas. Among these, Fusarium wilt of musaceae, also known as
Panama disease is worth highlighting. This disease is caused by
the soil fungus Fusarium oxysporum f. sp. cubense (Foc) and is one
of the most destructive diseases for the musaceae (Ploetz, 2015a).
Tropical race 4 (Foc-TR4) is the most pathogenic among the major
commercial cultivars of the Cavendish subgroup (AAA) (Ploetz,
2006). In the Canary Islands, studies carried out at the Department
of Plant Protection of the Canary Institute of Agricultural Research
(ICIA)1 from the 1980s to the present have shown that the causal
agent of Panama disease is the subtropical race 4 of Foc (Foc-
STR4) and that Foc-TR4 has not been detected. Perera-González
et al. (2023) showed that 23% of banana farms on Tenerife had
plants with Foc symptoms (yellowing of leaves, drying of leaves,
and xylem necrosis on corm and pseudostem). Nevertheless, the
incidence of the disease is generally low (3.4% of plants on affected
farms present symptoms of the disease), and these plants are usually
found in places with poor drainage, acid pH, soil compaction,
excessive humidity, and/or shady areas. In other (minority) cases,
the incidence of the disease is higher (49.1% of plants with
symptoms) and leads to abandonment or change in crops.

A large number of publications describe different alternatives
to control the pathogen, however, several reasons make control
difficult (Ploetz, 2015b; Dita et al., 2018; Siamak and Zheng, 2018).
Among them are: (a) the ability of the pathogen to survive in the
soil for long periods of time (more than 40 years) (Buddenhagen,
2009); (b) the spread of the pathogen through contaminated
materials (plants, tools, farm equipment, irrigation water, etc.); (c)
the endophytic properties of the fungus, which protect it from the
action of contact fungicides or non-endophyte biological control
agents (Bubici et al., 2019); (d) the lack of rotation in most
commercial crops of intensive production (monoculture) cause
the pathogen to multiply in a continuous cycle, increasing the
inoculum in the soil over time (Dita et al., 2018). Considering

1 www.icia.es

these factors, probably, the most effective alternative for its control
could be the use of resistant cultivars, although the appearance of
new pathogenic variants of the fungus can overcome this resistance
(Ploetz, 2015b; Dita et al., 2018). Nevertheless, the key measures
to control the disease and prevent the spread of the pathogen
in those regions free of the fungus or with low infestation levels
are pathogen exclusion, contingency plans and destroying infected
materials (Ploetz, 2015b; Dita et al., 2018).

Other management alternatives aimed at improving soil health
are mainly based on the application of appropriate agronomic
practices, the use of cover crops or the application of organic
amendments and biological control agents (BCA) (Dita et al.,
2018). In this sense, soil microorganisms have a fundamental role
in plant health and protection, especially those that colonize the
rhizosphere zone, by enhancing nutrient uptake, disease resistance,
plant defense response, and tolerance to various biotic and abiotic
stresses (Raaijmakers et al., 2009; Liu et al., 2021). A well-researched
example is the genus Trichoderma (syn. Hypocrea, Hypocreales),
which consist of more than 400 species (Cai and Druzhinina, 2021)
divided into three representative groups, Harzianum, Trichoderma,
and Longibrachiatum (Kubicek et al., 2019), known as linages
(Gutiérrez et al., 2021). Trichoderma is a cosmopolitan and
opportunistic filamentous fungus and a ubiquitous colonizer in
almost all environments, commonly found in agriculture soils
(Woo et al., 2023). Of particular interest in this genus are the
processes involved in the biological control of plant diseases, with
direct action on plant pathogens and indirect mechanisms through
the induction of local and systemic plant defenses (Harman et al.,
2004). Due to these characteristics, Trichoderma has remained a
notable BCA and has become a popular protagonist as the key
component of plant biostimulants, bioprotectants, biofertilizers,
and soil amendments (Woo et al., 2023).

In relation to the biological control of Foc, a wide variety of
scientific articles describe the biocontrol potential of Trichoderma
against this pathogen (mainly on Foc-TR4) (Bubici et al., 2019;
Izzati et al., 2019; Damodaran et al., 2020). However, there are few
studies that evaluate Trichoderma isolates obtained from banana
soils or plants (Thangavelu et al., 2004; Thangavelu and Mustaffa,
2010; Caballero et al., 2013; Galarza et al., 2015; Thangavelu and
Gopi, 2015; Chaves et al., 2016; Taribuka et al., 2017; Damodaran
et al., 2020; Olowe et al., 2022). In many cases, the reduced efficacy
of BCAs under field conditions could be due to their inability
to grow under local biotic and abiotic environmental conditions.
For this reason, it is extremely important to know the natural
microbial biodiversity in the different ecosystems and to have a
wide collection of native strains adapted to the specific agroclimatic
conditions of the crop where it is to be applied.

The main purpose of this study was to collect a representative
number of rhizosphere soil samples from healthy and Foc-STR4-
affected banana plants in different agroecosystems on Tenerife, in
order to: (i) describe the diversity and distribution of Trichoderma
species in different agroecosystems, (ii) develop and preserve
a culture collection of native Trichoderma species, and (iii)
evaluate the influence of soil chemical properties on Trichoderma
community composition. The practical importance of this study
is to provide an initial knowledge base about the diversity and
distribution of Trichoderma species in different banana ecosystems
of Tenerife, and to preserve a culture collection of native
Trichoderma as a reservoir of potential beneficial microorganisms
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to develop sustainable agro-biotechnological alternatives. Indeed, it
is important to highlight the role of the microbial culture collection
as an essential source for the selection of potential BCA against
Foc-STR4 or plant growth promoting microorganisms (PGPM)
naturally adapted to the agroclimatic conditions of banana crops
in the Canary Islands.

This is the first work that describes the Trichoderma
community in the rhizosphere soil of banana plants with and
without symptoms of Panama disease in the different bioclimatic
conditions and growing areas of the island of Tenerife. In addition,
six species of Trichoderma are reported for the first time in the
Canary Islands (T. afroharzianum, T. asperellum, T. atrobrunneum,
T. guizhouense, T. hamatum, and T. hirsutum) and six species
that have not been previously reported associated with banana
rhizosphere (T. afroharzianum, T. atrobrunneum, T. gamsii, T.
guizhouense, T. hirsutum, and T. virens). Furthermore, we detected
two groups of isolates, which we identified as T. aff. harzianum and
T. aff. hortense, corresponding to putative novel endemic species to
be described in the near future.

Materials and methods

Crop distribution and agroclimatic
characteristics of Tenerife

Approximately 9,000 farmers cultivate bananas in the Canary
Islands on an area of about 8,891.2 ha. The island with the largest
cultivated area is Tenerife (4,002.9 ha), followed by La Palma
(2,727.6 ha), and Gran Canaria (1,936.6 ha) (Instituto Canario de
Estadística [ISTAC], 2022). In addition, Tenerife (situated near
the center of the archipelago) is the largest (2,034 km2) and
highest island (3,718 m.a.s.l.) of the archipelago and has the largest
number of bioclimatic belts (26): from the hyperarid desertic
inframediterranean in the southern zone of the coast to the dry
pluviseasonal oromediterranean at higher altitudes (3,718 m.a.s.l.,
Mount Teide) (Del-Arco et al., 2006).

In Tenerife, banana crops are distributed around almost the
entire perimeter of the island, mainly at altitudes below 300 m.a.s.l.
The main environmental difference is observed when comparing
the northern and southern slopes. The northern slope is wetter
and cooler (due to the trade winds and annual rainfall of up
to 500 mm), while the southern slope is drier and warmer
(exposed to heatwaves from the Sahara and with less than 200 mm
annual rainfall) (Supplementary Table 1). These differences affect
crop development, with significant differences between slopes in
terms of leaf emission and bunch emergence intervals because
of temperature (Galán-Sauco et al., 1984). Also, on both slopes,
altitude (related to temperature) has a significant effect. As altitude
increases, the emergence interval becomes longer. The soil type in
both slope is Andisols (Tejedor et al., 2009).

Characteristics of the sampling points
and experimental design

The sampling points were selected considering the following
factors: (a) the agroclimatic characteristics, (b) the distribution

of banana production areas, and (c) the distribution of Foc-
STR4-affected banana plants. As a reference for the distribution
of Panama disease (Foc-STR4) in Tenerife, we used the analysis
of a previous work in which 100 farms spread randomly and
proportionally over the cultivated area in each of the banana
production zones were studied (Perera-González et al., 2023). For
this purpose, a grid (500 m × 500 m) was implemented over
the entire cultivated area of banana crops and several squares
proportional to the cultivated area of each zone were randomly
selected. In each square (approximately one per 40 ha), the largest
farm was selected and an assessment of Panama disease was carried
out (Perera-González et al., 2023). Taking into account the results
of this study and the factors mentioned above, 14 farms (8 on the
north slope and 6 on the south) with plants affected by Foc-STR4
distributed representatively in each production zone were selected.
All selected farms had a history of banana monoculture of more
than 15 years. The geographical, bioclimatic data, and the cropping
history of each farm are given in Table 1.

Soil and plant sample collection

Six plants per farm were selected: three plants with visible
symptoms of Foc-STR4 disease and three asymptomatic plants.
Plants with symptoms were selected as far apart as possible. The
selection of asymptomatic plants was carried out on specimens with
the same growing conditions and phenological state as the plants
with symptoms, at 5–10 m from them.

Rhizosphere soil samples were collected around each plant
(50 cm from the pseudostem) at four opposite points, discarding
the upper plant remains and using a 45-mm diameter soil auger
at 0–20 cm depth. Before each sampling, the auger was disinfected
with alcohol and burned with a butane torch. Subsequently, the
four subsamples from each plant were mixed into a single sample
(approximately 1,000 g) and kept in a sterile plastic bag to be
transported to the laboratory. In this way, a total of 84 samples
(6 plants × 14 farms) were obtained (42 from rhizospheric soil
of plants with symptoms and 42 from asymptomatic plants). At
the same time, vascular tissue samples were extracted from the
inner part of the rhizome and the pseudostem of each plant to
verify the presence or absence of Foc-STR4 in plants with and
without symptoms, respectively. In this case, the samples (500–
1,000 g/plant) were extracted with a sterile scalpel knife and
wrapped in absorbent filter paper. Both types of samples (soil and
plant) were transported refrigerated to the laboratory.

Determination of soil chemical
properties

Five hundred grams of each soil sample were processed.
The soils were air-dried at room temperature, sieved through a
2 mm sieve and homogenized. Oxidizable organic matter (%)
was analyzed by oxidation with potassium dichromate in an acid
medium and titrated with Mohr’s salt, using a protocol modified
from Walkley and Black (1934). Total nitrogen (%) content
was determined by the Kjeldahl method. Assimilable phosphorus
(mg/kg) was analyzed according to the colorimetric method of
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TABLE 1 Geographical, bioclimatic data, and cropping history of the 14 sampling farms in Tenerife (Canary Islands).

Farm
code

Municipality Location Slope Thermotypea Bioclimatic
belta

Coordinates Years of
plantingb

Altitude
(m.a.s.l.)

BN47 Buenavista del Norte Las Toscas North Inframediterranean Lower-semiarid xeric
inframediterranean

28◦22′ 13.52′′N
16◦50′ 37.76′′W

35 124.69

IV72 Icod de Los Vinos Las Granaderas North Inframediterranean Lower-semiarid xeric
inframediterranean

28◦23′ 26.83′′N
16◦32′ 06.74′′W

15 164.02

IV37 Icod de los Vinos Valois North Inframediterranean Lower-semiarid xeric
inframediterranean

28◦22′ 32.54′′N
16◦43′ 31.47′′W

20 109.71

VO78 La Orotava El Rincón North Inframediterranean Lower-semiarid xeric
inframediterranean

28◦25′ 09.73′′N
16◦30′ 34.49′′W

50–60 105.59

VO64 La Orotava San Miguel North Inframediterranean Upper-semiarid xeric
inframediterranean

28◦22′ 16.60′′N
16◦43′ 27.16′′W

70 278.12

BN4 Los Silos Hoya Matos North Inframediterranean Lower-semiarid xeric
inframediterranean

28◦22′ 40.08′′N
16◦49′ 16.25′′W

25 47.71

TV26 San Cristóbal de La
Laguna

La Cardonera
(Tejina)

North Inframediterranean Lower-semiarid xeric
inframediterranean

28◦32′ 29.91′′N
16◦21′ 55.07′′W

40 103.56

PH1 San Cristóbal de La
Laguna

Punta Hidalgo North Inframediterranean Lower-semiarid xeric
inframediterranean

28◦34′ 13.98′′N
16◦19′ 08.72′′W

50–60 73.21

AD46 Adeje La Tiñosa (Barranco
Las Moradas)

South Inframediterranean Arid desertic
inframediterranen

28◦09′ 04.23′′N
16◦46′53.99′′W

15 177.33

AR51 Arona Llanos de
Guargacho

South Inframediterranean Arid desertic
inframediterranen

28◦02′ 23.23′′N
16◦38′ 23.56′′W

15 101.03

AR68 Arona Buzanada South Inframediterranean Arid desertic
inframediterranen

28◦04′ 29.14′′N
16◦39′ 17.31′′W

40 304.83

CPE Guía de Isora Cueva del Polvo South Inframediterranean Arid desertic
inframediterranen

28◦13′ 47.11′′N
16◦49′ 58.73′′W

30 104.86

GUI Güímar Hoya del Cerco South Inframediterranean Arid desertic
inframediterranen

28◦18′ 39.40′′N
16◦23′ 03.31′′W

25 115.03

SM109 San Miguel de
Abona

Montaña de Los
Gorones

South Inframediterranean Arid desertic
inframediterranen

28◦03′ 11.28′′N
16◦37′ 54.31′′W

35 159.03

a Del-Arco et al. (2006). bYears of the farm with banana crop (monoculture).

Olsen et al. (1954). Soil exchange cations (mEq/kg), calcium,
magnesium, potassium and sodium were extracted with neutral 1N
ammonium acetate and determined by flame atomic absorption
spectrophotometry (Bower et al., 1952). The pH and the electrical
conductivity (EC) were determined in a 1:5 (v:v) aqueous extract
according to Norma UNE-EN 77308:2001 (2001) and Norma
UNE-ISO 10390:2012 (2012), respectively. The analyses of these
parameters were carried out by the Laboratory Unit of the Canary
Institute of Agricultural Research (ICIA).

Microbiological analysis

Isolation and preservation of Trichoderma
isolates from soil samples

Each soil sample was air-dried and sieved (3 mm) to
separate the soil conglomerates and larger organic matter remains.
Subsequently, 20 g of soil were mixed with 180 ml of sterile
0.85% KCl (potassium chloride, PanReac AppliChem, Barcelona,
Spain) in 250 ml capacity bottles and homogenized using an orbital
shaker (Orbital, J.P. Selecta) at 150 rpm during 20 min. A serial
of decimal dilutions was prepared and 0.1 ml of each dilution
was streaked onto the following culture mediums for Trichoderma

isolation: Trichoderma Selective Medium (TSM) (Askew and Laing,
1993) and Dichloran Rose Bengal Chloramphenicol Agar (DRBC,
Condalab, Laboratory Conda S.A., Madrid, Spain).

Petri dishes were incubated at 25◦C for 7–10 days in the dark.
Putative Trichoderma colonies were quantified and purified by
subculturing on Blakeeslee’s Malt Extract Agar (MEAbl; Blakeslee,
1915; Visagie et al., 2014) for 7 days at 25◦C. All isolates described
in this study were maintained at−80◦C in 30% glycerol solution.

Species were identified by a combination of morphological
analysis and molecular methods. Morphological characteristics
were based on the key of Gams and Bissett (1998). Colony
characteristics were also examined on cultures grown on MEAbl
after 7 days of incubation at 25◦C. Microscopic observations
were made on cultures grown on Corn Meal Agar (CMD;
CM0103, Oxoid Ltd., Basingstoke, Hampshire, United Kingdom)
and on Spezieller Nährstoffarmer Agar (SNA) after 10 days at
25◦C. Observations were made with a Nikon Eclipse 80i optical
microscope using differential interference contrast (DIC).

Soil and plant pathogen analysis
The quantification of Foc was carried out by planting (in

triplicate) a serial dilution of the rhizosphere soil suspensions onto
Petri dishes containing the Komada selective medium (Komada,
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1975). After planting, the Petri dishes were incubated at 25◦C
for 7–10 days in the dark, and the colonies with microscopic
characteristics of Fusarium were counted to obtain the number
of colony forming units per gram of soil (cfu/g) (Leslie and
Summerell, 2006).

The analysis of the plant tissue samples was carried out
using the following procedure: four pieces of each type of
tissue (corm and pseudostem from each plant) were obtained
and surface disinfected. From each of them, a 15–20 mm long
portion of the vascular bundles was extracted aseptically and
deposited on the surface of a Petri dish with Potato Dextrose
Agar (PDA, Condalab, Laboratory Conda S.A., Madrid, Spain),
supplemented with streptomycin (300 mg/L) and chloramphenicol
(250 mg/L). After incubation at 25◦C for 7 days in the dark,
putative Fusarium colonies were purified by subculturing on PDA.
Subsequently, macroscopic (colony diameter, surface appearance,
colony edge, coloring, pigmentation in the medium, exudates
formation, etc.) and microscopic (shape and arrangement of
micro- and macroconidia, length of conidiophores, chlamydospore
formation, etc.) characteristics of each isolate were recorded
(Leslie and Summerell, 2006) and stored at −80◦C in 30%
glycerol solution.

DNA extraction and PCR amplification

DNA from all Trichoderma and Fusarium isolates was obtained
according to the following protocol. Each isolate was grown in PDA
for 7–10 days at 25◦C. Subsequently, the mycelium was collected
and transferred to a microtube (approximately 50–70 mg) with
500 µl of lysis buffer (400 mM Tris–HCl, 60 mM EDTA, 150 mM
NaCl, 1% SDS) containing glass beads. The mixture was shaken in
a Retsch MM400 shaker (Retsch, Düsseldorf, Germany) for 10 min,
incubated at 65◦C for 40 min and centrifuged at 15,000 rcf for
10 min. The supernatant was recovered in a sterile microtube and
an equal volume of chloroform/isoamyl alcohol [24:1 (v/v)] was
added. After homogenization of the mixture and centrifugation
at 17,000 rcf (4◦C for 10 min), the supernatant was recovered in
a sterile microtube. The DNA was precipitated with 2.5 volumes
of cold absolute ethanol at −20◦C for 2–4 h and collected by
centrifugation at 20,000 rcf (4◦C for 15 min). The pellet was washed
with 500 µl of 70% ethanol, air-dried and resuspended in 50 µl of
sterile DNase/RNase-free water. The DNA was quantified using a
spectrophotometer (NanoDrop 2000c, Wilmington, NC, USA), and
stored at−20◦C until use.

For molecular identification of Trichoderma species, a 1,200 bp
fragment of the translation elongation factor 1-α region (tef1-
α) gene was amplified by conventional PCR using the following
primers pairs: EF1-728F (5′-CAT CGA GAA GTT CGA GAA
GG-3′) (Carbone and Kohn, 1999) and TEF1LLErev (5′-AAC
TTG CAG GCA ATG TGG-3′) (Jaklitsch et al., 2005). PCR
reactions were performed in a volume of 25 µl at the following
final concentrations: 1.6 ng/µl of DNA, 1× buffer [Tris–HCl pH
8.5, (NH4)2SO4, and 1% Tween 20], 1.5 mM MgCl2, 0.15 mM
dNTP, 0.3 µM of each primer, 0.05 U/µl Taq DNA Polymerase
(VWR Taq DNA Polymerase). Amplification was carried out in
a conventional Thermal Cycler (Eppendorf Mastercycler X50s)
under the following conditions: initial denaturation of 5 min at
94◦C; 30 cycles of 45 s at 95◦C, 45 s at 57◦C, 1:10 min at 72◦C;
with a final extension of 10 min at 72◦C.

The PCR product was electrophoresed at 90 V·cm−1 for about
2.5 h on agarose gels (1.5% w/v) with 1 × TAE buffer (PanReac
AppliChem) and stained with gel red (Gel Red Nucleic Acid Gel
Stain, Biotium). A 50-bp DNA Step Ladder (S7025, Sigma-Aldrich)
was used as a size standard. The PCR products were visualized
under UV light and photographed (Nikon D3500 DX, Nikon).

For the molecular identification of the Foc isolates obtained
from the plant tissue samples (rhizome and pseudostem), a
PCR amplification was performed using secreted in xylem (SIX)
specific primers to detect the different Foc races: STR4: Foc-
SIX8b-F/Foc-SIX8b-R (Fraser-Smith et al., 2014) and SIX8b-206-
F/SIX8b-206-R (Carvalhais et al., 2019); TR4: SIX1a-266-F/SIX1a-
266-R (Carvalhais et al., 2019). Subsequently, all the isolates with
positive results in the specific amplifications were confirmed and
identified by partial sequencing of the translation elongation factor
1-α gene (tef1-α) using the primers EF-1 and EF-2 (O’Donnell
et al., 1998). The PCR conditions used for each primer set were
those recommended by the respective authors. The fragments were
evaluated by electrophoresis in agarose gel as described above.

Sequence and phylogenetic analysis

The PCR products were purified with exonuclease I (M0293S,
BioLabs) and shrimp alkaline phosphatase (M0371S, BioLabs)
according to the manufacturer instructions [Shrimp Alkaline
Phosphatase (rSAP), BioLabs]. Purified amplicons were sequenced
through Sanger sequencing methods by Macrogen sequencing
service (Macrogen Inc., Spain) in both directions (forward
and reverse complimentary DNA strands). The sequence data
assembly and editing were performed using MEGA 11 software
(Tamura et al., 2021).

All the Trichoderma sequences were deposited in GenBank
database with the accession numbers from OQ858692 to
OQ858800 (Supplementary Table 2). Comparisons with sequences
from GenBank were performed using BLASTN (Altschul et al.,
1997). Moreover, sequences of the tef1-α region were compared
with those available at the TrichOKEY databases (TrichOKEY v2
software), accessed online at the International Subcommittee on
Trichoderma and Hypocrea taxonomy (ISTH)2 (Druzhinina et al.,
2005). For phylogenetic analysis, sequences of the representative
species of the Trichoderma genus were retrieved from the NCBI
GenBank database3 and are listed in Supplementary Table 3.
Multiple sequence (tef1-α dataset) alignments were performed
with MUSCLE and phylogenetic trees were reconstructed using
maximum-likelihood (ML) analysis using MEGA 11 software. The
robustness of branches was assessed by bootstrap analysis of 1,000
replicates. For ML analyses, the best-fit nucleotide substitution
model for each dataset was selected with MEGA 11, according to
the Bayesian information criterion (BIC) values (Schwarz, 1978).
In this context, the best models (lowest BIC scores) were Kimura
2-parameter model with a gamma distribution (+G) and invariable
sites (+I) for the Trichoderma lineage, Longibrachiatum lineage and
Harzianum-Virens lineage.

Fusarium sequences (tef1-α) were analyzed using a procedure
similar to that described for Trichoderma. In this case, the best

2 www.isth.info

3 http://www.ncbi.nlm.nih.gov/genbank/
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model for the ML analysis of the F. oxysporum species complex
(FOSC; Lombard et al., 2019) was the Kimura 2-parameter model
with a gamma distribution (+G).

Diversity analysis of Trichoderma species

Different indices were analyzed to quantitatively determine the
diversity of Trichoderma species in the different bioclimatic zones
(northern and southern slopes) according to the origin of the
samples (soil rhizosphere of plants with and without Foc-STR4).

The occurrence frequency (OF) percentage at the species level
was calculated using the following formula:

OF (%) =
n
N

100

where “n” is the number of rhizospheric soil samples with
one Trichoderma species and “N” is the total number of
rhizospheric soil samples.

The relative abundance (RA) percentage for every species was
calculated as:

RA (%) =
ni
Nt

100

where “ni” is the number of isolated of Trichoderma belonging to
species i and “Nt” is the total number of isolates.

The isolation rate (IR) was calculated by the total number of
isolates of Trichoderma (nt) divided by the total number of soil
samples (Ns).

IR =
nt
Ns

Margalef ’s (E) index was used to measure the richness (Margalef,
1958), Shannon–Wiener (H), and Simpson (D) indices were used
to measure the diversity (Shannon, 1948; Simpson, 1949), and
Pielou index (J) was used to measure evenness (Pielou, 1966). These
indices were calculated using the following formulas:

E =
S− 1
ln N

H = −
N∑

i = 1

PilnPi, Pi =
ni

N

D = 1− (6Pi2)

J =
H

lnS

where “S” represents the number of Trichoderma species, “N” is
the sum of all Trichoderma species isolates, “Pi” is the ratio of the
number of isolates of Trichoderma belonging to species i (ni) to the
total number of isolates in the community (N).

Data processing

Microsoft Excel version 2016 software was used to calculate
the diversity indices. Statgraphics Centurion 18 V18.1.14 software
was used for statistical analysis of the data. One-way analysis of
variance (ANOVA) and LSD (p < 0.05) multiple comparisons were

used to analyze the variance and test the significance of differences
in soil chemical properties and Foc population. The hierarchical
location of the Trichoderma species detected in the rhizospheric soil
samples, was determined using the Olmstead-Tukey correlation
method. The graphical representation used a quadrant graph based
on the occurrence frequency and the relative abundance [expressed
as Log (RA + 1)] values (Sokal and Rohlf, 1995). Each species was
classified as dominant (OF and RA higher than the average values),
frequent (OF above average and RA below average), occasional (OF
below average and RA above average), and rare (OF and RA lower
than the average values). The Spearman correlation coefficient
method was used to analyze the correlation between soil chemical
properties and Trichoderma community composition.

Results

Analysis of Fusarium oxysporum f. sp.
cubense in plant samples and
quantification in soil

To test the absence and presence of the pathogen on
healthy and Foc-STR4-affected banana plants, respectively, rhizome
and pseudostem samples were obtained from all banana plants
selected for soil sampling. Endophytic fungi were isolated from
these samples and all colonies with macro and microscopic
characteristics typical of Fusarium were identified at species and
race level by molecular and phylogenetic analysis of the tef1-α gene
and specific-race SIX primers (O’Donnell et al., 1998; Fraser-Smith
et al., 2014; Carvalhais et al., 2019). The results of this analysis
determined that the causal agent of the disease in plants with
symptoms was Foc-STR4 (Fusarium phialophorum), while in plants
without symptoms, the pathogen was not detected in any case.

The abundance of Foc in the rhizosphere of healthy and
diseased plants was analyzed in each soil sample. No significant
difference (p < 0.05) was observed between the population of Foc
(ufc/g) of the healthy and diseased soils on both slopes (north and
south). However, significant differences (p < 0.05) were detected
between northern and southern soils samples (Figure 1). Our
results showed that population of Foc in northern soils ranged from
3.67 × 102 to 3.63 × 103 cfu/g (average 1.41 × 103 cfu/g) and
1.50× 102 to 2.20× 103 cfu/g (average 1.43× 103 cfu/g) in healthy
and diseased plants, respectively, and in southern soils ranged from
0.83 × 102 to 1.68 × 103 cfu/g (average 9.21 × 102 cfu/g) and
9.75 × 102 to 1.46 × 103 cfu/g (average 1.05 × 103 cfu/g) in
healthy and diseased plants, respectively (Figure 1). The lowest
Foc population in the rhizosphere of healthy plants was detected
in CPE (Cueva del Polvo, southern slope) and the highest was in
VO78 (Valle de La Orotava, northern slope). The lowest and highest
populations in diseased plants were detected in BN47 and BN4
(Buenavista del Norte, north slope), respectively.

Trichoderma isolation and species
identification

The most appropriate culture medium for Trichoderma
isolation was DRBC. This was mainly due to the following reasons:
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FIGURE 1

Fusarium oxysporum f. sp. cubense (Foc) population in soil samples.
Columns in group A and B show the Foc population (cfu/g) in soils
from healthy and diseased plants from the northern and southern
slopes, respectively. Columns in group C show the Foc population
of healthy and diseased plants from all soil samples (north + south).
Columns of group D show the Foc population in all soils
(healthy + diseased) of the north and south slope. Equal letters in
the same group of data (A, B, C or D) indicate no significant
difference (p < 0.05). Errors bars represent the standard deviations
of the means.

(a) the development and sporogenesis of Trichoderma colonies on
DRBC was significantly higher than on TSM, (b) the contrasting
color of the rose bengal of DRBC facilitated the recognition of
Trichoderma colonies, and (c) most of the colonies corresponding
to the soil mycobiota population did not show abundant growth.
Therefore, the Trichoderma colonies in DRBC were quickly located
and identified by micromorphological characteristics.

No significant differences (p < 0.05) in Trichoderma
population were observed between healthy and diseased soils, and
between northern and southern soils. Nevertheless, Trichoderma
quantification (cfu/g) on samples from healthy plants was higher
than in diseased plants (3.4× 103 and 2.1× 103 cfu/g, respectively).
Likewise, the cfu/g from soils on the northern slope were slightly
higher than those from soils on the southern slope (2.9 × 103 and
2.7 × 103 cfu/g, respectively). Regarding the relationship between
Trichoderma and Fusarium populations in soil, no significant
correlation was observed between both populations in any of
the conditions tested (north and south slope or healthy and
diseased plants).

Taking into account the morphological (macro and
microscopic) diversity of the colonies and the origin of the
samples, a total of 131 Trichoderma isolates were obtained from
84 soil samples collected from 14 farms located in different
banana-production areas of Tenerife (8 farms from the north slope
and 6 from the south). All Trichoderma isolates were identified
at species level by the sequence analysis of tef1-α gene. Twelve
species were identified: T. virens (47 isolates), T. aff. harzianum
(36), T. atrobrunneum (12), T. harzianum (10), T. guizhouense
(7), T. hamatum (6), T. aff. hortense (3), T. afroharzianum (3),
T. asperellum (3), T. longibrachiatum (2), T. gamsii (1), and
T. hirsutum (1) (Figure 2).

FIGURE 2

Pie chart showing the relative abundance (%) of each Trichoderma
species isolated in this study from banana rhizosphere soil in
Tenerife (Canary Islands).

Phylogenetic analysis

One hundred nine isolates were selected for taxonomy studies
according to the macro and micromorphological characteristics
of the 131 isolates initially obtained from the soil samples
of banana plants in Tenerife. The phylogenetic relationship of
the 109 representative isolates of Trichoderma was constructed
from the sequence analysis of tef1-α gene using the ML
method. The 12 identified species were distributed among
three different evolutionary lineages of the Trichoderma genus
namely: Harzianum-Virens (8 species, 90.84% of the isolates),
Trichoderma (3 species, 7.63% of the isolates), and Longibrachiatum
(1 species, 1.53% of the isolates) (Cai and Druzhinina, 2021;
Gutiérrez et al., 2021).

Ninety-seven isolates were identified into six known species
belonging to the linage Harzianum-Virens (Jaklitsch and Voglmayr,
2015); T. afroharzianum, T. atrobrunneum, T. guizhouense,
T. harzianum, T. hirsutum, and T. virens (Figure 3). Ten
isolates were identified in the Trichoderma linage (Jaklitsch and
Voglmayr, 2015) as T. asperellum, T. gamsii, and T. hamatum
(Figure 4), and two isolates were identified in the Longibrachiatum
linage as T. longibrachiatum (Jaklitsch and Voglmayr, 2015;
Figure 5).

Interestingly, 34 isolates could not be grouped in previously
described Trichoderma species. In these cases, the term affinis
(aff.) was used to indicate that these OTUs are similar but not
necessarily identical to the described species. Thus, 31 isolates
were named T. aff. harzianum and 3 isolates as T. aff. hortense,
both belonging to the Harzianum-Virens lineage. The phylogram
showed that T. aff. harzianum formed a subclade with T. afarasin,
T. austroindianum, T. camerunense, T. endophyticum, T. lixii, T.
neotropicale, T. rifaii, T. simmonsii, and T. syagri, and T. aff.
hortense formed a subclade with T. hortense. Trichoderma aff.

Frontiers in Microbiology 07 frontiersin.org14

https://doi.org/10.3389/fmicb.2024.1376602
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1376602 May 10, 2024 Time: 17:18 # 8

Correa-Delgado et al. 10.3389/fmicb.2024.1376602

FIGURE 3

Maximum likelihood phylogenetic tree of the Harzianum-Virens lineage (Jaklitsch and Voglmayr, 2015) showing the position of seven Trichoderma
species isolated from banana rhizosphere soils in Tenerife (Canary Islands) based on the nucleotide sequences of the tef1-α gene. Sequences
obtained in this work are indicated in bold. ML bootstrap support above 50% is given on each node. The type strains are indicated with “T”. GenBank
accession numbers are shown in parentheses.
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harzianum tef1-α sequence allowed the detection of four haplotypes
(haplotype 1: 13 isolates; haplotype 2: 9 isolates; haplotype 3:
5 isolates; and haplotype 4: 4 isolates). The comparison with
sequences of the type strains of the related species showed 98.2%
similarity (4 substitutions + 2 gaps) with T. austroindianum
VAB T050T (accession no. MH352421), 97.2% similarity (9
substitutions + 1 gaps) with T. syagri BAFC 4357T (MG822711),
97.0% similarity (10 substitutions + 1 gaps) with T. camerunense
GJS99 230T (AF348107), 96.1% similarity (8 substitutions + 7
gaps) with T. rifaii DIS 37FT (FJ463321), and 94.46% similarity
(12 substitutions + 3 gaps) with T. harzianum CBS 226.95T

(AF348101). In addition, T. aff. hortense showed 95.6% similarity
(4 substitutions + 10 gaps) with the type strain of T. hortense G.J.S.
08-116T (accession no. MH253895).

Diversity and distribution of Trichoderma
species in the rhizosphere of healthy and
Foc-STR4-affected banana plants in
different agroecosystems

Trichoderma isolates were obtained from all the farms analyzed
and from 65.48% of soil samples examined (70.83% in the soils
of the northern slope and 58.33% in soils of the southern slope).
In relation to the number of isolates (131 in total), 75 isolates
were obtained from the soils of the northern slope (57.25% of
the total isolates) and 56 from the soils of the south of the
island (42.75% of the total isolates) (Table 2). In general terms,
it can be observed that the percentage of soil samples with
Trichoderma and the percentage of isolates obtained is higher
on the northern slope than on the southern slope. In addition,
on both slopes, the percentage of isolates obtained from healthy
plants is higher than that of diseased plants (51.91% and 48.09%,
respectively).

Regarding the number of species identified (12 in total),
no differences were observed between the different origins of
the samples. In the northern soils, a total of eight species
were identified, while from the southern soils, nine species were
identified. Trichoderma virens and T. harzianum group (identified
as T. aff. harzianum and T. harzianum) were the most abundant
species. Trichoderma virens represent 35.9% of isolates and was
detected in 11 of the 14 farms (78.6% of the farms). Trichoderma
aff. harzianum and T. harzianum represent 35.1% of all isolates and
were detected in 12 and 6 farms, respectively (85.7% and 42.8%
of the farms). It is interesting to note that T. aff. harzianum was
the only species isolated in all farms on the southern slope from
the soil of healthy plants (Figure 6). Trichoderma atrobrunneum
(9.2% of isolates) and T. guizhouense (5.3%) were the most
abundant species after T. virens and T. aff. harzianum, being
observed in 5 and 6 farms, respectively. Trichoderma hamatum
and T. asperellum (4.6% and 2.3% of isolates, respectively) were
detected on two farms and T. hirsutum (0.76%) on one farm on
the northern slope, while none of these species were detected
on the southern slope (Figures 6, 7). Unlike T. afroharzianum
(2.3% of isolated), T. aff. hortense (2.3%), T. longibrachiatum
(1.5%), and T. gamsii (0.76%) were detected in one farm on the
southern slope, while no isolates were obtained from northern slope
(Figures 6, 7).

The Olmstead-Tukey scattergram shows T. virens and T. aff.
harzianum are the dominant species in the northern and southern
soils of healthy and Foc-STR4-affected banana plants (Figure 8).
Similarly, T. atrobrunneum and T. hamatum occur as dominant
species in the northern soils of healthy plants, while the rest of
the species were classified as occasional or rare. The Margalef (E),
Shannon (H), Simpson (D), and Pielou (J) diversity indices show
a different performance of the species on each slope (Table 3).
The richness index (Margalef) of the northern slope was higher in
healthy plants (E: 1.91) than in diseased plants (E: 1.82). While on
the southern slope, this tendency was not observed. The Simpson
index was close to 1, indicating a high diversity of Trichoderma
species in the banana rhizosphere soils of Tenerife. In northern
soils, the diversity of Trichoderma of the healthy plants (D: 0.81)
were higher than those from diseased plants (D: 0.69). Likewise,
the Shannon index showed the same trend (H: 1.82 in healthy
plants and H: 1.53 in diseased plants). However, on the southern
slope, the diversity indices of healthy plants were lower than
those of diseased plants. Pielou’s index measures evenness. It can
vary between 0 and 1, where 0 means that there is only one
species (no evenness) and 1 means that all species are equally
abundant (complete evenness). In this study, we observed that
northern soils showed higher species evenness in healthy plants
(J: 0.87) than in diseased plants (J: 0.78). However, the trend in
the southern soils is the opposite: soils of healthy plants (J: 0.75)
have a lower index than soils of diseased plants (J: 0.80). With
regard to the relationship between soil Foc population (cfu/g) and
the Trichoderma biodiversity indices, no significant correlation was
detected between both parameters.

Effect of soil chemical properties on
Trichoderma community

To evaluate the effect of the soil chemical properties on
the relative frequency of the different Trichoderma species, the
oxidizable organic matter, total nitrogen, assimilable phosphorus,
calcium, magnesium, potassium, sodium, electrical conductivity,
and pH were determined in the soil samples of each of the farms.
No significant differences (p < 0.05) were observed (on both
slopes) between the chemical properties of healthy and diseased
soils. However, the comparison of the soils from the northern and
southern slopes showed significant differences (p < 0.05) in the
content of oxidizable organic matter (%), sodium (mEq/kg) and pH
(Table 4).

The Spearman analysis showed that certain Trichoderma
species present significant correlations with some soil chemical
parameters. For example, on the northern slope, T. virens (the
species isolated with the highest occurrence frequency) showed
a significant positive correlation with phosphorus content and
a negative correlation with calcium and magnesium content,
while on the southern slope these correlations were not
significant (Figure 9). Trichoderma aff. harzianum (another species
isolated with high occurrence frequency) and T. atrobrunneum
showed a significant positive correlation with soil pH on the
northern slope, while on the southern slope none of the
correlations were significant. Likewise, T. atrobrunneum showed
a significant negative correlation with total nitrogen on the
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FIGURE 4

Maximum likelihood phylogenetic tree of the Trichoderma lineage
(Jaklitsch and Voglmayr, 2015) showing the position of three
Trichoderma species isolated from banana rhizosphere soils in
Tenerife (Canary Islands) based on the nucleotide sequences of the
tef1-α gene. Sequences obtained in this work are indicated in bold.
ML bootstrap support above 50% is given on each node. The type
strains are indicated with “T”. GenBank accession numbers are
shown in parentheses.

northern slope. Trichoderma harzianum showed a significant
positive correlation with the potassium content on the southern
slope and a negative correlation with calcium on the northern slope.
Trichoderma guizhouense showed a significant positive correlation
with the phosphorous content on both slopes and with magnesium
on the southern slope of the island. Trichoderma hamatum showed
a positive correlation with oxidizable organic matter and total
nitrogen and a negative correlation with sodium, potassium, and
pH. According to these results, the parameters that significantly
affect the Trichoderma population were the phosphorus and
soil pH.

Discussion

It is widely recognized that soil features, plant characteristics,
microorganism diversity, agronomic management, and
environmental factors significantly influence the plant/root-
microorganism relationship (Lemanceau et al., 1995). Likewise,
the amount of phytopathogen in the soil and its relationship with
BCA microorganisms is another important aspect to consider.
Xue et al. (2015) found significantly lower colony forming unit
numbers of F. oxysporum f. sp. cubense in the disease-suppressive
rhizospheric soil (no disease plants) (approximately 5 × 103 cfu/g)
compared to the wilted banana rhizosphere (disease plants)
(approximately 1 × 105 cfu/g). Likewise, Zhou et al. (2019)
quantified a F. oxysporum f. sp. cubense population less than

FIGURE 5

Maximum likelihood phylogenetic tree of the Longibrachiatum
lineage (Jaklitsch and Voglmayr, 2015) showing the position of one
Trichoderma species isolated from banana rhizosphere soils in
Tenerife (Canary Islands) based on the nucleotide sequences of the
tef1-α gene. Sequences obtained in this work are indicated in bold.
ML bootstrap support above 50% is given on each node. The type
strains are indicated with “T”. GenBank accession numbers are
shown in parentheses.

TABLE 2 Trichoderma isolates’ distribution in the different banana
rhizosphere soils in Tenerife.

Northern slope Southern slope

Diseased
plants

Healthy
plants

Diseased
plants

Healthy
plants

Number of farms 8 6

Number of soil samples 24 24 18 18

Percentage of soil samples
with Trichoderma isolates

70.83 58.33

62.50 79.17 55.56 61.11

Number of Trichoderma
species 7 8 8 8

Number of Trichoderma
isolates

75 56

36 39 27 29

Isolation rates (IR) 1.50 1.62 1.50 1.61

Percentage of isolates

57.25(1) 42.75(1)

27.48(1) 29.77(1) 20.61(1) 22.14(1)

48.00(2) 52.00(2) 48.21(3) 51.79(3)

(1)In relation to the total number of isolates (131). (2)In relation to the number of isolates
from northern soils (75). (3)In relation to the number of isolates from southern soils (56).

1.3 × 103 cfu/g in disease-free soils and more than 1.7 × 103 cfu/g
in diseased soil samples of three banana farms in China. Based on
these results, the authors indicate that a Foc population lower than
1.3 × 103 cfu/g does not cause Fusarium wilt banana in the field.
However, these data are not in agreement with our results where
41.6% of diseased soil samples had less than 1.3 × 103 cfu/g, and
no significant differences were detected between the rhizosphere
Fusarium population of healthy and diseased plants (Figure 1). On
the other hand, soil chemical parameters can play an important
role in the amount of the pathogen. In this regard, Senechkin
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FIGURE 6

Diversity and distribution of Trichoderma species in banana rhizosphere soil in Tenerife (Canary Islands). Sampling points and farm locations are
indicated with a red circle. Banana growing areas are indicated in purple. Municipalities are indicated with numbers: 1, San Cristóbal de La Laguna; 2,
Valle de La Orotava; 3, Icod de los Vinos; 4, Los Silos; 5, Buenavista del Norte; 6, Guía de Isora; 7, Adeje; 8, Arona; 9, San Miguel de Abona; 10,
Güímar; ND: Trichoderma was not detected.

et al. (2014) and Zhou et al. (2019) describe a positive correlation
between soil organic matter and Fusarium abundance, and a
negative correlation for pH. In this aspect, the results of our
work are consistent with these authors: the Foc population in the
soils of the northern slope was significantly higher than in the
southern soils, where organic matter and pH were higher and
lower, respectively (Figure 1 and Table 4).

Trichoderma is a fungus with a worldwide distribution and
widely studied in different natural and agricultural ecosystems of
the world. However, there are few works related to Trichoderma
distribution and biodiversity in banana rhizosphere soils under

different environmental conditions or in relation to the health
status of the plant. In the specific case of the Canary Islands,
Zachow et al. (2009) analyzed the fungal diversity in the
rhizosphere of endemic plants of six different climatic and
vegetation zones in Tenerife, indicating that it is an interesting
place to study biodiversity and species diversification. However,
in contrast to other fungi analyzed, the Trichoderma species
described were ubiquitous and widely distributed and no significant
differences were detected between the biodiversity of the different
sampling areas. Moreover, Jaklitsch and Voglmayr (2015) analyzed
Trichoderma populations in Tenerife, La Palma, and La Gomera
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FIGURE 7

Occurrence frequency (OF), number of isolates and species of Trichoderma spp. in banana rhizosphere soils in Tenerife (Canary Islands). OF above
5% are indicated inside the circles.

(the western Canary Islands) and identified 17 described species
and 3 putatively new Trichoderma species, of which 62% belonged
to the Viride clade and 16.7% to Trichoderma harzianum s.l.

Trichoderma harzianum is a cosmopolitan species widely
distributed in different parts of the world, such as Tunisia (Sadfi-
Zouaoui et al., 2009), Sardinia (Migheli et al., 2009), Egypt
(Gherbawy et al., 2004), South America (Barrera et al., 2021),
Canary Islands (Tenerife) (Zachow et al., 2009), etc. Moreover,

it is the species with the highest number of citations in soil
samples from banana crops: China (Yang et al., 2016; Du et al.,
2020), India (Thangavelu et al., 2004; Thangavelu and Gopi, 2015),
Malaysia (Naher et al., 2019), Mexico (Hernández-Domínguez
et al., 2019), and Tenerife (Canary Islands) (Ciancio et al., 2022).
In our study, this species was detected in healthy and Foc-
STR4 diseased plants on both slopes of the island (Figures 6–8).
Likewise, T. aff. harzianum (a putatively new species) was one
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FIGURE 8

Olmstead-Tukey diagram relationship between the occurrence frequency and the relative abundance of Trichoderma species identified from banana
rhizosphere soil on the north and the south slopes of Tenerife. The dashed lines correspond to the mean relative abundance (horizontal) and
occurrence frequency (vertical) and are used to define the dominant, frequent, occasional, and rare species.

TABLE 3 Diversity indices of Trichoderma species isolated from healthy and diseased banana plants of the northern and southern slope of the
island of Tenerife.

Slope Plants Margalef (E) Simpson (D) Shannon (H) Pielou (J)

North
Healthy 1.91 0.81 1.82 0.87

Diseased 1.82 0.69 1.53 0.78

South
Healthy 2.08 0.72 1.56 0.75

Diseased 2.12 0.74 1.67 0.80

of the dominant species (27.48% of the isolates) (Figures 2, 8)
and was detected on both slopes of the island in healthy and
diseased plants (Figure 7). Notably, it was the only species
detected in 100% of the southern farms in the rhizosphere of
healthy plants (Figure 6). Additionally, a positive correlation
(p < 0.05) with the soil pH was detected on the northern slope
(Figure 9). These results agree with those described by Mayo-
Prieto et al. (2021), who observed an increase in the development

of T. harzianum T059 in Esla-Campo’s soils with high pH
values.

Trichoderma virens was the most frequently isolated species
(35.89% RA) (Figure 2). On the northern slope, it was detected
in 62.5% and 75.0% of the farms (from healthy and diseased soils
samples, respectively), while on the southern slope it was observed
in 66.7% and 83.3% of the farms (healthy and diseased soils,
respectively) (Figures 6, 7). According to the Olmstead-Tukey test,
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TABLE 4 Chemical properties of the different rhizosphere soil samples (healthy and diseased banana plants) obtained from farms located on the
northern and southern slopes of Tenerife.

Slope Plants Organic
matter (%)

Total
nitrogen (%)

Phosphorus
(mg/kg)

Calcium
(mEq/Kg)

Magnesium
(mEq/Kg)

Sodium
(mEq/Kg)

Potassium
(mEq/Kg)

pH Conductivity
(mS/cm)

North

Diseased 5.72 a 0.256 a 36.00 a 232.50 a 134.01 a 34.16 a 42.75 a 7.43 a 0.68 a

Healthy 5.44 a 0.255 a 34.75 a 241.88 a 123.88 a 33.81 a 36.70 a 7.40 a 0.65 a

Average 5.58 A 0.256 A 35.38 A 237.19 A 128.94 A 33.99 A 39.73 A 7.41 A 0.67 A

South

Diseased 3.53 a 0.208 a 28.25 a 233.50 a 143.23 a 56.23 a 42.68 a 8.08 a 1.72 a

Healthy 3.56 a 0.207 a 30.42 a 230.50 a 147.22 a 54.28 a 34.48 a 8.00 a 1.68 a

Average 3.55 B 0.208 A 29.33 A 232.00 A 145.23 A 55.26 B 38.58 A 8.04 B 1.70 A

Different letters in each column indicate that there are statistically significant differences (Tukey HSD test, p < 0.05) between soils from healthy and diseased plants from the same slope
(north or south) (lowercase) or between soils from different slopes (uppercase). Each experiment was repeated three times. See section “Materials and methods” for details on chemical analysis
of soil samples.

FIGURE 9

Spearman’s rank correlation matrix between the occurrence frequency of the top six Trichoderma species and soil chemical parameters on the
northern and southern slopes of Tenerife. Square size reflects the magnitude of the correlation coefficient (red, positive correlation; blue, negative
correlation). *p < 0.05; **p < 0.01; ***p < 0.001.

T. virens was classified as a dominant species on both slopes of the
island (Figure 8) and in the north, its abundance was significantly
positively correlated (p < 0.001) with the phosphorus content in the
soil (Figure 9). Surprisingly, this species has not been previously
described in banana soils elsewhere in the world and, in Tenerife,
it was identified by Ciancio et al. (2022) from a “control” sample
of rhizospheric soil free of banana roots. Trichoderma virens is
a potent bioeffector for plant protection (biofungicide) and plant
growth promotion (biofertilizers) (Harman et al., 2004) and is
currently marketed as a BCA in organic farming (Woo et al., 2023).
Muthukathan et al. (2020) identified T. virens proteins involved
in banana/root-Trichoderma interaction that could be relevant

for disease management in banana. These proteins are associated
with penetration, colonization and induction of the plant defense
response. For this reason, finding this dominant species in the
banana soils rhizosphere in Tenerife opens a promising avenue of
research into the selection of potential Foc-STR4 biocontrol agents
adapted to the environmental and crop conditions of the Canary
Islands.

Trichoderma atrobrunneum is a widely distributed species and
has been described in different parts of the world in soil samples or
decaying wood of North America, Europe (Jaklitsch and Voglmayr,
2015), and Africa (Haouhach et al., 2020; Nyang’au et al., 2023).
However, none of the previous works performed in the Canary
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Islands or in banana soils in other parts of the world describe
this species. In our work, the highest occurrence frequency in the
rhizosphere of healthy plants from the northern slope was observed
(Figures 6–8) and a significant positive correlation (p < 0.05)
with the soil pH of the northern slope was detected (Figure 9).
Therefore, this is the first time it has been described in Tenerife and
in banana rhizosphere.

The ability of T. atrobrunneum as BCA has been demonstrated
in many studies. The genomic analysis reveals the presence of
different genes encoding for carbohydrate-active enzymes, proteins
associated with the synthesis of secondary metabolites, peptaboils,
epidithiodioxopiperazines, and siderophores potentially involved
in parasitism, saprophytic degradation as well as in biocontrol and
antagonistic activities (Fanelli et al., 2018). Pavlovskaya et al. (2020)
demonstrate the ability to control Fusarium wilt in cucumber
through an efficient protective effect and growth stimulation.
Natsiopoulos et al. (2022) report the efficacy of an isolate obtained
in Serres (Northern Greece) from corn cobs to significantly reduce
the in vitro development of F. oxysporum f. sp. lycopersici and
to decrease the incidence of the disease in tomato plants grown
in pots. This background demonstrates the biocontrol capacity of
T. atrobrunneum and its potential use in the control of Foc-STR4
on banana crops in the Canary Islands.

Trichoderma guizhouense was first described in soil samples
from two different regions in Guizhou province in China (Li et al.,
2013) and has subsequently been detected in different countries
in southern Europe (Croatia, Italy, Greece, and Spain) and South
America (Argentina) (Jaklitsch and Voglmayr, 2015; Barrera et al.,
2021). However, in the Canary Islands, previous works do not
describe this species, whereas in our study, we obtained isolates
from both slopes of the island in the rhizosphere of healthy
and diseased plants (Figures 6–8). Furthermore, a significant
positive correlation (p < 0.05) was detected with the phosphorus
content of the soil on both slopes (Figure 9). Regarding its
agronomic utility, several studies have demonstrated the ability of
this species to promote plant growth, produce volatile compounds
and antioxidants, and control the development of phytopathogens
(Wang and Zhuang, 2019; Liu et al., 2021). In this regard, the NJAU
4,742 strain isolated in China from aromatic plant tissue has been
intensively studied for its antifungal capacity against different plant
pathogens of different crops, including Foc-TR4 (Zhang et al., 2016,
2019; Pang et al., 2020).

Trichoderma hamatum has been described in banana soils
in Mexico with a relative abundance of 5% (referring to the
total number of Fusarium and Trichoderma isolates evaluated)
(Hernández-Domínguez et al., 2019). In our work, this species
constituted 4.6% (RA) of the Trichoderma isolates (Figure 2) and
was only detected in samples from the northern slope as a dominant
species in healthy plants and rare in diseased plants (Figures 7, 8).
Previous works in the Canary Islands have not reported this
species, while in other parts of the world it is described as a
widely distributed species in different environmental conditions.
Danielson and Davey (1973) and Jiang et al. (2016) highlight the
ability of T. hamatum to tolerate excessive moisture conditions
in forest soils in the United States (North Carolina, Virginia, and
Washington) and in farmland soils of East China, respectively.
However, Sadfi-Zouaoui et al. (2009) found T. hamatum to be a
dominant species in all areas of Tunisia and detected no differences
in its distribution with respect to different climatic conditions. By

contrast, in Tenerife, the distribution of this species seems to be
affected by the climatic and soil conditions of the slope, with the
northern area being more favorable for its development (Figures 6–
8). Additionally, highlighting the significant negative correlation
(p < 0.01) with the soil pH (Figure 9) could explain its non-
detection in the soils of the southern slope (significantly more
alkaline than those of the north) (Table 4). This result would agree
with that described by Danielson and Davey (1973), who define
T. hamatum as one of the most widely distributed species in North
American acid forest soils. Another aspect to highlight in our study
is the significant positive correlation (p < 0.05) with the total
nitrogen and the organic matter content (Figure 9), which could
also contribute to the non-detection in the southern slope soils
(with a significantly lower amount of organic matter) (Table 4).
These results concur with those described by Migheli et al. (2009)
on Sardinia (Italy), where they describe a positive correlation with
the content of organic compounds in the soil.

Trichoderma asperellum is a species widely used as a BCA
against different pathogens, including the different “special forms”
(f. sp.) of F. oxysporum (Patel and Saraf, 2017; Sehim et al., 2023).
Therefore, this species is part of the active ingredient of several
microbial fungicides marketed in different countries around the
world (Woo et al., 2023). In banana soils, it is cited in different
places, such as: India (Thangavelu and Gopi, 2015; Damodaran
et al., 2020), Nigeria (Akinyele et al., 2019), and China (Win et al.,
2021). Some authors also describe it as an endophytic species of
banana (Xia et al., 2011; Thangavelu and Gopi, 2015; Olowe et al.,
2022). However, in the Canary Islands, previous works do not
describe this species in any of the bioclimatic conditions, while in
our study, it was detected as a rare species on the northern slope
of healthy and diseased plants (Figures 6–8). The non-detection
in the southern soils could be due to the inability to establish in
the warmer and drier conditions of this slope of the island. In this
sense, similar results were observed by Migheli et al. (2009) on the
island of Sardinia (Italy).

Trichoderma afroharzianum is an opportunistic environmental
species with an outstanding aptitude for biocontrol, plant growth
promotion and enzyme production (Chaverri et al., 2016; Xiao
et al., 2023). Previous studies do not report this species in the
Canary Islands or in the banana rhizosphere in other parts of the
world. In this study, this species was detected with a low occurrence
frequency (rare species) on the southern slope of both types of
plants (healthy and diseased) (Figures 6–8).

Trichoderma longibrachiatum has been previously described in
banana soils in different parts of the world: Mexico (Hernández-
Domínguez et al., 2019), Brazil (Sanó et al., 2022), and Tenerife
(Spain) (Ciancio et al., 2022). In our work, this species has been
detected as rare (Figure 8) in soils from the southern slope
(Figures 6, 7), which agrees with what was previously described by
Ciancio et al. (2022).

Trichoderma aff. hortense was first described in Argentina
from horticultural soil samples. However, isolates of this species
previously identified under other names (T. harzianum, T.
aureoviride, Hypocrea lixii) have been described in Japan, Italy,
and New Zealand, suggesting a cosmopolitan distribution (Barrera
et al., 2021). In our study, the tef1-α gene sequences obtained
from banana soil isolates from Tenerife were related to the same
clade as the T. hortense sequences. However, these sequences were
not identical to those deposited in the GenBank database (95.6%
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similarity), therefore, we use the term affinis (aff.) to indicate that
the OTUs are similar but not identical to the assigned species
(accession no. MH253895). According to the Olmstead-Tukey test,
this species is classified as rare in the banana crops of Tenerife
(Figure 8), with a low number of isolates (3) from the rhizosphere
of diseased plants from a single farm on the southern slope
(Figures 6, 7).

Trichoderma gamsii has been described in Greece, Italy, Spain,
Africa, India, and China (Migheli et al., 2009; Ding et al.,
2012; Rinu et al., 2014; Jaklitsch and Voglmayr, 2015). Zachow
et al. (2009) describes this species in Tenerife in soil/rhizosphere
samples from different vegetation zones: Arico (Cardonal/Tabaibal;
subtropical, arid) and Buenavista del Norte (Laurisilva/Fayal-
Brezal; subtropical, subhumid). In our study, a single isolate was
obtained from the rhizosphere of a healthy plant from the southern
slope of Tenerife (Guía de Isora) (Figures 6, 7) and to our
knowledge, there are no previous records associated with banana
crops in other parts of the world. Trichoderma gamsii has already
demonstrated it can reduce the growth of Fusarium head blight in
wheat and F. oxysporum rot and wilt black gram (Vigna mungo)
(Alukumbura et al., 2022; Valan-Arasu et al., 2023). Consequently,
the ability of T. gamsii to control F. oxysporum f. sp. cubense STR4
under the environmental conditions of the Canary Islands should
be analyzed.

Trichoderma hirsutum was first described in China in the
Shennongjia Natural Reserve in soil samples at 1,200 m.a.s.l.
(Chen and Zhuang, 2017) and subsequently in northern Algeria
(Sub-humid bioclimate) at very low frequency from the tomato
rhizosphere (Benttoumi et al., 2020). In Tenerife, a single isolate
was obtained from the rhizosphere of a healthy plant from the
northern slope (La Orotava) (Figures 6, 7).

Conclusion

This work represents the first investigation of the biodiversity
of Trichoderma species in the soil rhizosphere of the Canary Island
banana agroecosystem. The results presented here mainly concern
the taxonomic analysis of Trichoderma and the distribution of the
species in the rhizosphere of healthy and Foc-STR4 diseased plants
in different bioclimatic conditions of Tenerife (Canary Islands,
Spain). The findings demonstrate the biodiversity of Trichoderma
in banana crops. Many of the species identified (6 out of 12
total) had not been previously described in the Canary Islands
(T. afroharzianum, T. asperellum, T. atrobrunneum, T. guizhouense,
T. hamatum, and T. hirsutum) or associated to banana rhizosphere
(T. afroharzianum, T. atrobrunneum, T. gamsi, T. guizhouense, T.
hirsutum, and T. virens). Therefore, to the best of our knowledge,
this work is the first report of these species in the Canary Islands
or in banana ecosystems. In addition, two putative novel species,
named T. aff. harzianum and T. aff. hortense, were detected. The
analysis of species distribution showed that T. virens and T. aff.
harzianum were the most abundant (35.89% and 27.48% RA,
respectively) (Figure 2) and dominant species in the rhizosphere
of banana soils on both slopes of Tenerife (north and south)
(Figures 7, 8). While other species were mainly associated with
a particular bioclimatic condition: T. hamatum, T. asperellum,
and T. hirsutum were isolated only on the northern slope, and

T. afroharzianum, T. longibrachiatum, T. gamsii, and T. aff.
hortense on the southern slope (Figures 6, 7). Probably, the species
associated with the northern slope are better adapted to lower
temperatures and higher humidity, while the species associated
with the southern slope are better adapted to higher temperatures
and lower humidity. Likewise, the edaphic characteristics could
influence species distribution: soils on the southern slope had
a significantly higher pH than those on the north, while the
relationship of the organic matter was the opposite.

Trichoderma species have long been recognized as agents for
the control of plant diseases and for their ability to enhance
root growth and development, crop productivity, resistance
to abiotic stresses, and nutrient uptake and utilization (Berg
et al., 2005). Knowledge and understanding of the biodiversity
of the rhizosphere microbiota in relation to plant health and
the environment is essential for the prevention and treatment
of plant diseases (Xue et al., 2015). For this reason, it is
recommended to select potential biocontrol agents from native
Trichoderma isolates obtained under similar conditions (soil or
plant parts) to those encountered during pathogen control (Howell,
2003). These isolates will be naturally adapted to the specific
environmental conditions of biocontrol (temperature, humidity,
nutrient availability, microbiota, etc.) and represent a suitable
strategy to overcome problems related to the introduction of
exogenous microorganisms (Howell, 2003; Anees et al., 2010).
In this context, the analysis of the Trichoderma population
distribution and the culture collection developed in this study
will contribute to the future selection of new isolates or novel
native species as BCAs against the most important banana disease
in the Canary Islands (Foc-STR4). In this sense, our work
demonstrates the existence of a high number of Trichoderma
species with biocontrol potential and that are naturally adapted to
the environmental and agronomic conditions of banana cultivation
in the Canary Islands. This is in line with the ultimate goal of
finding a cost-effective and environmentally friendly alternative for
disease control.
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Biocontrol and growth promotion 
potential of Bacillus velezensis 
NT35 on Panax ginseng based on 
the multifunctional effect
Xueqing Li 1†, Jiarui Wang 2†, Hang Shen 1, Chenxi Xing 1, 
Lingxin Kong 1, Yu Song 2, Wanpeng Hou 3, Jie Gao 1, Yun Jiang 2* 
and Changqing Chen 1*
1 College of Plant Protection, Jilin Agricultural University, Changchun, China, 2 College of Life Science, 
Jilin Agricultural University, Changchun, China, 3 Jilin Shenwang Plant Protection Co., Ltd., Fusong, 
China

The Bacillus velezensis strain NT35, which has strong biocontrol ability, was 
isolated from the rhizosphere soil of Panax ginseng. The antifungal effects of 
the NT35 strain against the mycelium and spore growth of Ilyonectria robusta, 
which causes ginseng rusty root rot, were determined. The inhibitory rate of I. 
robusta mycelial growth was 94.12% when the concentration of the NT35 strain 
was 107  CFU·mL−1, and the inhibitory rates of I. robusta sporulation and spore 
germination reached 100 and 90.31%, respectively, when the concentration 
of the NT35 strain was 104 and 108  CFU·mL−1, respectively. Strain NT35 had 
good prevention effects against ginseng rust rot indoors and in the field with 
the control effect 51.99%, which was similar to that of commercial chemical 
and biocontrol agents. The labeled strain NT35-Rif160-Stre400 was obtained 
and colonized ginseng roots, leaves, stems and rhizosphere soil after 90  days. 
Bacillus velezensis NT35 can induce a significant increase in the expression 
of five defensive enzyme-encoding genes and ginsenoside biosynthesis-
related genes in ginseng. In the rhizosphere soil, the four soil enzymes and 
the microbial community improved during different periods of ginseng growth 
in response to the biocontrol strain NT35. The NT35 strain can recruit several 
beneficial bacteria, such as Luteimonas, Nocardioides, Sphingomonas, and 
Gemmatimonas, from the rhizosphere soil and reduce the relative abundance 
of Ilyonectria, Fusarium, Neonectria and Dactylonectria, which cause root 
rot and rusty root rot in ginseng plants. The disease indices were significantly 
negatively correlated with the abundances of Sphingomonas and Trichoderma. 
Additionally, Sphingomonadales, Sphingomonadaceae and actinomycetes were 
significantly enriched under the NT35 treatment according to LEfSe analysis. 
These results lay the foundation for the development of a biological agent 
based on strain NT35.
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Bacillus velezensis, Panax ginseng, biocontrol, plant growth promotion, 
multifunctional mechanisms
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1 Introduction

Panax ginseng, one of the most well-known Chinese herbal 
medicinal plants, is now grown in the northeastern region of China 
(You et  al., 2022). Rusty root rot disease caused by Ilyonectria 
robusta is the most common and serious root disease that occurs 
during P, ginseng cultivation in China (Lee et al., 2015; Farh et al., 
2018). At present the general incidence of ginseng rusty root rot in 
China is 20%–30%, and more seriously, some more than 70%. The 
quality and yield of ginseng were severely affected, resulting in huge 
property losses (Wang et al., 2019; Guan et al., 2020). For a long 
time, this disease has been controlled mainly by chemical fungicides. 
However, chemical control is not ideal for treating soil-borne 
diseases in perennial plants. Additionally, prolonged use of chemical 
fungicides results in pathogen resistance, residue risk, soil 
microecological imbalance and environmental pollution (Wołejko 
et al., 2020).

Biocontrol can reduce or prevent the occurrence of plant diseases 
and has the benefits of being environmentally friendly, safe, and 
highly efficient (Sharma and Manhas, 2022). For instance, Bacillus 
amyloliquefaciens was reported to be  effective at controlling 
Phytophthora capsica (Bhusal and Mmbaga, 2020). Fu et al. (2010) 
reported the biocontrol potential of B. subtilis against banana leaf spot 
caused by Pseudocercospora musae and postharvest anthracnose 
caused by Colletotrichum musae. The B. velezensis strain B19 can 
control Fusarium root rot in Panax notoginseng (Wang C. X. et al., 
2023). Thus, biocontrol by beneficial microorganisms may be chosen 
as an alternative means of reducing ginseng rusty root rot without 
negatively impacting the environment compared to chemical control 
with fungicides. Previous studies have shown that the rhizosphere 
acts as an important bridge between plants and soil for the exchange 
of substances through plant roots and helps establish mutual 
relationships (Ahkami et al., 2017). The bacteria in rhizospheric soil 
are responsible for many important ecological functions, such as 
disease control (Linden et al., 2022) and resistance induction (Zhang 
et al., 2022). System induction resistance is an important mechanism 
for plants to fight pathogens. Bacillus velezensis effective against 
Botrytis cinerea by inducing systemic resistance in tomato (Stoll et al., 
2021). And biocontrol bacteria have been reported to improve 
rhizosphere soil microecology by recruiting beneficial 
microorganisms, reducing the abundance of harmful communities, 
and increasing microbial communities diversity (Zhao et al., 2022). 
Using rhizospheric soil bacteria has been a good strategy for the 
efficient biocontrol of soil-borne diseases. The objective of this study 
was to determine the ability of the B. velezensis strain NT35 to inhibit 
I. robusta growth and control ginseng rusty root rot via in vitro and 
field experiments. The expression of defense enzyme-encoding genes 
in ginseng induced by the biocontrol bacterium was also analyzed. 
The high-throughput sequence technique was used to study the 

microbial community structure, which may improve rhizosphere soil 
microecology through the strain NT35. The results lay a foundation 
for the development and application of the biocontrol bacterium 
NT35 on ginseng plants.

2 Materials and methods

2.1 Strains and culture

The B. velezensis strain NT35 was previously isolated from the 
rhizosphere soil of P. ginseng in Ji’an, Jilin Province, China, and the 
eight pathogens causing ginseng diseases including I. robusta, 
Sclerotinia schinseng, Phytophthora cactorum, Rhizoctonia solani, 
Alternaria panax, Botrytis cinerea, Colletotrichum panacicola, Fusarium 
solani were obtained was obtained from the Laboratory of Integrated 
Management of Plant Diseases, Jilin Agricultural University, 
Changchun, Jilin Province, China, and stored at −80°C. The plant 
pathogens were incubated on potato dextrose agar (PDA) at 25°C for 
5 days. Bacillus velezensis NT35 was cultured on lysogeny broth agar 
medium (LB) and incubated at 28°C for 2 days in dark.

2.2 Inhibition of Ilyonectria robusta 
mycelial growth by strain NT35

A dual culture assay was used to evaluate the ability of B. velezensis 
NT35 against I. robusta CBLJ-3 (Wang J. et  al., 2023). The 
concentrations of B. velezensis NT35 were 109, 108, 107, 106, 105, 104, 
103, 102, and 101 CFU·mL−1. In the control, only the I. robusta CBLJ-3 
mycelium plug was inoculated, and sterile agar was added to the Petri 
dishes; three replicates were used for each treatment. Then, the plates 
were incubated at 25°C for 7 days. Measurements were calculated by 
the formula I (%) = [(C − T)/C] × 100 (I: percentage of inhibition, C: 
growth of pathogen in control plate, T: growth of pathogen in 
treatment plate). Additionally, the antifungal efficacy of the NT35 
strain against 14 other plant pathogens was determined by the 
confrontation culture method.

The effect of B. velezensis NT35 on the mycelial weight of I. robusta 
was evaluated as described below (Wang C. X. et al., 2023). An 8 mm 
diameter of the fungal agar plug of I. robusta CBLJ-3 was inoculated 
into 90 mL of PD fluid in a 250 mL flask and cultured at 150 rpm and 
28°C for 2 days, after which 10 mL of 1 × 108 CFU/mL NT35 
fermentation broth was added. The mixture was further cultured with 
shaking at 25°C, and the mycelia of I. robusta were sampled at 1, 2, 3, 
4, 5, 6, and 7 dpi after inoculation with B. velezensis NT35. The mycelial 
samples were filtered and washed three times with sterile water. The 
mycelial dry weight of each treatment was determined after drying at 
80°C for 24 h. Three replicates were performed for each group.

Highlights

	•	 The strain NT35 has ability to control rusty root rot and promote growth of ginseng.
	•	 Increasing gene expression of defense enzymes and ginsenoside biosynthesis of ginseng.
	•	 To colonize and significantly improve microbial community in rhizosphere soil 

of ginseng.
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2.3 Inhibition of Ilyonectria robusta spore 
production and germination by the NT35 
strain

The hemocytometer method was used to determine the inhibitory 
effect of the NT35 strain on the spore production and germination of 
I. robusta (Wang J. et al., 2023). The strain CBLJ-3 was inoculated on 
plates mixed with serially diluted fermentation broth as described 
above and cultured at 25°C. The conidia were flushed with 5 mL of 
sterile water after the colonies reached more than 60 mm in diameter, 
and the plates were mixed with sterile water as a control. The conidia 
yield was determined using a hemocytometer, and the inhibition rate 
was calculated as follows: inhibition rate (%) = 100 × (control conidia 
production − treatment conidia production)/control conidia 
production. When the CBLJ-3 spore germination rate of the control 
group reached greater than 90%, the germinated conidia were counted 
using a hemocytometer, and the inhibition rate was calculated as 
follows: inhibition rate (%) = 100 × (control germination rate − 
treatment germination rate)/control germination rate. Each treatment 
was replicated three times.

2.4 In vivo effect of the NT35 strain on 
inhibiting Ilyonectria robusta growth in 
ginseng roots

An in vitro inhibition test was also performed in ginseng roots 
according to Wang C. X. et al. (2023). The three-year-old healthy 
ginseng roots were disinfected with 2% sodium hypochlorite solution 
for 90 s, rinsed twice with sterile distilled water and dried at room 
temperature for 2 h. A total of 10 μL of 1 × 108 CFU·mL−1 NT35 
fermentation broth was inoculated at each site, at which three wound 
sites with a depth of 3 mm were generated on each ginseng root by 
using a sterile pipette tip with a diameter of 2 mm. The four treatments 
included the following: (A) water as a negative control; (B) I. robusta 
as a positive control; (C) Prevention treatment: inoculation with NT35 
for 1 day and then with I. robusta; and (D) Therapeutic treatment: 
inoculation with I. robusta for 1 day and then with NT35. All the 
inoculated plants were incubated at 25°C.

2.5 Growth-promoting effect of strain 
NT35 on ginseng plants

The Salkowski method was used to screen for high IAA 
production by the strain NT35 (Ait Bessai et al., 2022). The phosphate 
solubilization ability of the strains was determined by cultivation on 
Pikovskaya’s agar medium and by the Mo-Sb colorimetric method 
(Liu et  al., 2021). Potassium solubilization was tested by using 
Aleksandrow’s agar medium and a flame atomic absorption 
spectrometer (Iyer et al., 2017). The nitrogen fixation potency was 
determined after the strain NT35 was inoculated in ASHBY nitrogen-
free agar medium and incubated at 30°C for 24 h (Xu et al., 2001). 
Siderophore production was determined by the CAS method 
(Delaporte-Quintana et al., 2020), and ACC deaminase activity was 
determined by the Honma method (Tiwari et al., 2016).

The NT35 strain was inoculated in LB liquid, cultured at 160 rpm 
at 28°C for 12 h and subsequently centrifuged at 10,000 × g for 5 min. 

The collected cells were dissolved in distilled water, and the original 
cells were diluted to 1 × 108 CFU·mL−1. Ginseng seeds were first 
sterilized by soaking in 70% ethanol for 5 min and then in 0.5% 
sodium hypochlorite for 3 min and rinsed three times with distilled 
water. These disinfected seeds were immersed in the above bacterial 
suspension of strain NT35 for 4 h. Seeds treated with distilled water 
served as the control. All the seeds were then transferred to plates 
containing wetted sand (10 seeds per plate) and incubated at 25°C for 
10–15 days (Jiang et al., 2022).

2.6 Colonization ability of strain NT35 in 
Panax ginseng and rhizosphere soil

Preparation of rifampicin solutions (2 × 104 μg·mL−1) and 
streptomycin solutions (5 × 104 μg·mL−1), The NT35 strain was 
activated by LB medium and incubated at 28°C and 160 rpm for 12 h. 
Rifampicin was uniformly mixed into the LB solid medium to make 
a plate containing rifampicin at a concentration of 40 μg·mL−1, and 
0.1 mL of NT35 bacterial solution was coated on the plate, and the 
plate was incubated at 28°C for 3–4 days. Single colonies with the 
same or similar morphology as that of the original NT35 were picked 
for streaking and incubation. After incubation for 2–3 days, the single 
colonies were streaked and inoculated onto LB medium containing 
rifampicin at a concentration of 80 μg·mL−1, and antibiotic-resistant 
mutant strains with good growth and the same colony morphology as 
that of the original bacterium were always selected to obtain the 
mutant NT35-Rif160, which was able to tolerate rifampicin at a 
concentration of 160 μg·mL−1. The concentration of streptomycin of 
NT35 was increased step by step according to the same method from 
50 μg·mL−1 to 400 μg·mL−1 to obtain the double-resistant strain NT35-
Rif160-Stre400, which has the same colony characteristics as the original 
strain and stable drug resistance (Cohen et al., 1989). Ginseng roots 
were inoculated with the NT35-Rif160-Stre400 strain at 108 CFU/mL, 
and 50 mL of liquid was added to each root. The ginseng roots, stems, 
leaves and rhizosphere soil were sampled after inoculation for 3, 7, 15, 
30, 45, 60, or 90 days, and each treatment was repeated three times. 
The colonization of various parts of ginseng and soil by the NT35-
Rif160-Stre400 strain was determined via the plate colony counting 
method. Each treatment was repeated three times.

2.7 qRT–PCR analysis of defense 
enzyme-encoding gene expression

After leaf spreading, three-year-old healthy ginseng plants were 
inoculated with a bacterial suspension of B. velezensis NT35 at a 
concentration of 1 × 108 CFU·mL−1 in pots in the greenhouse, and 
water was inoculated as the control. The ginseng roots were sampled 
at 1, 3, 5, 7, 9 and 11 days after treatment and were soaked in liquid 
nitrogen. The total RNA of ginseng roots was extracted using the 
RNAiso Plus method. Reverse transcription was conducted using 
M-MLV reverse transcriptase (TaKaRa Biotechnology Co., Ltd., 
Dalian, China). The qRT-PCR assay was performed on a fluorescent 
quantitative PCR instrument LC96 (Roche) using Fast SYBR Mixture 
(Company) for qRT-PCR reactions. The 10 μL PCR mixture contained 
1 μL of cDNA, 0.2 μL each of 10 μmol/L upstream and downstream 
primers, 5 μL of 2 × Fast SYBR mixture, 0.2 μL of 50 × Low ROX and 
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3.4 μL of ddH2O. The qRT–PCR conditions were 95°C predenaturation 
for 10 min, 95°C denaturation for 10 s, 60°C annealing and extension 
for 30 s, for a total of 40 cycles. Five genes, phenylalanine ammonia-
lyase (PAL), β-1.3 glucanase (β-1,3-GLU), chitinase (CHI), superoxide 
dismutase (SOD) and peroxidase (POD), of NT35-treated ginseng 
plants were analyzed by using qRT–PCR (Jiang et al., 2022). Each gene 
was conducted with three biological and technical replicates. The 
relative gene expression was analyzed using the 2−△△Ct method (Livak 
and Schmittgen, 2001; Kim et al., 2019).

2.8 Efficacy of strain NT35 for controlling 
rusty root rot in ginseng in the field

The field experiment was carried out in 2021  in Choushui 
township, Fusong county, Jilin Province, China. The control effect of 
1 × 108 cfu/g NT35 WP (Jilin Agricultural University) was evaluated in 
a field where ginseng rusty root rot occurs frequently. The ginseng 
field was divided into different plots of 1.5 m2 following a completely 
random design on 25th April. The soil of all plots was treated by 
mixing 8 g/m2 NT35 WP with commercial agents, including 8 g/m2 
3 × 1011 cfu/g YIWEI WP (Shandong Jingqing Agriculture Science and 
Technology Co., China), 8 g/m2 2 × 1011 cfu/g ZNLK WP (Zhongnong 
Lvkang Biotechnology Co., China) and 5 g/m2 50% carbendazim WP 
(Jiangsu Wansheng International Chemical Group, China), with no 
agent serving as a control. Two-year-old ginseng plants of uniform 
size were planted at a 7 cm depth in the soil and treated consistently. 
The row spacing was 20 cm, the plant spacing was 10 cm, and there 
were approximately 60 plants in each plot and the three random plots 
were sampled. All ginseng roots were harvested at the maturity stage, 
and disease severity was investigated (Rahman and Punja, 2005).

2.9 Effect of strain NT35 on soil enzyme 
activity

After the ginseng roots were inoculated with the NT35 bacterial 
suspension at a concentration of 1 × 108 CFU·mL−1, rhizosphere soil 
samples were collected at four different periods of ginseng growth: leaf 
spread stage (13 June), fruit stage (15 July), root expansion stage (16 
August), and mature stage (15 September). The soil urease activity was 
determined by using the method described by Kandeler and Gerber 
(1988). The catalase activity was tested according to Lúcia et al. (2016). 
The alkaline phosphatase activity was determined using the protocol 
described by Rahul and Anita (2016). The invertase activity was 
measured using the method described by Sun et al. (2021). Three 
replicates were carried out for each treatment.

2.10 qRT–PCR analysis of ginsenoside 
synthesis-related gene expression

Three-year-old healthy ginseng roots were inoculated with an NT35 
bacterial suspension at a concentration of 1 × 108 CFU·mL−1, and water 
was used as a control. Total RNA was extracted from ginseng roots using 
the RNAiso Plus method. Reverse transcription was conducted using 
M-MLV reverse transcriptase (TaKaRa Biotechnology Co., Ltd., Dalian, 
China). The three genes encoding squalene synthase, squalene epoxidase, 

and dammarediol synthase were analyzed by qRT–PCR as described 
above, and the β-actin gene was used as the internal reference. The 
primers used were synthesized by Sangon Biotech (Shanghai) Co., Ltd., 
in China (Supplementary Table S1). Each gene was conducted with three 
biological and technical replicates.

2.11 Effects of strain NT35 on the 
rhizosphere microbial community of 
ginseng

2.11.1 Soil samples
The rhizosphere soil samples and sampling method for this 

experiment were consistent with those described in section 2.8 above. 
The soil microbial community was analyzed during three periods: leaf 
spreading, fruiting and root expansion. Three samples were taken as 
one replicate, and a total of 18 soil samples were obtained. Soil samples 
with no added agent were used as a control group.

2.11.2 DNA extraction, sequencing, and data 
analysis

The total DNA of the soil samples was extracted by the CTAB 
method (Niemi et al., 2001). The V3–V4 regions of the bacterial 16S 
rRNA gene (Zhang et al., 2018) and the fungal ITS2 gene (Huang 
J. et  al., 2022) were amplified. Library construction and sequence 
analysis were performed on an Illumina NovaSeq 6000 platform by 
Novogene Co., Ltd. (Beijing, China). Spearman correlation was used 
to analyze the relationships between soil enzymes, disease indices and 
the microbial community.

2.11.3 Sequence processing and data analysis
After the chimeric sequences were removed, the operational 

taxonomic units (OTUs) were clustered at 97% sequence identity 
using UPARSE (Uparse v7.0.1001, http://www.drive5.com/uparse/; 
Edgar, 2013). The taxonomic identities of the microbiome were 
determined using the SSUrRNA database of Silva1381 (Quast et al., 
2013). The alpha diversity and abundances of the OTUs were 
calculated between the different treatments. PCoA dimensionality 
reduction was performed to analyze the differences in community 
structure between the groups at different stages. Spearman correlation 
was used to study the relationships among soil enzymes, disease 
indices and microbial communities. Pairwise correlation and 
significance p-values were obtained.

2.12 Statistical analysis

Three replicates were analyzed for each treatment. The significant 
differences between means were calculated using Tukey’s multiple 
range test, followed by one-way ANOVA (*p < 0.05, **p < 0.01, 
***p < 0.001). For each trial, the results were subjected to analysis of 
variance (ANOVA), and treatment means were compared by Fisher’s 
protected least significant difference (LSD) test at 5% probability. 
Before the ANOVA, the normality of the distribution of residuals and 

1  http://www.arb-silva.de
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homogeneity of variance were verified. The statistical analyzes were 
performed with SPSS 26.0 (Ning et al., 2022).

3 Results

3.1 Effects of strain NT35 on the growth of 
Ilyonectria robusta and other pathogens in 
Panax ginseng

All nine concentrations of B. velezensis NT35 inhibited the hyphal 
growth of I. robusta with different efficacies. Among the 
concentrations, the inhibition rate of the treatment with a 
concentration greater than 107 CFU·mL−1 was more than 94.12%, 
which was significantly greater than that of the other treatments, and 
the highest inhibition rate was observed for the treatment with 
109 CFU·mL−1, which reached 99.51% (Supplementary Table S2).

The NT35 strain not only inhibited I. robusta but also had a 
broad-spectrum inhibitory effect on seven other plant pathogens, 
including Sclerotinia sclerotiorum, Phytophthora cactorum, Alternaria 
panax, Rhizoctonia solani, Fusarium solani, Botrytis cinerea, and 
Colletotrichum panacicola (Figure 1).

The weight of I. robusta mycelia also decreased 7 days after 
inoculation with NT35 (Supplementary Figure S1). At 3 dpi and 4 dpi, 
there were significantly greater inhibition rates against I. robusta than at 
the other time points, and the highest rate reached 77.21% at 4 dpi. The 
NT35 strain was found to have a good inhibitory effect on the amount 
of sporulation of I. robusta (Supplementary Table S3). The inhibition 
rates exceeded 90% at all concentrations greater than 101 CFU·mL−1. 
When the concentration of B. velezensis NT35 was greater than 
104 CFU·mL−1, the sporulation inhibition rate was 100%. Moreover, 
when the spore germination rate of the control group reached 91.4%, the 
spore germination rates of I. robusta treated with different concentrations 
of NT35 decreased. With increasing concentration, the inhibition rate 

increased, and the highest inhibition rate reached 93.28% at 
109 CFU·mL−1, indicating that B. velezensis NT35 has a good inhibitory 
effect on I. robusta sporulation and spore germination.

3.2 In vivo effect of the NT35 strain on 
inhibiting Ilyonectria robusta growth in 
ginseng roots

The positive control with only pathogen inoculation (Figure 2B) 
showed typical discolouration around the inoculation site on the fifth 
day after inoculation with I. robusta. No significant discolouration was 
observed in the preventive treatment (Figure 2C) or the therapeutic 
treatment (Figure 2D) with strain NT35. The ginseng in water treatment 
(Figure 2A) showed only slight oxidation of the wound and its interior 
after inoculation, with no ginseng rusty root rot symptoms, which proves 
that the ginseng lesions in this experiment could only be caused by 
inoculation with CBLJ-3. With increasing days after inoculation, the 
disease spots in the pathogen-positive control gradually became larger, 
darker and more decomposed. However, there was no obvious 
deterioration in the ginseng roots after the NT35 treatment. On the 11th 
day after inoculation, the ginseng roots were dissected lengthwise, and 
the extent and area invaded by the pathogen I. robusta inside the roots 
were significantly lower than those of the control plants. The preventive 
treatment (Figure 2C) had the greatest effect.

3.3 Growth-promoting effect of strain 
NT35 on ginseng plants

The four indicators of growth-promoting abilities of strain NT35 
were determined in this study (Supplementary Figure S2). The NT35 
strain has the potential for nitrogen fixation and siderophore activity, 
but it cannot solubilize phosphorus or potassium. The levels of IAA 

Phytophthora cactorum Rhizoctonia solaniSclerotinia schinseng Alternaria panax

Fusarium solaniBotrytis cinereaIlyonectria robusta Colletotrichum panacicola
FIGURE 1

Inhibitory effect of NT35 on eight pathogenic fungi of Panax ginseng.
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and ACC deaminase produced by strain NT35 were 1.392 and 0.0197 
μmoL/mg·h, respectively. After 15 days, the average bud length of the 
ginseng plants soaked in water was 1.56 cm, while that of the plants 
in the NT35 treatment was 2.25 cm, which was significantly (1.44 
times) greater than that of the water control. The results showed that 
the bacterium NT35 could promote ginseng seed germination 
(Figure 3).

3.4 Colonization of strain NT35 in ginseng 
and its rhizosphere soil

The labeled strain NT35-Rif160-Stre400 was obtained, and its ability 
to colonize ginseng roots, leaves, stems and rhizosphere soil was 
maintained for 90 days (Figure 4). In the ginseng roots and leaves, the 
trend first increased and then decreased, while it gradually decreased 

5dpi LS
A B

DC

7dpi 9dpi 11dpi 5dpi LS7dpi 9dpi 11dpi

FIGURE 2

In vivo effect of strain NT35 inhibiting Ilyonectria robusta on ginseng root. LS, Longitudinal section; (A) Water treatment; (B) I. robusta CBLJ-3; 
(C) Prevention treatment: inoculation with NT35 for 1 day and then with I. robusta; (D) Therapeutic treatment: inoculation with I. robusta for 1 day and 
then with NT35.

FIGURE 3

The promoting effect of strain NT35 on ginseng seed germination. (A) Water control; (B) NT35 treatment; (C) Seed bud length (n  =  3 independent 
replicates). p-values were indicated by * symbol: **p  <  0.01; *p  <  0.05.

32

https://doi.org/10.3389/fmicb.2024.1447488
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al.� 10.3389/fmicb.2024.1447488

Frontiers in Microbiology 07 frontiersin.org

in the rhizosphere soil and stems. The colonization of NT35  in 
rhizosphere soil was greater than that in the roots, stems and leaves 
of ginseng. On the 3rd day after inoculation, the colonization level of 
the NT35-Rif160-Stre400 population was 4.20 × 106  CFU/g in 
rhizosphere soil, 2.64 × 104 CFU/g in roots, 7.20 × 103 CFU/g in stems, 
and 1.77 × 103  CFU/g in leaves. At 15 days after inoculation, the 
colonization population in the ginseng roots and leaves peaked. Up 
to 90 days after inoculation, the colonization amounts in the 
rhizosphere soil, roots, stems and leaves were 3.7× 104, 2.46 × 103, 
0.67× 102, and 1.29× 103 CFU/g, respectively.

3.5 Expression of the defense 
enzyme-encoding gene induced by 
Bacillus velezensis NT35

Similarly, the expression of all five defense genes (β-1.3-GA, 
CHI, PAL, SOD and CAT) in ginseng roots inoculated with 
B. velezensis NT35 tended to increase compared to that in the 
control (Figure 5). The transcript expression of the β-1.3-GA and 
CAT genes significantly increased in response to treatment with 
strain NT35 from 1 to 9 dpi and peaked at 3 and 7 dpi, respectively 
(Figures 5C,D). CHI and SOD were significantly expressed from 
3 to 9 dpi, with peaks occurring at 7 and 5 dpi, respectively 
(Figures  5B,E). The PAL genes were significantly upregulated 
throughout the sampling period and peaked at 9 dpi (Figure 5A). 
In addition, the expression of all five genes showed a decreasing 
trend from 9 to 11 dpi.

3.6 Control effect of strain NT35 on rusty 
root rot in ginseng in the field

In the field experiment, the disease index of the NT35 WP 
treatment (2.333) was lower than that of the negative control (4.859), 
and the control effect reached 51.99% in the NT35 WP treatment, 
which was not significant different from the control effects of the 
YIWEI WP and ZNLK biological agents and carbendazim chemical 
fungicide (Supplementary Figure S3). For yield, the weight of ginseng 
roots (191.16 g) treated with NT35 WP was significantly greater than 
that of those treated with the ZNLK agent or water control.

3.7 Effect of strain NT35 on ginseng soil 
enzyme activity

In general, the soil enzyme activity in ginseng plants treated with 
strain NT35 increased to some degree during different growth stages 
compared with that in plants treated with water. However, the change 
trend of the activity of each enzyme was different. The change in 
invertase activity showed a trend of increasing first and then 
decreasing overall, with the maximum value occurring at the fruit 
stage (Supplementary Figure S4A). The phosphatase activity increased 
continuously and peaked during the mature period of ginseng. The 
maximum phosphatase activity after NT35 treatment was 1988.94 μg 
g−1, which was significantly greater than that in the water control and 
YIWEI treatment groups (Supplementary Figure S4B). After the NT35 
treatment, the soil urease activity first increased and then decreased. 

FIGURE 4

Colonization of strain NT35 in ginseng and rhizosphere soil. (A) rhizosphere soil; (B) ginseng root; (C) ginseng stem; (D) ginseng leave. n  =  3; different 
values (a, b, c, d, e, f, g) between different dpi are significantly different (p  <  0.05).
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During the fruiting period, a maximum value of 572.26 μg/g was 
reached, which was almost twice as high as that of the Yiwei treatment 
(Supplementary Figure S4C). The maximum value of catalase activity 
was reached during the root expansion period and was significantly 
greater than that in the YIWEI treatment and water control groups 
(Supplementary Figure S4D).

3.8 Effect of NT35 on the expression of 
ginsenoside biosynthesis-related genes

After NT35 treatment, the expression of ginsenoside biosynthesis-
related genes was upregulated. The relative expression levels of the 
squalene synthase gene (PgSS), squalene epoxidase gene (PgSE) and 
dammarenediol synthase gene (PgDDS) in response to treatment with 
strain NT35 were 25.11, 12.82, and 2.85 times greater than those in 
response to treatment with water, respectively. The relative expression 
of PgDDS and PgSS in the NT35 treatment group was extremely 
significantly greater than that in the water control group, and the 
relative expression of PgSE was significantly greater than that in the 
water control group (Figure 6).

3.9 Effect of strain NT35 on the 
rhizosphere microbial community of Panax 
ginseng

3.9.1 Alpha diversity and PCoA analysis
During the four stages of ginseng growth, the Shannon, Simpson, 

Chao1 and ACE indices of the bacterial and fungal communities 

changed to different degrees. The Simpson and Shannon indices of the 
soil bacterial and fungal communities treated with strain NT35 were 
significantly greater than those of the control at the flowering and 
root-expanding stages and significantly lower than those of the control 
at the leaf-spreading stage (Supplementary Figures S5A,B,E,F). The 
Chao1 and ACE indices of the bacterial and fungal communities were 
not significantly different among the three stages throughout the 
growth cycles (Supplementary Figures S5C,D,G,H).

According to the PCoA analysis based on the Bray–Curtis 
distance, the diversity of the soil microbial communities changed in 

FIGURE 5

Relative expression levels of five defense genes of ginseng (A) PAL; (B) CHI; (C) CAT; (D) β-1.3-GA; (E) SOD.

FIGURE 6

Effect of strain NT35 on relative expression of ginsenoside synthesis 
genes. Values represent mean  ±  standard deviation (n  =  3), p-values 
were indicated by * symbol: **p  <  0.01; *p  <  0.05.
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response to the antagonistic bacteria NT35 treatment, as reflected by 
the coordinate axes. The bacterial communities produced by the 
B. velezensis NT35 treatment and the water control treatment were 
significantly different on the horizontal axis at the fruiting and root 
expansion stages, and the fungal communities at the fruiting stage 
were significantly different on both the horizontal and vertical axes 
(Supplementary Figures S6A,B).

3.9.2 Phylum- and genus-level composition of 
the microbial community

The dominant bacterial phyla were Myxococcota, Crenarchaeota, 
Chloroflexi, Actinobacteria, Verrucomicrobiota, and Proteobacteria, 
and the dominant fungal phyla were Ascomycota, Basidiomycota and 
Mortierellomycota. During the three stages of ginseng growth, there 
were differences in the proportions of the dominant microbial groups 
at the phylum level between the treatment with strain NT35 and the 
negative control and between the different growth stages under the 
same treatment (Figure 7).

In terms of the genus-level composition of the bacterial microbial 
communities (Figure  7A), Mycobacterium, Luteimonas, Ellin6055, 
Nocardioides, Sphingomonas, Galella and Gemmatimonas were the 
dominant genera in the rhizosphere soil treated with B. velezensis 
NT35 during the three stages of ginseng growth. For the control, the 
dominant genera consisted of Candidatus solibacter, 
C. xiphinematobacter, C. nitrosotalea, C. udaeobacter, RB41, 
Aeromicrobium, Bradyrhizobium, Massilia, Rhodanobacter, 
Luteibacter, Pseudolabrys, Luteibacter and Massillia. However, the 
abundances of some microorganisms also decreased. Without the 
NT35 treatment, the abundances of Sphingomonas, Nocardioides, 
Ellin6055, Luteimonas, Galella, Mycobacterium and Jatrophihabitans 
were always low. Additionally, the abundances of Candidatus 
Solibacter, C. xiphinematobacter, C. nitrosotalea, C. udaeobacter, 
Bradyrhizobium, Pseudolabrys and Rhodanobacter in the rhizosphere 
soil decreased significantly after treatment with the biocontrol 
bacterial strain NT35. For the genus composition of the fungal 
microbial community (Figure  7B), the fungal community treated 
without NT35 was composed mainly of Fusarium, Neonectria, 
Thelonectria, Geomyces, Ilyonectria, Dactylonectria, Chaetomiun, 
Trichoderma, and Botryotrichum. After treatment with B. velezensis 
NT35, Penicillium, Pseudogymnoascus, Epicoccum, unidentified 
Sodariales sp., Cercophora, Cephalotrichum, Mortierella, Aspergillus, 
Apodus, Saitozyma and Trichoderma became the dominant genera.

3.9.3 Correlation analysis between the microbial 
community, soil enzymes and ginseng growth

The correlation between the bacterial community composition 
and the four soil enzymes activity was shown in Figure 8A. There was 
a significant negative correlation between the abundance of the genus 
Massilia and catalase activity. The alkaline phosphatase activity was 
significantly negatively related to the abundances of Aeromicrobium, 
Candidatus_xiphinematobacter and Luteimonas and was significantly 
positively related to the abundances of Gemmatimonas, C. solibacter, 
C. nitrosotalea, Bryobacter, and Pseudolabrys. The invertase activity 
was significantly negatively related to the abundance of RB41 but 
significantly positively related to the abundances of Gemmatimonas 
and Sphigomonas.

On the other hand, the correlations between fungal community 
composition at the genus level and the activities of the four soil 

enzymes are shown in Figure  8C. The abundance of the genus 
Cercophora was significantly negatively correlated with catalase 
activity, and that of Neonectria was significantly positively correlated 
with catalase activity. Alkaline phosphatase activity was significantly 
negatively related to the abundances of Fusarium and Epicoccum and 
significantly positively related to the abundances of Botryotrichia, 
Trichoderma, Saitozyma, Apodus and Chaetomium. The abundances 
of Neonectria and Pseudogymnoascus were significantly negatively 
related to urease activity. Invertase activity was extremely significantly 
negatively related to the abundances of Dacylonectria, Ilyonectria and 
Neonectria; significantly negatively related to the abundances of 
Geomyces and Pseudogymnoascus; and significantly positively related 
to the abundance of the genus Cercophora.

The correlations between the microbial community at the genus 
level and the disease indices of rusty root rot and root growth in 
ginseng and bacterial composition are shown in Figure  8B. The 
abundances of Acidothermus, Nocardioides, Bradyrhizobium, 
Sphingominas, and Psedolabrys were significantly negatively related to 
the disease index of ginseng and were extremely significantly 
negatively related to Gaiella, Jatrophihabitans and Luteimonas, while 
the abundances of RB41 and Candidatus udaeobacter were 
significantly positively related to the disease index of ginseng rusty 
root rot. In terms of abundance, the length of the roots of the ginseng 
plants was strongly negatively related to Acidothermus, Mycobacterium 
and Psedolabrys; significantly negatively related to Jatrophihabitans 
and Gaiella; and significantly positively related to C. nitrosotalea, 
Bryobacter and C. xiphinematobacter. For the fungal community 
(Figures 8C,D), the disease index associated with ginseng rusty root 
rot was significantly negatively related to the abundance of 
Geminibasidium and Trichoderma. In terms of abundance, the ginseng 
root length was strongly negatively related to Trichosporiella and 
significantly negatively related to Pleotrichocladium but was extremely 
significantly positively related to Botryotrichum. The ginseng taproot 
diameter was strongly negatively related to the abundance of Torula 
and significantly negatively related to the abundances of Tetracladium 
and Thelonectria.

3.9.4 LEfSe analysis of rhizosphere soil
The analysis of the bacterial community LEfSe in rhizosphere soil 

showed that Acidobacteriota was enriched in the soil without NT35 
treatment, and Alphaproteobacteria, Actinobacteria, Sphingomonadales 
and Sphingomonadaceae were enriched in the NT35 treatment during 
the leaf-spreading period (Figure 9A). During the fruiting period, 
Proteobacteria and Acidobacteria were enriched in the control group, 
and in the NT35 treatment, Actinobacteriota, Nitrososphaeraceae and 
Nitrososphaerales were enriched (Figure  9B). During the root 
expansion stage, Acidobacteria and Acidobacteriota were enriched in 
the control group, and Actinobacteriota, Actinobacteria and 
Thermoleophilia were enriched in the NT35 treatment (Figure 9C).

According to the results of the fungal community LEfSe analysis, 
the soil not subjected to biocontrol bacterial treatment was enriched 
in Fusarium, Dactylonectria, Dactylonectria_estremocensis, Geomyces, 
Geomyces_luteus, Thelonectria, Ilyonectria, Neonectria, 
Neonectria_lugdunensis, Nectriaceae_sp., Nectriaceae, Hypocreales and 
Sordariomycetes. However, Leotiomycetes, 
Pseudogymnoascus_pannorum, Thelebolales, Psedugymnascus, 
Pseudeurotiaceae and Ascomycota were enriched after the NT35 
treatment during the leaf-spreading stage (Figure  9E). There was 
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enrichment of Sordariales, Chaetomium, Chaetomium_sp., and 
Chaetomiaceae in the control treatment at the fruiting stage, while the 
fungi Microascales, Cephalotrichum_stemonitis, Cephalotrichum, 
Microascaceae, Lasiosphaeriaceae, Cercophora, Epicoccum_nigrum, 

Epicoccum, Mortierellaceae, Mortierella, Mortierellales, 
Mortierellomycota, Mortierellomycetes, Eurotiales, Aspergillaceae, 
Aspergillus, Eurotiomycetes and Aspergillus_capsici were enriched in 
the NT35 treatment (Figure 9F). During the root expansion stage, the 

FIGURE 7

Composition of bacteria and fungi at different ginseng growth stages. (A) Bacterial community composition; (B) Fungal community composition. NZ, 
leaf spread of NT35 treatment; NJ, Fruit of NT35 treatment; NP, Root expansion of NT35 treatment; CKZ, leaf spread of control; CKJ, Fruit of control; 
CKP, Root expansion of control.
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control group was enriched in Chaetomium_sp., Chaetomiaceae, 
Sordariales and Chaetomium, and Basidiomycota was enriched in the 
NT35 treatment (Figure 9D).

4 Discussion

In nature, Bacillus species exist widely and can be isolated from 
plant stems, leaves, roots and soil (Dinesh et al., 2015; Ali et al., 2020). 
Many articles have reported that B. velezensis can inhibit plant 

pathogens and be used as a biocontrol agent (Peng et al., 2019; Chen 
et al., 2020; Mta et al., 2020). In the field of biological control, research 
on screening antagonistic strains and control mechanisms is ongoing 
(Dimkić et al., 2022). The biocontrol bacterium B. velezensis strain 
NT35 was isolated from the rhizosphere soil of P. ginseng. In this study, 
the mechanism by which the B. velezensis strain NT35 controls 
ginseng rusty root rot was clarified by determining antagonistic effects 
and improvements in soil enzymes and microbial communities; 
however, these effects have rarely been described before in the field of 
controlling ginseng disease. Disease biocontrol mechanisms can 

FIGURE 8

Associations between bacterial and fungal communities and relative factors. Correlation among bacterial microbial community and soil enzyme 
activity (A), and disease index and root growth of ginseng (B); Correlation among fungal microbial community and soil enzyme activity (C); Disease 
index and root growth of ginseng (D). CAT, catalase; ALP, alkaline phosphatase; URE, urease; INV, invertase. DI, disease index of ginseng rusty root rot; 
RL, root length of ginseng; RD, root diameter of ginseng. p-values were indicated by * symbol: **p  <  0.01; *p  <  0.05.
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be summarized as competition, antagonism and induction of plant 
resistance (Márquez et al., 2020; Ribeiro et al., 2021). The NT35 strain 
had a significant antagonistic effect on the mycelial growth, 
sporulation and spore germination of I. robusta, which causes ginseng 
rusty root rot.

The defense enzymes can increase plant resistance to biological 
stress and abiotic stress. PAL can prevent pathogen infection in the cell 
walls of host plants, and CHI combined with β-1,3-GA can induce a 
plant defense response to inhibit the growth of filamentous pathogenic 
fungi. SOD and CAT can eliminate endogenous free radicals to prevent 

cell death, which results in free radicals maintaining a normal dynamic 
level in plants to improve plant stress resistance (Manikandan et al., 
2021; Wang Q. et al., 2023). For example, B. velezensis YYC induces an 
increase in the enzyme activity of PAL, POD, and SOD in tomato 
plants, resulting in resistance to bacterial wilt (Yan et  al., 2022). 
Strawberry and grape plants can also obtain systemic resistance to 
external pathogens by increasing defense enzyme activity (Apaliya 
et al., 2017; Tang et al., 2022). Ginseng can also resist the invasion of 
pathogens by increasing the expression of defense-related enzyme-
encoding genes (Em et al., 2020). The NT35 strain could significantly 

FIGURE 9

Linear discriminant effect size identified differentially abundant taxa of different periods of NT35 and control treatment (LDA significance threshold of 
4.0). Bacterial community at the period of leaf spread (A), fruit (B), and root-expansion (C); Fungal community at the period of leaf spread (E), fruit (F), 
and root expansion (D). NZ, leaf-spread of NT35 treatment; NJ, fruit of NT35 treatment; NP, root expansion of NT35 treatment; CKZ, leaf-spreading of 
control; CKJ, fruiting of control; CKP, root expansion of control. The letters of k, p, c, o, f, g, and s were used to represent the kingdom, phylum, class, 
order, family, genus, and species, respectively.
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increase the expression of the PAL, β-1,3-GA, CHI, SOD and CAT 
genes in ginseng roots to increase systemic resistance to ginseng rusty 
root rot, and the control effect reached 51.99%.

In recent years, research on the rhizospheric soil microbial 
community structure has become a popular topic in the research of 
biological control mechanisms. The role of biocontrol bacteria in the 
early stage of microecology was mainly to cause microbial community 
changes in plant rhizosphere soil. The B. velezensis strain NT35 can 
change the alpha and beta diversity of the microbial community in 
ginseng rhizosphere soil, especially the Shannon and Simpson 
indices, according to PCoA. Notably, the NT35 strain can recruit 
several beneficial bacteria, such as Luteimonas, Nocardioides, 
Sphingomonas, and Gemmatimonas, from the rhizosphere soil. 
Gemmatimonas contains chlorophyll phototrophic species that can 
support plant life processes (Chen et al., 2022). Isolates of Luteimonas 
are associated with plant growth promotion and plant resistance to 
pathogens and have shown antifungal activity against wheat scab, 
wood brown rot and ash seedling pathogens (Xiao et al., 2017; Ulrich 
et al., 2022). Nocardioides can repair pesticides or other chemically 
contaminated soils (Benedek et  al., 2022). Sphingomonas can 
metabolize prothioconazole and has a soil remediation function 
(Huang Z. et al., 2022). However, in the soil not treated with strain 
NT35, the enriched fungal community included Fusarium, 
Neonectria, Ilyonectria, and Dactylonectria, which cause ginseng root 
rot and rusty root rot (Farh et al., 2020; Fang et al., 2022; Walsh et al., 
2022). Ilyonectria robusta is the main pathogenic fungus of ginseng 
studied in this paper. The relative abundance of Ilyonectria 
significantly decreased in the rhizosphere soil after the NT35 
treatment. We also found that NT35 not only reduced the abundance 
of Ilyonectria in ginseng rhizosphere soil but also reduced the 
abundance of Fusarium, which causes root rot in ginseng plants. 
These results suggested that the NT35 strain has a strong biocontrol 
effect on ginseng rusty root rot. There is evidence that the 
introduction of biocontrol agents can increased soil enzyme activity 
and improved soil nutrient, provide a suitable environment for 
microorganisms in soil, generate a signature microbial composition 
(Tian et al., 2022). In addition, it has been reported that plants alter 
the rhizosphere microbial composition through root secretions (Lu 
et al., 2018). Here we also speculate that the strain NT35 improved 
soil nutritional conditions and might stimulate the formation of a 
special secretion pattern from ginseng root which recruit the 
beneficial microbes to affect the composition and structure of the 
rhizospheric soil microbial community.

The microbial community structure is affected by biological or 
abiotic factors, such as the seasonal climate, soil physical and chemical 
properties, microtopography, and plant activities, which affect the 
production of enzymes and enzyme reaction kinetics in soil (Bell 
et al., 2014). There was a close relationship between the microbial 
community and soil enzyme activity and plant roots (Bell et al., 2014). 
However, there have been few reports about the relationships among 
the disease indices of ginseng rusty root rot, root growth, soil enzyme 
activity and the microbial community after treatment with biocontrol 
agent. Among the four soil enzyme activities in this study, the bacterial 
community was strongly correlated with ALP activity, and the fungal 
community was highly correlated with both ALP and INV activity. 
However, the abundances of Ilyonectria and Fusarium were 
significantly negatively correlated with INV activity, indicating that 

INV activity could significantly affect the abundance of pathogenic 
fungi in ginseng rhizosphere soil (Figure 8C).

The effects on the disease index and root length were influenced 
mainly by the bacterial community. For example, the disease index was 
significantly negatively correlated with the abundance of Sphingomonas, 
which increased after the addition of strain NT35 (Figure 8B). The 
fungal community represented by Trichoderma was similar to that 
represented by Sphingomonas (Figure 8D). Therefore, the treatment with 
the B. velezensis strain NT35 can affect the rhizosphere microbial 
community, thereby reducing the disease index of ginseng rusty root rot. 
The effects of the biocontrol agent NT35 on ginseng rhizosphere soil are 
summarized as follows. First, strain NT35 can recruit beneficial bacteria 
and fungi, which not only have biocontrol functions but also degrade 
pesticides or even improve soil. Second, NT35 treatment can directly 
reduce the relative abundance of target pathogens in soil and control 
soil-borne diseases. Finally, the NT35 strain increased the correlations 
among soil enzyme activity, disease indices and microbial communities. 
LEfSe analysis revealed that the bacteria beneficial to plants, such as 
Sphingomonadales and Sphingomonadaceae, were enriched in the 
rhizosphere soil (Levy et al., 2018). Additionally, the NT35 treatment 
significantly enriched some actinomycetes that can secrete secondary 
metabolites to inhibit pathogens. The abundance of pathogenic fungi in 
the treatment inoculated with NT35 was significantly lower than that in 
the noninoculated NT35 treatment (Figure 9E).
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Soil acidification represents a severe threat to tobacco cultivation regions in 
South China, exacerbating bacterial wilt caused by Ralstonia solanacearum. The 
comprehension of the underlying mechanisms that facilitate the restoration of 
rhizosphere microbial communities in “healthy soils” is imperative for ecologically 
managing tobacco bacterial wilt. This study focuses on acidified tobacco soils 
that have been subjected to continuous cultivation for 20 years. The experimental 
treatments included lime (L), biochar (B), and a combination of lime and biochar 
(L+B), in addition to a control group (CK). Utilizing rhizosphere biology and niche 
theory, we assessed disease suppression effects, changes in soil properties, and the 
co-evolution of the rhizosphere bacterial community. Each treatment significantly 
reduced tobacco bacterial wilt by 16.67% to 20.14% compared to the control group 
(CK) (p < 0.05) and increased yield by 7.86% to 27.46% (p < 0.05). The biochar treatment 
(B) proved to be the most effective, followed by the lime-biochar combination (L+B). 
The key factors controlling wilt were identified through random forest regression 
analysis as an increase in soil pH and exchangeable bases, along with a decrease 
in exchangeable acidity. However, lime treatment alone led to an increase in soil 
bulk density and a decrease in available nutrients, whereas both biochar and lime-
biochar treatments significantly improved these parameters (p < 0.05). No significant 
correlation was found between the abundance of Ralstonia and wilt incidence. 
Nonetheless, all treatments significantly expanded the ecological niche breadth and 
average variation degree (AVD), enhanced positive interactions and cohesion within 
the community, and intensified negative interactions involving Ralstonia. This study 
suggests that optimizing community niches and enhancing pathogen antagonism 
are key mechanisms for mitigating tobacco wilt in acidified soils. It recommends 
using lime-biochar mixtures as soil amendments due to their potential ecological and 
economic benefits. This study offers valuable insights for disease control strategies 
and presents a novel perspective for research on Solanaceous crops.
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bacterial wilt, acidification amelioration, tobacco, rhizosphere bacteria, synergistic 
co-evolution
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Introduction

Soil-borne bacterial wilt caused by Ralstonia solanacearum has 
led to devastating losses in the yield and profitability of solanaceous 
crops such as tobacco (Nicotiana tabacum L.), potato (Solanum 
tuberosum L.), and tomato (Solanum lycopersicum L.) worldwide 
(Coll and Valls, 2013; Wen et al., 2023; Msabila et al., 2024). Wilt is 
difficult to control, and its occurrence can result in significant 
reductions in crop yield and quality, or even total crop failure, hence 
it is often referred to as “plant cancer” (Yuliar and Toyota, 2015). 
Tobacco, being one of the most significant economic crops globally, 
provides substantial employment opportunities in many countries, 
particularly in developing nations where the tobacco industry is a 
primary source of income for numerous farmers and laborers. In 
recent years, soil acidification in tobacco-growing regions of southern 
China has been exacerbated by factors such as continuous 
monoculture, environmental pollution, and the application of the use 
of acidic fertilizers. The rapid proliferation of R. solanacearum has 
resulted in an escalating outbreak of bacterial wilt in these regions, 
leading to a continuous decline in tobacco yield and quality (Li 
et al., 2017).

The current measures employed in tobacco production primarily 
revolve around the development of disease-resistant varieties and 
the utilization of chemical products for effective control. The disease 
resistance of the currently selected varieties, however, is not robust 
enough, rendering them vulnerable to bacterial wilt. The prolonged 
utilization of chemical agents also poses risks to environmental 
pollution, pesticide toxicity, and the emergence of pathogen 
resistance (Meng et  al., 2024). The exploration of green control 
technologies is imperative, necessitating urgent attention. Recent 
studies have increasingly demonstrated that the occurrence of 
bacterial wilt is closely associated with imbalances in the microbial 
community structure within the rhizosphere soil and alterations in 
rhizosphere microbial diversity. Previous research indicates a 
negative correlation between higher abundance of beneficial 
microorganisms in the soil and disease incidence (Dordas, 2008; 
Dignam et al., 2019; Najeeb and Li, 2023). Consequently, fostering a 
healthy soil environment and promoting diverse microbial 
communities are considered highly effective ecological approaches 
for managing soil-borne diseases. The composition of soil microbial 
communities is significantly influenced by soil environmental 
conditions, with soil pH being widely recognized as the most 
influential predictor, commonly referred to as a key determinant of 
microbial community structure.

The diversity and stability of bacterial communities are strongly 
influenced by soil pH (Lauber et al., 2009; Zhalnina et al., 2015). The 
research findings indicate a significant negative correlation between 
soil pH and the incidence of bacterial wilt within the pH range of 
4.5–6.5 (Yang et al., 2017). This suggests that optimizing soil pH is a 
fundamental and pivotal strategy for controlling the spread of 
bacterial wilt. Consequently, there has been a growing interest among 
researchers in elevating pH levels to mitigate the potential risk 
associated with bacterial wilt. Lime is a classic soil acidification 
amendment in agricultural production, and its use is particularly 
widespread in southern China. Studies have shown that lime 
application not only increases soil pH but also effectively controls 
soil-borne diseases such as root rot and fusarium wilt. The key to 
disease suppression is often attributed to changes in the microbial 

community, such as reduced pathogen abundance and enhanced 
microbial community functionality (Chen et al., 2022; Deng et al., 
2024). Shen et al. (2018) also found that lime application significantly 
reduced the incidence of tobacco bacterial wilt, attributing this effect 
to changes in the rhizosphere microbial community, including 
decreased abundance of the wilt pathogen and recruitment of 
disease-suppressive microbes such as Saccharibacteria and 
Aeromicrobium. However, the potential long-term risks associated 
with lime application on soil environments cannot be ignored. Bolo 
et al. (2021) and Ding et al. (2023) have observed that continuous 
application of lime may suppress the activity of nutrient-cycling 
microorganisms, potentially leading to soil “re-acidification.” 
Furthermore, Liu et al. (2023) revealed that while lime significantly 
reduced the incidence of tobacco bacterial wilt, it also had a notable 
negative impact on the diversity of rhizosphere soil bacterial 
communities. Therefore, there is an urgent need to explore alternative 
soil improvement measures.

In this context, biochar has increasingly attracted attention as a 
novel soil amendment due to its characteristics such as enhancing soil 
fertility, improving physicochemical properties, and optimizing the 
microbial habitat (Lehmann et  al., 2011; Blanco-Canqui, 2017). 
Recent studies have shown that biochar can adsorb toxic substances 
and harmful compounds (Kumari et  al., 2024). The research 
conducted by Li et al. (2022) on tobacco plants has demonstrated the 
effective reduction of bacterial wilt incidence, enhancement of 
rhizosphere microbial diversity, and decrease in the abundance of the 
wilt pathogen through biochar application. Our preliminary research 
also indicates that the primary reason for the reduced incidence of 
bacterial wilt with biochar application is the improvement in 
microbial community structure, reduction in wilt pathogen 
abundance, and increased abundance of beneficial bacteria such as 
Bacillus and Sphingomonas (Pan et al., 2024). However, the high cost 
of biochar remains a significant limitation for its widespread use in 
agriculture. Despite advancements in disease management through 
soil improvement strategies and the identification of the close 
relationship between disease suppression mechanisms and 
rhizosphere microbial communities, practical implementation in 
agriculture faces numerous challenges that significantly impede 
widespread adoption. Therefore, to develop appropriate, efficient, and 
cost-effective measures and products for the control of tobacco 
bacterial wilt, it is imperative to investigate the mechanisms 
underlying rhizosphere microbial evolution during disease 
development and suppression. Furthermore, researchers emphasize 
the necessity of deepening our understanding of the mechanisms and 
co-occurrence patterns of bacterial communities involved in disease 
suppression to establish a sustainable disease management system. A 
comprehensive understanding of microbial assembly mechanisms 
and co-occurrence patterns is crucial for the development of more 
effective management tools, disease prediction models, and control 
strategies based on microbial mechanisms (Mallon et  al., 2015; 
Batista et al., 2024).

Therefore, we hypothesize that although different strategies for 
soil acidification amendment may exhibit variations in their impact 
on disease suppression in both soil and plants, the fundamental abiotic 
and biotic mechanisms underlying disease suppression remain 
fundamentally similar. The critical biotic mechanisms primarily arise 
from alterations in the process of microbial community assembly and 
microbial interactions. Accordingly, this research focuses on soils 
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acidified by long-term tobacco monoculture, comparing the efficacy 
of various amendment strategies in suppressing bacterial wilt and 
exploring the changes in soil physicochemical properties and the 
co-evolutionary patterns of rhizosphere bacterial communities during 
disease suppression. The aim is to elucidate the mechanisms for 
restoring microbial community equilibrium under “healthy soil” 
conditions and to provide a scientific basis for establishing sustainable 
ecological control mechanisms for tobacco bacterial wilt. The findings 
are expected to offer new theoretical and methodological insights for 
managing bacterial wilt in other Solanaceous crops.

Materials and methods

Experimental design

The Fujian tobacco variety “Yunyan 87,” provided by the Tobacco 
Research Institute of Yunnan Province and the Longyan Tobacco 
Company of Fujian Province, was utilized in this study. Field trials 
were conducted over 2 years from 2021 to 2022 at the Fujian Tobacco 
Agricultural Research Base in Huanxi Town, Jin’an District, Fuzhou 
City, Fujian Province, China (119°36′86″E, 26°17′33″N). The 
experimental soil was a red soil paddy field under continuous 
tobacco-rice rotation for 20 years. From January to August 2021, a 
randomized block design was implemented, comprising three 
treatments: a control group without any soil amendments (CK), the 
application of 1,500 kg·ha−1 lime (L), and the application of 30 t·ha−1 
biochar (B). Each treatment had three replicates, resulting in a total 
of nine plots with dimensions of 144 m2 (24 m × 6 m). From January 
to August 2022, an additional treatment was introduced: the 
combined application of 750 kg·ha−1 lime and 15 t·ha−1 biochar 
(L + B). This led to four treatments, each with three replicates, totaling 
12 plots.

One month before tobacco planting, whole top soil layer 
amendments were conducted, followed by tractor-ploughing and 
ridging with a height of 35 cm and row spacing of 1.2 m × 0.5 m. All 
other field management practices adhered to the high-yield and 
quality cultivation measures of Fujian Province, with fertilization rates 
set at 127.5 kg·ha−1  N, 99 kg·ha−1 P₂O₅, and 402 kg·ha−1  K₂O. The 
application rates of the soil amendments were determined based on 
the results (Zhang B. et al., 2023; Zhang B. H. et al., 2023; Huang 
J. W. et al., 2023; Huang X. Q. et al., 2023).

During the tobacco growing season in 2021, the accumulated 
temperature was 2445.59°C and the total rainfall was 459.11 mm. In 
2022, the accumulated temperature was 2209.04°C and the total 
rainfall was 610.43 mm. The initial soil pH was 4.96, with a soil organic 
matter content of 27.65 g·kg−1, total nitrogen of 2.06 g·kg−1, total 
phosphorus of 0.88 g·kg−1, total potassium of 24.91 g·kg−1, alkali-
hydrolyzable nitrogen of 96.37 mg·kg−1, available phosphorus of 
51.10 mg·kg−1, and available potassium of 190.06 mg·kg−1.

The biochar used in the amendment experiment was produced 
from tobacco stalks by Sanli New Energy Co., Ltd. in Shangqiu, 
Henan Province, through high-temperature pyrolysis (approximately 
450°C) under anaerobic conditions. Its physicochemical properties 
are as follows: pH of 9.66, fixed carbon content of 475.90 g·kg−1, total 
nitrogen of 15.00 g·kg−1, total phosphorus of 1.40 g·kg−1, and total 
potassium of 20.10 g·kg−1. The lime used primarily consists of calcium 
oxide and calcium carbonate, with a pH of 11.41.

Survey of tobacco bacterial wilt disease

During the tobacco harvest period, investigate the number of 
diseased plants under various treatments, classify the severity of the 
disease according to “GB/T 23222–2008” (Supplementary Table S1), and  
calculate the incidence percentage and disease index Equations 1, 2 
(Cai et al., 2021).

	

( )Incidence percentage % (Number of diseased plants
/ Total number of plants surveyed) 100%

=
× 	 (1)

	

Disease index (number of diseased plants at each level
corresponding grade value) / (highest value
total number of plants investigated) 100.

= ∑
×
× × 	 (2)

Survey of tobacco economic traits

The tobacco yield was individually measured based on the plot 
area during the harvesting period. The cured tobacco leaves were 
classified according to GB 2635–1992 “Flue-cured Tobacco,” and 
subsequently, the tobacco yield and output value of each plot 
were calculated.

Soil physicochemical property 
determination

During the vigorous growth stages of tobacco, a strategically 
placed sampling point was positioned on the ridge surface between 
two representative tobacco plants in each plot. According to the 
five-point sampling method, five soil samples were collected from 
each plot. Subsequently, a single sample was provided for each 
repeating plot before mixing the soil of the same layer. Soil bulk 
density, porosity, and field capacity were subsequently measured at 
depths of 0–10 cm, 10–20 cm, and 20–30 cm in the topsoil using a 
ring knife method. The obtained measurements were averaged 
across three repetitions for each treatment (Zhang et  al., 2023; 
Zhang B. H. et al., 2023). A total of 36 soil samples (3 × 4 × 3) are 
were collected from the 0–30 cm soil layer for determining soil 
nutrients. The samples were air-dried indoors and ground using a 
1 mm mesh. pH is determined using the potentiometric method 
with an acidity meter. Soil exchangeable acidity is determined using 
the KCl exchange-neutralization titration method, and soil 
exchangeable bases are determined using the CH3COONH4 
exchange-neutralization titration method. The sum of these two 
values represents the soil cation exchange capacity. The 
determination of total nitrogen, phosphorus, and potassium 
contents was conducted using the HClO4-H2SO4 digestion method 
with the assistance of the Smartchem 2000 fully automated discrete 
chemical analyzer and the NaOH fusion-flame photometry method. 
The soil’s organic matter content was measured through the H2SO4-
K2Cr2O7 external heating method. Additionally, the levels of alkali-
hydrolyzable nitrogen, available phosphorus, available potassium, 
and readily oxidisable organic carbon in soil were assessed using 
respective techniques such as alkali hydrolysis diffusion for nitrogen 
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determination or molybdenum antimony anti-colorimetric for 
phosphorus measurement (Bao, 2000; Gu et al., 2023).

Rhizosphere soil bacterial DNA extraction 
and high-throughput sequencing

During the vigorous growth period of tobacco, three 
representative tobacco plants exhibiting consistent growth patterns 
were chosen for each experimental treatment. The entire root 
systems of the tobacco plants were excavated, and the impurities 
surrounding the root system were eliminated. The soil samples 
adhered to the root surfaces were homogenized and wrapped in tin 
foil, followed by rapid freezing in liquid nitrogen and subsequent 
transfer to a –80°C freezer for storage. Soil DNA extraction, PCR 
amplification, and sequencing were all completed by Allwegene 
Technology Co., Ltd. (Beijing, China). After sampling soil and 
extracting total DNA of soil microorganisms, DNA samples were 
stored at –20°C following detection using NanoDrop 2000 UV–Vis 
spectrophotometer and agarose gel electrophoresis. 
Following total DNA extraction from soil, primers 338F 
(5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTA 
CHVGGGTWTCTAAT-3’) with barcodes were used to amplify the 
V3-V4 region of 16S rDNA sequences. Library construction was 
performed using the TruSeq® DNA PCR-Free Sample Preparation 
Kit, and sequencing was carried out on the Illumina Miseq 
platform. Raw image data from sequencing were processed using 
the RDP Classifier algorithm and Silva database Release 119 to 
cluster reads with >97.0% similarity, generating operational 
taxonomic unit (OTU) representative sequences for comparative 
analysis. Species information of the community was annotated, and 
OTU abundance in each sample was normalized for diversity and 
differential analysis (NCBI accession number: PRJNA1118945).

Bioinformatics analysis

After sequencing the 16S rDNA sequences, raw sequences were 
filtered and quality-checked using QIIME (v1.8.0). Operational 
taxonomic units (OTUs) were clustered at 97% similarity using 
Vsearch (v2.7.1). Clustering was performed with the Uparse 
method (Edgar, 2013), and denoising was carried out using the 
Unoise3 method (Rognes et  al., 2016). To obtain species 
classification information for each OTU, the RDP Classifier 
algorithm was used to evaluate representative sequences with 70% 
confidence (Wang et  al., 2007), and species information was 
annotated at various taxonomic levels (Kingdom, Phylum, Class, 
Order, Family, Genus, Species). After normalizing OTU abundance 
for each sample, diversity and differential analyses were conducted. 
Alpha species diversity was calculated using the diversity function 
from the R package “vegan” (Dixon, 2003), while phylogenetic 
diversity (PD), phylogenetic species variability (PSV), phylogenetic 
species richness (PSR), and phylogenetic species evenness (PSE) 
were computed using the R package “picante” (Kembel et al., 2010). 
Species diversity and phylogenetic diversity were standardized 
using Z-scores (Equation 3), where xi​ represents the observed value 
for treatment i, and μ and σ denote the mean and standard deviation 
of the dataset.

	 ( )Z /ix µ σ= − 	 (3)

Functional prediction of community 
species

The bacterial functions were categorized using the Plant-
Beneficial Bacteria (PBB) database, which is constructed based on 
microbial taxonomy and functional traits (Li P. F. et al., 2023).

Community ecology information and 
assembly mechanisms

The term “niche breadth” refers to the ecological position occupied 
by a population within an ecosystem and encompasses the entire 
spectrum of resources it utilizes. It is a key indicator for measuring the 
diversity of resource use and environmental adaptability of a species. 
A broader niche breadth indicates greater capability to exploit various 
resources and higher environmental adaptability, potentially leading to 
more stable survival across larger temporal or spatial scales. Niche 
breadth was calculated using the Levin method from the R package 
“spaa” (Zhang and Ma, 2013) (Equation 4), where Pij represents the 
proportion of the i-th species at sampling site j, and r is the total 
number of sampling sites. Microbial community stability was assessed 
using the Average Variation Degree (AVD) based on the method 
proposed by Xun et al. (2021) (Equation 5), where k is the number of 
samples in each group, n is the number of OTUs in each group, ai 
represents the variation of OTUi, and xi is the abundance of OTUi in a 
single sample after rarefaction. xi and δi denote the mean and standard 
deviation of the abundances of OTUi across a group of samples after 
rarefaction. Typically, lower AVD values indicate greater community 
stability, while higher AVD values suggest increased community activity.
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The C-score null model method proposed by Stone and Roberts 
(1990) was used to assess the randomness of species distributions. The 
observed C-score was calculated to evaluate species co-occurrence, 
and a null distribution of the simulated C-scores was generated using 
a randomization algorithm. By comparing the observed C-score with 
the null distribution, the standardized effect size (SES) was computed. 
Higher absolute values of SES indicate stronger relative contributions 
of deterministic processes. All calculations were performed using the 
“EcoSimR” package (Mo et al., 2021).

Null model analysis was conducted using the framework 
described by Stegen et al. (2012) to quantify the relative contributions 
of different treatments to microbial community assembly processes. 
Beta Nearest Taxon Index (βNTI) calculations were performed using 
the R package “picante” (Kembel et al., 2010). When βNTI < −2 or ≥ 2, 
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it was classified as homogenizing or heterogeneous selection, 
respectively. For |βNTI| < 2, RCbray was calculated using the “vegan” 
package (Dixon, 2003). RCbray < −0.95 indicated homogenizing 
dispersal, RCbray ≥0.95 indicated dispersal limitation, and 
|RCbray| < 0.95 represented drift.

Construction and characteristics of microbial 
community co-occurrence networks

The OTU table, after rarefaction, was used to independently 
construct microbial co-occurrence networks for each treatment. The 
microbial network matrices were created using the “reshape2” and 
“WGCNA” packages (Wickham, 2007; Langfelder et al., 2008), and 
network visualizations were generated in Gephi 0.10.1, retaining edges 
with Spearman correlation coefficients |r| > 0.65 and p < 0.01. To 
evaluate the complexity of microbial networks and interspecies 
interactions, we calculated various network features, including the 
number of nodes, number of edges, average degree, graph density, 
modularity index, and the proportion of positive to negative 
interactions, using the “igraph” package (Yuan et al., 2021). Cohesion 
is a measure of microbial interactions and was used to understand 
how positive/negative species interactions or niche similarities/
differences affect community connectivity across temporal, spatial, or 
environmental gradients (Herren and McMahon, 2017). For a given 
network, the cohesion index is calculated as the sum of significant 
positive or negative correlations between species, weighted by species 
abundance (Equation 6), reflecting the extent of cooperative behavior 
or interactions, and is widely applied in various habitats.

	

n

1
Cohesion i i

i
abundance connectedness

=
= ×∑

	
(6)

Statistical analysis

Principal Coordinates Analysis (PCoA) based on Bray-Curtis 
distance was performed using the corresponding functions from the 
“vegan” package (Dixon, 2003). The random forest regression model, 
built with the “randomForest” package, was employed to predict key 
soil properties influencing the incidence of tobacco bacterial wilt (Liaw 
and Wiener, 2002). Spearman’s rank correlation coefficient was used to 
analyze the relationships between community assembly processes, 
co-occurrence patterns, and tobacco bacterial wilt incidence. Graphs 
and charts were created using Microsoft Excel 2019, Origin 2024b, and 
R 4.2.9 software. Statistical significance was assessed using SPSS 22.0, 
with Duncan’s multiple range tests applied at α = 0.05.

Results

Effect of different soil amendments on the 
incidence of tobacco bacterial wilt disease 
and performance of agronomic traits

As shown in Supplementary Table S2, in the 2021 experiment, the 
application of lime or biochar (L, B) significantly reduced the 

incidence percentage and disease index of tobacco bacterial wilt 
disease compared to the CK treatment. However, in terms of yield 
and production value, the B treatment outperformed the L treatment. 
The results from 2022 (Figure 1) indicate that compared to the CK 
treatment, each treatment significantly reduced the incidence 
percentage of tobacco bacterial wilt disease by 16.67 to 20.14% 
(p < 0.05) and significantly increased tobacco yield by 7.86 to 27.46% 
(p < 0.05). However, only the B treatment significantly reduced the 
disease index compared to the CK treatment. Moreover, in terms of 
yield and production value, the B treatment showed the best 
improvement, followed by the lime and biochar mixture treatment 
(L + B). The findings from the 2-year experiment suggested that 
various soil amendments exhibit significant disease suppression 
effects; however, they demonstrate diverse impacts on tobacco yield 
and its economic value.

Changes in the physicochemical properties 
of tobacco-growing soil and their 
correlation with the incidence of bacterial 
wilt disease

As shown in Table  1, compared to the CK treatment, the 
application of soil amendments significantly increased soil pH, 
reduced exchangeable acidity, and significantly increased 
exchangeable base content and cation exchange capacity (p < 0.05). In 
terms of soil bulk density and field capacity, both B and L + B 
treatments significantly decreased soil bulk density and increased 
field capacity compared to the CK treatment (p < 0.05), while only the 
lime treatment (L) showed no significant difference in bulk density 
and field capacity compared to the CK treatment. Regarding soil 
nutrients, both B and L + B treatments significantly increased soil 
alkali-hydrolyzable nitrogen, available phosphorus, available 
potassium, and readily oxidisable organic content compared to the 
CK treatment (p < 0.05), while the L treatment only significantly 
increased available potassium content (p < 0.05). The results suggest 
that the application of lime alone exhibits limited efficacy in soil 
improvement, whereas the combination of lime with biochar 
demonstrates a multifaceted enhancement in soil 
physicochemical properties.

The random forest regression model, as depicted in Figure  2, 
demonstrates that soil physicochemical properties exhibit a strong 
predictive capacity for the incidence percentage and disease index of 
tobacco bacterial wilt disease, with a total explanation rate exceeding 
50%. Available potassium, pH level, and exchangeable acidity display 
significant correlations with both the incidence percentage and disease 
index (p < 0.05). Cation exchange capacity and exchangeable bases are 
significantly associated with the disease incidence percentage 
(p < 0.05), while readily oxidizable organic matter exhibits a significant 
correlation with the disease index (p < 0.05).

Changes in rhizosphere bacterial 
community diversity

To investigate the dynamic characteristics of rhizosphere 
microbiota in response to reduced incidence of bacterial wilt 
disease, high-throughput sequencing of the V3-V4 region was 
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performed using the Illumina MiSeq platform. A total of 1,867,236 
bacterial 16S rDNA sequences were identified, resulting in 9201 
operational taxonomic units (OTUs). The rarefaction curves of 
OTUs at a 97% sequence similarity level exhibited saturation 
without further increase (Supplementary Figure S1A), indicating 
that the data accurately represented the composition of 
rhizosphere bacterial communities and facilitated subsequent 
data analysis.

The effect of soil amendments on bacterial community species 
diversity and phylogenetic diversity (Supplementary Figure S1B). 
Both L and L + B treatments significantly increased species diversity 
(Observed OTUs, Ace, Chao1, Shannon) and phylogenetic diversity 
(PD, PSR, PSE) compared to the CK treatment (p < 0.05), whereas the 
B treatment showed no significant difference from the CK treatment 
in species diversity and phylogenetic diversity.

As depicted in Supplementary Figure S1C, PCoA based on Bray-
Curtis distance quantified differences in species composition among 
treatments, with a cumulative explanatory rate of 63.71%. Only the B 
treatment significantly separated from the CK treatment along PCoA1 
and PCoA2 axes (PERMANOVA, R2 = 61.57%, p = 0.001). However, L 
and L + B treatments exhibited significant separation from the CK 
treatment only along the PCoA2 axis (PERMANOVA, R2 = 61.57%, 
p = 0.001). It is evident that different soil amendments have 
inconsistent effects on species diversity and composition of 
rhizosphere bacterial communities.

Changes in the species composition of 
bacterial communities and the abundance 
of Ralstonia in rhizosphere soil

In this sequencing, a total of 59 bacterial phyla and 818 bacterial 
genera were annotated. The top 10 dominant bacterial phyla or genera 
in relative abundance were selected for comparison. The results 
indicated that different soil amendments had inconsistent effects on 
the relative abundance of dominant bacterial phyla in rhizosphere 
bacterial communities (Figure  3A). The L and L + B treatments 
significantly reduced the relative abundance of Proteobacteria and 
Bacteroidota, while significantly increasing the relative abundance of 
Chloroflexi and Acidobacteriota (p < 0.05). Conversely, the B treatment 
significantly increased the relative abundance of Proteobacteria and 
Bacteroidota, while significantly decreasing the relative abundance of 
Chloroflexi and Acidobacteriota (p < 0.05). With respect to the 
dominant bacterial genera (Figure 3B), a significant reduction in the 
relative abundance of Rhodanobacter and Chujaibacter was detected 
following the application of soil amendments.

As shown in Figure 3C, compared to the CK treatment, the B and 
L + B treatments significantly reduced the relative abundance of the 
main pathogen of bacterial wilt, Ralstonia, but there was no significant 
change compared to the L treatment and CK treatment. Pearson linear 
regression analysis indicated that the relative abundance of Ralstonia 
was not significantly correlated with the incidence percentage of 

FIGURE 1

Incidence of bacterial wilt (A) and economic traits (B) of tobacco plants in each treatment (2022). CK, control without soil amendment; L, lime 
treatment; B, biochar treatment; L  +  B, lime and biochar mixture treatment. Data depicts means  ±  SD of three biological replicates. Significant 
differences between treatments (p  <  0.05) are illustrated by different lowercase letters.
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bacterial wilt (p > 0.05) but was significantly positively correlated with 
the disease index (p < 0.05). However, its explanatory power for the 
disease severity index was only 33.84% (R2 = 33.84%).

Functional prediction of rhizosphere 
bacterial communities and their assembly 
mechanisms

Based on the PBB database, the prediction of the tobacco 
rhizosphere bacterial community was predicted 
(Supplementary Figure S2). The results indicated that compared to the 
CK treatment, the L treatment significantly decreased the relative 
abundance of PGPR (Plant Growth-Promoting Rhizobacteria), Plant 
pathogen bacteria, Biocontrol bacteria, and Stress resistance bacteria 
(p < 0.05). However, there was no significant change in these parameters 
compared to the CK treatment for the B treatment and L + B treatment.

The community assembly mechanisms, as shown in Figure 4, were 
illustrated through the C-score results. A higher |SES| value indicates a 
stronger relative contribution of deterministic processes, with the 
magnitude of |SES| ranked as CK > L > L + B > B (Figure 4A). Using the 
Beta Nearest Taxon Index (βNTI), the relative contributions of 
deterministic and stochastic community assembly processes to changes 
in rhizosphere bacterial communities after applying soil amendments 
were quantified (Figure 4B). The results indicated that compared to the 
CK treatment, the assembly process of rhizosphere bacterial communities 
in the L treatment was primarily dominated by heterogeneous selection 
(77.78%), while the B treatment and L + B treatment were dominated by 
dispersal limitation (100, 88.89%). Regarding the ecological niche 
breadth and average variation degree (AVD) (Figures 4C,D), consistent 

results were observed across different soil amendment treatments, all 
showing significant improvements compared to the CK treatment. The 
ecological niche breadth increased significantly by 45.16 to 140.71% 
(p < 0.05), and AVD increased significantly by 4.45–11.15% (p < 0.05).

Co-occurrence patterns and the 
co-evolutionary rules of rhizosphere 
bacterial communities

By constructing a bacterial community network to understand 
the co-evolutionary rules within communities, the results are shown 
in Figure  5A, indicating that each treatment has increased the 
modularity index and reduced the graph density in the community 
network compared to the CK treatment, while significantly 
increasing the proportion of positive interactions among species. 
Based on species interactions and species abundance-weighted 
calculations of community cohesion, the results are shown in 
Figure 5B, indicating that each treatment significantly enhanced both 
positive and total community cohesion compared to the CK 
treatment (p < 0.05).

Further analysis of the interactions of Ralstonia within the 
community, as shown in Figure 6, reveals that under the CK treatment, 
Ralstonia interactions within the community are mainly positive 
(60.63%), with negative interactions accounting for 39.97%. However, 
after the application of soil amendments, Ralstonia interactions within 
the community are predominantly negative (77.71, 51.70, 51.15%).

Spearman correlation analysis indicated (Figure  7) that the 
incidence percentage of tobacco bacterial wilt is significantly 
negatively correlated with niche breadth, network modularity 

TABLE 1  Physicochemical properties of tobacco soil in each treatment.

CK L B L  +  B

Bulk density (g·cm−3) 1.37 ± 0.03a 1.38 ± 0.04a 1.16 ± 0.01c 1.24 ± 0.01b

Porosity (%) 48.44 ± 0.12c 47.94 ± 0.16c 56.14 ± 0.24a 53.38 ± 0.41b

Field capacity (%) 31.75 ± 0.29c 31.49 ± 0.27c 43.95 ± 0.28a 41.78 ± 0.35b

pH 4.89 ± 0.01d 5.04 ± 0.02c 5.27 ± 0.01a 5.13 ± 0.02b

Exchangeable acidity

(mmol·kg−1)

12.83 ± 0.17a 8.33 ± 0.01b 7.00 ± 0.17c 7.17 ± 0.17c

Exchangeable bases (mmol·kg−1) 29.84 ± 0.04c 35.50 ± 0.07b 37.12 ± 0.11a 37.34 ± 0.04a

Cation exchange capacity

(mmol·kg−1)

42.67 ± 0.15c 43.84 ± 0.11b 44.32 ± 0.11a 44.50 ± 0.19a

Total nitrogen (g·kg−1) 2.15 ± 0.70a 2.21 ± 0.33a 2.18 ± 0.20a 2.19 ± 0.26a

Alkali-hydrolyzable nitrogen

(mg·kg−1)

169.67 ± 3.33b 170.00 ± 5.04b 190.33 ± 2.33a 186.83 ± 5.41a

Total phosphorus (g·kg−1) 0.90 ± 0.02a 0.92 ± 0.02a 0.91 ± 0.04a 0.92 ± 0.02a

Available phosphorus

(mg·kg−1)

68.58 ± 1.77b 71.27 ± 1.32b 79.72 ± 2.58a 75.56 ± 1.08a

Total potassium (g·kg−1) 25.84 ± 0.10c 26.39 ± 0.49bc 27.48 ± 0.11a 26.82 ± 0.30b

Available potassium (mg·kg−1) 314.72 ± 7.16d 334.44 ± 5.68c 387.98 ± 7.06a 355.06 ± 7.52b

Soil organic carbon (g·kg−1) 16.30 ± 0.10b 16.49 ± 0.19b 16.94 ± 0.20a 16.75 ± 0.10a

Readily oxidisable organic carbon (g·kg−1) 3.14 ± 0.14c 3.05 ± 0.07c 4.20 ± 0.16a 3.86 ± 0.06b

CK, control without soil amendment; L, lime treatment; B, biochar treatment; L + B, lime and biochar mixture treatment. Data depicts means ± SD of three biological replicates. Significant 
differences between different treatments (P < 0.05) are illustrated by different lowercase letters.
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index, and total cohesion (p < 0.05). Additionally, the total cohesion 
is highly negatively correlated with the disease index (p < 0.01). 
There is a highly significant negative correlation between the 
incidence rate and community average variation degree (AVD) as 
well as the proportion of positive interactions within the network 
(p < 0.01), whereas it is highly positively correlated with the 

proportion of negative interactions (p < 0.01). Moreover, the 
proportion of positive interactions of Ralstonia within the 
community shows a significant positive correlation with both the 
incidence percentage and disease index (p < 0.05), while its 
proportion of negative interactions is significantly negatively 
correlated with these metrics (p < 0.05).

FIGURE 2

Random Forest regression model predicts the correlation between soil physicochemical properties and the incidence percentage of tobacco bacterial 
wilt (A) as well as the disease index (B). The precision importance measures were calculated for each tree in a random forest and averaged over the 
entire forest (5,000 trees). The percentage increase in the mean squared error (MSE) of the variables was used to estimate the importance of these 
predictors. “*”at 0.05 level (two-tailed), the correlation was significant; “**” at level 0.01 (two-tailed), the correlation was significant. CK, control without 
soil amendment; L, lime treatment; B, biochar treatment; L  +  B, lime and biochar mixture treatment.

FIGURE 3

Alterations in the relative abundance of dominant bacterial phyla (A) and genera (B) in the rhizosphere of tobacco, changes in the relative abundance 
of Ralstonia, and its Pearson correlation analysis with tobacco bacterial wilt incidence (C). Both dominant phyla and genera were selected based on the 
top 10 in relative abundance. CK, control without soil amendment; L, lime treatment; B, biochar treatment; L  +  B, lime and biochar mixture treatment. 
Data depicts means  ±  SD of three biological replicates. Significant differences between treatments (p  <  0.05) are illustrated by different lowercase 
letters.
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Discussion

Soil acidification is a critical environmental factor influencing the 
occurrence of bacterial wilt disease, with outbreaks being particularly 
severe in tobacco-growing regions of southern China where 
acidification issues are increasingly pronounced (Li et  al., 2017). 
Previous studies have demonstrated that the application of lime or 
biochar can effectively reduce the incidence of tobacco bacterial wilt 
disease (Shen et  al., 2018; Li et  al., 2022). Our two-year field 
experiment revealed that the application of lime (L), biochar (B), or 
their combination (L + B) significantly reduces the incidence of 
tobacco bacterial wilt (p < 0.05) (Supplementary Table S2 and 
Figure 1A). However, in terms of disease severity and economic traits, 
the B treatment performed better than both the L and L + B treatments 
(Figures 1A,B). This may be attributed to biochar’s additional benefits 
over lime; besides alleviating soil acidification like lime, biochar’s high 
carbon content, good porosity, strong adsorption capacity, and rich 
nutrient profile provide a superior “refuge” for microbial habitation 
and proliferation. It supplies diverse carbon sources, energy, and 
mineral nutrients, which enhances microbial growth, consequently, 
modifies the microenvironment of crop growth. This improved 
microenvironment increases the efficiency of nutrient utilization and 
disease resistance in crops (Zhang et al., 2021). These findings align 

with the results of Xie et al. (2013) and Azim et al. (2024), underscoring 
the importance of selecting appropriate materials for soil remediation 
and plant disease management.

The exacerbation of soil acidification is often accompanied by the 
loss of base cations and nutrients in the soil, as well as the 
accumulation of H+ and Al3+ (Dong et  al., 2022). This evidently 
threatens the plant disease defense mechanisms. The results of this 
study indicate that the biochar (B) and lime plus biochar (L + B) 
treatments significantly increased the levels of effective nutrients such 
as alkali-hydrolyzable nitrogen and readily oxidisable organic carbon, 
and decreased soil bulk density compared to the control (CK) 
(p < 0.05), while the lime (L) treatment did not show significant 
differences from the CK treatment (Table  1). All treatments 
significantly improved soil pH, exchangeable acidity, exchangeable 
bases, and available potassium compared to the CK treatment 
(p < 0.05) (Table  1), which is consistent with findings by Zhang 
C. et al. (2017) and Liang et al. (2021). As a major abiotic factor 
affecting plant disease incidence, increased soil pH can directly or 
indirectly impact the survival environment of plant pathogens. For 
instance, higher pH directly inhibits the metabolic activity of 
Ralstonia solanacearum and reduces its colonization rate in the soil 
(Huang J. W. et al., 2023; Huang X. Q. et al., 2023). Additionally, 
alkaline soil conditions promote the growth of actinomycetes and 

FIGURE 4

Mechanisms of rhizosphere bacterial community assembly, calculated using a phylogenetic null model C-score (A) and the relative contributions of 
different assembly processes to the community assembly mechanisms (B), community niche breadth (C), and AVD (D). C-score metric using null 
models. The values of observed C-score (C-scoreobs)  >  simulated C-score (C-scoresim) indicate non-random co-occurrence patterns. Standardized 
effect size <−2 and >2 represent aggregation and segregation, respectively. AVD, average variation degree; CK, control without soil amendment; L, lime 
treatment; B, biochar treatment; L  +  B, lime and biochar mixture treatment. Data depicts means  ±  SD of three biological replicates. Significant 
differences between treatments (p  <  0.05) are illustrated by different lowercase letters.
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certain antagonistic fungi, which produce natural antibiotics or other 
metabolites that help resist pathogen invasion (Bibi et al., 2018; Lee 
et al., 2021). Moreover, exchangeable base cations in the soil directly 
benefit plant root health by aiding in more effective water and 
nutrient absorption, enhancing cellular structure, and improving 
disease resistance (Sharma et al., 2018; Niu et al., 2021). Li et al. 
(2017) demonstrated that increased soil pH enhances the expression 
of resistance genes in the soil, playing a crucial role in suppressing 
bacterial wilt. Predictions from the random forest regression model 
in this study indicate that soil pH, exchangeable acidity, exchangeable 
bases, and available potassium are the primary soil physicochemical 
factors affecting the incidence and severity of tobacco diseases 
(p < 0.05) (Figures 2A,B). Thus, increasing soil pH and concentrations 
of exchangeable bases (Ca2+, K+, Na+, Mg2+) while reducing 
exchangeable acidity (Al3+, H+) are core strategies for managing 
bacterial wilt, and maintaining appropriate levels of available 
nutrients in the soil is essential to ensure crop yield.

The composition of plant rhizosphere microorganisms is an 
inheritable trait and represents secondary genomics that exert 
influences on plant growth, development, as well as yield and quality. 
Soil-borne diseases are closely related to the diversity and species 
composition of rhizosphere microbial communities (Ling et  al., 
2022). Several studies have indicated that soil acidification primarily 

reduces soil suppressive capacity against pathogens by regulating 
bacterial community structure (Chen et al., 2022; Li X. et al., 2023). 
Previous studies have demonstrated that the application of lime or 
biochar to enhance soil pH leads to an increase in soil microbial 
community diversity and induces alterations in microbial community 
composition (Gul et  al., 2015; Guo et  al., 2019). In this study, 
compared to the control (CK) treatment, the lime (L) and lime mixed 
biochar (L + B) treatments significantly increased bacterial 
community species diversity and phylogenetic diversity 
(Supplementary Figure S1B) (p < 0.05). The differences in rhizosphere 
soil bacterial composition between these treatments and the CK 
treatment, however, were not as pronounced as those observed with 
the biochar (B) treatment (Supplementary Figure S1C) 
(PERMANOVA, R2 = 61.57%, p = 0.001). Notably, there were no 
significant differences between the B treatment and the CK treatment 
in terms of community species diversity and phylogenetic diversity. 
Previous studies have suggested a significant positive correlation 
between disease severity in plant hosts and pathogen abundance 
(Zhang H. C. et al., 2017; Qi et al., 2022). In this study, the effects of 
different treatments on the relative abundance of Ralstonia were 
inconsistent; the L treatment did not significantly reduce the relative 
abundance of Ralstonia compared to the CK treatment (p < 0.05) 
(Figure 3C). Additionally, Pearson linear regression analysis revealed 

FIGURE 5

Co-occurrence network analysis (A) and community cohesion (B) of rhizosphere bacterial communities under each treatments. Each node represents 
a distinct bacterial genus, with node size corresponding to its degree, nodes are colored based on their phylum in the co-occurrence network. CK, 
control without soil amendment; L, lime treatment; B, biochar treatment; L  +  B, lime and biochar mixture treatment. Data depicts means  ±  SD of three 
biological replicates. Significant differences between treatments (p  <  0.05) are illustrated by different lowercase letters.
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no significant correlation between the relative abundance of Ralstonia 
and bacterial wilt incidence (p < 0.05) (Figure  3C). Furthermore, 
functional classification of bacterial communities using the PBB 
database showed no consistent impact on the abundance of bacterial 
functional groups compared to the CK treatment, with both the B 
and L + B treatments not significantly reducing the relative abundance 
of plant pathogens compared to the CK treatment 
(Supplementary Figure S2). This result aligns with Yuan et al. (2020), 
who argued that relying solely on the relative abundance of 
pathogens, such as Fusarium, is insufficient for predicting the 
likelihood of plant disease. Based on these findings, we hypothesize 
that the key to suppressing bacterial wilt may involve not only 
reducing the abundance of Ralstonia within bacterial communities 
but also altering the abundance of various functional groups. This 
finding that our understanding of the rhizosphere microbial 
mechanisms in suppressing tobacco bacterial wilt still requires 
further investigation.

In natural ecosystems, the interactions among microbial species 
form highly dynamic and complex co-occurrence patterns (Hu et al., 
2022). The evolution of community ecology research has rendered 
simplistic community models inadequate in capturing the entirety of 
community dynamics. A deeper understanding of community 
assembly mechanisms is crucial for exploring how different ecological 

FIGURE 6

In the co-occurrence network analysis of rhizosphere bacterial 
communities, the interactions between Ralstonia and other bacterial 
genera are investigated. CK, control without soil amendment; L, lime 
treatment; B, biochar treatment; L  +  B, lime and biochar mixture 
treatment.

FIGURE 7

Correlations between mechanisms of community assembly and co-occurrence patterns with the incidence of bacterial wilt disease. “*” at 0.05 level 
(two-tailed), the correlation was significant; “**” at level 0.01 (two-tailed), the correlation was significant. AVD: average variation degree. CK, control 
without soil amendment; L, lime treatment; B, biochar treatment; L  +  B, lime and biochar mixture treatment.
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processes shape and maintain microbial community composition and 
diversity patterns in varying soil environments (Stegen et al., 2012). 
In this study, treatments with soil amendments significantly reduced 
the relative contribution of deterministic processes to community 
assembly compared to the control (Figure 4A), indicating a decrease 
in environmental constraints on bacterial communities (Chase and 
Myers, 2011). βNTI analysis revealed that the assembly processes of 
bacterial communities differed by treatment: lime application (L) was 
primarily driven by heterogeneous selection, whereas biochar 
application (B) was mainly influenced by dispersal limitation 
(Figure  4B). Lime affects soil microbial community structure 
primarily by altering the microbial habitat, while biochar impacts 
community structure by increasing species turnover rates (Moeller 
et al., 2017), which is beneficial for improving community structure. 
Niche breadth measures a species’ functional role and status within 
the community, and a wider niche breadth generally indicates faster 
species migration and greater environmental adaptability (Slatyer 
et al., 2013). Community average variation degree (AVD) reflects the 
activity level of the community (Xun et al., 2021). During plant host 
infection, soil pathogens must compete for niches or resources with 
other microorganisms in the rhizosphere (Liu et al., 2021). In this 
study, all treatments significantly increased community niche breadth 
and AVD compared to the control (p < 0.05) (Figures  4C,D). 
Spearman correlation analysis showed a significant negative 
correlation between community niche breadth and disease incidence 
(p < 0.05) (Figure 7), and an extremely significant negative correlation 
between community AVD and disease incidence (p < 0.01) (Figure 7). 
Thus, we hypothesize that during the suppression of bacterial wilt, 
the significant increase in soil pH reduces environmental selective 
pressures on bacteria, improves the rhizosphere nutrient 
environment, enhances species migration rates, and decreases 
interspecies competition.

Microbial ecological interactions are crucial for maintaining the 
stability and functionality of soil microbial communities (Yang et al., 
2017). Various soil microbial groups can interact through mutualistic, 
synergistic, commensal, or parasitic relationships, forming a complex 
and interconnected ecological network that directly impacts soil and 
plant health (Van Der Heijden and Hartmann, 2016). Research 
indicates that a higher diversity of microbial species within a network 
increases the likelihood of metabolic and informational exchanges 
among microbes (Qi et al., 2019). Gu et al. (2017) demonstrated that 
beneficial interspecies relationships are primarily characterized by 
positive correlations, which promote stable coexistence or mutualistic 
interactions. This study constructed a community interaction 
network to reveal the connections and interactions between 
previously independent microbial communities in the soil (Rillig 
et  al., 2016). The results showed that all treatments significantly 
increased the number of nodes and the modularity index in the 
community network compared to the control, as well as the 
proportion of positive interactions among species (Figure 5A). Qiao 
et al. (2024) combined network and cohesion analyses and found that 
microbial networks in healthy soils exhibit higher stability and 
complexity, which in turn reduce plant disease indices and increase 
biomass. Additionally, cohesion, which reflects the level of 
cooperation, also showed a negative correlation with plant disease 
indices. Our study also found that all treatments significantly 
enhanced community positive cohesion and total cohesion compared 
to the control (p < 0.05) (Figure  5B). Correlation analysis further 

revealed significant negative correlations between network 
modularity index and total cohesion with disease incidence and 
disease index (p < 0.05) (Figure 7). After increasing soil pH, bacterial 
communities underwent niche differentiation, disrupting and 
reshaping existing interspecies relationships, thereby enhancing 
mutualistic interactions. This could be  a key rhizomicrobial 
mechanism in suppressing tobacco bacterial wilt. The previous results 
showed no significant correlation between the relative abundance of 
Ralstonia and disease incidence (Figure 3C). To further elucidate 
Ralstonia’s role in community co-evolution during disease 
suppression, we  examined co-occurrence relationships between 
Ralstonia and other species in the network. Under the control 
treatment, Ralstonia established more mutualistic positive 
interactions, while after lime or biochar application, its interactions 
shifted to competitive or antagonistic relationships (Figure 6). Zhang 
et al. (2022) suggested that alleviating bacterial wilt can be achieved 
by recruiting species that antagonize the pathogen, which is 
supported by our correlation analysis results (Figure 7). Therefore, 
the key to suppressing tobacco bacterial wilt lies in enhancing 
interspecies cooperation within the community, strengthening 
antagonistic relationships with pathogens, and promoting positive 
evolutionary changes in rhizomicrobial communities. The 
incorporation of this approach is pivotal in simultaneously enhancing 
plant productivity and soil fertility. Consequently, the development 
of efficient control technologies for tobacco bacterial wilt should 
thoroughly consider these ecological mechanisms to attain optimal 
integrated prevention outcomes.

Conclusion

In summary, all amendment treatments significantly reduced the 
incidence of tobacco bacterial wilt and improved tobacco economic 
traits, with biochar (B) treatment being the most effective and 
lime + biochar (L + B) treatment being the second most effective. 
Improving soil pH and exchangeable base concentrations while 
reducing exchangeable acidity is a core strategy for managing bacterial 
wilt. Additionally, this study found that the lime + biochar (L + B) 
treatment more effectively improved soil physicochemical properties 
compared to lime alone (L). Therefore, this combined approach is 
recommended for balancing both ecological and economic benefits. 
Furthermore, in the context of bacterial wilt control mechanisms, the 
key is not only reducing Ralstonia abundance and altering the 
abundance of different functional groups but also enhancing the 
rhizosphere nutrient environment. This includes broadening the 
bacterial community’s ecological niche, reducing environmental 
pressures on bacterial communities, and fostering mutually beneficial 
symbiotic relationships while recruiting antagonistic species against 
Ralstonia to establish a stable rhizosphere microbial diversity 
mechanism. The results suggest that further exploration of Ralstonia 
antagonistic mechanisms in soil is needed, with targeted selection of 
beneficial antagonistic microbial communities suitable for various soil 
environments. Additionally, employing soil ecological enhancement 
agents containing diverse antagonistic microorganisms can accelerate 
the positive evolution of soil microbial communities and restore the 
diversity and health of soil microbiomes. These findings offer new 
research perspectives for developing ecological control strategies for 
Solanaceous crop bacterial wilt.
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rhizosphere bacterial 
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disease, quality, and yield of 
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Introduction: Long-term use of chemical fertilizers (CFs) can cause soil 
compaction and acidification. In recent years, bio-organic fertilizers (BOFs) have 
begun to replace CFs in some vegetables and cash crops, but the application of 
CFs or BOFs has resulted in crop quality and disease occurrence.

Methods: This study aimed to analyze the microbial mechanism of differences 
between CFs and BOFs in root disease, quality, and yield of tuber Chinese herbal 
medicine. We studied the effects of CFs, organic fertilizers, commercial BOFs, 
biocontrol bacteria BOFs, and biocontrol fungi BOFs on rhizosphere microbial 
community structure and function, root rot, quality, and yield of Codonopsis 
pilosula at different periods after application and analyzed the correlation.

Results and discussion: Compared to CFs, the emergence rate and yield in BOF 
treatments were increased by 21.12 and 33.65%, respectively, and the ash content, 
water content, and disease index in the BOF treatments were decreased by 17.87, 
8.19, and 76.60%, respectively. The structural equation model showed that CFs 
promoted the quality and yield of C. pilosula by influencing soil environmental 
factors, while BOFs directly drove soil bacterial community to reduce disease 
index and improve the quality and yield of C. pilosula. There was a stronger 
interaction and stability of soil microbial networks after BOF treatments. 
Microlunatus, Rubrobacter, Luteitalea, Nakamurella, and Pedomicrobium were 
identified as effector bacteria, which were related to disease prevention and 
yield and quality increase of C. pilosula. Microbial functional analysis indicated 
that the signal transduction and amino acid metabolism of soil bacteria might 
play a major role in improving the quality and yield of C. pilosula in the early and 
middle growth stages. In conclusion, compared to CFs, BOFs obtained a lower 
disease index of root rot and a higher quality and yield of C. pilosula by changing 
the structure and function of the rhizosphere bacterial community.
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chemical and bio-organic fertilizers, Codonopsis pilosula, co-occurrence network, 
microbial community, yield and quality
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1 Introduction

Codonopsis pilosula is a perennial herbaceous plant and an 
important Chinese herbal medicine. Its fleshy roots are widely used 
in the field of medicine, and they can be used as both medicine and 
food (Lodi et al., 2023). Perennial continuous cropping can lead to 
the accumulation of pathogenic bacteria, and this can result in the 
severe root rot of C. pilosula. One of the main goals of current 
research in the production of Chinese herbal medicines, including 
C. pilosula, is to develop approaches for enhancing yield and 
quality and the control of plant diseases without compromising 
soil health.

Bio-organic fertilizers (BOF) are environmentally friendly 
fertilizers that can be used for the control of pest populations and for 
enhancing soil properties. Some of the advantages of BOFs include 
their positive effects on soil microbial activities and their ability to 
enhance soil properties and prevent soil-borne diseases, as well as some 
of the problems caused by CF application, including soil compaction 
and acidification and ecological imbalances (Rani et al., 2021). BOF 
application has been shown to be effective in enhancing the production 
of agricultural crops. Wang et al. (2022a) reported that Bacillus subtilis 
BOF can promote cabbage growth, with plant height and biomass 
being 1.20 and 1.93 times greater in the BOF group than in the CF 
group on the 30th day of the experiment. The sugar–acid ratio of apples 
was greater under BOF application than under organic fertilizer (OF) 
application, and this is associated with differences in sucrose 
accumulation and citric acid degradation (Wang et al., 2022b). The 
efficacy of different crop protection practices has been studied for 
several crops, including tobacco, bananas, and tomatoes. BOFs have 
been shown to be more effective than CFs or OFs in minimizing the 
deleterious effects of tobacco black shank (Chen et al., 2023), banana 
wilt (Tao et al., 2020), and tomato bacterial wilt (Shen et al., 2021). 
However, compared to CFs, the mechanism by which BOFs enhances 
the yield and quality of root herbs at the microbiological level has not 
yet been elucidated.

Soil microbial structure and function are likely key for mediating 
differences in the positive effects of BOFs and CFs on the quality and 
yield of crops or Chinese herbs. The application of CFs is considered 
an important source of crop nutrient elements, including 
macroelements and trace elements, which play key roles in diverse 
processes, including protein synthesis (Khan et  al., 2021), energy 
conversion processes (Wang et al., 2017), water regulation (Hartmann 
et al., 2021), and regulation of enzyme activity and hormone synthesis 
(Li et al., 2021). The application of BOFs has various effects on soil 
microorganisms, including their ability to respond to abiotic and 
biotic stresses. BOFs have thus received a lot of research attention. 
BOF application after fumigation has been shown to increase soil pH 
and the abundance of 13 functional genes related to amino acid 
metabolism, suggesting that soil ecological health was improved 
following the application of BOF (Huang et al., 2023). The BOF SQR9 
has been shown to increase pear yield by enhancing the abundance 
and functional diversity of the rhizosphere microbiome. Specifically, 
the abundance and functional diversity of the rhizosphere were 21 and 
8% higher following BOF application compared to CF and OF 
application, respectively (Wang et al., 2023). BOFs have been shown 
to have indirect and lagged effects (Chen et  al., 2023), with fruit 
quality improving more significantly following BOF application than 
the application of traditional OFs (Wang et al., 2022a; Wang et al., 

2022b; Wang et al., 2022c). This improvement may stem from the 
diverse functions of soil microorganisms.

In this study, the roots of C. pilosula, a Chinese herbal medicine, 
were explored by conducting an experiment in which plants were 
subjected to treatments with CFs, OFs, and different BOFs. We (1) 
measured the emergence rate, incidence rate, yield, and quality of 
C. pilosula; (2) determined soil physicochemical properties at different 
periods, α and β diversity of soil microorganisms; (3) analyzed the 
factors leading to the differences between CFs and BOFs using a 
structural equation model (SEM); (4) identified differential 
microorganisms and core microorganisms in the rhizosphere soil 
through network analysis as key microorganisms affecting C. pilosula; 
and (5) employed ternary analysis, correlation analysis, and the Mantel 
test of microbial function to reveal the potential mechanisms by which 
BOFs influence the quality and yield of C. pilosula through microbial 
reshaping at different times. This study provides new insights into using 
different fertilizers to improve the quality and yield of tuber Chinese 
herbal medicine, highlighting the feasibility of BOFs as an alternative 
to chemical fertilizers in Chinese herbal medicine cultivation.

2 Materials and methods

2.1 Field experimental design

The experimental site was in Mianliuping Village, Dingxi City, 
Gansu Province (35.13675°N, 104.215467°E). C. pilosula has been 
continuously cultivated at the experimental site for several years; 
the incidence of root rot in the field plot was 20–30%. C. pilosula 
seedlings with good growth and no disease were transplanted from 
the seedling nursery on 20 April 2022. Fertilizers were applied the 
day before C. pilosula transplanting. The experiment comprised five 
fertilization treatments: CK: 600 kg/ha of conventional chemical 
fertilizer (total nutrients ≥40%, N–P2O5–K2O = 15–15–10%); T1: 
1500 kg/ha of prickly ash seed oil meal OF (without biocontrol 
bacteria); T2: 1500 kg/ha of commercial BOF (Bacillus complex); 
T3: 1500 kg/ha of Trichoderma BOF (prickly ash seed meal OF + 
Trichoderma asperellum); and T4: 1500 kg/ha of Bacillus BOF 
(prickly ash seed meal OF + Bacillus amyloliquefaciens + B. subtilis). 
The size of each plot was 200 m2, and a total of 12,000 plants of 
C. pilosula were transplanted. The plots were randomly arranged, 
and three replications of each treatment were performed. All plants 
were cultivated in an open field and cultivated per standard local 
practices. C. pilosula was harvested on 23 October 2024, 5 months 
after transplanting. The compound chemical fertilizers were 
obtained from Su Di Fertilizer Co., Ltd. in Gansu Province. The 
commercial BOFs were obtained from Hebei Rundong Fertilizer 
Co. Ltd. Trichoderma and Bacillus BOFs were provided by the 
Tobacco Research Institute of the Chinese Academy of Agricultural 
Sciences (Huang et al., 2021).

2.2 Determination of emergence rate, 
disease index, quality, and yield of 
C. pilosula

The emergence rate of C. pilosula in each plot was determined at 
the seedling stage on 25 May 2024. and C. pilosula were considered to 
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have emerged if they were approximately 2 cm above the ground. The 
disease index of root rot of C. pilosula was measured at the time of 
harvesting. The disease index was determined using the following 
four-graded scale: Grade 0, disease spots are absent along the entire 
root system; Grade 1, the area with lesions is less than one-third of the 
entire area of the roots; Grade 2, the area with lesions accounts for 
one-third to two-thirds of the entire root area; and Grade 3, the area 
with lesions is greater than two-thirds of the entire root area. The 
formula for the disease index was based on a previous study (Carlos, 
2022). During the harvest period, a total of 30\u00B0C. pilosula were 
randomly excavated from each plot, and branches and large pieces of 
soil were removed. Samples were dried at 50°C to maintain low 
moisture content. After drying, the yield of C. pilosula was weighed 
and counted for each treatment. The water content of C. pilosula 
samples was determined according to General Rule 0832 from the 
2015 edition of the Pharmacopoeia of the People’s Republic of China 
2015 (Part 4). The total ash content of C. pilosula samples was 
determined according to General Rule 2302 of the Pharmacopoeia of 
the People’s Republic of China (National Pharmacopoeia Commission, 
2015). Three parallel experiments were performed. The quality of 
C. pilosula is mainly determined by its ash and water content. 
According to the first edition of the Pharmacopoeia of the People’s 
Republic of China (2015), the water content of C. pilosula should not 
exceed 16%, with approximately 10% being optimal. Additionally, the 
total ash content should not exceed 5%; lower total ash content 
indicates better quality of C. pilosula.

2.3 Collection of soil samples and 
determination of physicochemical 
properties

Soil samples were collected on the 30th, 90th, and 150th days after 
fertilization. The C. pilosula was uprooted, and most of the soil was 
shaken off. The soil remaining on the surface of the roots was collected 
with a brush, which was the rhizosphere soil. A total of three replicate 
soil samples were taken. The obtained soil samples were stored at 
−20°C for DNA extraction and physical and chemical analyses. Soil 
ammonium N (NH4

+-N) and nitrate nitrogen (NO3
−-N) were 

extracted using 2 M KCl and then determined using a Flow Analytical 
System (Yan et al., 2017). A sodium bicarbonate extraction agent was 
used to extract soil-available phosphorus (AP), and the molybdenum 
antimony resistance colorimetric method was used to measure AP 
(Olsen, 1954). Soil-available potassium (AK) was extracted from 
neutral 1 mol/L ammonium acetate solution and determined using a 
Model 410 flame photometer (Franz et al., 1996). The soil organic 
matter (OM) was determined using the potassium dichromate method 
(Xu et al., 2022). Soil pH and water content were measured in a 1:2.5 
soil/water suspension.

2.4 High-throughput sequencing

An E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, USA) 
was used to extract the total genomic DNA of the rhizosphere soil 
samples per the manufacturer’s instructions. The V3–V4 variable 
region of the 16S rRNA gene was sequenced using the forward primer 
338F and the reverse primer 806R (Xu et al., 2016) carrying barcode 

sequences and the extracted DNA as a template. PCR was conducted 
in 20 μL reactions, and the reaction system and thermal cycling 
conditions referred to our previous studies (Huang et al., 2023). The 
samples were then preserved at 4°C. A total of three replicate reactions 
were performed per sample. PCR products from the same sample were 
mixed, and 2% agarose gel electrophoresis was performed to recover 
the samples. The products were purified, recovered, detected, and 
quantified, and then the PCR library was constructed. Illumina’s 
MiSeq PE300/NovaSeq PE250 platform (Shanghai Meiji Biomedical 
Technology Co., Ltd.) was used to sequence the libraries.

2.5 Bioinformation and statistical analysis

FLASH software (v1.2.11) was used to splice the sequences derived 
from the offline raw data. The QIIME (v1.9.1) platform was used for 
quality control of the original sequences, and the UCHIME algorithm 
was used to detect and remove chimeric sequences. The Uparse (v11) 
pipeline was used to cluster operational taxonomic units (OTUs) with 
at least 97% similarity (Adams et al., 2013). The taxonomic identity of 
the bacterial and fungal sequences was determined using the SILVA 
(v138) database for bacteria with the Mothur algorithm and the 
UNITE (v8.0) database for fungi (Edgar et al., 2011). The abundance 
of OTUs was standardized relative to the least abundant sequence in 
the samples; diversity analysis was conducted using standardized OTU 
abundance data. The α-diversity of the Simpson and Chao1 indices of 
microbial communities was analyzed using Mothur (v.1.30.0) software 
(Schloss et  al., 2009). Principal coordinate analysis (PCoA) was 
performed using Bray–Curtis distances. The relative abundances of 
species were analyzed using Python (v.2.7.0).

The pheatmap package and vegan package in R were used to 
generate heatmaps and determine statistical correlations. SEM in IBM 
SPSS Amos 26 was used to evaluate the effects of soil environmental 
factors and microorganisms on the quality and yield of C. pilosula 
(Chu et al., 2022). Environmental factors with significant effects on 
soil microbial communities were determined using the Mantel tests 
(Li et al., 2022). Visual maps for correlation analysis of environmental 
factors (Pheatmap), Ternary maps for three temporal soil microbial 
functions (Ternary), and pie maps for contribution of species 
functions (vegan) were drawn using R (4.3.2). The soil microbial 
co-occurrence network was constructed using the Hmisc package and 
visualized with Gephi (0.10.0). PICRUSt was used to predict the 
microbial function of bacterial 16S rRNA sequencing data (Huang 
et  al., 2021). After OTUs standardization, the KEGG database 
annotation was performed to analyze microbial metabolic pathways. 
The significance of differences in emergence rate, disease index, 
quality, yield, and soil physicochemical properties was determined 
using a one-way analysis of variance and Duncan’s multiple range test.

3 Results and discussion

3.1 Effects of each treatment on the 
emergence rate, disease index, quality, and 
yield of C. pilosula

The emergence rate was the lowest in the chemical fertilizer (CK, 
67.62%) and the highest in T3 (81.90%). The emergence rate was 
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significantly higher in T2, T3, and T4 than in the CK (Figure 1A). The 
exogenous application of BOFs has been shown to promote the 
metabolic activities of soil microorganisms, including respiration, and 
the water generated might play a key role in inducing the emergence 
of C. pilosula (Carlos, 2022; Zhao et al., 2019). The disease index was 
the highest in the CK (11.11) and the lowest in T4 (2.60). The disease 
index was significantly lower in T1, T2, T3, and T4 than in the CK, 
and the disease index was significantly lower in T2, T3, and T4 than 
in T1 (Figure 1B), suggesting that BOFs could effectively control the 
root rot of C. pilosula.

The water content was significantly higher in the CK (11.23%) than 
in the other four treatments, and the water content was the lowest in T4 
(10.31%). The ash content was significantly higher in the CK (4.87%) 
than in the other four treatments, and the total ash content was the 
lowest in T4 (4.00%). According to the first edition of the Pharmacopoeia 
of the People’s Republic of China (2020), the water content of C. pilosula 
should not exceed 16%, and the total ash content should not exceed 5%. 
A previous study has shown that severe worm infestations can occur 
when the water content of C. pilosula is >15%, and worm infestations 
can be prevented when the water content is <13% (Leng et al., 2023). 
The quality and ash content of C. pilosula are inversely related. The fresh 
root yield was significantly higher in T3 and T4 than in the other three 
treatments (Figures 1C–E; Supplementary Table S1).

3.2 Effects of fertilizations on the soil 
physicochemical properties

At 90 days after treatment, the NH4
+-N was significantly higher in 

T1, T2, and T3 than in the CK. The soil NO3
−-N content was 

significantly higher in T4 than in the CK at 30 days and 90 days after 
treatment. BOF application has been shown to promote the N fixation 
of microbes in soil and reduce the loss of N (Rahimi et al., 2021) 
(Table 1).

The content of AP was significantly lower in all OF treatments 
than in the CK at 30 days after treatment. The content of AP in all 
soil samples decreased over time. The content of soil AK was 
significantly lower in all OF treatments than in the CK at 30 d after 
treatment; the content of soil AK was the lowest in T3, and it was 
18.49% lower in T3 than in the CK. The AK content was the lowest 
at 90 days after treatment in the CK, and the content of AK was 
14.56 and 35.39% higher in T2 and T3 than in the CK, respectively. 
The AK content was 15.49 and 6.94% lower in T3 and T4 than in 
the CK at 150 days after treatment, and these differences were 
significant. Compared to chemical fertilizers, BOF treatments were 
more slow-release and helped to supplement the AK in the middle 
and late growth of C. pilosula (Yang et al., 2017). The content of 
OM significantly increased in the OF and BOF treatments during 

FIGURE 1

Emergence rate, disease index, yield, and quality of C. pilosula following treatment with CF, OF, and BOF. (A) Emergence rate of C. pilosula; 
(B) incidence of root rot; (C) moisture content of C. pilosula; (D) ash content of C. pilosula; (E) yield of C. pilosula. Specific information on each 
indicator is provided in Supplementary Table S1. Different letters (a, b, c) indicate significant differences between treatments.
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the three periods, and this was driven by the input of exogenous 
organic carbon (Table 1).

The soil pH was significantly higher in all BOF treatments than 
in the CK at 150 days after treatment. The excessive application of 
CF can result in the acidification of soil, which stems from the fact 
that ammonium sulfate and calcium carbonate make CF acidic 
(Kakihara and Ogura, 2022). The mixed application of cow manure 
and different OFs has been shown to increase soil pH to different 
degrees, which is consistent with the results of our study (Chen 
et al., 2023). Tobacco black shank is more common in acidic soil, 
and alterations in soil acidity can alter the abundance of the 
pathogens that cause tobacco black shank (Ma et al., 2023). Soil 
acidification also decreases the number of ammoniating bacteria 
and N-fixing bacteria in soil and the ammoniating and nitrification 
capabilities of soil microorganisms (Liu et al., 2023). The EC was 
significantly higher in T4 than in the other treatments at 30 days 
after treatment, and the EC was significantly higher in the CK than 
in the other four treatments at 150 days after treatment (Table 1).

3.3 Variation in the α- and β-diversity of soil 
microbial communities

The Shannon index of rhizosphere soil bacteria was significantly 
lower in T1, T2, and T3 than in the CK at 30 days after treatment. The 
Shannon index of bacteria was significantly higher in the OF and BOF 
treatments than in the CK at 90 days after treatment (Figure 2A). At 
30 days after treatment, the Shannon index of soil fungi was the 
highest in the CK. At 150 days after treatment, the Shannon index of 
soil fungi was higher in T2, T3, and T4 than in the CK (Figure 2B). 
Thus, the diversity of soil microbes in BOF treatments was increased 
in the middle and later stages of the experiment. It may promote the 
stability and functional diversity of soil ecosystems (Sharma et al., 
2022). The Chao1 index of soil bacteria was significantly higher in T3 

and T4 than in the CK at 90 days after treatment (Figure 2C). The 
Chao1 index of soil fungi was significantly higher in the CK than in 
T4 at 30 days after treatment (Figure 2D).

The PCoA results indicated that the contribution of PC1 and 
PC2 to differences in the composition of species among treatments 
was 18.14%/16.77% (bacteria) and 23.92%/14.4% (fungi), 
respectively (Figures 2E,F). The community composition of soil 
bacteria at 150 days after treatment differed from that at 30 days 
and 90 days after treatment along PC1. The community 
composition of soil fungi at 90 days after treatment differed from 
that at 30 days and 150 days after treatment along PC1, which 
indicates that soil fungi were more vulnerable to the effects of 
BOFs in the middle of the experimental period compared to 
conventional fertilizers.

3.4 The driving factors affecting the 
emergence, disease prevention, yield, and 
quality of C. pilosula

To clarify the direct and indirect effects of soil environmental 
factors (NH4

+-N, NO3
−-N, AP, AK, OM, pH, and EC) and soil 

microorganisms on the emergence, disease prevention, yield, and 
quality of C. pilosula, we established a SEM for the CF (CK; Figure 3A) 
and BOF treatments (T2, T3, and T4; Figure 3B). Soil environmental 
properties accounted for the majority of the variation in the soil 
bacterial community (95.4%) in the CF treatment. Soil environmental 
properties were significantly negatively correlated with soil bacteria 
and yield quality and significantly positively correlated with 
emergence rate (path coefficient of 1.008). The soil fungal community 
was significantly negatively correlated with the incidence rate (path 
coefficient of −0.770).

Soil environmental properties explained the most variation in the 
soil bacteria community (55.4%) under BOF treatment. Soil 

TABLE 1  The physicochemical properties of soil in the chemical fertilizer, OF, and BOF treatments.

Sampling 
days

Treatment NH4
+-N 

(mg/kg)
NO3

−-N 
(mg/kg)

Available P 
(mg/kg)

Available K 
(mg/kg)

SOM (mg/
kg)

pH 
(1:2.5)

EC (μs/cm)

Day 30

CK 35.07 ± 1.39a 17.07 ± 0.38c 117.97 ± 3.83a 238.37 ± 6.93a 10.77 ± 0.30d 7.06 ± 0.01a 130.13 ± 2.05b

T1 36.60 ± 1.24a 18.33 ± 0.43bc 78.27 ± 2.12 cd 213.30 ± 2.91b 21.50 ± 0.49b 7.08 ± 0.04a 124.27 ± 3.50b

T2 36.43 ± 0.46a 19.37 ± 0.50b 83.97 ± 2.99bc 212.00 ± 3.33bc 19.00 ± 0.76c 7.12 ± 0.03a 124.70 ± 6.15b

T3 36.80 ± 0.81a 16.80 ± 0.67c 90.53 ± 1.92b 194.30 ± 8.79c 17.63 ± 0.43c 7.11 ± 0.03a 115.57 ± 6.99b

T4 35.80 ± 1.80a 25.10 ± 0.93a 73.80 ± 2.62d 214.83 ± 4.33b 24.63 ± 1.18a 7.03 ± 0.03a 222.93 ± 6.01a

Day 90

CK 58.07 ± 1.79b 20.13 ± 0.68b 69.17 ± 1.75ab 206.70 ± 5.04a 12.53 ± 0.49c 7.32 ± 0.03b 96.83 ± 3.74c

T1 67.10 ± 0.98a 21.47 ± 1.44b 60.63 ± 1.20b 164.50 ± 5.57bc 16.17 ± 0.45b 7.55 ± 0.04a 86.47 ± 5.80 cd

T2 64.37 ± 1.58a 24.97 ± 0.87ab 73.53 ± 5.43a 174.90 ± 3.81b 16.43 ± 0.54b 7.40 ± 0.03b 230.23 ± 8.68a

T3 64.60 ± 1.77a 22.70 ± 2.57b 75.63 ± 2.39a 152.67 ± 5.09c 15.00 ± 0.21b 7.41 ± 0.03b 70.77 ± 5.90d

T4 58.17 ± 1.67b 27.83 ± 1.28a 62.20 ± 3.35b 149.13 ± 6.73c 21.97 ± 0.64a 7.18 ± 0.03c 129.10 ± 6.62b

Day 150

CK 36.37 ± 1.11a 20.77 ± 1.87b 52.57 ± 2.92ab 212.27 ± 3.15a 11.27 ± 0.26d 6.66 ± 0.04c 330.03 ± 10.32a

T1 35.50 ± 0.40a 29.30 ± 2.08a 60.47 ± 3.50a 217.80 ± 5.23a 17.10 ± 0.15ab 6.89 ± 0.03b 196.90 ± 7.20bc

T2 36.47 ± 0.58a 24.53 ± 2.23ab 45.47 ± 1.39b 215.53 ± 4.80a 16.00 ± 0.40c 7.03 ± 0.04a 212.70 ± 5.62b

T3 34.33 ± 1.07a 24.27 ± 1.32ab 44.77 ± 2.07b 179.37 ± 1.62c 16.30 ± 0.47bc 6.99 ± 0.03a 184.77 ± 6.30c

T4 35.27 ± 1.60a 23.03 ± 1.21b 44.27 ± 3.59b 197.53 ± 3.17b 17.83 ± 0.15a 7.07 ± 0.03a 181.90 ± 1.12c

Data depicts means ± SD of three biological replicates. Significant differences between treatments (P < 0.05) are illustrated by lowercase letters of a-d.
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environmental factors were significantly positively correlated with the 
soil bacterial community (path coefficient of 0.232). The soil bacterial 
and fungal communities were significantly positively correlated with 
incidence rate. The soil bacteria community showed a significant 
positive correlation with quality, yield, and emergence rate. Under the 
CF treatment system, soil environmental factors had a significant 
direct effect on the yield and quality of C. pilosula. However, under the 
BOF treatment, soil environmental factors directly affected the soil 
bacterial community, which directly drove the yield and quality of 

C. pilosula. CFs had a rapid effect and provided abundant nutrients; 
these nutrients are key for crops over short time intervals, given that 
CFs directly determine the yield and quality of crops. BOFs can 
promote N fixation, P solubilization, and K solubilization through the 
life processes of microbes; BOFs can also mediate reductions in 
molecular N in the atmosphere, the decomposition and destruction of 
mineral crystals through the production of various organic acids, the 
release of fixed P and K in the soil, and the full utilization of nutrients, 
which enhances the yield and quality of crops (Peng et al., 2022).

FIGURE 2

α- and β-diversity of rhizosphere soil microorganisms. (A) Shannon index of the soil bacterial community; (B) Shannon index of the soil fungal 
community; (C) Chao1 index of the soil bacterial community; (D) Chao1 index of the soil fungal community; (E) PCoA of the soil bacterial community; 
(F) PCoA of the soil fungal community.
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3.5 Differential microorganisms in soil 
bacterial communities

BOFs affect the incidence rate, quality, and yield of C. pilosula by 
influencing the soil bacterial community. Therefore, we focused on the 
changes in the soil bacterial community. Linear discriminant analysis 
effect size (LEFSe) was conducted to compare CF and BOF treatments 
(T2, T3, and T4) using data from the phylum to genus level, with an 
LDA threshold set at 2 (Supplementary Figure S1). In the soil bacterial 
community, p_unclassified_k_norank_d_Bacteria was significantly 
enriched in the BOF treatments, and no significant phylum was 
significantly enriched in the CK treatment. The orders Bryobacterales, 
Solibacterales, Cyanobacteriales, Acetobacterales, Reyranellales, and 
Sphingomonadaceae and the genera Bryobacter, Reyranella, and 
Sphingomonas were significantly enriched in the CK treatments. 
Solibacterales, Cyanobacteriales, and Sphingomonadaceae are all 
primitive microorganisms (Supplementary Figure S1). These archaea 
and bacteria inhabit swamps and volcanoes and prefer using simple 
nutrients to complete their life processes (Gao et  al., 2018), which 
indicates that they would grow optimally with the direct nutrient supply 
provided by CFs but grow poorly with the indirect nutrient supply 
provided by BOFs. The orders Streptosporangiales and Rubrobacterales, 
and the genera Microlunatus and Rubrobacter were significantly 
enriched in BOF treatment. Many genera in Streptosporangiales 

produce broad-spectrum antibiotics, including Streptospora rosetta and 
Streptospora virescini. They can produce polymycin and sporomycin, 
respectively, and inhibit most plant pathogens. Streptosporangiales may 
be the key differentiating bacteria in the prevention of the root rot of 
C. pilosula. SG1 strain of Streptosporangiales showed significant 
positive results in its control effect on cucumber fusarium wilt and its 
growth promotion effect on durum wheat. Among them, SG1 can 
reduce the disease index of cucumber wilt from 77.8 to 16% and 
significantly increase wheat growth and yield, thus having a wide 
application prospect (Nassira et  al., 2018). Microlunatus and 
Rubrobacter were isolated from Marine ascidians with obvious 
antibacterial and anti-inflammatory activities. The former has anti-
Candida albicans activity, and the ethyl acetate extract of the latter has 
good cytotoxic activity (Yuan et al., 2014; Chen et al., 2018). They may 
play a key role in the prevention of the root rot of C. pilosula.

3.6 Co-occurrence network analysis of soil 
bacteria community

Co-occurrence networks for the bacterial communities in the CF 
(CK), OF (T1), and BOF (T4) treatments were constructed to clarify 
the effects of these fertilizers on the interactions between soil 
microorganisms. In the soil bacterial co-occurrence network, the CK 

FIGURE 3

SEM of the effects of soil microbial community structure and environmental factors on the emergence rate, disease prevention, yield, and quality of C. 
pilosula. (A) SEM for the CF treatment; (B) SEM for the BOF treatment. Continuous and dashed arrows indicate significant and non-significant 
relationships, respectively. The numbers adjacent to the arrows indicate the path coefficients, and the red and blue arrows indicate negative and 
positive relationships, respectively. The R2 value indicates the proportion of the explained variance for each variable. The significance level was 
expressed as *p  <  0.05, **p  <  0.01, and ***p  <  0.001. The total normalized effect of the structural equation model calculations is shown in the upper left. 
“Yield-quality” represents the yield, ash, and water content of C. pilosula; “Environmental factors” represents the soil physicochemical properties; 
“Bacterial community” represents the rhizosphere bacterial community structure; and “Fungal community” represents the rhizosphere fungal 
community structure.
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network included 73 nodes and 56 edges; the OF network included 95 
nodes and 102 edges; and the BOF (T4) network included 193 nodes 
and 506 edges (Supplementary Table S2). The number of nodes and 
connections in the co-occurrence network of bacteria increased 
following the application of OFs and BOFs (T4), and the number of 
nodes and connections was the highest in the BOF (T4) treatment, 
suggesting that the soil microbial network was more complex and 
interactions were stronger in the BOF treatment than in the CF/OF 
treatment. Nodes were classified by their within-module connectivity 
(Zi) and among-module connectivity (Pi), and their roles in the 
network were deduced. In the bacterial network, all nodes of CK and 
OF were identified as peripherals, with no critical nodes. Under the 
treatment of BOF, Luteitalea, Nakamurella, Pedomicrobium, norank_f__
Acetobacteraceae, unclassified_o__Saccharimonadales, norank_f__
norank_o__S085, and norank_f__norank_o__norank_c__Subgroup_11 
were identified as the key class groups (Figure 4). Of these key groups, 
one is a Module hub, which is Luteitalea. The remaining six groups are 
connectors, which are highly connected nodes between modules and 
can combine different modules to achieve network functions; therefore, 
the realization of BOF to reduce the incidence of C. pilosula and 
improve the emergence rate, quality, and yield of C. pilosula may 
require the joint action of different modules to complete.

Luteitalea, as a phosphorus-solving bacterium in soil, contains 
ppgC gene and can produce organic acid and reduce calcium-bound 
phosphorus, thereby improving the utilization efficiency of 
phosphorus by plants (Ding et al., 2022). Nakamurella is also sensitive 
to the antibiotic ciprofloxacin and can be  used as a marker of 
environmental ecological health (Kim et al., 2020). Pedomicrobium has 

been shown to degrade some of the microplastics in soil and repair 
soil pollution (Rong et al., 2021). Current studies believe that the 
complexity of the microbial co-occurrence network is a key factor 
reflecting the interrelation and coexistence of microbes in an 
ecological environment (Kishore et al., 2023).

3.7 Microbial function analysis of driving 
emergence, disease prevention, yield, and 
quality change of C. pilosula at different 
times

The differential microorganisms obtained from the LEFSe analysis 
and the key microbial class identified in network analysis after BOF 
treatment may be effective microorganisms for reducing root rot of 
C. pilosula and improving yield quality, which we  defined as key 
microorganisms. The relative abundance matrix of their OTU level 
and the physicochemical properties of soil were used for the Mantel 
detection (Figure  5B) to characterize the correlation between key 
microorganisms and soil environmental factors. The results showed 
that key microorganisms were strongly correlated with NO3

−-N 
(p < 0.01) and AK (p < 0.05), but not strongly correlated with other soil 
environmental factors. At the same time, there was a significant 
positive correlation between soil pH and NH4

+-N (r = 0.79) and a 
significant negative correlation between pH and EC (r = −0.68), AK 
and NH4

+-N (r = −0.60), AP and NO3
−-N (r = −0.64).

In addition, we constructed a ternary plot of functional genes at 
level 3 over three time points (Figure 5A) and a correlation analysis 

FIGURE 4

Analysis of the co-occurrence network of soil bacteria community induced by CK, OF, and BOF. (A) Co-occurrence network of soil bacterial 
community after CK (chemical fertilizer). (B) Co-occurrence network of soil bacterial community after organic fertilizer (OF, T1). (C) Co-occurrence 
network of soil bacterial community after BOF (T4). (D) Distributions of keystone taxa according to the topological properties of CK. (E) Distributions of 
keystone taxa according to the topological properties of OF. (F) Distributions of keystone taxa according to the topological properties of BOF (T4). The 
colors of the different nodes indicate different microbial genera, with red edges indicating positive correlations between two nodes and blue edges 
indicating negative correlations.

64

https://doi.org/10.3389/fmicb.2024.1484727
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Huang et al.� 10.3389/fmicb.2024.1484727

Frontiers in Microbiology 09 frontiersin.org

between the relative abundance of functional genes and environmental 
factors (Figure 5C) to explore how different times and functions affect 
the yield and quality of C. pilosula. The results showed that the signal 

transduction was closer to day 30 and day 150, and the amino acid 
metabolism was closer to day 90. The results of correlation analysis 
showed that the function of key microorganisms was positively 

FIGURE 5

Soil microbial function analysis at different times. (A) Ternary phase analysis of the relative abundance of KEGG level 2 functional genes; (B) Mantel 
detection of key microorganisms and soil environmental factors; (C) Correlation analysis of the relative abundance of KEGG level 3 functional genes 
and soil environmental factors in three periods. The significance level was expressed as *p  <  0.05, **p  <  0.01, and ***p  <  0.001.
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correlated with EC on day 30, AK on day 90, and OM on day 150. After 
that, we selected 10 functional genes with strong correlation at level 3 
(5 on day 30, 3 on day 90, and 2 on day 150) for further analysis, and 
the results showed that, on day 30, the relative abundance of calcium 
signaling pathway, Rap1 signaling pathway, Ras signaling pathway, and 
cGMP-PKG signaling pathway in T4 was the highest. Both were 
significantly higher than the CK treatment (Supplementary Figure S2). 
During the initial application of the BOF treatment (especially 
bacteria), a large number of Bacillus as “invaders” broke the balance of 
the soil ecosystem, and the soil native bacterial community maintained 
the balance of the ecosystem by strengthening signal transduction. 
Calcium, Rap1, Ras, Cgmp-PKG, and other signal pathways are 
important intracellular signal transmission systems. They are involved 
in conducting many hormone signaling pathways (inducing or 
inhibiting the synthesis of hormones within plants to affect crop yield 
and quality) (Zhang et  al., 2022), metabolite signaling pathways 
(secreting enzymes directly affect the nutrient absorption and metabolic 
processes of crops) (Wang et al., 2023), and immune system signaling 
pathways (regulating the plant immune system to affect crop yield and 
quality) (Joseph et al., 2019). On day 90, glycine, serine, and threonine 
metabolism in T2 and T3 were significantly higher than those in CK, 
and valine, leucine, and isoleucine biosynthesis in T2 were significantly 
higher than those in CK. The biosynthesis of these amino acids is one 
of the functions of metabolites and plants to drive the change of 
diseased soil, and their metabolism may play a certain role in the 
weakening of the root rot of C. pilosula (Li et al., 2018; Wen et al., 2022). 
On day 150, the sphingolipid signaling pathway in T4 was significantly 
higher than that in CK. Sphingolipids, as one of the important 
components of the cell membrane, participate in various physiological 
processes (Sánchez-Rangel et al., 2015), and play an important role in 
the stability of the rhizosphere bacterial community at the later stage of 
the experiment.

Based on the species and functional relative abundance of the 
samples, the relationship between key microorganisms’ abundance 
and functional abundance was analyzed to explore the specific 
microorganisms that performed major functions during the three 
periods (Supplementary Figure S3). The results show that Nakamurell 
contributed most to the calcium signaling pathway, phenylalanine, 
tyrosine, and tryptophan biosynthesis, Rap1 signaling pathway, 
cGMP-PKG signaling pathway, and Ras signaling pathway, which 
were 54.03, 51.17, 50.62, 50.92, and 26.03%, respectively. 
Pedomicrobium contributed most to glycine, serine, and threonine 
metabolism, phosphatidylinositol signaling system, and sphingolipid 
signaling pathway, which were 43.85, 33.74, and 27.19%, respectively. 
Microlunatus contributed most to biofilm formation—Pseudomonas 
aeruginosa (32.78%). Rubrobacter contributed most to the biosynthesis 
of valine, leucine, and isoleucine (33.23%).

4 Conclusion

In this study, the yield and quality of C. pilosula were higher, and 
the disease incidence was lower in the BOF treatment than in the CF 
treatment. These findings indicate that soil ecology was enhanced by 
the application of BOFs. The addition of BOFs promoted the diversity 
and richness of rhizosphere bacteria in the middle growth stage of 
C. pilosula. The SEM showed that the rhizosphere bacterial 
community directly drove the yield and quality of C. pilosula after 
BOF application, while the chemical fertilizer increased the yield and 

quality by influencing soil environmental factors. LEFSe and network 
analysis showed that Microlunatus, Rubrobacter, Luteitalea, 
Nakamurella, and Pedomicrobium as key microorganisms, may play 
a key role in improving the soil of C. pilosula. At the same time, the 
microbial co-occurrence network revealed stronger interactions 
between soil microorganisms after the BOF treatment, which are key 
to soil biodiversity and ecosystem stability. Key microorganisms 
increase the signal transduction and amino acid metabolism 
functions of the rhizosphere bacterial community in the early and 
middle growth period of C. pilosula. Nakamurell and Pedomicrobium 
made a major contribution to the change in microbial function. These 
results concluded that BOFs and CFs have different mechanisms for 
improving the yield and quality of Chinese herbal medicine. BOFs 
are more beneficial to soil ecological health.
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The e�ect of Torreya grandis

inter-cropping with Polygonatum

sibiricum on soil microbial
community

Quanchao Wang, Xiaojie Peng, Yuxuan Yuan, Xudong Zhou,

Jianqin Huang* and Haonan Wang*

State Key Laboratory of Subtropical Silviculture, College of Forestry and Biotechnology, Zhejiang A & F

University, Hangzhou, Zhejiang, China

Background: Inter-cropping is a reasonable planting pattern between di�erent

plants. Inter-cropping of Torreya grandis with Polygonatum sibiricum is a

relatively mature planting pattern in China, which has been applied to improve

soil ecological environment and reduce the occurrence of pests and diseases

in China. However, there is currently limited knowledge on the response of soil

microbial communities to this practice.

Methods: In this study, we employed Illumina MiSeq sequencing coupled with

Functional Annotation of Prokaryotic Taxa (FAPROTAX) and Fungi Functional

Guild (FUNGuild) analyses to investigate the dynamic changes in soil microbial

communities across seven treated groups [the bulk soil of the T. grandis inter-

cropping with P. sibiricum (IB), the bulk soil for mono-cropping of P. sibiricum

(PB), the bulk soil formono-cropping of T. grandis (TB), the P. grandis rhizosphere

soil of the T. grandis inter-cropping with P. sibiricum (IPR), the rhizosphere soil

for mono-cropping of P. sibiricum (PR), the T. grandis rhizosphere soil of the

T. grandis inter-cropping with P. sibiricum (ITR), and the rhizosphere soil for

mono-cropping of T. grandis (TR)].

Results: The results showed that the rhizosphere soil of Torreya-Polygonatum

inter-cropping exhibited higher microbial community richness, diversity and

evenness thanmono-cropping (ITR> TR, IPR> PR). Inter-cropping increased the

abundance of Micrococcaceae, Xanthobacteraceae, Saitozyma, while decreased

Bacillus, Burkholderia, Streptomyces, Cladosporium, and Gibberella significantly

of the rhizosphere soil of T. grandis. Further, the abundance of pathogens,

such as Fusarium and Neocosmospora, was higher in mono-cropping samples

compared to inter-cropping. There existed distinct variations in bacterial and

fungal communities among all groups except for IB and TB. The FAPROTAX and

FUNGuild analyses results indicated that inter-cropping significantly enhanced

soil microbial function associatedwith nutrient cycling and exhibited a consistent

increase in the relative abundance of nitrogen-cycling and carbon-cycling

bacteria, and decreased the abundance of plant pathogen guild in the inter-

cropping sample ITR compared to the mono-cropping TR.

Conclusion: Our findings suggest that T. grandis inter-cropping with P. sibiricum

not only enhance the diversity of soil microbial communities, but also improve

the nitrogen and carbon cycling functions. In addition, the inter-cropping can

e�ectively reduce the relative abundance of some soil-borne pathogens for
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T. grandis and P. sibiricum, indicating that this intercroppingmethodmay alleviate

the impact of pathogens on crops, thus providing assistance for plant disease

prevention and sustainable management.

KEYWORDS

plant health, soil microbiota, agroforestry, sustainable development, soil microbial

function

1 Introduction

Plant rhizosphere communicating with soil microorganisms

represents the important site for the interaction between microbes

and plant hosts (Hinsinger et al., 2009). The host can reshape

the microbial community structure through root exudates and

soil composition has effect on rhizosphere microbial communities

(Haichar et al., 2008; Berg and Smalla, 2009). Higher microbial

diversity enhances nutrient exchange and resource utilization, and

increases plant productivity (Tedersoo et al., 2020). The reduction

of soil biodiversity, however, significantly impairs the functioning

of ecosystems (Wagg et al., 2014).

Plant cropping practice impacts plant growth, soil

physicochemical properties and microbial community. Long-

term cropping of the same plant species leads to the decrease of

soil enzyme activity, deterioration of physiochemical properties,

and change of the soil microbial structure and diversity (Machado

et al., 2007; Du et al., 2017; Yu et al., 2017; Bai et al., 2019; Pervaiz

et al., 2020). It thus reduces plant growth and yield, and promotes

damage from pests, diseases and weeds (Zhang et al., 2017; Zeng

et al., 2020). In contrast, inter-cropping of different plant species

can improve soil micro-ecological environment by recruiting

beneficial microbiota (Li et al., 2007; Wang et al., 2021). The

mustard inter-cropping with cucumber increased the diversity of

soil microbiota and the abundance of beneficial microorganisms

(Li and Wu, 2018). The peanut-tobacco inter-cropping improved

soil ecology and microbial structure, increasing the number of

beneficial bacteria and decreasing the number of pathogenic

bacteria (Gao et al., 2019). Plant inter-cropping can also inhibit

the spread of soil-borne diseases such as Fusarium wilt and

Phytophthora blight by changing the content and composition of

root exudates and increasing the diversity of rhizosphere microbial

community structure (Yu et al., 2019; Lv et al., 2020; Zhang et al.,

2020; Song et al., 2022).

Torreya grandis cv Merrillii (Taxaceae, Torreya) is a precious

economic tree cropped in subtropical mountains in China with

various uses such as for fruit, medicine, oil, wood and ornamental

purposes. The root system of T. grandis exhibits characteristics

such as shallow depth, wide distribution, and strong adaptability

to drought and nutrient-poor soil conditions. Furthermore,

the afforestation process minimizes any potential damage to

existing vegetation, rendering it highly suitable for cultivation in

forested areas (Chen and Jin, 2019; Chen and Chen, 2021). The

perennial herbaceous plant, Polygonatum sibiricum (Asparagaceae

Polygonatum) is a perennial tuberous herb with shallow roots,

which can be taken as food, and is rich in chemical components

beneficial to human health (Kato et al., 1994; Xian et al., 2012;

Luo et al., 2018). Inter-cropping of T. grandis with P. sibiricum

has thus been applied in China for efficient land utilization and

yield increase, thereby facilitates the rapid establishment of young

Torreya forests, thereby expediting forest formation while also

yielding short-term economic benefits, and effectively mitigating

soil and water erosion resulting from excessive planting (Luo

et al., 2023). However, its effect on soil microbial community

remains unexplored.

In this study, we collected the rhizosphere and bulk soil

samples of inter-cropping and mono-cropping of T. grandis and

P. sibiricum. The high-throughput Illumina MiSeq sequencing

coupled with Functional Annotation of Prokaryotic Taxa

(FAPROTAX) and Fungi Functional Guild (FUNGuild) analyses

were used to address: (a) The effects of Torreya-Polygonatum inter-

cropping on the composition of rhizosphere and bulk soil bacterial

and fungal communities comparing to mono-cropping; (b) The

response and function of Torreya-Polygonatum inter-cropping to

bacterial and fungal communities.

2 Materials and methods

2.1 Site description, experimental design,
and soil sample collection

The study areas were located in Chun’an County, Hangzhou,

China (29◦11
′

46
′′

N, 118◦42
′

10
′′

E), from where there is subtropical

monsoon climate, characterized by high temperature and rainy

summer, and mild winter with little rain. The meteorological

parameters there were obtained from the China Meteorological

Data Service website (http://data.cma.cn/). The average annual

sunshine and precipitation are 1,850.3 h and 1,515.1mm with

average temperature of 17.2◦C ranging from −5.4◦C in winter to

37.6◦C in summer. The T. grandis plantation was established in

2011, and it has been inter-cropped with P. sibiricum since 2015

(Supplementary Table 1).

Seven different sets of samples including the rhizosphere and

bulk soil were collected from inter-cropping andmono-cropping of

T. grandis and P. sibiricum (Figure 1): the bulk soil of the T. grandis

inter-cropping with P. sibiricum (IB), the bulk soil for mono-

cropping of P. sibiricum (PB), the bulk soil for mono-cropping of

T. grandis (TB), the P. grandis rhizosphere soil of the T. grandis

inter-cropping with P. sibiricum (IPR), the rhizosphere soil for

mono-cropping of P. sibiricum (PR), the T. grandis rhizosphere soil

of the T. grandis inter-cropping with P. sibiricum (ITR), and the

rhizosphere soil for mono-cropping of T. grandis (TR).

The soil samples were collected during the maturation season

of T. grandis and P. sibiricum (September 22, 2022), and arranged

in a randomized block design (3 replications). The bulk soil samples
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FIGURE 1

Schematic diagram showing di�erent cropping practice. (a) Polygonatum sibiricum mono-cropping. (b) Torreya grandis mono-cropping. (c)

Inter-cropping of P. sibiricum and T. grandis.

were collected using four-point sampling method to select four

square points at a distance of 10 cm away from the plant roots, and

passed through a 2-mm sieve to remove plant roots and debris. The

rhizosphere soil samples were collected from the roots of T. grandis

and P. sibiricum and rinsed with phosphate buffer solution (PBS;

McPherson et al., 2018).

2.2 Soil DNA extraction, PCR amplification,
and high-throughput sequencing

Soil DNA was extracted using the Soil DNA kit (OMEGA BIO

TEK) following themanufacturer’s instruction. DNA concentration

and quality were detected by 1% agarose gel electrophoresis

with NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific

Inc., USA).

The bacterial V3-V4 variable region was amplified with primers

338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGA

CTACHVGGGTWTCTAAT-3′; Xu et al., 2016). The fungal ITS

region was amplified with primers ITS3F (5′-GCATCGATGAAG

AACGCAGCGCATCGATGAAGAACGCAGC-3′) and ITS4R (5′-

TCCTCCGCTTATTGATATGC-3′; Toju et al., 2012). The PCR

reaction condition was as follows: initial denaturation at 95◦C

for 3min, 27 cycles of denaturation at 95◦C for 30 s, annealing

at 55◦C for 30 s, 72◦C for 30 s, and then a final extension of

10min at 72◦C. The PCR amplification products were mixed

and detected by 2% agarose gel electrophoresis. Amplicons were

extracted using QuantiFluorTM-ST (Promega) and quantified using

the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union

City, CA, U.S.) according to the manufacturer’s protocol. The PCR

product was sequenced with paired-end (PE= 300) IlluminaMiSeq

platform at Majorbio (Shanghai International Medical Zone). The
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raw reads were deposited in the Sequence Read Archive database

maintained by the National Center for Biotechnology Information

(NCBI, Accession Number: PRJNA1150097).

The raw sequences were denoised, quality controlled and

clustered into Amplicon Sequence Variant (ASV). The optimized

data were then processed using Sequence Denoising Methods

(DADA2/Deblur, etc.) to obtain ASV representing sequence and

abundance information. Based on the representative ASV sequence

and abundance information, analyses including microbial taxa,

community diversity, species difference, correlation, and functional

prediction were performed.

2.3 Statistical analysis

The bacterial and fungal community richness (Chao1), α-

diversity index (Shannon), evenness (Shannoneven), and Pd

(Phylogenetic diversity) were calculated using QIIME (Version

1.7.0). The bacterial and fungal indicator taxa were identified

using the linear discriminant analysis Effect Size (LEfSe). LEfSe

uses non-parametric Kruskal-Wallis rank sum tests to detect

significant features and performs LDA to estimate the effect size

of each feature (P < 0.05, and LDA score > 3.5). Principal

coordinate analysis (PCoA) based on Bray–Curtis similarities at

ASV level were used to calculate the difference in soil microbial

community composition (beta diversity) by R (R v.3.4.4) program.

Microbial networks diagrams were drawn using the Gephi software.

Ecological function prediction of microorganisms b was performed

using the FAPROTAX database (Louca et al., 2016) for bacteria (16s

gene) and the FUNGuild database (Nguyen et al., 2016) for fungi

(ITS gene).

3 Results

3.1 Bacterial and fungal community
diversity in bulk and rhizosphere soil under
di�erent cropping patterns

Results showed that there were significant differences among

the samples (P < 0.05) for bacterial and fungal community

richness (Chao1), community diversity (Shannon), community

evenness (Shannoneven), and phylogenetic diversity (PD). The

rhizosphere soil of T. grandis mono-cropping (TR) exhibited the

lowest bacterial and fungal community richness (381.70 ± 36.70;

136.47 ± 6.45) as well as phylogenetic diversity (114.25 ± 9.07;

41.48 ± 3.05), along with a lower bacterial community diversity

(3.30 ± 0.45) and bacterial community evenness (0.55 ± 0.066;

Figure 2, Supplementary Table 2). In contrast, the rhizosphere

soil of Torreya-Polygonatum inter-cropping samples had higher

fungal Chao1, Shannon, Shannoneven, and PD indices than

those of mono-cropping (IPR > PR, ITR > TR). These results

were consistent with the findings observed in the ITR and

TR samples for bacterial communities. However, inter-cropping

had minimal impact on the composition of rhizosphere soil

bacterial community. Further, the bulk soil of the T. grandis

inter-cropping with P. sibiricum (IB) had the higher fungal

community richness, diversity, evenness and Phylogenetic diversity

than the bulk soil of T. grandis (TB) and P. sibiricum (PB),

respectively. There was no significant difference in bacterial

richness, diversity, evenness and phylogenetic diversity between

the rhizosphere and bulk soil samples in the T. grandis inter-

cropping with P. sibiricum and P. sibiricum (IB and IPR, ITR;

PB and PR), while the rhizosphere soil for mono-cropping of

T. grandis were lower than bulk soil (TB and TR). After inter-

cropping, the richness and phylogenetic diversity of the inter-

cropping rhizosphere soil of P. sibiricum were significantly higher

than bulk soil (IB and IPR), while no significant difference for

T. grandis (IB and ITR). Moreover, there was no significant

difference in fungal richness and phylogenetic diversity between

the bulk soil and the rhizosphere soil for mono-cropping of

T. grandis and P. sibiricum (PB and PR; TB and TR; Figure 2,

Supplementary Table 2).

3.2 Bacterial and fungal community
composition at ASV level under di�erent
cropping patterns

All obtained sequences were classified to bacterial and fungal

domains. Among them, 74.7% were classified to 39 bacterial phyla

and 1,003 genera, and 79.8% were classified to 13 fungal phyla and

545 genera. The bacterial and fungal community coverage is 99.96–

100% (Supplementary Table 2), indicating that the sequence data

reasonably reflect the species and basic structure.

In Venn diagrams, 19,458 bacterial ASVs (73.2% of the total

ASV) and 1,658 fungal ASVs (65.2% of the total ASV) were used

to calculate the distribution of soil bacterial and fungal ASVs in

the cropping. The seven samples shared 147 ASVs (0.8%) and 83

ASVs (4.9%) of the bacterial and fungal ASVs. The bacterial and

fungal ASVs in the rhizosphere soil of Torreya-Polygonatum inter-

cropping were higher than those in mono-cropping [bacterial:

3,281 (IPR) > 2,804 (PR), 3,189 (ITR) > 1,743 (TR); fungal: 378

(IPR) > 169 (PR), 401 (ITR) > 88 (TR; Figure 3)].

PCoA based on the Bray–Curtis distance was performed to

address the bacterial and fungal community structure of seven

samples. The two extracted principal coordinates explained 45.38

and 50.7% of the total variation in bacteria and fungi, respectively

(Figure 4). The rest five samples showed separation. The R-

values of bacterial and fungal communities were 0.9894 and

0.8786, respectively.

3.3 Bacterial and fungal composition
diversity under di�erent cropping patterns

The dominant bacterial phyla were Actinobacteriota (33.3%),

Proteobacteria (32%), Acidobacteriota (11.5%), Firmicutes (7.4%),

and Chloroflexi (6.7%) accounted for most (90.9%) of the bacterial

sequences (Figure 5a, Supplementary Figure 1). The dominant

fungal phyla were Ascomycota (80.6%) and Basidiomycota (13.8%),

Rozellomycota (1.4% and Mortierellomycota (1.4%) accounted

for the rest (Figure 5b, Supplementary Figure 1). The abundance

of the dominant phyla differed across the samples. Compared

to TR sample, ITR increased the relative abundance of phyla

Frontiers inMicrobiology 04 frontiersin.org72

https://doi.org/10.3389/fmicb.2024.1487619
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fmicb.2024.1487619

FIGURE 2

Alpha diversity of bacterial and fungal in bulk soil. (a, b) Chao1 index in (a) bacteria and (b) fungi. (c, d) Shannon index in (c) bacteria and (d) fungi. (e,

f) Shannoneven diversity index in (e) bacteria and (f) fungi. (g, h) Pd diversity index in (g) bacteria and (h) fungi. Di�erent lowercase letters indicate

significant di�erences among the seven sets of samples. IB: the bulk soil of the T. grandis inter-cropping with P. sibiricum, PB: the bulk soil for

mono-cropping of P. sibiricum, TB: the bulk soil for mono-cropping of T. grandis, IPR: the P. grandis rhizosphere soil of the T. grandis inter-cropping

with P. sibiricum, PR: the rhizosphere soil for mono-cropping of P. sibiricum, ITR: the T. grandis rhizosphere soil of the T. grandis inter-cropping with

P. sibiricum, and TR: the rhizosphere soil for mono-cropping of T. grandis.
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FIGURE 3

Venn diagram showing the bacterial (a) and fungal (b) unique and shared ASVs among the seven treated groups based on Bray–Curtis distances at

the ASV level. IB: the bulk soil of the T. grandis inter-cropping with P. sibiricum, PB: the bulk soil for mono-cropping of P. sibiricum, TB: the bulk soil

for mono-cropping of T. grandis, IPR: the P. grandis rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, PR: the rhizosphere soil for

mono-cropping of P. sibiricum, ITR: the T. grandis rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, and TR: the rhizosphere soil for

mono-cropping of T. grandis.

FIGURE 4

Principal coordinate analysis (PCoA) showing the bacterial (a) and fungal (b) community structure among the seven sets of samples. IB: the bulk soil of

the T. grandis inter-cropping with P. sibiricum, PB: the bulk soil for mono-cropping of P. sibiricum, TB: the bulk soil for mono-cropping of T. grandis,

IPR: the P. grandis rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, PR: the rhizosphere soil for mono-cropping of P. sibiricum, ITR:

the T. grandis rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, and TR: the rhizosphere soil for mono-cropping of T. grandis.

Actinobacteriota, Acidobacteriota, Chloroflexi, Basidiomycota,

Rozellomycota, Mortierellomycota, and Glomeromycota, while

Proteobacteria, Firmicutes and Ascomycota significantly decreased

(Figures 6a, b). However, except for the higher abundance of

Chloroflexi within IPR, there was no significant difference in the

abundance of other dominant bacterial and fungal phyla between

IPR and PR (Figures 6a, b). For the bulk soil samples, the IB samples

showed higher abundance of the Chloroflexi, Mortierellomycota,

and Glomeromycota compared to TB sample (IB and PB). Each

of the bacterial and fungal phyla in the rhizosphere soil (IPR,

PR, ITR, and TR) showed similar abundance. The overall phyla

composition remained consistent across the different samples,

though the abundance was different (Figures 5a, b, 6).

The most abundant bacterial genus was Bacillus (belong to

Firmicutes, 6.08% of the sequences), followed by Unidentified

Micrococcaceae (Actinobacteriota, 5.24% of the sequences)
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FIGURE 5

The top 10 most abundant bacterial and fungal groups. (a, b) Phyla level at (a) bacteria and (b) fungi. (c, d) Genus level at (c) bacteria and (d) fungi. IB:

the bulk soil of the T. grandis inter-cropping with P. sibiricum, PB: the bulk soil for mono-cropping of P. sibiricum, TB: the bulk soil for

mono-cropping of T. grandis, IPR: the P. grandis rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, PR: the rhizosphere soil for

mono-cropping of P. sibiricum, ITR: the T. grandis rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, and TR: the rhizosphere soil for

mono-cropping of T. grandis.

and Burkholderia (Proteobacteria, 4.63% of the sequences),

Streptomyces (Actinobacteriota, 3.32% of the sequences), and

unidentified Vicinamibacterales (Actinobacteriota, 3.17% of

the sequences; Figure 5c, Supplementary Figure 2). The top

five fungal genera were Fusarium (Ascomycota, 23.18% of

the sequences), Cladosporium (Ascomycota, 10.84% of the

sequences), Gibberella (Ascomycota, 8.22% of the sequences),

Neocosmospora (Ascomycota, 6.37% of the sequences), and

Trichoderma (Ascomycota, 5.84% of the sequences; Figure 5d,

Supplementary Figure 2).

Among the top 10 genera of bacteria and fungi with high

relative abundance, compared to the TR, ITR increased the

relative abundance of unidentified Micrococcaceae, unidentified

Xanthobacteraceae, unidentified Gaiellales and Saitozyma, while

the relative abundance of Bacillus, Burkholderia, Streptomyces,

Cladosporium, Gibberella Apiotrichum, and Pseudopithomyces

decreased significantly (Figures 6c, d, Supplementary Tables 3,

4). For two rhizosphere soil of P. sibiricum (IPR and PR),

Fusarium and Neocosmospora had higher abundance in the

PR sample (Figures 6c, d, Supplementary Tables 3, 4). For the

bulk and rhizosphere soil samples, Streptomyces, Nocrdioides,

and Trichoderma had lower abundance in the rhizosphere soil

after inter-croping, while unidentified Gaiellales was higher

(IB and IPR, ITR; Figures 6c, d, Supplementary Tables 3, 4).

Compare to the TB samples, the TR samples increased the

relative abundance of Bacillus, Burkholderia, Streptomyces,

Bradyrhizobium, Gibberella, Neocosmospora, and Penicillium,

while the unidentified vicinamibacterales, Nocardioides,

Apiotrichum, and Pseudopithomyces were decreased (Figures 6c, d,

Supplementary Tables 3, 4).

3.4 Bacterial community composition of
predicted function under di�erent
cropping patterns

The FAPROTAX classifier facilitates the annotation and

prediction of microorganism functions through the construction

of a comprehensive database that correlates microbial classification

with their respective functionalities. The total number of 2,517

ASVs (9.46% of the total ASV) was assigned to 46 functional
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FIGURE 6

Di�erences in the abundance of the top bacterial (a, c) and fungal (b, d). (a, b) Top five phyla level at (a) bacteria and (b) fungi. (c, d) Top 10 genus

level at (c) bacteria and (d) fungi. *Indicate significant di�erences among the seven sets of samples. IB: the bulk soil of the T. grandis inter-cropping

with P. sibiricum, PB: the bulk soil for mono-cropping of P. sibiricum, TB: the bulk soil for mono-cropping of T. grandis, IPR: the P. grandis

rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, PR: the rhizosphere soil for mono-cropping of P. sibiricum, ITR: the T. grandis

rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, and TR: the rhizosphere soil for mono-cropping of T. grandis.

bacterial groups based on 16S rDNA sequence classification

using FAPROTAX classifier. The dominant functional groups

were associated with biogeochemical cyclings, including

chemoheterotrophy (33.6%), aerobic chemoheterotrophy (33.3%),

and aromatic_compound_degradation (4.7%) involved with

C cycle, followed by the groups in the N cycle associated

with nitrogen_fixation (3.9%) and nitrate_reduction (1.8%;

Supplementary Table 5).

ANOVA analysis disclosed that the functions with significant

differences among samples were mainly concentrated in the

C cycle (phototrophy, photoheterotrophy, photoautotrophy,

and anoxygenic_photoautotrophy, Figures 7a–d) and N cycle

(nitrate_respiration, nitrite_denitrification, nitrite_respiration,

and nitrogen_respiration, Figures 7e–h) with the same trend.

These functions (Figures 7a–h) had the lowest abundance in the

TR, of which was significantly lower than that in the ITR. For

the bulk and the rhizosphere soil samples, except for the groups

of phototrophy, photoheterotrophy, nitrite_denitrification, and

nitrite_respiration, there was no significant difference in the other

function groups in between.

3.5 Fungal community composition of
predicted function under di�erent
cropping patterns

FUNGuild was used to predict the function of the fungal

community structure of seven samples, incorporating current

literature and authoritative website data for categorizing fungi

into distinct functional groups based on their nutritional modes.

In total, 3,846 ASVs were assigned to different functional groups
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FIGURE 7

Bacterial ecological functions predicted by FAPROTAX under di�erent cropping practice. Bar chart showing the significantly di�erent functional

groups involved in C cycle (a–d), N cycle (e, h). C cycle in phototrophy (a); photoheterotrophy (b); photoautotrophy (c);

anoxygenic_photoautotrophy (d); N cycle in nitrate_respiration (e); nitrite_denitrification (f); nitrite_respiration (g); nitrogen_respiration (h). Di�erent

lowercase letters indicate significant di�erences among the seven sets of samples. IB: the bulk soil of the T. grandis inter-cropping with P. sibiricum,

PB: the bulk soil for mono-cropping of P. sibiricum, TB: the bulk soil for mono-cropping of T. grandis, IPR: the P. grandis rhizosphere soil of the T.

grandis inter-cropping with P. sibiricum, PR: the rhizosphere soil for mono-cropping of P. sibiricum, ITR: the T. grandis rhizosphere soil of the T.

grandis inter-cropping with P. sibiricum, and TR: the rhizosphere soil for mono-cropping of T. grandis.

according to the annotation of ITS sequence classification.

According to the absorption and utilization of environmental

resources of the fungal community, the fungi were divided into

pathotroph, symbiotroph, and saprotroph. Undefined saprotroph

was the most enriched functional group, followed by plant

and animal pathogens. Fungi are classified into various guilds

based on the three major nutritional methods, encompassing

animal pathogens, arbuscular mycorrhizal fungi, ectomycorrhizal

fungi, lichenicolous fungi, lichenized fungi, plant pathogens,

undefined root endophytes, undefined saprotrophs, and wood

saprotrophs as the main functional groups. The seven samples

had different effects on the abundance of the functional groups.

The results further revealed that inter-cropping significantly

enhanced the abundance of plant pathogens and Animal Pathogen-

Endophyte-Lichen Parasite-Plant Pathogen-Wood Saprotroph in

the rhizosphere soil of P. sibiricum, conversely, it resulted in a

decrease in the abundance of Animal Pathogen-Endophyte-Lichen

Parasite-Plant Pathogen-Soil Saprotroph-Wood Saprotroph

(Figure 8, Supplementary Table 6). Simultaneously Fungal

Parasite-Undefined Saprotroph function groups exhibited an

increase in the rhizosphere soil of T. grandis after inter-cropping,

while plant pathogens and Animal Pathogen-Endophyte-Lichen

Parasite-Plant Pathogen-Wood Saprotroph decreased (Figure 8,

Supplementary Table 6).

4 Discussion

The agricultural productivity and stability rely heavily on

the richness and diversity of soil microbial communities (Van

Der Heijden et al., 2008). They are often reshaped with

different cropping practice. Of which, inter-cropping has been

demonstrated to have the potential to enhance beneficial soil

microbial communities and effectively mitigate pests and diseases

(Zhang et al., 2019; Chai et al., 2021). In this study, we

addressed the responses of soil microbial communities to T. grandis

inter-cropping with P. sibiricum, and compared the microbial

community disparities between bulk and rhizosphere soil samples.

4.1 Torreya-Polygonatum inter-cropping
improved the soil microbial diversity and
communities

Intercropping has the potential to modulate the diversity of

soil microbial communities. Previous studies showed that maize

inter-cropping with peanut leads to an increase of soil beneficial

microbial abundance and diversity (Du et al., 2020; He et al.,

2013). Li and Wu (2018) disclosed that wheat inter-cropping with

cucumber or mustard with cucumber can enhance the richness of

operational microbial taxonomic in soil. In this study, PCoA results

revealed that there were distinct variations in bacterial and fungal

communities (Figure 4). Compared to mono-cropping, indices of

Chao1, Shannon, Shannoneven, and PD using α-diversity analysis

were increased both for bulk and rhizosphere soil samples of

T. grandis inter-cropping with P. sibiricum (Figure 2). The study

conducted by Deng et al. (2022) found no statistically significant

differences in bacterial community richness (Chao1) and diversity

(Shannon) between T. grandis inter-cropping with P. sibiricum
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FIGURE 8

Compositions and relative abundance of assigned fungal functional groups (guild) inferred by FUNGuild. IB: the bulk soil of the T. grandis

inter-cropping with P. sibiricum, PB: the bulk soil for mono-cropping of P. sibiricum, TB: the bulk soil for mono-cropping of T. grandis, IPR: the P.

grandis rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, PR: the rhizosphere soil for mono-cropping of P. sibiricum, ITR: the T.

grandis rhizosphere soil of the T. grandis inter-cropping with P. sibiricum, and TR: the rhizosphere soil for mono-cropping of T. grandis.

and mono-cropping of T. grandis (ITR and TR). However, this

study revealed a significant variation in the richness and diversity

of bacteria and fungi in the rhizosphere soil of T. grandis after

inter-cropping, while havingminimal impact on the composition of

bacterial communities in the rhizosphere soil of P. sibiricum. Our

findings differ from Deng’s observations in T. grandis plantation,

potentially attributed to variations in sampling points (Deng et al.,

2022).

4.2 Torreya-Polygonatum inter-cropping
enhanced the roles of key microbial
communities

Bacterial phyla of Actinobacteriota, Proteobacteria,

Acidobacteriota, Firmicutes, and Chloroflexi were predominant

within all samples here (Figure 5). Our results align with previous

studies conducted in pure T. grandis forest (Feng et al., 2019;

Deng et al., 2022) with the exception of Firmicutes. The most

predominant phylum Actinobacteriota (33.2%) had significantly

higher abundance within T. grandis rhizosphere soil after inter-

cropping, compared to mono-cropping. The Actinobacteria

taxa mainly consist of copiotrophs that strategically thrive

on carbon availability and are actively involved with organic

matter decomposition and cycling (Liu et al., 2017). Further, T.

grandis inter-cropping with P. sibiricum resulted in relatively

elevated presence of Acidobacteriota and Chloroflexi. Taxa

residing these two phyla are known to plays crucial roles in

polysaccharide degradation as well as the decomposition of non-

degradable organic matter (Moghimian et al., 2017; Li et al., 2020).

However, the relative abundance of Proteobacteria (represented by

Burkholderia) and Firmicutes (represented by Bacillus) applying

inter-cropping was decreased (Figure 6), which is in agreement of

previous studies (Gao et al., 2019; Deng et al., 2022).

Inter-cropping known for effectively modulating the soil

microbial community can be applied for disease management

through reducing pathogen abundance (Zhang et al., 2023).

Cladosporium speices are crucial plant pathogens responsible for

stem rot and leaf spot diseases (Mohamed and Ibrahim, 2021), and

in this study, the abundance ofCladosporium in the rhizosphere soil

of T. grandis was significantly decreased following T. grandis inter-

cropping with P. sibiricum (Figure 6d). Fusarium is a significant

causative agent of root rot in T. grandis and P. sibiricum (Zhang

et al., 2016; Li and Guo, 2019). The similar trend was found

on Fusarium pathogen within the P. sibiricum (Figure 6d). The

abundance of the opportunistic pathogenNeocosmospora known to

induce canker disease, stem and root rot, as well as cane wilt (Zeng

and Zhuang, 2023) was also substantially decreased as the result

of inter-cropping (Figure 6d). Therefore, it is hypothesized that T.

grandis inter-cropping with P. sibiricummay reduce the abundance

of certain pathogens.

Inter-cropping, on the other side, can enhance plant resistance

to pathogens and promote plant growth by recruiting beneficial

microbial communities (Mendes et al., 2011; Latz et al., 2012;

Dhar Purkayastha et al., 2018; Humphrey et al., 2020; Shalev

et al., 2022). Xanthobacteraceae comprises a cluster of bacteria

closely associated with the carbon cycle, and some species within
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this group exhibit a facultatively chemolithoautotrophic lifestyle,

enabling them to both assimilate and generate carbon dioxide

(Kappler et al., 2012). Gemmatimonadaceae species are a group

of nitrogen removal bacteria associated with the nitrogen cycle

that play a key role in efficient phytic acid mineralization in

different ecosystems (Jia et al., 2023). In this study, T. grandis inter-

cropping with P. sibiricum significantly increased the abundance

of Xanthobacteraceae and Gemmatimonadaceae in the rhizosphere

soil of T. grandis (Figure 6c). Based on the analysis and prediction

results from FAPROTAX, it can be inferred that intercropping has

the potential to enhance the soil microbial communities’ capacity

for carbon and nitrogen cycling, thereby facilitating nutrient

circulation within plants. The probiotic Saitozyma present in soil

and plant rhizosphere exhibits the potential to enhance plant

growth and disease management (Das et al., 2023). In this study,

the rhizosphere soil of T. grandis was significantly improved after

inter-cropping practice, suggesting its ability to recruit beneficial

microorganisms for growth and disease control.

4.3 The influence of Torreya-Polygonatum
inter-cropping on potential microbial
function alteration

Changes in microbial community structure can result in

microbial functional alterations (Preston-Mafham et al., 2002).

FAPROTAX was employed to predict the functional profiles of

soil bacteria under different samples. The results revealed that

chemoheterotrophy (33.6%) and aerobic chemoheterotrophy

(33.3%) were the predominant enriched functions, consistent

with previous findings (Rocha et al., 2020; Wang et al., 2023).

Previous studies disclosed that inter-cropping significantly

enhanced soil microbial function associated with nutrient cycling

and exhibited a consistent increase in the relative abundance of

nitrogen-cycling and carbon-cycling bacteria (Zhong et al., 2022;

Marcos-Pérez et al., 2023). In our study, we found that genes

involved in carbon cycling (phototrophy, photoheterotrophy,

photoautotrophy, and anoxygenic_photoautotrophy) and

nitrogen cycling (nitrate_respiration, nitrite_denitrification,

nitrite_respiration, and nitrogen_respiration) exhibited

significantly higher abundance in the ITR sample compared

to TR. These results suggest that T. grandis inter-cropping with

P. sibiricum may enhance nutrient cycling in soil through its

influence on bacterial functionality and alteration of soil bacterial

community composition. This could be attributed to feedback

cycles facilitated by C-cycle bacteria (Xanthobacteraceae) and N-

cycle bacteria (Gemmatimonadaceae), which showed a significant

increase under the inter-cropping samples.

FUNGuild was used to achieve fungal functional determination

(Song et al., 2017; Nguyen et al., 2016). Undefined saprotrophs

as the most abundant fungal functional group, may be attributed

to the high prevalence of ascomycetes in each sample group,

given that a significant portion of fungi within this phylum are

associated with organic decomposition processes (Nguyen et al.,

2016). Inter treatment comparisons reveal a lower prevalence of

plant pathogen guild in the intercropped sample ITR compared to

the TR, which aligns with the reduced abundance of pathogenic

fungi such as Cladosporium, Gibberella, and Neocosmosporain in

ITR, further contributes to mitigating soil-borne plant pathogens,

thereby enhancing crop yield and disease resistance.

5 Conclusion

This study focused the impact of T. grandis inter-cropping

with P. sibiricum and mono-cropping on soil microbial diversity

and function. The results demonstrate that T. grandis inter-

cropping with P. sibiricum significantly increases the abundance

and diversity of soil fungal and bacterial communities comparing to

mono-cropping. Moreover, this agricultural practice also enhanced

the microbial functionality pertaining to nitrogen and carbon

cycles, thereby potentially facilitating nutrient uptake by plants

while concurrently reducing the prevalence of specific pathogens.

The findings arisen from the study are helpful for agroforestry

sustainable development and effective management.
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Introduction: Functional rhizosphere microbiomes (FRM) are critical for plant 
health and yield. However, the ecological succession of FRM and their links to plant 
genetic factors across the life cycle of perennial plants remain poorly understood.

Methods: This study profiled FRM, including plant-beneficial bacteria (PBB) and 
fungal plant pathogens (FPP), across different developmental stages of Panax 
notoginseng.

Results: The biodiversity of both PBB and FPP were significantly higher in rhizosphere 
compared with farmland soil, and exhibited different succession patterns with 
plant growth. The relative abundance of PBB, but not FPP, decreased after plant 
cultivation. There were significantly negative correlations between FPP and PBB, 
particularly the biocontrol subgroup (ρ = −0.56, p < 0.001). The antagonistic effects 
of biocontrol bacteria against fungal pathogens were further validated by in vitro 
assays. The fitting of neutral community model indicated that the deterministic 
assembly of PBB, especially the biocontrol subgroup, was the strongest at the 
3rd-year root growth stage of P. notoginseng. Plant genes involved in protein 
export, biosynthesis of alkaloids and amino acids were identified as drivers of 
the deterministic assembly of biocontrol subcommunity by RNA-Seq analysis. 
Additionally, a total of 13 transcription factors potentially regulating the expression 
of these biosynthesis genes were identified through co-expression network. In 
summary, this study unveils the succession patterns of FRM throughout the life 
cycle of P. notoginseng and the underlying plant genetic mechanisms, providing 
valuable insights for developing new plant disease management strategies by 
manipulating microbes.

KEYWORDS

rhizosphere soil, functional microbiomes, biocontrol bacteria, fungal plant pathogens, 
community succession, plant genetic network

1 Introduction

The rhizosphere, the soil region closely surrounding plant roots, is a unique habitat 
teeming with a diverse array of microbes, both beneficial and harmful to the host plant 
(Tan et al., 2017). These complex microbial communities and their interactions, such 
as antagonism and mutualism, significantly impact plant development, health, and yield 
(Bulgarelli et  al., 2012; Etesami and Glick, 2020; Li et  al., 2021). In recent years, 
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plant-beneficial bacteria (PBB)1 in the rhizosphere have garnered 
increasing attention due to their potential role in sustainable 
agriculture (Haskett et al., 2021; Nerva et al., 2022). Functionally, 
PBB can be  categorized into various subgroups, including 
biocontrol taxa (Bioc)2 that antagonize pathogens, plant-growth-
promoting taxa (PGP)3 that enhance nutrient absorption in host 
plants, and stress resistance provision taxa (SR)4 capable of 
alleviating plant abiotic stress (Banerjee and van der Heijden, 
2023; Li et  al., 2023). Extensive studies on the taxonomy, 
functions, and geographic distribution of PBB have improved our 
understanding of their functional mechanisms and global 
community structures (Haskett et  al., 2021; Li et  al., 2023). 
However, the assembly mechanisms of PBB in the rhizosphere 
and their succession across different developmental stages of the 
host plant, particularly perennial species, remain elusive. This 
understanding is crucial for effectively utilizing PBB to enhance 
plant performance in complex environments and achieving 
sustainable agriculture (Cordovez et al., 2019). Conversely, soil-
borne fungal pathogens are the primary cause of plant diseases 
and yield reduction (Peng et al., 2023). For many plant species, 
especially under continuous monoculture, there is a tendency for 
the accumulation of specialized fungal plant pathogens (FPP)5 in 
the rhizosphere, leading to increased disease incidence (Fones 
et al., 2020). Thus, understanding the assembly and succession of 
these harmful taxa is also vital for developing targeted and 
environment-friendly control strategies to maintain plant health 
(Bai et al., 2022).

During plant development, the succession of rhizosphere 
functional microbiomes, such as PBB and FPP, is influenced by a 
combination of host plant genetic factors, biotic interactions, 
environmental conditions, and stochastic forces (Cordovez et  al., 
2019). For example, plants can contribute to microbiome succession 
by altering edaphic properties and soil nutrient availability (Hannula 
et al., 2021; Xun et al., 2024). Antagonistic interactions between Bioc 
taxa and pathogens exemplify the biotic interplays affecting microbial 
community assembly (Perez-Gutierrez et  al., 2013). Additionally, 
continuous dispersion, birth, and death of microbes are significant 
drivers of microbial dynamics, even in plant-associated habitats 
(Zhang et al., 2022). In summary, functional microbes can colonize 
the rhizosphere soil through dispersal from soil, air, and plants, 
forming a specific and dynamic community under the integrative 
effects of host and biotic factors, environmental conditions, and 
ecological stochasticity (Berendsen et al., 2018; Li et al., 2023; Song 
et al., 2021). Although the extreme complexity of influencing factors 
presents a major challenge in studying rhizosphere functional 
microbiome succession, research from an ecological assembly 
perspective can provide valuable insights into the interplay between 
plant development and the functional microbiome (Cordovez et al., 
2019). From a metacommunity viewpoint, microbial community 
assembly results from both deterministic and stochastic processes, 
with the relative importance of these processes varying across space 

1  Plant-beneficial bacteria

2  Biocontrol taxa

3  Plant-growth-promoting taxa

4  Stress resistance provision taxa

5  Fungal plant pathogens

and time (Zhang et  al., 2021). Deterministic processes include 
ecological selection imposed by biotic interactions and abiotic factors, 
such as environmental filtering, while stochastic processes encompass 
dispersal events, random birth-death events, and ecological drifts (Jiao 
et al., 2020; Xie et al., 2022). These ecological forces collectively shape 
the succession patterns of rhizosphere functional groups (e.g., PBB, 
FPP) during plant development. Various mathematical models, 
including neutral theory-based neutral models and null-model based 
NST (Ning et al., 2019; Sloan et al., 2006), have been developed to 
assess the relative contribution of different ecological processes to 
microbial community assembly. These models, widely used in diverse 
ecosystems, including plant-associated habitats, have provided critical 
insights into the assembly and succession mechanisms of ecologically 
important microbial communities (Zhou and Ning, 2017).

Another challenge in functional microbiome studies is identifying 
microbial members that are beneficial or harmful to the host plant. 
Traditional approaches rely on culturing and isolating microbes, 
followed by in vivo and in vitro validation experiments. However, due 
to technical limitations, not all microorganisms inhabiting plant-
associated niches can be cultured and isolated (Compant et al., 2019). 
Sampling only local communities, such as limited rhizosphere soil 
samples, often fails to represent the entire species pool of the 
corresponding niche (Leibold et  al., 2004). Additionally, some 
microbial functions related to plant phenotypes are only expressed in 
specific environments, such as with opportunistic plant pathogens 
(Brown et al., 2012). Recently, significant efforts have been made to 
assign functional characteristics to microbial taxa. For instance, the 
PBB database includes soil bacteria with experimentally verified plant-
beneficial functions across three mechanisms: biocontrol, growth 
promotion, and stress resistance (Li et al., 2023). In the realm of fungi, 
Põlme et  al. (2021) introduced the FungalTraits database, which 
amalgamates pre-existing databases and expert knowledge. These 
resources provide promising avenues for deciphering 
functional microbiomes.

Panax notoginseng (Burk.) F. H. Chen is a renowned and valuable 
perennial medicinal plant, highly esteemed for its medicinal and 
economic value (Zhang et  al., 2021). Typically, P. notoginseng is 
cultivated for a minimum of 3 years before harvesting, with annual 
vegetative, flowering, and root inflation stages (Wang et al., 2016). Our 
previous studies have shown that the rhizosphere microbial 
community of P. notoginseng undergoes significant changes during its 
growth, particularly in the third year of root inflation growth, where 
the variations of microbial community were active (Wei et al., 2022). 
The variations in functional rhizosphere microbiomes during plant 
growth might contribute to the soil-borne disease occurrence. For 
example, Fusarium oxysporum-induced root rot was often attributed 
to the disruption of soil microbiome homeostasis (Li et al., 2022). The 
introduction of beneficial microbial communities was expected to 
recover the imbalance of micro-ecology to a state of relative health, 
thus reducing the abundance of plant pathogens and plant mortality 
(Zhang et  al., 2020). However, the succession of the functional 
rhizosphere microbial community during growth stages is still unclear. 
Understanding the assembly mechanisms and succession patterns of 
rhizosphere functional groups alongside P. notoginseng’s development 
can offer insights into the dynamics of the rhizosphere microbiome in 
relation to plant health and lay the groundwork for developing 
microbe-based agricultural management strategies. In this study, 
we identified the rhizosphere functional microbial communities of 
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P. notoginseng at different developmental stages with the goals of: (i) 
revealing the succession patterns of distinct functional groups, 
including PBB and FPP, and their potential interactions; (ii) 
quantifying the relative contribution of various ecological processes 
to the assembly of functional microbiomes; and (iii) linking the 
succession of beneficial groups to root transcriptional regulation 
network throughout the development of P. notoginseng. Considering 
the functional potential of PBB and the biological characteristics of 
P. notoginseng, we hypothesize that: (i) the relative abundance of PBB, 
especially Bioc taxa, shows negative correlations with that of FPP, 
indicating potential antagonistic effects; (ii) the 3-year root inflation 
stage of P. notoginseng exerts strong selection on functional 
rhizosphere microbiomes; (iii) biosynthesis-related plant functions 
drive the succession of functional microbial communities.

2 Materials and methods

2.1 Collection of rhizosphere soil of 
P. notoginseng across different 
developmental stages

The quality of P. notoginseng root was strongly affected by 
cultivation area, with Wenshan Prefecture, Yunnan Province being the 
core production area of high-quality medicinal materials. For a better 
description of general patterns of rhizosphere functional microbiomes, 
the present study collected rhizosphere soil of P. notoginseng in five 
fields of three sites across the Wenshan Prefecture, including Pingba 
(23°14′29.5” N, 104°5′3.0″ E; PBA, PBB, and PBC), Yanshan 
(23°34′56.22” N, 104°19′49.05″ E; YS), and Qiubei (23°49′46.99″ N, 
104°06′12.99″ E; QB). As described in the previous study (Wei et al., 
2022), soil samples were collected during a 2-year growth from early 
2016 to the end of 2017. In brief, 1-year-old seedlings were 
transplanted into each field and then cultivated according to Good 
Agricultural Practices (GAP) (Zhang et al., 2021). In each field and 
each sampling, three separated plots (1.4 m2 × 8.0 m2) were randomly 
selected as biological replicates, from each the rhizosphere soil was 
collected from 10 individual plants following with mixing. Specifically, 
10 randomly selected healthy plants in each plot were gently dug out 
using a sterilized shovel and represented one sample, and bulk soil was 
removed by shaking the plants (Ahmed et al., 2022). Rhizosphere soil 
sample was collected through gentle shaking and squeezing in a sterile 
ziplock bag (Zhang et al., 2023). Before transplanting, bulk soil (BL) 
was also collected from 10 randomly selected locations in each plot. 
Rhizosphere soil samples were collected from three developmental 
stages of P. notoginseng each year, including vegetative growth stage 
(2-year and 3-year vegetative, 2YV and 3YV), flowering stage (2YF 
and 3YF), and root inflation stage (2YR and 3YR). A total of 105 soil 
samples were obtained (seven stages * 5 fields * 3 plots). After 
sampling, soil was sieved (2 mm) and stored at −80°C for 
further analysis.

2.2 Soil DNA extraction and amplicon 
sequencing

Total DNA was extracted from soil samples using the FastDNA 
SPIN Kit for soil (MoBio Laboratories, Inc., United  States), and 

extracted DNA was stored at −80°C for future use (Zhang et al., 2021). 
The V4-V5 region of bacterial 16S rRNA gene was amplified using 
515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′- 
CCGTCAATTCMTTTRAGTTT-3′) primer pair. Fungal ITS region 
was amplified using ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) 
and ITS2R (5′- GCTGCGTTCTTCATCGATGC-3′) primer pair (Wei 
et al., 2022). Sequencing was performed on Illumina MiSeq PE 250 
platform (Shanghai Biozeron Co., Ltd., China). Raw FASTQ files were 
demultiplexed, quality filtered, and denoised to generate amplicon 
sequence variants (ASVs) using the QIIME2-DADA2 pipeline (Bolyen 
et al., 2019; Callahan et al., 2016). The representative sequences of 
ASVs were taxonomically classified using the machine-learning-based 
classification methods implemented in QIIME2. Bayes-trained 
classifiers based on SILVA (v138) and UNITE (v8.0) were used to 
assign bacterial and fungal ASVs, respectively (Nilsson et al., 2019; 
Pruesse et al., 2007). Bacterial ASVs assigned to plant chloroplast and 
mitochondria were removed to eliminate host contamination. 
Low-abundance ASVs (total reads <10) were also removed to reduce 
the impact of potential sequencing error on results (Jiao and Lu, 
2020). Bacterial and fungal feature tables were rarefied to an even 
library size of 2,339 and 3,827 reads, respectively. A total of 5,938 and 
1,245 bacterial and fungal ASVs were obtained. The raw sequence data 
supporting amplicon analysis could be downloaded from the NCBI 
Sequence Read Archive (SRA) under the Bioproject 
number PRJNA559079.

2.3 RNA-seq and transcript assembly

Roots of 2-year and 3-year-old P. notoginseng at different 
developmental stages corresponding to rhizosphere soil samples were 
collected from Wenshan Prefecture (Wei et al., 2020). The entire root 
was dug out, washed, and ground into powder using liquid nitrogen. 
Total plant RNA was extracted from bulk root using plant RNA 
Isolation Mini Kit (BioTeke, Beijing, China). The RNA-Seq library was 
prepared according to the Illumina instruction. Sequencing was 
performed on Illumina HiSeq platform. After quality filtered, the 
FASTQ data was aligned to reference genome of P. notoginseng using 
HiSAT2 (Jiang et  al., 2021; Kim et  al., 2019). The abundance of 
transcripts was counted using featureCounts (Liao et al., 2014). The 
transcript abundance was normalized as fragments per kilobase per 
transcript per million mapped reads (FPKM values). Raw sequencing 
data could be downloaded from NCBI (PRJNA488357) and NGDC 
(PRJCA024789).

2.4 Isolation of FPP and rhizosphere 
biocontrol bacteria as well as antagonism 
test

The fungal pathogen Fusarium oxysporum has been reported as 
the major pathogen associated with the root rot of P. notoginseng (Ma 
et al., 2013). The F. oxysporum strain was isolated from P. notoginseng 
plant suffered from root rot in Yunnan Province and was used as the 
target for antagonism test. Rhizosphere bacteria isolates were obtained 
by inoculating soil suspension on 1/10 TSA plates (Zhou et al., 2022). 
The obtained bacterial strains were identified by reconstructing 
Neighbor-Joining phylogenetic tree based on 16S rDNA sequences. 
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Antagonism test was conducted to estimate the inhibitory ability 
against F. oxysporum of potential biocontrol bacteria (Zhou 
et al., 2022).

2.5 Statistical analysis

All statistical analyses were conducted in R environment (v4.2.2).6 
R codes used for statistical analyses are available at: https://github.
com/githubzgz.

PBB were identified based on the PBB database (Li et al., 2023). 
Briefly, bacterial ASVs belonging to genus with beneficial functions, 
including biocontrol, stress resistance, and plant-growth-promoting 
capabilities, were identified as PBB taxa. Potential fungal plant 
pathogens were identified on the basis of “Plant pathogenic capacity” 
term in the FungalTraits database (Põlme et al., 2021). Alpha diversity 
indices of functional microbiomes, including richness, Chao1, and 
Shannon, were calculated using the vegan package (Dixon, 2003). The 
distribution of microbial abundance data is skewed, which does not 
meet the conditions of normal distribution. Kruskal-Wallis test, 
Nemenyi test, and nonparametric ANOVA (PERMANOVA) do not 
rely on the assumption of data distribution (Weiss et  al., 2017). 
Therefore, Kruskal-Wallis test was used to evaluate the α-diversity 
differences among distinct growth stages, followed by the Nemenyi 
test for multiple comparisons using the PMCMRplus package 
(Pohlert, 2021). PERMANOVA was used to assess the explanatory 
power of developmental stages and sampling sites on microbial 
community variations represented by Bray-Curtis dissimilarities. This 
analysis was conducted using the adonis2 function in vegan package 
(Dixon, 2003). β-dispersal of microbial communities at different 
growth stages were calculated using the vegan package. Contributions 
of ASVs to the overall β-diversities were calculated using the simper 
function in vegan package. The abundance successions of the top 15 
ASVs that were most important to community variations were fitted 
using local polynomial regression. Community variations were 
visualized by principal coordinates analysis using the vegan package.

Spearman correlations were calculated between the richness and 
relative abundance of PBB and FPP, aiming to explore the potential 
antagonism between functional groups. For each developmental stage, 
the spearman correlations between the relative abundance of FPP and 
widespread ASVs (occurring in more than half of samples) were also 
calculated and mapped on the phylogenetic tree constructed by 
FastTree. The phylogeny was visualized using the ggtree package (Yu 
et al., 2016).

To evaluate the relative importance of stochastic and deterministic 
processes in community assembly of rhizosphere functional 
microbiomes, we applied the Sloan’s neutral model (Sloan et al., 2006) 
and the null model-based NST method (Ning et al., 2019). In Sloan’s 
neutral model, the neutral taxa ratio (NTR) was calculated to represent 
the relative importance of neutral process to community assembly (Ji 
et al., 2020; Sloan et al., 2006). Normalized stochasticity ratio (NST) 
was used to quantify the contribution of ecological stochasticity to the 
assembly of functional microbial communities. NST analysis was 
performed using the NST package (Ning et al., 2019).

6  http://www.r-project.org/

For linking root transcriptome profiles to the succession of 
community assembly of rhizosphere Bioc taxa, the transcripts were 
grouped into different clusters using fuzzy c-means algorithm with the 
Mfuzz package (Kumar and Futschik, 2007). Clusters exhibiting 
similar trends with the deterministic assembly of Bioc taxa were 
further analysed. Enrichment analysis of genes in different clusters 
was conducted using the clusterProfiler package (Wu et al., 2021). For 
cluster2 with expression trend similar to the deterministic assembly 
of Bioc taxa, a gene co-expression network was constructed using 
spearman correlation analysis (Spearman ρ > 0.9; BH adjusted 
p < 0.001). Genes belonging to the enriched biosynthesis pathways 
were extracted, and a subnetwork comprising these genes and 
connected genes was visualized using the Cytoscape platform 
(Shannon et  al., 2003). Direct connections between transcription 
factors (TF) and biosynthesis-related genes were also extracted 
and visualized.

3 Results

3.1 Identification of functional microbial 
communities in the rhizosphere of 
P. notoginseng

In the primary cultivation area of P. notoginseng in Yunnan 
Province, a total of 15 bulk soil and 90 rhizosphere soil samples were 
collected at various plant growth stages. These stages included 
farmland (BL), two-year and three-year vegetation (2YV and 3YV), 
flowering (2YF and 3YF), and root inflation (2YR and 3YR). Following 
quality control measures, chimera filtering, and low-abundance 
filtering, we successfully identified 5,938 bacterial and 1,245 fungal 
amplicon sequence variants (ASVs). From these, based on the PBB 
database, 1,075 bacterial ASVs were identified as PBB. These 
comprised 1,023 ASVs associated with plant-growth-promoting 
characteristics, 438 ASVs related to biocontrol characteristics, and 180 
ASVs linked to stress resistance traits. A total of 153 bacterial taxa 
demonstrated all three plant-beneficial characteristics (Figure 1A). At 
the phylum level, the PBB communities were primarily composed of 
Proteobacteria, which represented 37.6% of the total PBB ASV 
count, followed by Bacteroidetes, Actinobacteria, Firmicutes, 
Gemmatimonadetes, and Acidobacteria (Figure 1B). Additionally, 
we identified 330 FPP ASVs in the rhizosphere soil, which accounted 
for approximately 27% of the total fungal ASV count (Figure 1C). The 
potential FPP communities were predominantly Ascomycota, 
constituting 84.2% of the total FPP ASV count, with Basidiomycota 
and Macoromycota following (Figure 1D). These findings indicate that 
the rhizosphere of host plants is rich in both PBB and FPP.

3.2 PBB and FPP showed different 
succession patterns in terms of biodiversity 
and community composition

The communities of potential PBB and FPP exhibited significant 
shifts across the developmental stages of P. notoginseng, both in terms 
of α-diversities (Figures  2A,B) and community compositions 
(Figures 2C,D). The α-diversity of PBB in the rhizosphere soil was 
notably higher than in bulk land (BL) soil (Kruskal-Wallis followed by 
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Nemenyi test, p < 0.05) (Figure 2A; Supplementary Figure S1). Within 
the rhizosphere, PBB biodiversity decreased from the 2YV to the 3YV 
stages, then significantly increased, reaching a peak at the 3YR stage. 
The dynamic succession pattern of α-diversities was similar for both 
PBB and its subgroup communities (Supplementary Figure S2). 
However, the relative abundance of PBB was lower in the rhizosphere 
soil compared to BL (Figure 2C; Supplementary Figure S2). The trend 
in PBB relative abundance from 2YV to 3YR mirrored that of the PBB 
α-diversity, with a marked increase observed from the 3YF to 3YR 
stages. Regarding community composition, the relative abundance 
of Proteobacteria and Firmicutes in PBB was substantially lower 
in the rhizosphere soil compared to BL (Figure  2C). At the 3YR 
harvest stage, the relative abundance of Proteobacteria and 
Gemmatimonadetes increased significantly compared to other growth 
stages (Figure 2C).

Similarly, the α-diversity of FPP in the P. notoginseng rhizosphere 
was significantly higher than in BL (Figure 2B). After planting, FPP 
biodiversity in the rhizosphere gradually decreased from 2YV to 3YR 
(Figure 2B). The pattern of FPP relative abundance was consistent 
between the two-year and three-year stages, with an increase in 
relative abundance from the vegetation to root inflation stages each 

year (Figure 2D). Sordariomycetes was the dominant fungal class 
throughout the sampling period (Figure  2D). These findings 
underscore the distinct succession patterns of rhizosphere functional 
microbiomes across P. notoginseng’s developmental stages, 
highlighting the divergence in biodiversity and community 
composition between PBB and FPP.

3.3 Temporal dynamics of PBB and FPP 
community structures across 
P. notoginseng developmental stages

PERMANOVA revealed that the developmental stages 
significantly drove the community structure variations in PBB 
(R2 = 0.289, p = 0.001) and FPP (R2 = 0.143, p = 0.001) as measured by 
Bray-Curtis dissimilarities (Figures  3A,B). A distinct separation 
among PBB collected from different stages was showed by PCoA, and 
the 3YR samples could be separated from others (Figure 3A). PCoA 
of FPP also showed significant separation between BL and rhizosphere 
soil samples (Figure 3B). To quantify the community variations within 
each developmental stage, the βdispersion represented by the mean 

FIGURE 1

Potential PBB and FPP in the rhizosphere of P. notoginseng. Donut plots displayed the number of ASVs in PBB (A), FPP (C), and provided information on 
the number of subclasses outside the circular plot. Numbers represented the number of ASVs. Circular packing showed PBB ASVs (B) and FPP ASVs 
(D) at the phylum level, the color of the circle represented different phylum, with the diameter of the circle being proportional to the number of ASVs. 
PBB, plant-beneficial bacteria; FPP, fungal plant pathogens; PGP, plant-growth-promoting taxa; BIOC, biocontrol taxa; SR, stress resistance provision 
taxa.
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distances to group centroid were calculated and compared 
(Figures  3A,B). Although no statistically significant differences 
exhibited among different developmental stages, the β dispersion of 
both PBB and FPP showed apparent succession patterns. For PBB, the 
β dispersion firstly increased from BL to 2YV, then decreased from 
3YF to 3YR (Figure 3A). In contrast to PBB, the β dispersion of FPP 
showed a trend of first decreasing and then increasing along the 
developmental stage (Figure  3B). These results revealed that the 
community structure variations of PBB and FPP communities were 
active at the 3YR stage.

To identify ASVs important for community variations, the 
contributions of ASVs to β diversities were calculated and the 
succession patterns of top 15 bacterial and fungal ASVs were fitted 
(Figures  3C,D). The relative abundance of 8 PBB ASVs showed 
decreasing tendency with plant growth, including members of 
Bacillus, Mucilaginibacter, Actinoallomurus, and Rhodanobacter. 
While the relative abundance of ASVs belonging to Pseudomonas, 
Novosphingobium and Sphingobium increased from BL to 3YR stage 
(Figure 3C). Most of the top 15 FPP ASVs showed an uprush from BL 
to 2YV, following with a stable abundance from 2YV to 3YR, mainly 
including members of Trichoderma (Figure 3D). However, the relative 
abundance of fungal ASV73 (Volutella) exhibited continuous growth 

after planting, and the uprush of fungal ASV11 (Cadophora) occurred 
from 3YF to 3YR (Figure  3D). These results identified different 
succession patterns of functional taxa that were critical for 
microbiome variations.

3.4 Rhizosphere biocontrol bacteria 
exhibited the strongest antagonistic 
interactions with FPP during P. notoginseng 
growth

The relationships between PBB and FPP in terms of the 
biodiversity and relative abundance were further evaluated. A 
significant and positive correlation between the richness of PBB and 
FPP was observed (Spearman rank correlation, ρ = 0.429, p < 0.001), 
with the correlation coefficients varies at different growth stages 
(Figure 4A). However, the relative abundance of PBB was significantly 
and negatively correlated with that of FPP (ρ = 0.399, p < 0.001) 
(Figure 4B). Across different sampling stages, the PBB-FPP negative 
correlations varied, with the strongest negative correlations observed 
in the 3YV and 3YF stages (Figure  4C). In PBB subgroups, Bioc 
exhibited the strongest negative correlations with FPP (ρ = −0.564, 

FIGURE 2

Changes in α-diversities and composition of PBB and FPP communities with P. notoginseng growth. PBB (A) and FPP (B) α-diversities at different 
growth stages were represented by ASV richness index. Different letters above the boxes indicate a significant difference determined by Kruskal-Wallis 
followed by Nemenyi test (p < 0.05). Shifts in the compositions of PBB (C) and FPP (D) communities with P. notoginseng growth. BL, 2YV, 2YF, and 2YR 
represent bulk soils and the 2-year vegetative, flowering, and root growth stages, respectively. 3YV, 3YF, and 3YR denote the 3-year vegetative, 
flowering, and root growth stages, respectively. PBB, plant-beneficial bacteria; FPP, fungal plant pathogens.
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p < 0.001) (Figures 4B,C), while the strengths of potential antagonism 
to FPP were lower for PGP (ρ = −0.391, p < 0.001) and SR (ρ = −0.465, 
p < 0.001) subgroups (Supplementary Figure S3).

The correlations between widespread ASVs and FPP were 
estimated for each development stage using spearman correlation 
analysis (Figure 4D). Bacterial taxa potentially antagonistic to FPP 
mainly belonged to Firmicutes, and exhibited the biocontrol function 
(Figure  4D). Only eight ASVs showed significant and negative 
correlations with FPP across at least three sampling stages, belonging 
to Bacillus, Blastococcus, Phenylobacterium, Sphingobium, 
Pseudomonas, and Gemmatimonas (Figure 4D).

To confirm the antagonistic effect of the Bioc group against fungal 
pathogens in the rhizosphere of P. notoginseng, bacteria were isolated 
from the rhizosphere soil of P. notoginseng. According to the PBB 
database, five strains potentially exhibiting biocontrol capability were 
isolated, one belonging to Flavobacterium, three to Bacillus, and one 
to Gottfriedia (a new taxonomic group separated from Bacillus) 
(Figure 5). In which, the three representative isolates all could inhibit 

the growth of root rot pathogen F. oxysporum as indicated by the 
antagonism test, confirming the antagonistic effect of Bioc group in 
P. notoginseng rhizosphere (Figure  5). These results showed that 
potential antagonism effects exhibited between FPP and PBB especially 
the Bioc group, and the antagonism strength varied with plant growth. 
Simultaneously, the antagonistic experiment also verified the reliability 
of screening rhizosphere functional bacteria based on PBB database.

3.5 The relative contribution of 
deterministic and stochastic processes to 
the assembly of functional microbiomes 
varied with plant growth

The clear succession of PBB and FPP in the rhizosphere soil of 
P. notoginseng were driven by the underlying dynamics of ecological 
assembly processes. The occurrence and abundance of ASVs in 
different functional microbiomes sampled at distinct developmental 

FIGURE 3

Changes in community structures of PBB and FPP across developmental stages of P. notoginseng. Principal coordinates analysis (PCoA) based on 
Bray-Curtis distances displaying significant differences among distinct sampling stages of PBB (R2 = 0.289, p = 0.001, PERMANOVA) (A) and FPP 
(R2 = 0.143, p = 0.001, PERMANOVA). (B) The inside boxplots represented β dispersion of two functional communities, respectively. The top 15 bacterial 
(C) and fungal (D) ASVs that were important to the community variations. Bar plots indicated the contributions of ASVs to β-diversities; curve graphs 
were obtained by fitting the relative abundance of ASVs to developmental stages. Dots on the right of (C) represented different functional subgroups in 
PBB. PBB, plant-beneficial bacteria; FPP, fungal plant pathogen.
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stages were thus fitted using Sloan’s neutral model to evaluate the 
community assembly mechanisms (Figure  6; 
Supplementary Figures S4–7). The neutral model fitted well for FPP, 
PBB, and PBB subgroups, indicating the important role of stochastic 
processes to the assembly of functional microbiomes. AIC of neutral 
models were generally lower compared to corresponding binomial 
models, emphasizing the importance of dispersal limitation in shaping 
community structure (Figure 6A; Supplementary Figures S4–7).

The neutral taxa ratio was calculated to quantify the relative 
contributions of neutral (stochastic) and non-neutral (deterministic) 
processes to community assembly (Figure 6B). Compared with BL, the 
relative contribution of neutral process to the assembly of functional 
microbiomes showed a trend of first increasing and then decreasing. 
From the 3YV stage to the 3YR stage, the effects of deterministic 
processes increased for PBB and its subgroup communities, and the 

impact on FPP communities slightly increased. The null model-based 
NST analysis also confirmed the strong effects of deterministic 
processes at the 3YR period (Supplementary Figure S8). Notably, the 
NTR of non-PBB bacterial subcommunities did not change obviously 
across the growth period (Figure 6B). These results demonstrated that 
the succession of community assembly forces of functional 
microbiomes during the development stages of P. notoginseng.

3.6 Linking plant genetic network to the 
assembly of Bioc communities across plant 
development stages

As mentioned above, the Bioc taxa exhibited the strongest 
negative correlations with FPP, implying their potential in controlling 

FIGURE 4

The potential antagonism effects between PBB and FPP and the succession patterns. (A) Correlations between the richness of PBB and FPP. (B) The 
correlation between the relative abundance of FPP and the relative abundance of PBB and Bioc communities, respectively. (C) Correlations between 
the indicators of PBB, Bioc, and FPP at different developmental stages. Line charts summarized the succession of correlation coefficients across plant 
developmental stages. Solid and hollow dots represented significant (p < 0.05) and non-significant (p > 0.05) correlations, respectively. (D) Significant 
correlations (BH adjusted p < 0.05) between widespread PBB ASVs (occurred in more than half of samples in different sampling stages) and the relative 
abundance of corresponding FPP community. The inside track represented phylogenetic tree of these bacterial ASVs constructed using FastTree. The 
heatmap in middle track represented the correlation coefficients. While the outside track indicated the functional subgroups of bacterial ASVs (i.e., PGP, 
SR, or Bioc). The genus-level taxonomic information was annotated for ASVs with negative and significant correlations with FPP across at least three 
sampling stages. PBB, FPP, PGP, Bioc, and SR represent plant-beneficial bacteria, fungal plant pathogens, plant-growth-promoting taxa, biocontrol 
taxa, and stress resistance provision taxa, respectively.
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FIGURE 5

Evaluation of the role of Bioc’s antagonistic effect against F. oxysporum. Neighbor-joining tree showing the phylogenetic relationship among the 
isolated Bioc group strains obtained in this study (in bold). Accession numbers of isolates obtained from the NCBI database are displayed in regular 
letters. The middle pictures display the in vitro inhibitory effects of the three representative isolates on F. oxysporum using PDA assay. The picture on 
the right shows the control F. oxysporum culture medium without bacterial inoculation.

FIGURE 6

The ecological assembly mechanisms of rhizosphere functional microbiomes at different developmental stages of P. notoginseng. (A) Fit of the neutral 
community model with the community assembly of PBB. The solid blue line represents the best-fitting neutral model. The dashed line represents the 
95% confidence intervals (CIs) around the best-fitting neutral model. m indicates the estimated migration rate, and R2 indicates the fit to the neutral 
model. Red and blue numbers denote the AIC of the neutral model and the binomial model, respectively. (B) The neutral taxa ratio (NTR) for the 
functional community. PBB, plant-beneficial bacteria; non-PBB, bacteria without plant-beneficial characteristics; FPP, fungal plant pathogens; PGP, 
plant-growth-promoting taxa; BIOC, biocontrol taxa; SR, stress resistance provision taxa.
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fungal diseases. The links between plant root activities and the 
community assembly mechanisms of Bioc were thus investigated 
during plant growth. For the description of root activities, we collected 
root samples of P. notoginseng and performed RNA-seq analysis. In 
total, the expression of 39,238 genes in roots were quantified. K-means 
clustering analysis was performed on genes with annotated 
information, which were divided into five categories (Figure  7A). 
Cluster 2 showed a consistent trend with the relative contribution of 
deterministic processes on Bioc community, suggesting that these 
genes may be  involved in the recruitment of Bioc community 
(Figure 7B). The KEGG pathway enrichment analysis results showed 
that cluster 2 was significantly enriched by functions related to the 
biosynthesis, metabolism, and exudation of metabolites in plants, 
including tropane, piperidine and pyridine alkaloid biosynthesis, 
N-glycan biosynthesis, lysine biosynthesis, isoquinoline alkaloid 

biosynthesis, folate biosynthesis, vitamin B6 metabolism, alanine, 
aspartate and glutamate metabolism and protein export (Figure 7C; 
Supplementary Table S1).

A co-expression network was then constructed for genes in 
cluster 2. Transcripts involved with the enriched biosynthesis 
pathways were extracted and visualized (Figure 7D). Genes related to 
the N-glycan biosynthesis and folate biosynthesis exhibited more 
connections compared to other functional genes (Figure  7D), 
indicating that their expression might be  modulated by complex 
processes. Given the important role of transcription-level regulation 
in the expression of biosynthesis genes, the transcription factors (TF) 
connected to these genes were further extracted (Figure 7D). Thirteen 
TFs belonging to bHLH (g68387), NAC (g60683, g57420), MADS 
(g10954), MYB (g26310, g92383), bZIP (g50830), ARF (g51046), 
IFRD1 (g12290, g12289), GRF (g92796), TFIIA (g54428), and TFIIH 

FIGURE 7

Gene expression analysis of P. notoginseng root at different developmental stages. (A) K-means-based gene clusters calculated using gene FPKM 
value. (B) The relative contribution of non-neutral processes to Bioc community assembly. (C) KEGG enrichment analysis of Clusters 2. Node size 
represents the number of genes within the pathway, and color represents the statistical significance. (D) Partial co-expression network of genes in 
cluster 2. Triangle and round nodes represented transcription factor (TF) and non-TF genes. The binary network on the right displayed the direct 
connections between TF and genes involved in enriched biosynthesis pathways. Gene symbols were labeled for biosynthesis-related genes, while 
TF families and annotation numbers were labeled for TFs.
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(g78479) families were identified as potential regulators of biosynthesis 
pathways that might be related to the recruitment of Bioc taxa. These 
results revealed plant functions and regulators potentially related to 
the community assembly succession of rhizosphere Bioc community.

4 Discussion

Although extensive research has been conducted on rhizosphere 
functional microorganisms—both beneficial and harmful to the host 
plant—in terms of functional mechanisms, plant-microorganism 
interplays, and biogeographic distribution (Haskett et al., 2021; Li 
et al., 2023; Peng et al., 2023), their succession patterns, community 
assembly mechanisms, and links to plant genetic networks during the 
life cycle of perennial plants remain largely unexplored, which are 
critical for utilizing these functional microorganisms for sustainable 
agriculture. Dramatic physiological changes occur during plant 
development, such as resource allocation across organs, specific 
metabolite biosynthesis, and the balance between growth and defense 
(Chaparro et al., 2014; Major et al., 2017; Mathieu et al., 2009). These 
physiological variations, in conjunction with changing environmental 
conditions and ecological stochasticity, have significant impacts on 
rhizosphere functional microbiomes. Therefore, longitudinal studies 
encompassing different plant developmental stages, rather than 
merely cross-sectional analyses, are vital for a comprehensive 
understanding of plant-functional microorganism interactions and 
the effective utilization of microbes in sustainable agriculture (Russ 
et al., 2023; Xun et al., 2024). In the present study, the succession 
patterns of rhizosphere PBB and FPP in terms of biodiversity, relative 
abundance, and community structure across the life cycle of 
P. notoginseng, as well as the underlying assembly mechanisms were 
explored. The potential antagonism between PBB and FPP, as well as 
the links between the variations in root transcriptome and the 
deterministic assembly of beneficial microbial subcommunities were 
further investigated.

4.1 The succession patterns of rhizosphere 
functional microbiomes reflect the 
dynamic effects of host development

The biodiversity of both PBB and FPP in the rhizosphere of 
P. notoginseng was significantly higher than in unplanted bulk soil, 
aligning with findings from studies on other species like Ranunculus 
glacialis (Philippot et al., 2013). This increase can likely be attributed 
to the rhizodeposit effects of the host plant (Philippot et al., 2013). 
Rhizodeposits, including low-molecular-mass compounds exuded by 
roots, polymerized sugars, and root border cells, create diverse niches 
for rhizosphere functional microbes, thereby promoting species 
coexistence (Kraft et al., 2014). The niche-based promotion of species 
coexistence seems to be nonspecific to either PBB or FPP, as evidenced 
by significant and positive correlations between their α-diversities.

The biodiversity and relative abundance of PBB in the rhizosphere 
of P. notoginseng decreased and then increased throughout the plant’s 
development, reflecting the dynamic influence of the plant on its 
beneficial microbial inhabitants. An enhancement of rhizosphere effects 
with plant growth, similar to that observed in species like foxtail millet 
(Wang et al., 2022), suggests that plant requirements for and effects on 

beneficial bacteria might be minimal during the early slow growth 
stages (the 2nd year) but increase significantly in the 3rd year, especially 
during the root inflation stage (3YR). The specific rise in the relative 
abundance of PBB at 3YR may indicate plant recruitment of beneficial 
bacteria for essential functions such as nutrient uptake. For example, a 
notable increase in the relative abundance of Gemmatimonadetes at 
3YR suggests their potential role in enhancing nitrogen supply to the 
host plant, as supported by metagenome-based studies (Kalam et al., 
2022). This theory is further corroborated by neutral model findings, 
which shows a stronger relative contribution of selection processes to 
the assembly of PBB at the 3YR stage compared to earlier stages, a 
pattern not observed for non-PBB subcommunities. Similarly, both the 
relative abundance and deterministic assembly of FPP increased at 3YR, 
indicating that active root physiology at this stage attracts not only 
beneficial bacteria but also potentially pathogenic fungi. Prior research 
has highlighted the crucial roles of root exudates in plant defense 
against pathogens, such as coumarins and benzoxazinoids (Pascale 
et al., 2019). However, the specifics of which root-derived molecules 
attract plant pathogens remain largely unexplored and warrant further 
investigation (van Griethuysen et al., 2024).

Another critical period is the 3YV stage, during which the relative 
abundance of both functional microbiomes, including PBB and FPP, 
were at their lowest. During the winter between the 2YR and 3YV 
stages, the reduced physiological activities of the plant, due to leaf 
abscission and root dormancy, likely lead to diminished effects on the 
functional microbiomes. Consequently, these microorganisms, heavily 
reliant on plant-derived carbon resources, might struggle to compete 
with other microbial taxa in the absence of plant support (Russ et al., 
2023). This observation underscores the significance of continuous 
carbon input from the plant in maintaining rhizosphere 
functional microbiomes.

4.2 The potential antagonism in the 
rhizosphere reduces at the rapid growth 
stage of host plant

This study’s findings align with our hypothesis, revealing 
significant and negative correlations between the relative abundance 
of FPP and PBB, particularly within the Bioc subgroup. The finding 
was also supported by the isolation-based antagonism test 
experiments. Biocontrol bacteria are known to suppress FPP 
proliferation through various mechanisms, including host immune 
induction, antibiosis compound production, and competition for 
scarce resources (Kohl et al., 2019). These complex interactions likely 
contribute to the strong negative correlations observed in our study. 
Bacillus spp. and Pseudomonas spp. are bacteria in the Bioc subgroup 
that show significant and negative correlations with FPP. Both genera 
have been well studied and their abilities to protect plants against 
pathogens have been widely described (Bernal et al., 2017; Molina-
Santiago et al., 2019). The Bioc subgroup identified here presents a 
promising avenue for microbe isolation and validation for 
agricultural applications.

A strong succession patterns of the potential antagonism 
interactions were also observed during P. notoginseng growth. The 
potential antagonism continuously strengthened from 2YV to 3YV, as 
indicated by the negative correlation coefficients, implying the 
increasing regulation of plant on Bioc bacteria for protection against 
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pathogens. However, at the 3YR stage, there was a marked weakening 
of this antagonistic strength. Previous research has focused on the 
“growth-defense trade-offs,” particularly in terms of genetic regulatory 
networks in plants involving diverse hormones, pathogen pattern 
recognition, and immune responses (He et  al., 2022; Major et  al., 
2017). Our finding of diminished rhizosphere antagonism during 
rapid plant growth suggests that microbe-dependent rhizosphere 
defense might be  an overlooked aspect of this trade-off. During 
periods of accelerated root biomass accumulation, plant physiological 
activities might prioritize primary metabolism and nutrient uptake, 
potentially at the expense of root defense, including microbe-assisted 
pathogen antagonism. Another possibility is that plant roots release 
more resources at the 3YR stage, weakening the resource competition-
based antagonism in the rhizosphere. This insight underscores the 
importance of monitoring rhizosphere antagonistic interactions 
within agricultural ecosystems, especially during critical 
growth phases.

4.3 Plant genetic networks potentially 
related to the deterministic assembly of 
rhizosphere Bioc bacterial subcommunity

Genetically determined rhizodeposits are crucial for shaping 
the structure and function of the rhizosphere microbial 
community (Philippot et  al., 2013). Thus, understanding the 
genetic basis of beneficial bacterial community dynamics is 
essential for breeding P. notoginseng varieties that are optimized 
for rhizosphere microbiome assistance (Trivedi et al., 2020; Xun 
et  al., 2024). The exudation of proteins might be  involved in 
important signaling molecules regulating the interaction between 
plants and microorganism, affecting the formation of beneficial 
rhizosphere microbial communities (Galloway et al., 2020; Sasse 
et al., 2018). N-glycan is an important protein modification (Ruiz-
May et  al., 2012), and our research has determined that the 
functional pathway of N-glycan biosynthesis in P. notoginseng is 
related to the deterministic assembly of Bioc community. The 
biosynthesis of other compounds, including different types of 
alkaloids, amino acid, and folate, were also linked to the assembly 
of rhizosphere Bioc community. The root exudation of these 
compounds has been extensively reported (Afridi et  al., 2024; 
Chaparro et al., 2014). These complex groups of compounds can 
collectively shape beneficial rhizosphere microbiomes through 
multiple mechanisms, including chemotaxis and 
microenvironment regulation (Afridi et  al., 2024). More 
importantly, transcription factors belonging to various families 
including MADS, TFII, IFRD1, MYB, bZIP, NAC, GRF and ARF, 
were identified as potential regulators controlling the biosynthesis 
of these compounds, potentially regulating the assembly and 
succession of FRM communities. For example, transcription 
factors MYB72 and MYB72-controlled β-glucosidase BGLU42 
play a key role in regulating beneficial rhizosphere bacteria-
induced systemic resistance (ISR) and by modulating the secretion 
of coumarin to inhibit soil-borne fungal pathogens (Stringlis 
et  al., 2018). The plant functional pathways and regulators 
identified in this study offer valuable insights into the molecular 
mechanisms that underlie the interactions between plants and 
beneficial microbes in the rhizosphere, and provide clues for 
further molecular verification.

4.4 Fully understanding plant-rhizosphere 
interactions in the agricultural system of 
perennial plants: future directions

Although this study revealed the rhizosphere functional 
microorganisms, PBB-FPP interactions, the succession of beneficial 
microbial ecological construction processes during P. notoginseng 
growth, as well as the related plant genetic factors, more efforts are still 
needed to fully understand the interactions between plants and 
rhizosphere in perennial plant agricultural systems, in order to achieve 
microbial-based sustainable agricultural practices. Firstly, the candidate 
plant gene list was obtained through correlation analysis. Further 
validation studies using genetic manipulation techniques such as gene 
editing will confirm the functions of these candidate genes, providing 
targets for plant breeding aimed at healthy rhizosphere microbial 
communities. Secondly, although sampling was conducted at various 
developmental stages of P. notoginseng in this study, the rhizosphere 
exhibited complex dynamic changes, and the sampling frequency may 
not be sufficient to capture the complete dynamic patterns. Hence, more 
intensive sampling of both plants and the rhizosphere should be included 
in future studies. Third, the dynamics of the rhizosphere microbiome 
throughout the entire growth cycle of model plants and crops (such as 
Arabidopsis, rice, etc.) (Chaparro et al., 2014; Zhang et al., 2018) had 
been extensively studied, but the study of the succession patterns of the 
rhizosphere microbial communities during the developmental stages of 
perennial plants is relatively scarce. In future studies, more well-designed 
plant-rhizosphere microbe interaction studies on perennial plants are 
needed to help improve agricultural practices for perennials.

5 Conclusion

In conclusion, the plant developmental stage was a significant driving 
force affecting the rhizosphere functional microbiomes. The relative 
impact of deterministic processes on the assembly of functional microbial 
communities showed a trend of first increasing and then decreasing 
during plant growth, reflecting the adaptability of plant functional 
microbial communities to plant developmental changes. The genetic 
regulation networks, functional pathways, and potential molecular 
regulators related to the deterministic assembly of biocontrol rhizosphere 
microbiomes were also identified. This work provides a comprehensive 
understanding of the assembly and succession of rhizosphere functional 
microbiomes, as well as their links to plant genetic networks across the life 
cycle of perennial P. notoginseng, which is vital for utilizing microbial 
resources to achieve sustainable agriculture of medicinal plant.
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The occurrence of wheat crown 
rot correlates with the microbial 
community and function in 
rhizosphere soil
Yajiao Wang 1, Jian Feng 2, Jianhai Gao 3, Sen Han 1, Qiusheng Li 1, 
Lingxiao Kong 1 and Yuxing Wu 1*
1 Institute of Plant Protection, Hebei Academy of Agricultural and Forestry Sciences, Baoding, China, 
2 Plant Protection Plant Inspection Station of Baoding City, Baoding, China, 3 Cangxian Agriculture and 
Rural Bureau, Cangxian, China

Wheat crown rot (WCR) is a significant soil-borne disease affecting wheat production 
worldwide. Understanding the impact of wheat crown rot on the structure and 
function of microbial communities in the wheat rhizosphere soil can provide a 
theoretical basis for the mining biological control resources against WCR. In this 
study, rhizosphere soils with varying WCR severities (light, moderate, severe) were 
analyzed for chemical properties, microbial community composition and functions 
using high-throughput sequencing. The results revealed that WCR decreased 
rhizosphere soil pH, the content of available nitrogen and phosphorus, and the 
abundance of beneficial taxa such as Bacillus and Streptomyces. Additionally, 
functional predictions showed that microbial communities adapted to WCR by 
enhancing signaling pathways and reducing their anabolic activity. From soil with 
light WCR occurrence, we isolated Bacillus velezensis BF-237, whose abundance 
was reduced by WCR. Greenhouse experiments demonstrated that BF-237 achieved 
a control efficiency of 56.61% against WCR in artificially inoculated sterilized soil 
and 53.32% in natural soil. This study clarifies the impact of wheat crown rot 
on the community structure, and function of rhizosphere soil microorganisms, 
alongside identifying a promising biocontrol agent. These findings contribute to 
understanding WCR pathogenesis and offer practical resources for its management.

KEYWORDS

wheat crown rot, soil chemical properties, rhizosphere microbial community, Bacillus 
velezensis, biological control

1 Introduction

Wheat crown rot (WCR) is a significant soil-borne disease affecting wheat production, 
primarily caused by the pathogens Fusarium pseudograminearum, F. graminearum, 
F. culmorum, etc. (Kazan and Gardiner, 2018). In China, the predominant pathogen responsible 
for WCR is F. pseudograminearum (Deng et al., 2020; Zhang et al., 2024). These pathogens 
primarily infect the stem base of wheat, disrupting the water and nutrient transport system of 
the plant, and eventually causing browning and rotting at the stem base. During the grain-
filling stage, this infection can result in white heads, severely impacting wheat yield and quality 
(Ozdemir et al., 2020). Wheat crown rot is prevalent worldwide, it is especially widespread and 
damaging in countries such as Australia, South Africa, the United States, and Canada, where 
in typical years, wheat crown rot can reduce wheat yield by approximately 9.5% on average, 
and in epidemic years, losses can reach as high as 35% (Kazan and Gardiner, 2018). In China, 
wheat crown rot caused by F. pseudograminearum was first reported in 2012, and its impact 
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now spans various winter wheat-growing regions nationwide (Li et al., 
2012). Due to excessive fertilization, straw continued to return to the 
field and poor resistance of varieties, the disease showed a trend of 
increasing and spreading in the main wheat producing areas of 
Huang-Huai in China (Wang et al., 2023). Therefore, the prevention 
and control of wheat crown rot is urgent.

Currently, the primary methods for controlling WCR include 
agricultural practices (Moya-Elizondo and Jacobsen, 2016), resistant 
varieties (Liu and Ogbonnaya, 2015), chemical control (Zhang et al., 
2022), and biological control (Feng et  al., 2023). Management 
strategies such as removing crop residues, crop rotation, delayed 
sowing, and balanced fertilization can effectively reduce the incidence 
of WCR (Wang et al., 2023), though their control efficacy is relatively 
low. Planting resistant varieties is one of the simplest and most 
effective strategies (Rahman et al., 2021), however, the availability of 
resistant varieties is currently limited. Moreover, the prolonged and 
excessive use of chemical agents not only causes environmental 
pollution but also increases the resistance of pathogens to these 
chemicals (Zhang et al., 2023). Environmentally friendly and efficient 
biological control has emerged as a key approach for managing 
WCR. Although several biocontrol agents have been reported (Feng 
et al., 2023; Li et al., 2022; Xu et al., 2022), only a limited number are 
currently in widespread use. This is due to challenges such as the poor 
environmental adaptability of biocontrol agents, insufficient 
formulation stability, and high development costs. To promote the 
extensive application of biocontrol agents for WCR, it is necessary to 
screen strains with high efficacy and strong environmental adaptability.

Soil microorganisms play a crucial role in the occurrence and 
suppression of crop diseases (Yuan et al., 2020). On one hand, soil 
microorganisms act as an important reservoirs for biological control 
agents against crop diseases. Microorganisms in the soil, such as 
Bacillus spp. and Streptomyces spp., can inhibit the growth of 
pathogens by secreting antimicrobial compounds, competing for 
ecological niches, or inducing systemic resistance in plants (Saxena 
et al., 2020). On the other hand, a rich diversity of soil microorganisms 
contributes to a stable and complementary ecosystem that effectively 
suppresses the spread and proliferation of pathogens. Conversely, low 
microbial diversity may allow pathogens to dominate ecological 
niches, leading to disease outbreaks (Jayaraman et al., 2021). Following 
the occurrence of crop diseases, the extensive proliferation of 
pathogens can alter the structure of soil microbial communities, 
characterized by an increase in pathogen abundance and a decrease in 
the abundance of beneficial microorganisms (Shi et al., 2019). This 
may even reduce the overall diversity and functionality of soil 
microorganisms. Such changes can further exacerbate disease 
occurrence. Previous studies have shown that the occurrence of 
tomato Fusarium wilt disease decreases the pH of rhizosphere soil and 
the alpha diversity of rhizosphere bacteria, and reduced the abundance 
of beneficial bacteria such as Bacillus and Lysinibacillus (Yang et al., 
2024). Similarly, the occurrence of banana wilt disease significantly 
decreases the microbial diversity in banana rhizosphere soil and alters 
the microbial community structure (Zhou et al., 2019). However, to 
date, no studies have investigated the relationship between the 
occurrence of wheat crown rot and soil microbial communities.

Understanding the disruption mechanisms of crop diseases on 
soil microbial communities and the adaptive strategies of rhizosphere 
microbial communities under disease stress is crucial for developing 
effective disease control measures. In this study, rhizosphere soils were 

collected from wheat fields with varying levels of WCR severity (light, 
moderate, and severe). The effects of disease occurrence on the 
chemical properties of wheat rhizosphere soil was measured, and the 
community structure and functions of bacteria and fungi were 
analyzed using Illumina MiSeq high-throughput sequencing 
technology. This study provides insights into the interactions between 
WCR and soil microorganisms, offering new perspectives for the 
targeted selection of beneficial microorganisms antagonistic to wheat 
crown rot and for disease management strategies.

2 Materials and methods

2.1 Site description and sample collection

The experimental site was located in a wheat farm in Ningjin 
County, Xingtai City, Hebei Province, China (37° 37’ N, 114° 53′ E, 
18 m a.s.l.), which has a subtropical monsoon climate. The area has an 
average annual temperature of 12.5°C and an average annual rainfall 
of 1,150–1,550 mm. Winter wheat is rotated with summer maize. The 
winter wheat variety used was Jimai 22, and the maize variety was 
Xianyu 335. In 2022, during the wheat filling stage (mid-May), three 
plots (200 m2) with different severities of wheat crown rot—light (L), 
moderate (M), and severe (S) were selected from the wheat farm. 
Following the “W” multiple-point sampling method, wheat 
rhizosphere soil was collected. For each plot, soil samples were 
collected in three replicates, with each replicate including 10 sampling 
points, and 20 wheat plants per sampling point. Using a sampling 
spade, the entire wheat root system was carefully excavated, loose soil 
was shaken off and collected for greenhouse experiment, then whole 
wheat roots were subsequently placed in sterilized PBS buffer and 
shaked for 30 min, finally the rhizosphere soil was collected by 
centrifugation at 12,000 g for 5 min (Wu et al., 2024). The remaining 
wheat plants were used to investigate the incidence of wheat crown 
rot. A portion of the soil sample was stored at −80°C for DNA 
extraction, and the remainder was stored at 4°C for analyses of soil 
chemical properties.

2.2 Evaluation of the occurrence of wheat 
crown rot and quantitative detection of 
Fusarium pseudograminearum in the 
rhizosphere soil

Disease severity of WCR at the filling stage was rated on a 0–4 
scale based on the symptoms observed on the crown (Zhang et al., 
2022). 0: completely healthy; 1: light browning on the crown, less than 
25% necrosis; 2: 25–50% necrosis; 3: 51–75% necrosis; 4: greater than 
75% necrosis, or show symptoms of dried white ears or complete plant 
death. A disease index was then calculated as ∑ (Number of diseased 
plants with each score × Highest score)/(Total number of 
plants × Highest score) × 100%.

Genomic DNA from 0.5 g rhizosphere soil was extracted using the 
E.Z.N.A. Soil DNA Kit (Omega Bio-TEK, Norcross, GA, United States) 
following the protocol provided by the manufacturer. DNA 
concentration was assessed with a TBS-380 Mini-Fluorometer (Turner 
Biosystems, CA, United  States) and its purity was assessed with 
NanoDrop  2000 UV–Vis spectrophotometer (Thermo Scientific, 
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Wilmington, DE, United States). DNA quality was confirmed using 1.2% 
agarose gel electrophoresis. To assess the titers of F. pseudograminearum 
in the rhizosphere soil, qPCR was conducted using primers Fptri3eF 
(5’-CAAGTTTGATCCAGGGTAATCC-3′) and Fptri3eR (5’-GCTG 
TTTCTCTTAGTCTTCCTCA-3′) as described by Obanor and 
Chakraborty (2014). A 20 μL reaction mixture was prepared using 1 μL 
of template DNA, following the protocol provided by TaKaRa Ex Taq HS 
DNA Polymerase. Amplification conditions included an initial 
denaturation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 
60°C for 34 s, performed on an ABI7500 Real-Time PCR system. Each 
reaction was run in triplicate. Genome copies of F. pseudograminearum 
were quantified based on a standard curve generated from a recombinant 
plasmid containing the target DNA sequence.

2.3 Soil chemical property analysis

Rhizosphere soil samples were dried, ground and sieved before 
soil analysis. Soil chemical property was measured with the methods 
of Wang et al. (2021). Soil pH was measured using the potentiometric 
method with a soil-to-water ratio of 1:5 (mass-to-volume ratio). Soil 
organic carbon was determined using the potassium dichromate 
oxidation method with dilution and heating. Available phosphorus 
was measured using the acid-soluble molybdenum-antimony 
colorimetric method, and available potassium was determined by the 
ammonium acetate extraction method with flame photometry.

2.4 Illumina Miseq sequencing

The bacterial V3–V4 region of the 16S rDNA was amplified using 
specific primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3′) and 
806R (5’-GGACTACHVGGGTWTCTAA T-3′), and the fungal 
internal transcribed spacer-1 (ITS-1) region was amplified using 
specific primers primers ITS1F (5’-CTTGGTCATTTAGAGG 
AAGTAA--3′) and ITS2R (5’-GCTGCGTTCTTCATCGATGC--3′). 
The PCR amplification system was set up in a 20 μL reaction volume: 
4 μL of 5 × FastPfu buffer, 2 μL of 2.5 mmol·L−1 dNTPs, 0.8 μL of each 
primer (5 μmol/L), 0.4 μL of FastPfu polymerase, and 1 μL of DNA 
template (20 ng/μL), with ddH2O added to a final volume of 20 μL. The 
PCR cycling conditions were as follows: an initial denaturation at 
95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s, 
annealing at 55°C for 30 s, and extension at 72°C for 30 s, with a final 
extension at 72°C for 10 min. PCR products were checked by 1.5% 
agarose gel electrophoresis, recovered, and purified. Samples were 
then sent to Shanghai Majorbio Bio-Pharm Technology Co., Ltd. for 
library construction and high-throughput sequencing on the Illumina 
MiSeq platform (Illumina, San Diego, United States) according to 
standard protocols.

2.5 Processing of sequencing data

Raw sequencing data were quality-controlled using Trimmomatic 
software, and sequences were assembled with FLASH software (Magoc 
and Salzberg, 2011). (1) A 50 bp sliding window was applied, and 
bases in the trailing sequence were trimmed when the average quality 
score within the window was below 20. Sequences shorter than 50 bp 

after quality control were removed. (2) Paired-end reads were merged 
based on overlapping regions with a minimum overlap length of 10 bp 
and a maximum mismatch rate of 0.2; unmergeable reads were 
discarded. (3) Sequences were demultiplexed based on barcodes and 
primers, with sequences containing ambiguous bases being removed. 
This process produced high-quality sequences for subsequent analysis. 
The raw sequences used in this study have been deposited in the NCBI 
(National Center for Biotechnology Information) database under the 
Sequence Read Archive (SRA) accession number PRJNA881807.

2.6 Isolation and identification

A total of 1 g of rhizosphere soil with slight occurrence of wheat 
crown rot was subjected to serial dilution and plated on LB agar 
(tryptone 10 g, yeast extract 5 g, NaCl 10 g, agar 15 g, ddH2O up to 
1 L, pH 7.0), followed by incubation at 37°C. Bacterial colonies 
with different colony characteristics were isolated and maintained on 
LB agar for further analysis. To assess the inhibition of 
F. pseudograminearum mycelial growth, a 5 mm agar plug of the 
fungus was placed in the center of a PDA plate (potato infusion 200 g, 
glucose 20 g, agar 15 g, ddH2O up to 1 L), bacterial isolates (ddH2O 
was used as control) inoculated 2.5 cm away from the fungal plug. 
After incubation at 28°C for 5 days, the inhibition zone between 
fungal and bacterial colonies was measured. The reaction to Gram 
staining were tested (Li et al., 2021). Genomic DNA of BF-237 was 
extracted using the MiniBEST Bacterial Genomic DNA Extraction Kit 
Ver. 3.0 (Takara, Beijing, China). The gene of gyrB was amplified with 
primers UP-1S and UP-2Sr (Dong et  al., 2023) and sequenced 
(Tsingke Biotechnology, Beijing, China). The resulting gyrB sequence 
was analyzed using blastn against the NCBI nr database to identify 
similarities. Additionally, 12 other gyrB sequences were selected for 
phylogenetic analysis.

2.7 Biocontrol effect of BF-237 on wheat 
crown rot and growth promotion on wheat

In a greenhouse experiment, the biocontrol effect of BF-237 on 
wheat crown rot in sterilized field soil and in untreated field soil were 
investigated. Bulk soil with severe wheat crown rot was collected as 
described in method 2.1. Half of the collected soil was directly used for 
greenhouse experiment, the remaining half of the soil was autoclaved 
before use. The soil was autoclaved using the liquid cycle for 30 min at 
121°C, then cooled at room temperature, then we  repeated this 
procedure, sterilized soil was stored at 4°C until use. Soak wheat seeds 
in 2% sodium hypochlorite for 5 min, then rinse three times with 
water. Surface sterilized wheat seeds (Shixin 828) were soaked in 109 
bacterial cells/mL BF-237 for 4 h at 28°C. F. pseudograminearum was 
grown in the sodium carboxymethyl cellulose medium (CMC, 
carboxymethyl cellulose 10 g, KH2PO4 1 g, MgSO4·7H2O 0.5 g, 
FeSO4·7H2O 0.01 g, NaCl 0.5 g, yeast extract 1 g, ddH2O up to 1 L) 
broth at 28°C and 180 rpm for 5 days to produce spores. Five 
treatments were set up, (1): SCK1, sterilized seeds were planted in 
sterile soil; (2): SCK2, sterilized seeds were planted in sterile soil with 
F. pseudograminearum (105 spores/g soil); (3): SB237, seeds soaked 
with BF-237 were planted in sterile soil with F. pseudograminearum 
(105 spores/g soil); (4): FCK, sterilized seeds were planted in field soil; 
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and (5): FB237, seeds soaked with BF-237 were planted in field soil. 
There were 4 replicates per treatment, 5 pots per replicate, and 20 seeds 
per pot. The pots were placed in a greenhouse with 16 h light/8 h dark 
at 25°C. At 21 days after sowing, wheat height was measured, and the 
severity and severity index of wheat crown rot were classified and 
calculated as described in method 2.2.

2.8 Statistical analyses

The alpha diversity (Shannon and Simpson indices) of the bacterial 
and fungal community were calculated by Mothur v.1.301 and the vegan 
package in R. Beta diversity was examined by Principal Coordinate 
Analysis (PCoA) based on Bray-Curtis distances in R. Redundancy 
analysis (RDA) was executed in R to analyze the relationship between 
dominant taxa of microorganisms and soil properties. Correlation 
networks were constructed to investigate the relationships among 
environmental factors, bacterial diversity indices, and wheat crown rot, 
employing the igraph and psych packages in R. All data underwent 
normality checks with the Shapiro–Wilk test prior to statistical analysis 
in SPSS v.16.0 (SPSS, Chicago, IL, United States). For non-normally 
distributed data, including alpha diversity indices, wheat crown rot, and 
the relative abundance of key genera, we applied the Kruskal-Wallis test 
for significance, using SPSS v.16.0.

3 Results

3.1 Wheat crown rot incidence and 
rhizosphere soil chemical properties

According to field survey results, the disease indices of 
wheat crown rot in light (L), moderate (M), and severe (S) plots were 

1  http://www.mothur.org/

2.4, 14.2, and 41.6, respectively (Figure  1A). The quantity of 
F. pseudograminearum in the rhizosphere soil for the L, M, and S plots 
was 5.58 × 103 copies/g, 2.25 × 104 copies/g, and 3.26 × 105 copies/g 
(Figure 1B), indicating a positive correlation between the incidence of 
wheat crown rot and the concentration of F. pseudograminearum in the 
rhizosphere soil. Following the occurrence of wheat crown rot, the 
contents of organic matter, available phosphorus, and available 
potassium in the wheat rhizosphere soil showed a decreasing trend. 
Compared to the L, these three indicators in the M rhizosphere soil 
decreased by 0.37, 8.18, and 23.77%, respectively. While in S, the 
reductions reached 2.59, 29.84, and 24.63%, respectively. Additionally, 
soil pH gradually decreased with the progression of wheat crown rot. 
The pH in the S plot was 7.46, which significantly lower than in the L 
pot (7.88) (Table 1).

3.2 Effects of wheat crown rot on 
rhizosphere microbial diversity

In this study, sequencing data were rarefied to the minimum 
sample size for alpha diversity index analysis. Results showed that 
coverage rates for all treatments exceeded 98%, indicating that the 
bacterial and fungal sequences obtained in this study achieved 
good coverage and that the sequencing depth was sufficient for 
analyzing bacterial and fungal diversity. The number of bacterial 
and fungal OTUs decreased as the disease index of wheat crown 
rot increased. The Sob, Chao, and Shannon indices for bacteria 
showed no significant change between L and M levels but were 
significantly lower in S, which increased by 11.61, 7.10, and 
14.34%, respectively. For fungi, the Sob, Chao, and Shannon 
indices decreased with increasing disease index; compared to L, 
these indices in M decreased by 13.99, 10.72, and 10.62%, 
respectively, and in S by 27.97, 20.87, and 24.78%, respectively 
(Table  2). These results indicate that the occurrence of wheat 
crown rot reduced the alpha diversity of bacteria and fungi in the 
wheat rhizosphere soil.

FIGURE 1

The disease index of wheat crown rot (A) and the abundance of F. pseudograminearum in wheat rhizosphere soil (B). Data for the same disease with 
different letters above bars differed significantly (p < 0.05) according to Kruskal-Wallis test. L, M, and S: soil with different severities of wheat crown 
rot—light (L), moderate (M), and severe (S).
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The effect of wheat crown rot on the beta diversity of bacterial and 
fungal communities in the wheat rhizosphere soil was analyzed using 
PCoA. For bacteria (Figure 2A), the PCoA results indicated that the 
PC1 and PC2 axes explained 50.18 and 11.65% of the variance in the 
bacterial community, respectively. Between L and M, there was little 
difference in bacterial community structure on the PC1 axis, with a 
0.16 difference on the PC2 axis. However, in S, the bacterial community 
structure showed a significant difference on the PC1 axis compared to 
L and M, with a variance of approximately 0.3 (Supplementary Table S1). 
For fungi (Figure 2B), the PCoA results showed that the PC1 and PC2 
axes explained 55.31 and 33.25% of the variance, respectively. In L and 
M, fungal community structure had a minor difference of 0.18 on the 
PC1 axis and a difference of 0.37 on the PC2 axis. In contrast, in S, 
fungal community structure showed significant differences on the PC1 
axis compared to L and M, with differences of 0.32 and 0.50, 
respectively (Supplementary Table S1). These results demonstrate that 
wheat crown rot significantly altered the bacterial and fungal 
community structure in wheat rhizosphere soil on the PC1 axis.

3.3 Effects of wheat crown rot on 
rhizosphere microbial communities

Phylum-level analysis of bacterial community composition in wheat 
rhizosphere soil revealed 10 dominant phyla with relative abundance 
>1%, including Actinobacteria, Proteobacteria, Acidobacteria, 
Chloroflexi, Bacteroidetes, Gemmatimonadetes, Saccharibacteria, 
Firmicutes, Nitrospirae, and Verrucomicrobia (Figure 3A). In L, M, and 
S, the relative abundances of Actinobacteria (33.30, 33.56, 40.67%), 
Chloroflexi (9.21, 9.97, 11.85%), Saccharibacteria (1.71, 1.94, 1.95%), and 
Verrucomicrobia (0.96, 1.03, 1.09%) increased with the rise in wheat 
crown rot disease index. In contrast, the relative abundances of 
Acidobacteria (12.56, 11.80, 11.14%), Bacteroidetes (6.66, 6.37, 5.25%), 
and Nitrospirae (2.17, 1.45, 0.91%) decreased with the rise in wheat 
crown rot disease index. At the genus level (Figure 3B), grouping bacteria 
with <1% abundance and unclassified groups as “Other,” we found that 
the dominant genera with relative abundance >1% displayed varied 
trends. In L, M, and S, Bacillus (1.26, 1.34, 0.87%), Streptomyces (2.12, 
1.74, 1.56%), Nitrospira (2.17, 1.45, 0.91%), Nonomuraea (1.21, 1.65, 
0.20%), and Gaiella (1.45, 0.90, 0.76%) decreased with the rise in wheat 
crown rot disease index. However, Blastococcus, Sphingomonas, 
Skermanella, Pedobacter, Roseiflexus, Massilia, and Rubrobacter increased 
with the rise in wheat crown rot disease index.

At the phylum level (Figure 3C), the composition of the wheat 
rhizosphere fungal community was analyzed, and the results showed 
that the dominant phyla were Ascomycota, Zygomycota, and 
Basidiomycota. Their relative abundances ranged from 89.18 to 
95.20%, 3.17 to 9.27%, and 0.32 to 1.08%, respectively. Compared to 
L, there were no significant differences in the relative abundance of 

these three phyla in M. However, in S, the relative abundance of 
Ascomycota decreased by 6.31%, while the relative abundance of 
Zygomycota and Basidiomycota increased by 1.92 and 2.38 times, 
respectively. At the genus level (Figure 3D), fungal groups with a 
relative abundance of less than 1% and unclassified groups were 
categorized as “others.” In L, M, and S, the relative abundances of 
Alternaria (12.47, 13.15, 27.55%), Rhizopus (3.32, 3.02, 8.82%), 
Oedocephalum (0.001, 1.40, 5.51%), Gibberella (4.19, 5.28, 5.44%), and 
Cyphellophora (0.2, 0.49, 1.04%) increased with the rise in wheat 
crown rot disease index. In contrast, the relative abundance of 
Mycosphaerella (31.65, 21.13, 21.55%), Pyrenochaetopsis (8.18, 6.34, 
5.23%), Acremonium (4.50, 4.86, 3.04%), Myrothecium (2.48, 1.05, 
0.96%), Myrmecridium (1.86, 0.41, 0.24%), and Preussia (3.06, 0.11, 
0.05%) decreased with the rise in wheat crown rot disease index.

3.4 Correlation between environmental 
factors and rhizosphere microbial 
communities

The analysis of the relationship between environmental factors 
and genus-level bacterial changes in the rhizosphere soil showed that 
the first principal component (RDA1) and the second principal 
component (RDA2) explained 49.35 and 15.49% of all variables, 
respectively (Figure 4A). The bacterial community structure in the 
rhizosphere soil of wheat was partially overlapping between fields 
with light and moderate wheat crown rot, indicating similarity in 
community structure. However, in fields with severe wheat crown 
rot, the bacterial community structure in the rhizosphere soil was 
located further away on the RDA2 axis compared to fields with light 
and moderate wheat crown rot, with no overlap, suggesting a 
significant change in bacterial community structure in heavily 
affected fields. Additionally, RDA revealed that different 
environmental variables had varying impacts on the overall bacterial 
community. Available phosphorus (r2 = 0.937; p = 0.003) had a 
highly significant effect on soil bacterial community composition 
(p < 0.01), while wheat crown rot (r2 = 0.820; p = 0.017) had a 
significant effect (p < 0.05) (Supplementary Table S2). VPA analysis 
showed that wheat crown rot occurrence and changes in soil 
chemical properties explained 64.36% of the variation in soil 
bacterial diversity, with wheat crown rot accounting for 54.76%, soil 
chemical properties accounting for 54.36%, and their interaction 
accounting for 44.76%. Among soil chemical properties, available 
phosphorus had the highest explanatory power, at 45.81% 
(Figure 4C).

The analysis of the relationship between environmental factors 
and genus-level fungal changes in the rhizosphere soil indicated that 
the first principal component (RDA1) and the second principal 
component (RDA2) explained 48.74 and 35.38% of all variables, 

TABLE 1  The occurrence of wheat crown rot and soil physical and chemical properties.

Treatment Organic matter g/
kg

Available phosphorus 
mg/kg

Available potassium 
mg/kg

pH

L 27.0 ± 0.66a 439.9 ± 8.2a 345.0 ± 3.6a 7.88 ± 0.02a

M 26.9 ± 0.13a 404.5 ± 10.1b 263.3 ± 17.6b 7.82 ± 0.02ab

S 26.3 ± 0.56a 308.4 ± 9.7c 259.7 ± 6.9b 7.46 ± 0.05b

Different lowercases after the data indicate significant difference (p<0.05). L, M, and S: soil with different severities of wheat crown rot—light (L), moderate (M), and severe (S).
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respectively (Figure  4B). The fungal community structure in the 
rhizosphere soil of wheat showed no overlap among fields with light, 
moderate, and severe wheat crown rot, indicating that the occurrence 
of crown rot altered the fungal community structure in the rhizosphere 
soil. Furthermore, RDA revealed that various environmental variables 
had distinct effects on the overall fungal community composition. 
Available phosphorus (r2 = 0.936; p = 0.009) and pH (r2 = 0.846; 
p = 0.004) had highly significant impacts on soil fungal community 
composition (p < 0.01), while wheat crown rot (r2 = 0.821; p = 0.017) 
and available potassium (r2 = 0.926; p = 0.027) had significant effects 
(p < 0.05) (Supplementary Table S2). VPA analysis showed that the 
occurrence of wheat crown rot and changes in soil chemical properties 
accounted for 77.51% of the variation in fungal diversity in the 
rhizosphere soil, with wheat crown rot explaining 35.61%, soil 
chemical properties explaining 74.01%, and their interaction 
explaining 32.11%. Among soil chemical properties, available 
phosphorus had the highest explanatory power at 32.34% (Figure 4D).

3.5 Effects of wheat crown rot on the 
functions of rhizosphere microorganisms

Based on the KEGG database, the PICRUSt2 tool was used to 
functionally predict bacterial 16S OTU information, identifying six 
primary metabolic pathways: metabolism, genetic information 

processing, environmental information processing, cellular processes, 
organismal systems, and human diseases. Within the metabolism 
pathway, 11 Level 2 functional groupings were identified (Figure 5A). 
The relative abundances of these 11 metabolic genes showed no 
significant differences between fields with light (L) and moderate (M) 
wheat crown rot incidence. However, compared to L, fields with severe 
(S) wheat crown rot had higher relative abundances of genes associated 
with xenobiotic degradation and metabolism, amino acids, secondary 
metabolite synthesis, and carbon metabolism, decreasing by 6.16, 3.24, 
3.88, and 3.36%, respectively. In contrast, the relative abundances of 
genes related to glycine synthesis and signal transduction significantly 
increased, with reductions of 2.51 and 12.12%, respectively, 
compared to L.

According to functional predictions by FUNGuild, fungal 
functional classifications in the samples were identified (Figure 5B), 
showing that the fungal community could be  divided into seven 
categories: plant pathogens, animal pathogens, dung saprotrophs, 
undefined saprotrophs, endophytes, mycorrhizal fungi, and 
unclassified fungi. The relative abundance of plant pathogens showed 
no significant difference between fields with light (L) and moderate 
(M) wheat crown rot incidence. However, in field with severe (S) 
wheat crown rot, the relative abundance of plant pathogens increased 
by 17.22 and 18.66% compared to L and M, respectively. The relative 
abundance of dung saprotrophs and undefined saprotrophs gradually 
decreased with the severity of wheat crown rot. Compared to L and 

TABLE 2  Statistics of alpha diversity of bacterial and fungal community.

Otus Sobs Shannon Chao Coverage

Bacteria

L 2,897 ± 60a 2,423 ± 51.58a 6.64 ± 0.06a 2,847 ± 54.27a 0.985 ± 0.001a

M 2,893 ± 54a 2,463 ± 33.98a 6.65 ± 0.04a 2,813 ± 52.19a 0.990 ± 0.002a

S 2,528 ± 22b 2,171 ± 42.40b 6.20 ± 0.13b 2,490 ± 62.79b 0.986 ± 0.002a

Fungi

L 394 ± 13a 286 ± 21.57a 3.45 ± 0.12a 339 ± 18.20a 0.998 ± 0.000a

M 374 ± 18a 246 ± 18.57b 3.08 ± 0.18b 303 ± 14.99b 0.998 ± 0.000a

S 288 ± 18b 206 ± 13.89c 2.73 ± 0.10c 255 ± 19.93c 0.998 ± 0.000a

Different lowercases after the data indicate significant difference (p<0.05). L, M, and S: soil with different severities of wheat crown rot—light (L), moderate (M), and severe (S).

FIGURE 2

Principal coordinate analysis (PCoA) of wheat rhizosphere soil bacterial (A) and fungal (B) community. The X-axis and Y-axis represent the two selected 
principal coordinate axes, and the percentage represents the explanatory value of the principal coordinate axes to the difference in sample 
composition. L, M, and S: soil with different severities of wheat crown rot—light (L), moderate (M), and severe (S).
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M, the relative abundance of dung saprotrophs in S fields decreased 
by 25.25 and 7.92%, respectively, while that of undefined saprotrophs 
decreased by 25.28 and 21.60%, respectively. These results indicate 
that wheat crown rot increases the abundance of plant pathogens in 
the wheat rhizosphere while reducing the abundance of 
saprotrophic fungi.

3.6 Biocontrol effect of BF-237 on wheat 
crown rot

Of 128 bacterial strains isolated from wheat rhizosphere soil, 
BF-237 showed the largest zone of growth inhibition (9 mm). BF-237 
colonies were milky white, convex, round, with uneven edges, wet 
surface and large folds on LB agar at 24 h at 37°C. BF-237 clustered 
with Bacillus velezensis based on genome comparisons with 11 other 
Bacillus species (Supplementary Figure S1), BF-237 also had the 
highest ANI value of 98.69% with B. velezensis OR683507.1. Thus, 
BF-237 was identified as a strain of B. velezensis. The greenhouse 
experiment showed that BF-237 had 56.61% control effect on wheat 

crown rot and 14.18% growth promotion effect on wheat in sterilized 
soil (Figure 6A). While, in natural soil BF-237 had 53.32% control 
effect on wheat crown rot and 11.50% growth promotion effect on 
wheat (Figure 6B).

4 Discussion

The occurrence of crop diseases usually significantly alters the 
chemical properties of the rhizosphere soil (Walters and Bingham, 
2007). These chemical changes are often the result of plant-microbe 
interactions and the metabolic activities of pathogens triggered by 
disease. In our study, we found that the occurrence of wheat crown 
rot decreased the contents of organic matter, available nitrogen, and 
available phosphorus in wheat rhizosphere soil. When the pathogenic 
fungi grow and reproduce in the soil, they can restrict root growth, 
reducing the secretion of root metabolites and, consequently, reduce 
the carbon sources and organic matter available to soil 
microorganisms (Canarini et al., 2019). The microbial community in 
diseased soil also changes, potentially reduce the population of 

FIGURE 3

Relative abundances of wheat rhizosphere soil bacterial phyla (A), bacterial genera (B), fungal phyla (C) and fungal genera (D). L, M, and S: soil with 
different severities of wheat crown rot—light (L), moderate (M), and severe (S).
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beneficial microorganisms involved in carbon and nitrogen 
metabolism, resulting in an overall decrease in the content of carbon 
and nitrogen (Shi et  al., 2019). The occurrence of wheat disease 

decreases the organic matter and available nutrient levels in the 
rhizosphere soil. This series of changes not only negatively impacts 
wheat growth by reducing the nutrients absorbed by plant roots, 

FIGURE 4

Correlation analysis of environmental factors with wheat rhizosphere soil bacterial and fungal community compositions. Redundancy analysis showing 
the influence of environmental factors on bacterial (A) and fungal (B) community at genus level. Analysis of contribution of environmental factors to 
changes in wheat rhizosphere soil bacterial (C) and fungal (D) community. L, M, and S: soil with different severities of wheat crown rot—light (L), 
moderate (M), and severe (S).

FIGURE 5

Functional analysis of bacteria (A) and fungi (B) in wheat rhizosphere soil. L, M, and S: soil with different severities of wheat crown rot—light (L), 
moderate (M), and severe (S).
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which can make plants weaker and more susceptible to further 
disease, but it also weakens the health and stability of the soil 
ecosystem. Therefore, maintaining soil nutrients and microbial 
diversity is crucial for supporting crop health and soil ecological 
balance. In the process of disease prevention and control, improving 
soil physicochemical properties and promoting the recovery of 
beneficial microorganisms can help reduce the negative impacts of 
disease on both soil and plants.

Soil microbial diversity is an essential indicator of soil health and 
a foundation for maintaining ecological functions of the soil (Gupta 
et  al., 2022). Studies have shown that soil microbial community 
diversity is closely linked to the occurrence of plant diseases (Shi 
et al., 2019; Todorović et al., 2023). Our study found that the bacterial 
and fungal diversity in wheat rhizosphere soil in field with severe 
WCR was significantly lower than that with light WCR, indicating 
that the occurrence of WCR reduces the bacterial and fungal 
diversity in the wheat rhizosphere soil. When crop diseases occur, 
pathogens rapidly proliferate in the rhizosphere, occupying 
ecological niches, forming dominant populations. Through 
competitive exclusion mechanisms, they suppress the growth of 
other microorganisms, leading to an overall reduction in diversity 
(Zhou et al., 2019). Moreover, diseases trigger a reduction in plant 
metabolism, such as a decrease in the secretion of nutrients from the 
roots (e.g., amino acids, carbon sources, etc.) (Berger et al., 2007; 
Rojas et  al., 2014). This reduction in available resources for soil 
microorganisms, leading to a decline in the number of 
microorganisms that depend on these nutrients, thereby lowering 
microbial community diversity (Ma et al., 2022). A diverse microbial 
community can enhance the soil’s ability to suppress soil-borne 
diseases, primarily because a rich microbial community can maintain 
functional diversity and stability, providing a healthy and stable 
environment for plant growth (Jayaraman et al., 2021).

The occurrence of WCR have altered the soil microbial 
community structure, mainly characterized by an increase in the 
abundance of some pathogens and a decrease in the abundance of 
some beneficial microorganisms. In fields with severe WCR, the 
abundance of F. pseudograminearum in wheat rhizosphere soil is 58 

times higher than in healthy soil. Additionally, the relative abundance 
of Alternaria (pathogen of cabbage black spot, etc.) (Patel et al., 2023) 
and Gibberella (pathogen of maize stalk rot, etc.) (Liu et al., 2023) 
shows an upward trend, increasing by 120 and 30%, respectively. 
Furthermore, our study revealed that in the field with severe WCR, 
the relative abundance of Streptomyces and Bacillus in the wheat 
rhizosphere soil decreased. Streptomyces and Bacillus are two major 
groups of biocontrol bacteria and are the most widely used biocontrol 
agents in commercial production and field applications (Khan et al., 
2021, 2023). Streptomyces can produce a variety of secondary 
metabolites, and over 90% of known antibiotics are derived from 
Streptomyces. It has been widely used in the biological control of 
WCR (Winter et al., 2019), rice blast disease (Chaiharn et al., 2020) 
and tomato root rot (Hassanisaadi et al., 2021). Bacillus can produce 
various antagonistic compounds, including peptides, lipopeptides, 
polyketides, siderophores, and bacteriocins which have been widely 
used in the biological control of WCR (Dong et al., 2023; Guo et al., 
2024; Li et al., 2022). We hypothesize that during the occurrence of 
crop diseases, pathogens inhibit the growth of beneficial bacteria by 
competing for resources or by altering the soil environment through 
the production of toxins and other secondary metabolites.

The occurrence of crop diseases can trigger adjustments in soil 
microbial functions such as nutrient metabolism, defense, and 
signal transduction (Shi et al., 2019). These changes represent the 
microbial community’s adaptation mechanisms to disease 
pressure, helping microorganisms maintain community stability 
in adverse environments and protect plant health. Our study 
found that after the occurrence of WCR, the abundance of signal 
transduction-related genes in the rhizosphere soil microbiome 
significantly increased. Soil microorganisms sense and respond to 
changes in the environment through signal transduction 
mechanisms that enable them to receive external stimuli, process 
information, and regulate their physiological activities to adapt to 
the complex soil ecological environment (Islam et al., 2020). So, 
we  speculate that under the stress of WCR, pathogen rapidly 
proliferate in the soil, posing a threat to the microbial community. 
In response, microorganisms can quickly sense environmental 

FIGURE 6

Growth promotion of BF-237 on wheat (A) and biocontrol effect on wheat crown rot (B). SCK1: sterilized seeds were planted in sterile soil; SCK2: sterilized 
seeds were planted in sterile soil with F. pseudograminearum (105 spores/g soil); SB237: seeds soaked with BF-237 were planted in sterile soil with F. 
pseudograminearum (105 spores/g soil); FCK: sterilized seeds were planted in field soil; FB237: seeds soaked with BF-237 were planted in field soil.
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changes and recognize the presence of pathogens through signal 
transduction mechanisms, such as quorum sensing and signaling 
molecule communication, coordinating their defense responses. 
The enhancement of signal transduction helps the microbial 
community form a collective response when facing pathogens, 
improving overall disease resistance.

Our study also found that following the occurrence of WCR, 
the abundance of carbon metabolism, amino acid metabolism 
related genes in the rhizosphere soil microbiome significantly 
decreased. It is speculated that after the occurrence of crop disease, 
pathogens multiply rapidly in the soil, which inhibits the 
abundance of some microorganisms, especially those involved in 
nutrient metabolism, and ultimately leads to the reduction of 
nutrient metabolism capacity of soil microorganisms (Wang et al., 
2022). Additionally, the occurrence of crop disease can reduce the 
nutrient content of crop rhizosphere soil (Walters and Bingham, 
2007), leading to a nutrient-deficient environment in the soil. This 
results in reduced metabolic activity, allowing microorganisms to 
conserve resources and avoid excessive energy consumption. This 
strategy enables them to survive under nutrient-limited conditions 
and adapt to changes in the soil environment. After the occurrence 
of WCR, soil microorganisms reduce biosynthetic metabolism and 
enhance signal transduction as an important adaptive strategy to 
cope with environmental stress. This change allows microorganisms 
to allocate resources more effectively to cope with competition and 
pressure from pathogens, promoting cooperation within the 
microbial community and providing additional protection to 
plants. These functional adaptations have profound implications 
for the health of agricultural ecosystems and provides important 
theoretical support for soil management and disease control.

5 Conclusion

This study aimed to address the interactions between the 
occurrence of wheat crown rot and the wheat rhizosphere soil 
microbiome, and it confirmed that the occurrence of wheat crown rot 
decreased the pH of the rhizosphere soil and the contents of organic 
matter, available nitrogen, and available phosphorus. Additionally, it 
reduced bacterial and fungal diversity in the wheat rhizosphere soil, 
increased the abundance of plant pathogens such as Fusarium 
pseudograminis, Alternaria, and Gibberella, while reduced the 
abundance of beneficial bacteria such as Streptomyces and Bacillus. 
After the occurrence of wheat crown rot disease, soil microorganisms 
reduced their anabolic activity and enhanced signaling pathways to 
cope with the competition and pressure from pathogens, promoting 
collaboration within the microbial community and strengthening the 
community’s ability to inhibit pathogens. A strain of B. velezensis, 
whose abundance was reduced due to the occurrence of wheat crown 
rot, was successfully isolated. Greenhouse experiments revealed that 
strain BF-237 significantly decreased the incidence of wheat crown 
rot. These findings further confirm that wheat crown rot reduces the 
abundance of beneficial bacteria in the soil. Field application of such 
beneficial bacteria has the potential to effectively mitigate wheat 
crown rot incidence. Our study broadens the understanding of the 
relationships between the occurrence of wheat crown rot and the soil 
microbiome and provides novel insights into wheat crown 
rot occurrence.
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Native mixed microbe inoculants 
(M1H) optimize soil health to 
promote Cajanus cajan growth: 
the soil fungi are more sensitive 
than bacteria
Zexun Liu 1, Chengcheng Luo 1, Kang Zheng 1, Yongtao Sun 2, 
Jie Ru 2, Yaner Ma 3, Xinru Zhang 1, Yong Zhou 4 and 
Jiayao Zhuang 1*
1 Collaborative Innovation Center of Sustainable Forestry in Southern China of Jiangsu Province, 
Nanjing Forestry University, Nanjing, China, 2 East China Academy of Inventory and Planning of NFGA, 
Hangzhou, China, 3 National Forestry and Grassland Bureau Forest and Grass Survey Planning 
Institute, Beijing, China, 4 Beijing Liangshui River Administration Office, Beijing, China

Microbial inoculant is widely used in plant growth and crop production. However, 
the effect of native mixed microbial inoculants on soil microbiota and plant growth 
remain to be elucidated. Here, we used pot experiment for 5 months to determine 
the microbial inoculants treatments with growth-promoting effect on Cajanus cajan, 
such as M1P (Serratia marcescens) treatment and M1H treatment: the mixture of M1P 
and M45N (Paenibacillus polymyxa), and investigate the effect of these inoculants 
on the capacity of soil nutrients and rhizosphere microbiomes in promoting C. 
cajan growth. Further, the adaptability of these strains to environmental stress 
(temperature and pH) was determined by using stress-resistant growth experiment. 
The results showed that M1H treatment resulted in soil nutrients consumption 
and led to substantial alterations in the microbial community that were more 
effective in promoting C. cajan growth. The enhanced plant growth observed 
with M1H inoculation may be due to its impact on the soil micro-environment, 
particularly through increasing beneficial genera (e.g., Cunninghamella, Mortierella, 
Chryseolinea, and Bacillus) and decreasing potential genera (e.g., Zopfiella and 
Podospora). In addition, at the genus level (top 10), the effect of M1H inoculation 
on soil fungal community was higher than that of bacteria, which shows that the 
change of soil fungal community after M1H inoculation was more sensitive than 
that of bacteria. Spearman correlation analysis further revealed that the abundance 
of Cunninghamella, Mortierella, Chryseolinea, Zopfiella and Podospora were the 
key factors affecting C. cajan growth. Moreover, FUNGuild function prediction 
clearly indicated distinct differences in the fungal functions of CK, MIP and M1H 
treatment, in which a lower relative abundance of saprotroph fungi in M1H treatment 
compared to CK, these results may confirmed the possibility of decreasing the 
abundance of Zopfiella and Podospora under M1H treatment. Taken together, 
our findings highlight the role of M1H inoculant in promoting C. cajan growth 
and ameliorating soil health, and providing valuable insight of using native mixed 
microbial inoculants to cultivate C. cajan and optimize soil micro-environment.

KEYWORDS

Cajanus cajan, growth promoting effect, soil nutrients, soil fungal and bacterial 
communities, FUNGuild
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1 Introduction

Cajanus cajan is a perennial woody plant, which belongs to the 
subfamily Papilionidae of Leguminosa (Gnanesh et al., 2011). It is 
widely consumed as food due to its high nutritional value (Rao et al., 
2002). In addition, C. cajan has a high tolerance to different stresses, 
such as barren resistance, salt tolerance, drought tolerance, and so on. 
Thus, it is regarded as a pioneer tree species for the prevention and 
control of soil erosion. These characteristics have increased the 
utilization rate of C. cajan worldwide (Lazcano et al., 2021). Due to 
the rapid decline of the available land and the sharp decline in soil 
fertility, it is necessary to improve both land utilization rates and plant 
growth rates, which is crucial given the current situation (Dastager 
et al., 2010). The application of chemical fertilizer is the most common 
method to promote plant growth and increase crop yield. The rapid 
development of agriculture has increased the dependency of 
agriculture on chemical fertilizers. Chemical fertilizers increase plant 
growth and crop yield in a short time but adversely affect the soil 
environment, resulting in abnormal levels of soil nutrients and a 
decreased abundance of beneficial microbes, and in turn, aggravating 
soil degradation and posing a potential threat to human health (Liu 
et al., 2023; Tian et al., 2021). Thus, microbial fertilizer containing 
beneficial microbes has become the hot spot of agricultural research 
studies as it is stable and eco-friendly.

Soil microbes are a vital part of the soil ecosystem (Baldock and 
Skjemstad, 2000; Wang et al., 2017). They play an important role in 
the soil nutrient cycle, such as the decomposition of organic matter 
and regulation of soil nutrient levels (Semchenko et al., 2022). Certain 
soil microbes improve soil quality and the soil micro-ecological 
environment by dissolving insoluble nutrients and secreting plant 
hormones. Besides, they also increase plant’s soil nutrient 
consumption and promote plant growth (Li et  al., 2022; Tian 
et al., 2021).

Previous studies have shown that application of microbial 
inoculant could affect soil microbial diversity and community 
structure and directly or indirectly promote plant growth. For 
instance, Trichoderma harzianum and Bacillus inoculants increased 
the abundance of beneficial soil microbes and inhibited the growth of 
pathogenic bacteria resulting in increased tomato yield (Cheng et al., 
2020, 2021). Chen et al. (2020) reported that beneficial microbial 
fertilizer effectively inhibited the accumulation of soil pathogens and 
ameliorated the rhizospheric microbial community structure, 
resulting in increased growth of Chrysanthemum. Zhuang et al. (2021) 
reported that Penicillium. NL-Z1 fungal inoculants induced and 
increased the abundance of Mortierella, increasing growth of 
Acanthopanax sp. Li et  al. (2022) reported that the application of 
microbial fertilizer containing Bacillus inoculant increased the 
abundance of beneficial microbes, such as Bacillus (is included in the 
phylum Firmicutes) and Actinomadura (is included in the phylum 
Actinobacteria), and decreased the abundance of pathogenic fungi, 
such as Fusarium and Phytophthora in the rhizospheric soil of 
strawberry plants, increasing the yield of strawberries. Till now, 
numerous studies have investigated the effects of single microbial 
inoculants on plant growth and soil micro-ecological environment 
(El-Sharkawy et  al., 2021). However, how native mixed microbial 
inoculants can help us to promote plant growth, understand the 
correlation and of soil nutrients, soil microbial community structure, 
and plant growth remain unclear.

Soil microbial community structure is an important biological 
index to evaluate plant growth (Mapelli et al., 2012; Tian et al., 2021; 
Zhu et  al., 2014). The interspecific correlations among microbes, 
including induction, transformation, coexistence, and antagonism, 
play a significant role in shaping the structure and diversity of the soil 
microbial community, thereby affecting plant growth. Previous studies 
have shown that optimizing the soil microbial community structure 
could directly or indirectly determine the adaptability of plants to the 
environment (Kos et al., 2009; Samaddar et al., 2021; Stefan et al., 
2021), especially the altered abundance of beneficial and pathogenic 
microbes in the soil, which could reflect the soil’s health. This also 
demonstrates that understanding the altered microbial community 
structure of plant growth is crucial. Thus, understanding the changes 
in microbial community structure will help us to unravel microbial 
mechanisms concerning plant growth. Although the well-studied 
nature of single microbial inoculants, there are few studies on the 
effects of inoculation with microbial inoculants from C. cajan 
rhizosphere, such as Serratia marcescens and Paenibacillus polymyxa, 
especially the effects of the mixed microbial inoculants of S. marcescens 
and P. polymyxa on the growth of C. cajan is unknown. Therefore, it 
is essential to study the external benefits of mixed microbial inoculants 
of S. marcescens and P. polymyxa and the internal relationships 
between microbes.

In this study, we conducted a pot experiment on C. cajan plant for 
5 months using native microbial inoculants, i.e., P. polymyxa (M45N) 
and S. marcescens (M1P), which were isolated from the rhizospheric 
soil of C. cajan. We also used high-throughput Illumina MiSeq (ITS 
and 16S) sequencing technology to investigate taxonomic changes in 
the soil’s bacterial and fungal communities in response to different 
microbial inoculants. We hypothesized that (1) soil nutrients and 
microbial community structure in the rhizosphere would be affected 
by different microbial inoculants; (2) mixed microbial inoculants 
would have a stronger growth-promoting effect on C. cajan than 
single microbial inoculants; and (3) changes in the microbial 
community could be  a potential factor affecting this ability. 
Consequently, these characteristics would further unveil the 
underlying mechanisms of microbial inoculants on C. cajan growth. 
In conjunction with the premise of the rational use of space resources, 
the specific objectives of this study were (1) to assess the effect of 
different microbial inoculants on growth indexes (plant height, plant 
ground diameter and dry weight), soil nutrients, soil microbial 
diversity, microbial community structure, and function, and (2) to 
evaluate the environmental factors influence the fungal and bacterial 
communities composition. This study assessed and confirmed the 
feasibility and effectiveness of native mixed microbial inoculants in 
promoting plant growth, providing a theoretical basis and sustainable 
management for the cultivation and development of C. cajan.

2 Materials and methods

2.1 The source, isolation and screening of 
rhizosphere microbes, and preparation of 
microbial inoculants

Cajanus cajan seeds were purchased from a flower seed market in 
Jiujiang City, Jiangxi province, China, and were planted in the 
Baguazhou experimental field in Qixia District, Nanjing in mid-May 
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2022. At the end of November, the soil rhizospheric samples from 
healthy C. cajan were collected in the experimental field. The soil 
samples were stored in a 4°C ice box and brought back to the soil and 
water conservation laboratory of Nanjing Forestry University for 
microbial screening experiments.

The microbial screening experiments step as follows: A 10-fold 
serial dilution of soil samples was smeared on NA (nutrient agar, for 
cultivating bacteria: 3 g of beef extract, 10 g of peptone, 5 g of NaCl, 
20 g of agar, and 1,000 mL of deionized water, pH 7.0–7.2) and PDA 
(potato dextrose agar, for cultivating fungi: 6 g of potato flour, 20 g of 
glucose, 18 g of agar, and 1,000 mL of deionized water, pH 7.0–7.2) to 
isolate bacteria and fungi, respectively. The agar plates were incubated 
at 28°C for 3 days. Morphologically distinct colonies were subjected 
to purification following subculturing. Seven purified strains were 
obtained, namely M1N, M2N, M3N, M45N, M1P, M2P, and 
M45P. Among these, M1N, M2N, M3N, M45N, M1P, and M2P were 
bacterial isolates (NA) and M45P was a fungal isolates (PDA) 
(Supplementary Figure S1). Purified strains were prepared into 
microbial inoculants with the values of 0.8–1.2 under OD600 
(equivalent to 0.8–1.2 × 108 cfu/mL), and 60 mL of them was applied 
to the rhizosphere soil for the pot experiment of C. cajan.

2.2 Pot experiment

The experiment was conducted in a greenhouse at Baguazhou, 
Nanjing Province, China. The temperature of the greenhouse was 
maintained at 30 ± 5°C, a relative humidity of 65%, and with adequate 
sunlight exposure. The initial farmland soil was air-dried, screened by 
a 5 mm mesh, and mixed with vermiculite and perlite in a ratio of 
3:1:1. The mixed soils were filled with 2.5 kg per pot (30 cm in 
diameter, 25 cm in depth). The initial soil properties are determined 
in Supplementary Table S1.

On April 29, 2023, C. cajan seeds were pretreated prior to the pot 
experiment. Firstly, we soaked C. cajan seeds in distilled water for 
12 h, filtered the water, and then soaked them in a 0.5% sodium 
hypochlorite solution for 1 min to disinfect the seeds (Solorzano and 
Malvick, 2011). Later, the disinfected seeds were washed with pure 
water and later kept in the seedling cup to germinate for 2 week. The 
seeds germinated into seedlings by May 15, and the seedlings with 
similar height growth (about 6-8 cm in height) were transplanted into 
pots with 2.5 kg soil. One healthy seedling was planted in each pot. 
Nine treatments with five replicates were designed, thus a total of 45 
pots were designed in this study. The main treatments were as follows: 
(1) CK: contained sterile LB culture solution (without strain 
derivatives); (2) M1P: S. marcescens inoculant; (3) M1H: inoculants of 
the mixture contained M45N (P. polymyxa) and M1P; (4) Other 
treatments, including M1N, M2N, M3N, M2P, M45N, and M45P 
treatments, had no growth-promoting effect on C. cajan growth 
(Supplementary Figure S2). Thus, only the treatments with significant 
differences compared to CK, such as M1P and M1H treatments, were 
analyzed in the subsequent fungal and bacterial communities analysis.

One week after the seedlings were transplanted (on May 22), 
microbial inoculants with an OD600 of 0.8–1.2 were prepared, and 
60 mL of them was applied to the rhizosphere soil in each 
treatment. The first day of microbial inoculants application were 
recorded as day one of the experiment, and inoculation was 
repeated every other month (on May 22, June 22, July 22, August 

22, and September 22). Samples were taken after 5 months, from 
May 22 to October 22, 2019. During the whole experimental 
period, potted plants were randomly placed in the greenhouse and 
rearranged every other month. Identical agronomic management 
measures were then implemented across all treatments for 
the study.

2.3 Stress-resistant growth experiment

The stress-resistant growth experiment was conducted in the Soil 
and Water Conservation Laboratory of Nanjing Forestry University 
and included temperature and pH stress resistance tests. For the 
temperature stress resistance test, derivatives of M1P (1-mm-diameter 
disk), M45N (1-mm-diameter disk), and M1H (0.5-mm diameter disk 
of M1P and M45N, respectively) purified through multiple 
generations were inoculated into 250 mL conical flasks containing 
100 mL of LB culture medium. The LB medium was prepared with 
10 g of peptone, 5 g of yeast extract, 5 g of NaCl, and 1,000 mL of 
deionized water, adjusted to pH 7.2. The cultures were shaken evenly 
and incubated at temperature gradients of 10, 20, 30, 40, 50, and 60°C 
for 3 days, with three replicates per temperature condition. Strain 
concentrations in the culture solutions were measured every 12 h 
using an ultraviolet–visible spectrophotometer at OD600, and these 
values represented the strain concentrations. For the pH stress 
resistance test, sulfuric acid and sodium hydroxide were used to adjust 
the pH of solutions to values of 5, 6, 7, 8, 9, and 10. LB culture media 
were prepared by replacing deionized water with these pH-adjusted 
solutions. Derivatives of M1P, M45N, and M1H were inoculated into 
250 mL conical flasks containing 100 mL of the pH-adjusted LB 
culture medium. The cultures were incubated at 35°C ± 0.2°C for 
3  days, with three replicates for each pH condition. Strain 
concentrations were measured every 12 h using an ultraviolet–visible 
spectrophotometer at OD600. The experiment was designed with two 
primary factors (temperature and pH), six secondary factors (six 
temperature gradients and six pH gradients), three biological 
replicates, and three strains, resulting in a total of 108 conical flasks. 
This setup ensured a comprehensive assessment of microbial stress 
resistance under varying environmental conditions.

The strains of M1P and M45N were ascertained based on 
microbial screening experiments (Supplementary Figure S3) and pot 
experiments (Supplementary Figures S2, S4). Besides, the strain of 
M45N and M1P were identified based on morphological 
characteristics and 16S rDNA analysis, which were identified 
P. polymyxa and S. marcescens, respectively. The preparation of 
microbial inoculants step as follows: To prepare inoculants of M45N, 
M1P, and their mixture (M1H), purified isolates were inoculated on 
NA plates, respectively, until their derivatives covered half of the plate. 
Derivatives were inoculated into a 250 mL Erlenmeyer flask 
containing 100 mL LB (Luria Bertani) medium. Cultures were 
incubated at 25°C and 200 rpm for 48 h. After 48 h, the cultivating 
bacteria of the suspension was measured (UV-8000T, Shanghai 
Metash Instruments Co., Ltd.) at OD600 using a UV–visible 
spectrophotometer. The values of OD600 in the bacterial solutions was 
ensured to be  in the range of 0.8–1.2 by dilution or continuous 
culturing. Microbial inoculants were prepared by diluting the culture 
100 times. These microbial inoculants were used in C. cajan 
pot experiment.
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2.4 Plant and soil sampling

The pot experiment was concluded after 5  months, and the 
samples of plants and rhizospheric soil in the pot were collected for 
indexes measurement. For plant, vernier calipers and tape were 
utilized to measure the plant ground diameter and plant height of the 
seedlings, as the growth indexes of C. cajan. Plant height and plant 
ground diameter were measured before each harvest. The dry weight 
of plant was determined after drying at 60°C for 24 h until constant 
weight in oven. For soil, rhizospheric soils adhered to the roots of 
plants from the range of 0–20 cm were collected by shaking method 
(Gently swing by hand for 2 min, with a frequency of about 60 times/
min), and the fine roots in rhizosphere soils were completely removed 
with tweezers to reduce the influence on the experimental 
determination. Thus, a total of 15 rhizospheric soil samples were 
collected, and each of which was about 100 g. The soil samples were 
stored in the self-sealing bags. Each soil sample was divided into two 
parts and brought back to the laboratory on ice. One part of the 
sample was stored at a − 80°C for soil microbial community analysis, 
and the other part of the sample was air-dried to determine for the 
chemical properties analyses of the soil.

2.5 Soil chemical properties analyses

The levels of total nitrogen (TN), total potassium (TK), hydrolyzed 
nitrogen (AN), and available potassium (AK) were determined by 
using the Semi-micro Kjeldahl method (De Falco et al., 2004; J et al., 
1984), sodium hydroxide melting flame photometry, alkaline 
hydrolysis diffusion method, and flame photometry with NH4OAc 
extraction, respectively. The level of soil organic carbon (OC) was 
determined using external heating with concentrated sulfuric acid and 
potassium dichromate. Besides, a 10 g soil sample into a 50 mL beaker, 
add distilled water with no CO2 according to the water-soil ratio of 
2.5:1, stir it with a stirrer for 1 min, and let it stand for 30 min, then 
determine it with a pH meter.

2.6 Soil DNA extraction, PCR amplification, 
and high-throughput gene sequencing

A total of 0.25 g of rhizosphere soil from each potted soil samples 
were used for DNA extraction. The complete genomic DNA of potted 
soil samples was extracted using the e.z n.a.® Soil DNA Kit (Omega 
Bio-Tek, Norcross, GA, United States) and detailed steps were referred 
to the built-in instructions. The concentration of extracted DNA was 
detected by Nanodrop RND-2000 (NanoDrop Technologies, 
Wilmington, DE, United States). After extraction, the extracted genomic 
DNA was detected on using 1% agarose gel electrophoresis. Then, two 
universal primers 338F (5’-ACTCCTACGGGAGCAGCAG-3′) - 806R 
(5’-GGACTACHGGGTWTCTAAT-3′) (Ma et al., 2020) and ITS1F 
(5′-GATGAAGA ACGYAGYRAA-3′)  - ITS2R (5’-GCTGCGTTCT 
TCAT CATGATGC-3′) (Adams et al., 2013) were used to perform PCR 
amplification and MiSeq sequencing on the V3–V4 region of the 
bacterial 16SrRNA gene and the fungal ITS1 region. The PCR reaction 
consisted of 12.5 μL 2 × Premix Taq™ (TaKaRa. Bio Inc. Shiga, Japan), 
1 μL of each primer (10 μm), 2 μL of DNA extract (5–20 ng), and 9 μL 
of dd H2O to a final volume of 25 μL. The PCR amplification conditions 

as follows: denaturated at 95°C for 3 min, followed by 35 cycles of 
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, annealing at 
55°C for 30 s, and a final extension step at 72°C for 10 min. The PCR 
products of the same samples were mixed and detected by using 2% 
agarose gel electrophoresis and purified by using an AxyPrepDNA gel 
recovery kit (Axygen Biosciences, U.S.). Referring to the preliminary 
quantitative results of electrophoresis, the PCR products were quantified 
using QuantiFluorTM-ST blue fluorescence quantitative system 
(Promega company). The DNA samples were quantified and mixed 
according to the sequencing quantity requirements of each sample. The 
DNA samples were sequenced using Mothur (V.1.36.1). The columns 
were filtered to remove the chimera to obtain the optimized sequence. 
The workflow as follows: FASTP v. 0.19.6 was used to perform quality 
control on the original sequences to remove low-quality reads, and 
FLASH v. 1.2.11 was used for splicing to obtain longer sequences 
(Magoč and Salzberg, 2011; Callahan et al., 2016). UPARSE v. 11 was 
used for operational taxonomic unit (OTU) clustering after quality 
control splicing, and the chimeras were removed according to 97% 
similarity to acquire the optimized DNA sequences, which were divided 
into operational classification units (OTUs) (Edgar et al., 2011). MiSeq 
sequences of purified amplicons were high-throughput sequenced by 
Guangzhou Jidi’ao Technology Service Co., Ltd. (Guangzhou, China) 
using Illumina® MiSeq sequencer (Illumina, San Diego, CA, 
United States).

2.7 Bioinformatics analysis and statistical 
analysis

Statistical analysis of the soil’s chemical properties and growth 
indexes of C. cajan was carried out by applying one-way analysis of 
variance (ANOVA) and the new multiple range method to the data. 
All analyses were conducted with SPSS statistical software package, 
version 20.0 (IBM, United States). The significance for statistical tests 
was accepted at p < 0.05.

Microbial (fungal and bacterial) diversity indexes including the 
Chao1 and Shannon indexes were calculated using the “vegan” R 
package1. R’s default ggplot2 (v3.5) package was used to make species 
composition analysis graphs and the vegan package for environmental 
correlation analysis to detect the relationship between environmental 
factors, samples, and microbial community. Besides, Welch’s t-test 
was used to compare differences in the relative abundance of the 
microbial phylum and genus level between treatments. The 
correlations between the environmental factors, samples, and 
microbial community were evaluated via redundancy analysis (RDA) 
using Canoco software (version 4.5). Prior to conducting the RDA 
analysis, we standardized the units of physicochemical parameters 
using R’s default vegan package to ensured uniformity and consistency 
in the data. Spearson’s correlation coefficient was employed to 
correlate the physical and chemical properties of soil and microbial 
communities in soil. Moreover, the “Vegan” package was used for 
principal coordinates analysis (PCoA) to determine the beta diversity 
of microbial communities based on Bray–Curtis dissimilarity, and the 
first two axes were then plotted using R package “ggplot2 (v3.5). For 

1  https://cran.r-project.org/
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fungi (ITS gene data), based on their putative life history following 
ecological guild assignment sensu FUNGuild, the functional 
categories were assigned with the confidence of highly probable and 
probable (Nguyen et  al., 2016). FUNGuild is a database for the 
comparison of fungal functions and linking fungal gene sequencing 
information with the ecological functions of fungi, as well as 
identifying the nutrient types used by fungi at the genus level and 
conducting the specific functional classifications. It was also used to 
study the fungal ecological functions in ecosystems (Tanunchai et al., 
2023). For bacteria (16S gene data), the FAPROTAX v. 1.1 (functional 
annotation of transgenic taxa) database was used to perform rapid 
functional screening and grouping of 16S bacterial data from 
terrestrial ecosystems (Sansupa et  al., 2021). Based on the OTU 
classification table of bacterial 16S, the FAPROTAX database was 
used to predict the potential biogeochemical cycling process of soil 
samples for functional annotation (Louca et al., 2016). All biological 
information analysis was carried out using the dynamic real-time 
interactive online data analysis platform2.

The isolates of M45N and M1P were deposited in the China 
Center for Type Culture Collection with the deposit numbers are 
M20221840 and M20221841, respectively. Additionally, the obtained 
sequences were uploaded to the NCBI database, and the registration 
numbers are OR976060 and OR976061, respectively.

3 Results

3.1 Growth of C. cajan

Compared with the control (CK), M1P and M1H treatments 
significantly increased the plant growth of C. cajan, including plant 
height, plant ground diameter, and dry weight, while M45N treatment 
had no significant differences (Table 1). Among these, M1H treatment 
as the optimal treatment, significantly increased the plant height, plant 
ground diameter, and dry weight by 35.58, 23.74, and 26.41% 
(p < 0.05), respectively. Specifically, the aboveground dry weight 
increased by 28.68%, while the underground dry weight increased by 
21.81%, all showing statistically significant differences compared to 
CK (p < 0.05). Besides, M1P treatment exhibited similar effects on 
plant growth as M1H treatment in plant growth, and the growth-
increasing effect of M1H treatment was greater than that of M1P 
treatment. Additionally, refer to Supplementary Figure S1 for the other 
treatments that had no growth-promoting effect on C. cajan growth.

2  http://www.omicsmart.com

3.2 Changes in soil properties under 
different microbial inoculants

As shown in Figure  1, compared with CK, M1P and M1H 
treatments alleviated soil acidification to a certain extent, and their pH 
values were 6.31 and 6.61, respectively, and significantly decreased the 
contents of OC, TN, AN, and AK in the soil (p < 0.05). Specifically, 
M1P and M1H treatments significantly decreased the OC content by 
17.14 and 21.89% (p < 0.05), respectively, compared to CK, and 
significantly decreased the TN content by 26.13 and 19.23%, 
respectively. Moreover, decreasing the TN content did not increase the 
AN content, and significantly decreased it by 19.08 and 19.71% 
(p < 0.05) under M1P and M1H treatments, respectively. Besides, the 
contents of TK and AK showed a similar trend to that of TN and AN 
under M1P and M1H treatments.

3.3 Analysis of soil fungal and bacterial 
diversity

The fungal and bacterial communities of 15 rhizospheric soil 
samples were analyzed using high-throughput Illumina MiSeq 
sequencing technology. A total of 1,662,391 fungal and 1,122,625 
bacterial sequences were obtained from all samples, which were 
clustered into 6,176 fungal OTUs and 59,291 bacterial OTUs, and with 
an average sequencing coverage rate of 98% (Supplementary Figure S5). 
The OTUs dilution curve of the samples tended to be flat, indicating 
high-quality sequencing data were reasonable and reliable. The alpha 
diversity of fungal and bacterial communities in the rhizosphere soil 
samples was assessed using the Chao1 and Shannon indexes. Among 
then, Chao1 index represent the richness and uniformity of OTUs, 
and Shannon index represent the diversity and uniformity of microbial 
community (Figures 2A,B). The results showed that M1H treatment 
had significant effect on the alpha diversity of soil fungi and bacteria 
(p < 0.05), while M1P treatment had no significant effect, compared 
to CK. Specifically, Chao 1 index of soil fungi and bacteria were 
significantly increased by 10.34 and 9.41% under M1H treatment 
(p < 0.05), respectively, and by 6.61 and 2.67% to Shannon index, 
respectively (Figures 2A,B). In contrast, M1P treatment decreased the 
Chao 1 and Shannon indexes of soil fungi, and decreased Shannon 
index of soil bacteria, compared to CK. The findings reveal the 
influence of the fungal and bacterial alpha diversity changes caused by 
M1P and M1H treatments on C. cajan (see discussion section for 
details). The PCoA showed that the five replicates in each treatment 
in the fungal and bacterial communities were clustered together, 
indicating good repeatability between samples, and M1P and M1H 
treatments result in obviously deviated in the composition of the soil 

TABLE 1  Effect of application of microbial inoculants on the growth of Cajanus cajan.

Indexes CK M45N M1P M1H

Height/cm 87.30 ± 4.36a 92.57 ± 5.86ab 108.17 ± 4.06b 118.37 ± 2.11c

Plant ground diameter/mm 6.15 ± 0.25a 6.80 ± 0.31ab 7.14 ± 0.20bc 7.61 ± 0.22c

Dry weight/g 654.72 ± 8.34a 684.56 ± 6.38ab 756.32 ± 5.42b 827.65 ± 7.33c

Aboveground-dry weight/g 438.66 ± 6.12a 449.07 ± 5.08a 513.71 ± 3.22b 564.46 ± 5.13c

Underground-dry weight/g 216.06 ± 4.22a 235.49 ± 5.20b 242.61 ± 5.20c 263.19 ± 6.20d

Different lowercase letters indicate the significant differences (p < 0.05).
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FIGURE 1

Variation in soil properties (soil pH (A), TN (B), TK (C), OC (D), AN (E), and AK (F)) under different microbial inoculants. Here, OC, TN, AN, TK, and AK 
represent organic matter, total nitrogen, available nitrogen, total potassium, and available potassium, respectively. Different lowercase letters indicate 
the significant differences (p < 0.05).

FIGURE 2

Variation in the alpha diversity (A,B) and principal coordinate analysis (PCoA) (C,D) of soil fungi (A,C) and bacteria (B,D) under different microbial 
inoculants. Here, *, ** and *** denote a significant difference between the different treatments at p < 0.05, p < 0.01 and p < 0.001, respectively.
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fungal and bacterial communities (Figures 2C,D). Specifically, the 
contribution rates of PCo1 and PCo2 to the differences in fungal 
species composition between treatments were 40.02 and 25.69%, and 
45.53 and 23.52% to bacteria species composition, respectively.

3.4 Distribution of microbial community 
structures

The shifts in fungal and bacterial (phylum and genus) 
communities compositions across all the treatments were investigated 
based on internal transcribed spacer region (ITS1) gene and the 
hyper-variable V3–V4 region (16S rDNA) of the 16S rRNA gene 
sequencing. Figures 3A,C demonstrate the fungal community at the 
phylum and genus levels in the soil samples. Of these phyla, 
Ascomycota, Mucoromycota, Ciliophora, Mortierellomycota, 
Chytridiomycota and Basidiomycota were the dominant phyla in 
fungal communities (relative abundance of these species exceeded 1% 
in all treatments). Compared to CK, the relative abundance of 
Ascomycota and Chlorophyta were significantly decreased by 32.00% 
(p = 0.001) and 79.79% (p = 0.003) under M1H treatment, respectively, 
while significantly increased the relative abundance of Mucoromycota 
(p = 0.016) and Mortierellomycota (p < 0.001) by 30.47 and 173.99%, 
respectively. Importantly, Mucoromycota (34.59%) replaced 
Ascomycota (31.80%) as the most abundant phylum under M1H 
treatment, which increased from 26.51 to 34.59%. M1P treatment had 
no significantly effected to the relative abundance of Ascomycota, 
Mucoromycota and Chytridiomycota. Besides, M1P and M1H 
treatments significantly increased the relative abundance of 

Mortierellomycota by 59.41% (p = 0.002) and 173.99% (p < 0.001), 
respectively. Meanwhile, as is shown in Figure  4A, the relative 
abundance of Ascomycota and Mortierellomycota had significantly 
different between M1P and M1H treatments. The relative abundance 
of Ascomycota were 31.80 and 43.78% (p = 0.003), respectively, and 
Mortierellomycota were 7.11 and 12.22% (p = 0.002), respectively, 
under M1P and M1H treatments. Other phyla were present at low 
levels. In addition, we  further analyzed the changes of the top 10 
species of fungal communities at the genus level (Figure 3C). Among 
then, Cunninghamella, Mortierella, Fusarium, Penicillium, Zopfiella, 
and Podospora were the top six fungal species in the genus level, which 
were the dominant genera in the fungal communities across all soil 
samples, and these species mainly belong to Mucoromycota 
(Cunninghamella), Mortierellomycota (Mortierella) and Ascomycota 
(Fusarium, Penicillium, Zopfiella, and Podospora). Compared to CK, 
M1P and M1H treatments significantly increased the relative 
abundance of Cunninghamella by 17.83% (p = 0.008) and 45.44% 
(p = 0.005), respectively, the relative abundance of Mortierella by 
44.16% (p = 0.042) and 262.69% (p = 0.002), respectively. Besides, the 
relative abundance of Penicillium was significantly decreased by 
13.77% (p = 0.032) and 32.12% (p = 0.009), respectively. Meanwhile, 
as is shown in Figure 4C, the relative abundance of Cunninghamella, 
Mortierella, Penicillium, Zopfiella, and Podospora had significantly 
different between M1P and M1H treatments. Compared to M1P 
treatment, M1H treatment significantly increased the relative 
abundance of Cunninghamella and Mortierella by 23.43% (p = 0.014) 
and 151.59% (p = 0.001), respectively, while significantly decreased 
relative abundance of Penicillium, Zopfiella and Podospora by 21.28% 
(p = 0.044), 60.39% (p = 0.002) and 58.86% (p = 0.004), respectively.

FIGURE 3

Relative abundance of fungal (A,C) and bacterial (B,D) communities at phylum (A,B) and genus (B,C) levels under different microbial inoculants.
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For bacteria, Figures 3B, 4B demonstrate the bacterial community 
at the phylum and genus levels in the soil samples. Of these phyla, 
Proteobacteria, Patescibacteria, Bacteroidetes, Actinobacteria, 
Chloroflexi, Planctomycetes, Gemmatimonadetes, Verrucomicrobia, 
Acidobacteria, and Firmicutes were considered dominant (contributed 
an average of 1% or more to total community composition) and were 
differentiated in all treatments. Compared to CK, M1P treatment 
significantly affected the relative abundance of Proteobacteria and 
Acidobacteria, and M1P treatment significantly affected the relative 
abundance of Proteobacteria, Patescibacteria, and Acidobacteria. 
Besides, Proteobacteria was the most dominant bacterial phyla in all 
the treatments. Compared to CK, M1P and M1H treatments 
significantly increased the relative abundance of Proteobacteria by 
17.68% (p = 0.010) and 35.88% (p < 0.001), respectively. M1H 
treatment significantly increased the relative abundance of 
Proteobacteria by 15.49% (p = 0.010) compared with M1P treatment. 
Moreover, compared to CK, M1P and M1H treatments decreased the 
relative abundance of Patescibacteria by 18.29 and 20.54% (p = 0.022), 
respectively. In addition, we further analyzed the changes of bacterial 

community at the genus level (Figures 3D, 4D). Compared to CK, 
M1P and M1H treatments significantly affected the relative abundance 
of the relative abundance of Steroidobacter, Chryseolinea, Nonomuraea, 
and Aquicella. Compared to CK, M1P and M1H treatments 
significantly increased the relative abundance of Chryseolinea by 
118.07% (p < 0.001) and 169.81% (p = 0.003), respectively, and M1H 
treatment increased the relative abundance of Bacillus by 13.51%. 
Differently, compared to M1P treatment, M1H treatment significantly 
increased the relative abundance of Chryseolinea, Nonomuraea and 
Bacillus by 13.73% (p = 0.050), 165.66% (p = 0.004) and 37.69% 
(p = 0.006), respectively.

3.5 Interaction between microbial 
communities and environmental variables 
in rhizosphere soil

We analyzed the influence of soil properties on microbial 
community structure. As per the outcomes of RDA (Figure 5), the 

FIGURE 4

Student’s t-test bar plot on fungal (A,C) and bacterial (B,D) communities at phylum (A,B) and genus (B,C) levels with 95% confidence intervals. Here, *, 
** and *** denote a significant difference between the two treatments at p < 0.05, p < 0.01 and p < 0.001, respectively. At the phylum and genus level, 
all phyla and genera with effective sequence abundances within the top 10 were screened for analysis. The abscissa is the species, and the ordinate is 
the relative abundance percentage and confidence intervals.
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RDA of the soil fungal and bacterial communities explained the total 
variance of 95.14% (Figure 5A) and 79.61% (Figure 5B) at the phylum 
levels, respectively. Besides, the RDA of the soil fungal and bacterial 
communities explained the total variance of 85.94% (Figure 5C) and 
76.84% (Figure 5D) at the genus levels, respectively. These indicated 
the reliability of the RDA, and microbial inoculants addition resulted 
in apparent changes in the soil microbial community structure. In 
addition, the fungal and bacterial community in CK treatment was 
positively correlated with OC, TN, AN, and AK, and negatively 
correlated with pH and TK (Figure 5). In contrast, the fungal and 
bacterial community in M1H treatment was negatively correlated with 
OC, TN, AN, and AK, and positively correlated with pH and TK 
(Figure 5).

Spearman correlation analysis further showed that fungi were 
more closely related to environmental factors than bacteria in the 
rhizospheric soil of C. cajan. Specifically, Ascomycota that the main 
fungal phyla, was significantly negatively correlated with pH 
(p = 0.028, R = −0.761), HG (p = 0.031, R = −0.752), and DW 
(p = 0.035, R = −740), while was significantly positively correlated 
with AN (p = 0.022, R = 0.766) and TN (p = 0.030, R = 0.749), 
respectively (Figure 6A). Mortierellomycota and Mucoromycota were 

significantly positively correlated with plant growth indexes, while 
Mortierellomycota was significantly negatively correlated with AK 
(p = 00.021, R = −783), AN (p = 0.013, R = −820) and TN (p = 0.004, 
R = −0.880), respectively (Figure 6A). At the genus level (Figure 6C), 
Mortierella was significantly positively correlated with plant growth 
indexes (p < 0.05) and pH (p = 0.012, R = 0.824), whereas Mortierella 
(p = 0.049, R = −0.688) and Penicillium (p = 0.020, R = 0.786) were 
significantly correlated with OC. Besides, soil pathogenic fungi, such 
as Zopfiella and Podospora, were significantly positively correlated 
with TN and AN, while significantly negatively correlated with DW. In 
the bacterial phylum community (Figures 6B,D), Proteobacteria was 
significantly negatively correlated with OC (p = 0.043, R = −0.692), 
while was significantly positively correlated with DW (p = 0.041, 
R = 0.698). Besides, Acidobacteria was significantly positively 
correlated with AN (p = 0.036, R = 0.700) and TN (p = 0.030, 
R = 0.712), respectively. At the genus level (Figure 6D), Steroidobacter 
belong to Proteobacteria, was positively correlated with pH, TK, HG, 
and DW. Nonomuraea was significantly positively correlated with AK 
(p = 0.039, R = 0.693), TN (p = 0.026, R = 0.727), and AN (p = 0.025, 
R = 0.733). Bacillus was not significantly correlated with soil 
environmental variables.

FIGURE 5

Redundancy Analysis (RDA) of the soil nutrients, soil samples, and phylum (A,B) and genus (C,D) of soil fungal (A,C) and bacterial (B,D) communities. 
Here, OC, TN, AN, TK, and AK represent organic matter, total nitrogen, available nitrogen, total potassium, and available potassium, respectively.
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3.6 Prediction of fungal (FunGuild) and 
bacterial (FAPROTAX) ecological functions

The functional abundance of fungal communities of C. cajan 
rhizospheric soil from two treatments and the CK group were 
identified using ITS rDNA gene amplicon data and FunGuild 
(Figure 7). At the trophic level, the functional types of soil fungal 
communities could be  divided into seven categories, including 
Saprotroph, Pathotroph-Saprotroph-Symbiotroph, Saprotroph-
Symbiotroph, Symbiotroph, Pathotroph, Pathotroph-Saprotroph, and 
Pathotroph-Symbiotroph. Compared with CK, M1P and M1H 
treatments significantly increased the function of Unassigned, 
increasing by 8.23 and 8.89%, respectively. Meanwhile, Saprotroph, 
emerged as the most dominant soil fungal community, was 
significantly decreased by 9.89 and 9.35% under M1P and M1H 
treatment, respectively. Besides, Pathtroph-saprotrophs-symbiote, 
emerged as the second most dominant function of the soil fungal 
community, increasing its abundance under M1P and M1H 
treatments. The other functional abundance of fungal communities 
was less than 1%. At the guild level (Figure  8), the functional 
abundance of undefined Saprotroph, Dung Saprotroph, and Dung 

Saprotroph-Plant Saprotroph in saprotroph altered significantly. 
Compared with CK, M1P and M1H treatments decreased the 
Undefined Saprotroph by 2.01% (R = −0.33) and 2.67% (R = −0.80), 
respectively. Meanwhile, Dung Saprotroph abundance decreased by 
7.05% (R = −0.60) and 6.87% (R = −0.55). The M1P treatment 
significantly decreased Dung Saprotroph-Plant Saprotroph by 0.54% 
(R = −1.04), while M1H treatment significantly increased it by 0.42% 
(R = 0.96), which could be one of the reasons for the difference in the 
M1P and M1H treatments. Moreover, M1P and M1H treatments 
increased the functional abundance of Animal Pathogen-Endophyte-
Lichen Parasite-Plant Pathogen-Soil Saprotroph-Wood Saprotroph in 
Pathotroph-Saprotroph-Symbiotroph by 1.59% (R = 1.15) and 0.13% 
(R = −0.50). Meanwhile, the functional abundance of Animal 
Pathogen-Endophyte-Plant Pathogen-Undefined Saprotroph 
decreased by 1.32 and 1.40%, respectively under M1P and 
M1H treatments.

The FAPROTAX functional prediction revealed differences in 
microbial functions between the CK treatment and the two inoculant 
treatments (M1P and M1H) (Figures 9, 10). The functional types of soil 
bacterial communities were categorized into seven categories, including 
chemoheterotrophy (9.30% ~ 10.32%), aerobic_chemoheterotrophy 

FIGURE 6

Heat map analysis of the correlation between the species composition of soil fungi (A,C) and bacteria (B,D) at the phylum (A,B) and genus (C,D) levels 
and soil nutrients and plant growth index. Here, OC, TN, AN, TK, AK HG, DM, and DW represent organic matter, total nitrogen, available nitrogen, total 
potassium, available potassium plant height, plant ground diameter, and dry weight, respectively. The legend on the right is the color interval for 
different R values. The number of asterisks indicates the degree of correlation (p < 0.05): *p ≤ 0.05, **0.05 < p ≤ 0.01, ***p ≤ 0.001.

116

https://doi.org/10.3389/fmicb.2025.1521064
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Liu et al.� 10.3389/fmicb.2025.1521064

Frontiers in Microbiology 11 frontiersin.org

(8.14% ~ 8.75%), nitrate_reduction (1.03% ~ 1.46%), intracellular_
parasites (0.89% ~ 1.04%), fermentation (0.78% ~ 1.11%), predatory_
or_exoparasitic (0.42% ~ 0.57%), chloroplasts (0.11% ~ 1.14%), 
aromatic_compound_degradation (0.39% ~ 0.57%), and 
methylotrophy (0.33% ~ 0.34%) (Figure  9). Among these, 
chemoheterotrophy and aerobic_chemoheterotrophy were identified 
as the most dominant types of bacterial functions across all treatments. 
Notably, the abundance of chemoheterotrophy and aerobic_
chemoheterotrophy was higher in the M1P and M1H treatments 
compared to the CK. In contrast, the abundance of the remaining five 
functions of bacterial community was less than 2% across all treatments.

Functional thermogram of analysis of the bacterial community 
(Figure  10) showed that M1P treatment showed enrichment in 
nitrate_reduction, aromatic_compound_degradation, intracellular_
parasites, fermentation, and chloroplasts (R > 1.00). M1H treatment 
was enriched in methylotrophy and predatory_or_exoparasitic 
(R > 1.00). These results indicated that native microbial inoculation 
significantly affects the functional profile of the bacterial community 
in the rhizosphere soil of C. cajan. The enhanced microbial functions 
in the M1P and M1H treatments highlight the potential of these 
inoculants to modulate soil microbial activity effectively.

4 Discussion

4.1 Effect of M1H applied on soil properties

Soil nutrients, a basic index to evaluate soil fertility, could be used 
to determine the overall level of soil quality, which affects the structure 
of the soil microbial community, and finally affects the plant’s growth 
(Shao et al., 2020; Yin et al., 2021). Some reports indicated that microbial 
inoculants containing beneficial microbes can directly or indirectly 
modify soil physicochemical properties (Wei et al., 2018; Zhuang et al., 
2021). For instance, soil pH is one of the most critical environmental 
factors affecting soil quality (Zheng et al., 2022). Previous studies shown 
that Bacillus-containing microbial inoculants significantly alleviated the 
alkalization of strawberry rhizosphere soil, increased the biomass, and 
improved fruit quality (Li et al., 2022). Similarly, in the current study, 
the native S. marcescens (M1P) and the native mixed microbe inoculants 
(M1H) alleviated soil acidification, and increased soil pH, in line with 

previous findings (Zheng et al., 2022). This effect could be attributed to 
decreased availability of available nutrients, such as AK, and AN likely 
caused by the activity of proton-coupled solute transporters and the 
anion uptake, which increase soil acidification (Hinsinger and Jaillard, 
2010; Wong et  al., 2008). Moreover, the application of microbial 
inoculants increase the consumption of soil carbon by microbial 
communities and plants, improve microbial metabolic activities, and 
regulate the stability of soil pH (Yin et  al., 2021). Previous studies 
suggests that the application of organic inoculants and microbial 
inoculants improve the plant absorption of soil nutrients, decrease the 
contents of available nutrients in soil, (e.g., AK, AN, and AP), and 
thereby promote plant growth (Li Q. et al., 2019; Li Y. et al., 2019; Virk 
et al., 2022). In this study, we observed that M1H treatment significantly 
decreased AK and AN contents in the soil by 40.31 and 18.84%, 
respectively, and promoting the growth of C. cajan (plant height, plant 
ground diameter and dry weight). This reduction in available nutrients 
may result from microbial inoculants altering the soil microbial 
community structure, enhancing the microbial metabolic process, and 
increasing nutrient uptake by plants, consistent with previous findings 
(Li et al., 2022; Soong et al., 2018). Furthermore, Soussana and Lemaire 
(2014) and Wang C. et al. (2016) reported that microbial inoculants 
intake increased the underground carbon distribution in plants and soil 
carbon absorption, decreasing the OC content. Consistent with these 
studies. M1H treatment in this study significantly decreased the content 
of OC by 21.89% compared to CK, indicating increased the 
consumption and distribution of underground carbon sources by 
C. cajan, in line with previous findings (Li et al., 2022; Soussana and 
Lemaire, 2014; Wang C. et  al., 2016). Interestingly, while the M1H 
treatment decreased TN and TK contents, potentially affecting AN and 
AK levels, the M1P treatment showed lower AN and AK contents than 
the CK treatment. The OC content in the soil showed a similar trend 
with AN and AK under M1H treatment. In addition, She et al. (2017) 
and Yin et al. (2013) reported that Bacillus can transform insoluble 
nutrients into effective nutrients needed by plant growth, and improve 
nutrient availability in the soil. However, the application of Bacillus also 
increases nutrient consumption of by microbes and plants, reflecting the 
true nutrient dynamics in the soil. These findings highlight the 
importance of native mixed microbial inoculants (M1H) in increasing 
the growth of C. cajan and provide insights into the mechanisms by 
which M1H affects soil nutrient dynamics. This study highlights the 

FIGURE 7

Functional differences of soil fungal communities with different microbial inoculants at trophic level.
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potential of microbial inoculants in sustainable agricultural practices, 
particularly for plant development.

Indeed, exogenous microbial inoculants have been employed to 
correlate plants growth to soil nutrients (Li et al., 2022; Zhuang et al., 
2021). However, in the current research, most annotations focus on 
the promotion effect of soil nutrient enrichment on plant growth, but 
ignore the research on the balance relationship between plant 

absorption and soil eutrophication by exogenous strains. Moreover, 
C. cajan, as pioneer tree species for the prevention and control of soil 
erosion, but has received relatively less research attention (Lazcano 
et al., 2021). In our study, the relationship between the decrease of soil 
nutrients in C. cajan rhizosphere after M1H treatment and the benefit 
of plant growth confirmed the improvement of Cajanus cajanus’ 
ability to absorb soil nutrients to some extent. Additionally, due to the 

FIGURE 8

Analysis of community function heat map based on FunGuild at guild level. The legend on the right is the color interval for different R values. The 
number in the square indicates the specific R values.
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relative dearth of relevant data, and considering that the internal 
relationship between endogenous microbes and nutrient absorption 
of C. cajan has not been involved in the current research, this 
limitation hinders the current research, especially the changes of 
nutrients in Cajanus cajanus plants. Therefore, it is necessary to 
explore the changes of nutrients in C. cajan under M1H treatment to 
confirm the viewpoint and provide scientific protection for this study.

4.2 Effect of M1H on fungal and bacterial 
communities’ structure and function

Soil microbes are a vital part of the soil ecosystem, playing 
crucial roles in promoting plant growth and maintaining the micro-
ecological environment of the soil (Liu et al., 2018; Luo et al., 2017; 
Song et al., 2022). In this study, it was observed that M1P and M1H 

FIGURE 9

Functional differences of soil bacterial communities with different microbial inoculants.

FIGURE 10

Analysis of community function heat map based on FAPROTAX. The legend on the right is the color interval for different R values. The number in the 
square indicates the specific R values.
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treatments showed different trends in soil diversity indexes. Some 
previous studies showed that the application of microbial inoculants 
stimulated or induced the development of rhizosphere soil 
microbes, and thereby enriched the richness and diversity of soil 
microbial communities (Li et al., 2022; Zhuang et al., 2021), while 
others reported that although the application of microbial 
inoculants promoted plant growth and crop yield, it may 
simultaneously lead to a reduction in the diversity and richness of 
soil microbes. This reduction occurs because exogenous microbial 
inoculants, as an aggregate of the same microbe, intensifying 
competition among soil microbes within a short time, making the 
microbes with weak adaptability unable to cope with environmental 
changes, ultimately resulting in the reduction of soil richness and 
diversity (Cheng et  al., 2021; Yao et  al., 2003). These findings 
highlight that the variable and multi-directional effects of 
exogenous microbial inoculants on soil microbial communities. 
Understanding the potential functions of native microbial 
inoculants, particularly their effect on rhizosphere microbial 
diversity, offers a pathway to optimizing plant growth.

We then sought to understand the mechanism behind the ability 
of the rhizosphere microbiome to promoting the growth ability of 
C. cajan under inoculation with M1P and M1H inoculants. In this 
study, we observed that different microbial inoculants did alter the 
soil fungal community structure. Ascomycota, Mucoromycota, 
Ciliophora, Mortierellomycota, and Chytridiomycota were still the 
dominant phyla in the soil fungal community, and their abundances 
changed significantly, in line with previous findings (Wang H. et al., 
2016; Zhou et  al., 2015). Notably, Mucoromycota instead of 
Ascomycota emerged as the most abundant fungal phylum under 
M1H treatment, whereas the M1P treatment did not show this trend. 
This due to showed that Ascomycota and Mucoromycota could 
be  significantly greatly influenced by the level of soil nutrients, 
mainly by OC, TN and AN, and Mucoromycota was negatively 
correlated with AN (p = 0.013, R = −0.820) and TN (p = 0.004, 
R = −0.880), respectively, and was positively correlated with plant 
growth indexes by using Spearman analysis (Figure 6A). Besides, 
some studies showed that the affects of Mucoromycota not always 
depend on high nutrient levels in the soil environment, but also on 
the nutrient content of the background soil (Nie et al., 2018). Nguyen 
et al. (2016) further reported that the abundance of Mucoromycota 
in soil was significantly different under different N levels and high 
N levels significantly restrained the abundance of Mucoromycot 
(Nguyen et  al., 2016; Nie et  al., 2018). In this study, the results 
showed that M1H treatment significantly decreased Ascomycota 
abundance in the soil, and the soil nutrient contents, including TN, 
TK, AN, and AK, corroborating previous findings (Nguyen et al., 
2016). Furthermore, FunGuild analysis indicated that the application 
of M1P and M1H microbial inoculants significantly decreased the 
Saprotrophs abundance in the soil fungal community. This reduction 
was likely due to decreased Ascomycota abundance in the soil 
resulting from the decreased level of soil nutrients after the addition 
of microbial inoculants, as Ascomycota contains a large number of 
microbial communities involved in saprophytic or symbiotic 
functions (Abbasi et al., 2021; Cheng et al., 2021). The reduction in 
soil nutrients following microbial inoculant application contributed 
to this shift in fungal community structure. These results suggest 
that applying native microbial inoculants, coupled with careful 

management of soil N levels, promotes the transformation of 
dominant soil microorganisms, improving the growth of C. cajan.

According to previous reports, beneficial microbial inoculants 
can optimize soil community structure, improve the soil micro-
environment, and promote plant growth (Kaur and Garg, 2020; Li 
et al., 2022). For instance, the application of microbial inoculants 
containing Penicillium have been shown to significantly increase the 
abundance of Mortierella, thereby promote the growth of I. matsum 
(Zhuang et al., 2021). Similarly, Bacillus-containing inoculants can 
increase the abundance of beneficial microbes, such as Firmicutes, 
Chloroflexi, Bacillus, and Actinomadura, while inhibiting the 
abundance of pathogenic fungi, like Fusarium and Phytophthora in 
soil, and increasing strawberry yield (Li et al., 2022). While these 
studies highlight the contributions of microbial inoculants to soil 
community structure and the soil microbial environment, research 
on compound microbial inoculants combining S. marcescens and 
P. polymyxa remains limited. In this study, we  observed that the 
application of M1H significantly increased the abundance of 
beneficial microbes, particularly Cunninghamella in the soil, which 
was positively correlated with the growth of C. cajan. The increased 
abundance of Cunninghamella likely contributed to enhanced 
nutrient consumption by C. cajan. Moreover, foreign microbial 
inoculants are known to induce changes in the structure of the soil 
microbial community structure. In this study, the most significant 
changes in the fungal community were the a decrease in the relative 
abundance of Ascomycota and an increase in Mortierellomycota, with 
M1H treatment significantly altered these relative abundances of 
Ascomycota and Mortierellomycota by 32.00 and 42.16%. Previous 
studies have indicated that Ascomycota is often more abundant in 
diseased soils, whereas Mortierellomycota is associated with healthy 
soils, and the relative abundance of Mortierellomycota was confirmed 
to have a significant relationship with Penicillium (Yuan et al., 2020; 
Zhuang et  al., 2021). The genetic characteristics of Mortierella 
highlight its ability to degrade toxic organic matter, contributing to 
soil health (Zhuang et al., 2021); Furthermore, Mortierella has been 
shown to increase the level of indole acetic acid levels in plants, 
thereby enhancing plant biomass. These findings strongly support the 
role of Mortierella as a beneficial microorganism that promotes soil 
improvement and plant growth. The observed increase in Mortierella 
abundance following M1H application represents a positive shift in 
the soil microbial community, further validating the effectiveness of 
the M1H microbial inoculant in improving soil health and supporting 
the growth of C. cajan.

In this study, we further investigated the effects of native mixed 
microbial inoculants on potential microbial communities, as they 
may represent an important factor affecting the growth of C. cajan. 
The abundance of Zopfiella and Podospora (both belong to 
Ascomycota) were significantly decreased under M1H treatment, and 
were negatively correlated with plant growth indexes indices based 
on Spearman analysis (Figure 6C). Zopfiella and Podospora belong 
to Chaetomiaceae and Lasiosphaeriaceae, respectively, and both 
belong to Ascomycota, widely exist in soil feces contain important 
pathogens or saprophytic fungi that can may negatively impact plant 
growth (Li Q. et al., 2019; Li Y. et al., 2019). Furthermore, Ma et al. 
(2024), by analyzing 82 animal feces samples from different sources, 
reported that Zopfiella and Podospora in wild budgerigar feces 
showed pathogenic characteristics, while pathogenic effects of 
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Zopfiella and Podospora in feces from other sources were less 
apparent. These findings suggest that the M1H microbial inoculant 
can optimize the soil microenvironment by promoting, the 
abundance of beneficial microbes while suppressing the abundance 
of potentially microbes, aligning with previous studies (Kaur and 
Garg, 2020; Li et  al., 2022). RDA revealed that Zopfiella and 
Podospora were positively correlated with TN and AN levels, 
indicating that high soil nitrogen levels could elevate the abundance 
of pathogenic microbes (Wei et al., 2018). Moreover, the soil pH 
value (R = 0.012, p = 0.824) and TK (R = 0.021, p = 0.783) were 
identified as key factors affecting the abundance of Mortierella. In 
this study, M1H treatment significantly decreased the abundance of 
genes associated with the saprotroph function of soil flora and the 
relative abundance of Zopfiella and Podospora, both members of 
Ascomycota. This reduction suggests that Zopfiella and Podospora 
may play a primary role in saprotrophic functions. However, the 
observed changes in the abundance of these fungi in the rhizosphere 
soil of C. cajan do not provide evidence regarding their potential to 
cause disease or the overall disease status of the soil. While the roles 
of Zopfiella and Podospora in the rhizosphere remain unclear, their 
correlation with plant growth indices suggests that they may act as 
potential factors affecting the growth of C. cajan (Figure  6C). 
Therefore, these fungi have been classified as potential soil microbes 
in this study. Despite the observed associations, a lack of targeted 
research limits the understanding of the pathogenicity and 
mechanisms of Zopfiella and Podospora in the context of C. cajan 
physiology. While this study establishes a foundation by highlighting 
the relationship between their abundance and plant growth, further 
research is needed to confirm their pathogenic roles and explore 
their mechanisms of action. The findings presented here offer a new 
perspective for future investigations into the potential pathogenicity 
of Zopfiella and Podospora. In summary, the application of M1H 
inoculants altered the relative abundance of beneficial and 
potentially harmful microbes in the soil, improving the soil 
microenvironment and explaining changes in soil nutrient factors. 
Compared to studies on single microbial inoculants, this research 
marks a significant advancement by demonstrating the broader 
impacts of mixed microbial inoculants on soil microbial 
communities and plant growth.

4.3 Internal factors affecting the 
growth-promoting ability of M1H

The application of microbial inoculants has been shown to affect 
the soil nutrients, alter the soil microbial community structures, and 
impact plant growth (Cheng et al., 2020; Li et al., 2022; Zhang et al., 
2019). In this study, we observed that the addition of M1H inoculants 
significantly affected the microbial diversity and community structure 
of C. cajan rhizosphere soil, with a greater impact observed on soil 
fungi compared to bacteria. This suggests that fungi may play a key 
role in the analyzed soil environment in promoting the growth of 
C. cajan. At the genus level, the abundances of Cunninghamella, 
Zopfiella, and Podospora were significantly changed under the M1H 
treatment compared to CK. Notably, the abundance of 
Cunninghamella was positively associated with C. cajan growth, while 
Zopfiella and Podospora showed negative correlations. OC and AN 

were identified as the primary environmental factors affecting the 
abundance of these genera. Moreover, while no significant differences 
were observed in the abundances of Zopfiella and Podospora between 
M1H and M1P treatments, Cunninghamella abundance was 
significantly higher in the M1H treatment. This increase 
corresponded with enhanced growth of C. cajan, indicating that the 
superior growth-promoting effects of M1H compared to M1P may 
be  attributed to the increased abundance of Cunninghamella. 
Differences were also observed at the bacterial genus level between 
M1H and M1P treatments, with genera such as Chryseolinea, 
Nonomuraea, and Chitinophaga showing significant variations. This 
may be related to the role of trace elements in promoting interactions 
between microbes (Fang et al., 2020; Toffa et al., 2021). Previous 
studies have demonstrated that host microbes usually exist in plants 
and the nutrient-rich rhizospheric soil environments increase the 
absorption of soil nutrients through roots. It is conducive to the 
decomposition of organic matter and the absorption of available 
nutrients, thereby promoting the growth and development of plants 
(Ingram et al., 2005; Li et al., 2022; Soong et al., 2018). These findings 
align with our study, which highlights the potential roles of 
Cunninghamella, Zopfiella, and Podospora in the growth of C. cajan. 
The results suggest that inoculating the soil micro-ecological 
environment with native microbial inoculants can reduce biological 
competition, optimize soil conditions, and promote plant growth. 
This highlights the importance of localized microbial inoculation 
strategies in improving plant performance and soil health.

5 Conclusion

Our research examined the impact on C. cajan growth, soil 
nutrients and soil rhizosphere microbiomes by pot experiment with 
different native microbial inoculants. The results showed that both 
M1P and M1H treatments significantly promoted the growth of 
C. cajan, but M1H treatment showed a higher growth-promoting 
ability than M1P treatment, and increased the consumption capacity 
of soil OC, AN, and AK contents. Meanwhile, M1H treatment led to 
substantial alterations in the soil microbial community that were 
more effective in promoting C. cajan growth, particularly through 
increasing beneficial genera (e.g., Cunninghamella, Mortierella, 
Chryseolinea, Chrysolina, and Bacillus) and decreasing potential 
genera (e.g., Zopfiella and Podospora). Among then, Cunninghamella, 
Zopfiella, and Podospora were the key bioindicators for influencing 
C. cajan growth by Spearman correlation analysis. The study also 
proved that OC, AK, AN, and TN were the key environmental factors 
influencing Cunninghamella, Zopfiella, and Podospora. Notably, the 
effect of M1H inoculation on soil fungal community was higher than 
that of bacterial community at the genus levels, which indicates that 
the change of soil fungal community after M1H inoculation was 
more active than that of bacteria. In summary, the native mixed 
microbial inoculants (M1H) enhanced the consumption of soil 
nutrients by C. cajan, purified the soil micro-environment, and 
thereby promoted the growth of C. cajan. This study confirmed the 
feasibility and effectiveness of mixed microbial inoculants in 
promoting plant growth, which provides a theoretical basis and 
sustainable management strategy for the cultivation of C. cajan and 
the development of the agriculture husbandry industry.
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Cyanobacterium Nostoc species
mitigate soybean cyst nematode
infection on soybean by shaping
rhizosphere microbiota

Chuntao Yin1*, Nathan Lahr1 and Ruanbao Zhou2

1North Central Agricultural Research Laboratory, US Department of Agriculture, Agricultural Research

Service (USDA-ARS), Brookings, SD, United States, 2Department of Biology and Microbiology, South

Dakota State University, Brookings, SD, United States

Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is the most

devastating and yield-limiting pathogen that threatens soybean production

globally. Sustainable SCN disease management strategies are needed. In this

study, a cyanobacterial strain was isolated from SCN-infected soybean soil

and identified as Nostoc punctiforme using the cyanobacterial 16S rRNA

gene sequence. When susceptible soybean plants were grown in the SCN-

inoculated soil,N. punctiforme inoculants significantly reduced the total number

of SCN eggs and second-stage juveniles (J2s), compared to the control with

SCN inoculation only. Further microbial analysis showed that N. punctiforme

inoculants changed the bacterial and fungal communities in the soybean

rhizospheres and significantly increased the relative abundance of several

bacterial and fungal species with potential nematicidal activities, suggesting

the changes of soybean rhizosphere microbiota may partially contribute to the

activity of N. punctiforme inoculants against SCN. However, N. punctiforme

inoculants did not directly induce soybean defense reactions against SCN.

Thus, N. punctiforme may be a potential microbial source against SCN invasion

in soybean.

KEYWORDS

cyanobacteria, soybean cyst nematode, nematicidal activity, microbiota, plant defense

system

Introduction

Soybean [Glycine max (L.) Merr.], an economically important oilseed crop worldwide,

provides protein and oil for humans and animals (SoyStats, 2020) and is considered an

important contributor tomeet the global food demand expected to double by 2050 (Hunter

et al., 2017). However, a variety of phytopathogens cause significant yield loss and quality

reduction that threaten soybean production. Soybean cyst nematode (SCN, Heterodera

glycines Ichinohe) is the most damaging pathogen of soybean worldwide (Allen et al., 2017;

Bent, 2022). SCN is widely distributed in nearly all major soybean production areas of the

United States (Tylka and Marett, 2021) and causes 10–30% yield losses annually (ca. $1.5

billion) (Bandara et al., 2020; Koenning andWrather, 2010; Tylka andMarett, 2021;Winter

et al., 2006). Due to the longevity of SCN cysts in soil and unnoticeable aboveground

symptoms, it is challenging to eliminate SCN from the field completely once a soybean

field is infected (Arjoune et al., 2022). Genetic resistance and rotation to nonhost crops are

considered primary management strategies. However, repeated monoculture of the same

genetic resistance, introgressed from plant introduction (PI) 88788 and PI 548402 (Peking)
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(Tylka et al., 2022), has led to the evolution of SCN that overcomes

the resistance (Bent, 2022). Nematicides are the other control

options for soybean producers, but the negative environmental

effects (Desaeger et al., 2020) and the emergence of nematicide

resistance (Wram et al., 2022) have encouraged the development

of eco-friendly alternatives.

Cyanobacteria, widely distributed in both aquatic and

terrestrial environments, are known for their beneficial roles in

agricultural ecosystems (Lee and Ryu, 2021; Parmar et al., 2023;

Sithole et al., 2023). Cyanobacteria have been used for stimulating

plant growth (Alvarez et al., 2024; Suresh et al., 2019) and/or for

managing plant diseases (Kim, 2006; Righini et al., 2022). For

example, root-drench application of cyanobacteria, Anabaena

variabilis, A. torulosa, and Calothrix sp., reduced damping-

off symptoms caused by soilborne pathogens like Fusarium

oxysporum, Pythium debaryanum, and Rhizoctonia solani in

tomato and cotton (Chaudhary et al., 2012; Prasanna et al., 2013;

Righini et al., 2022). Recently, the use of cyanobacteria-based

biostimulants to combat plant-parasitic nematodes has gained

attention (Sithole et al., 2023). Synechococcus nidulans increased

nematode J2 mortality and inhibited egg hatching of multiple

nematodes, including Meloidogyne graminicola, M. incognita,

Heterodera cajani, H. avenae, and Rotylenchulus reniformis

(Holajjer et al., 2012). Anabaena oryzae had nematicidal activity

againstMeloidogyne incognita on banana (Musa acuminata) plants

(Hamouda and El-Ansary, 2017). The aqueous and methanolic

extracts of cyanobacteria Oscillatoria sp. were demonstrated to

decrease the volume of galls, eggs, and adult female root-knot

nematode (M. incognita) in soybean roots and number of J2s in soil

(Ghareeb et al., 2022). Studies on the suppression of cyanobacteria

on plant pathogenic nematodes are still in their infancy, despite

very promising results being reported.

Some cyanobacterial species can protect host plants against

pathogenic nematodes via nematocidal activity (Choleva et al.,

2007; Ghareeb et al., 2022; Hamouda and El-Ansary, 2017).

Holajjer et al. (2013) noted that cyanobacteria produce cyanotoxins

to alter nematode behavior or disrupt egg hatching process.

Previous studies have revealed that the phytoactive metabolites of

cyanobacteria, such as amides, alkaloids, saponins, and carotenoids,

slowed the life cycle ofCaenorhabditis elegans (Asimakis et al., 2022;

Biondi et al., 2004). Ghareeb et al. (2022) found thatOscillatoria sp.

activated soybean defense system against invasion of M. incognita.

However, the detailed mode of action of cyanobacteria on root

pathogens is largely unexplored.

Several studies have shown that cyanobacterial inoculants

influenced soil- and plant-associated microbes. Cyanobacterium

(Calothrix elenkenii) increased the population densities of

culturable microbiome members from plant tissues, with about

60% culturable bacterial isolates belong to Bacillaceae (Priya

et al., 2015). Foliar and soil drench of Bacillus sp. and Nostoc-

Anabaena consortium altered nifH and bacterial amoA gene

abundances (Thapa et al., 2021). Cyanobacteria-green microalgae

consortia inoculants shifted bacterial and fungal communities of

chili plants, with some microbial taxa (Firmicutes, Chloroflexi,

Planctomycetes, Proteobacteria, Bacillariophyta, Basidiomycota,

and Glomeromycotan) dominating in the consortia-treated soils,

while others (Actinobacteria, Bacteroidetes, and Streptomycota)

dominating in untreated soils (Jose et al., 2024). Surprisingly, little

information is available on cyanobacteria-mediated microbiota

against soilborne pathogens.

In the present study, we isolated a cyanobacterium from SCN-

infected soybean soil and identified it to be Nostoc punctiforme

using the cyanobacterial 16S rRNA gene-specific primers. The

objectives of this study were: 1. to evaluate the effect of the

isolated N. punctiforme on SCN infestation; 2. to examine the

effect of N. punctiforme inoculants on soybean rhizosphere

microbiota; and 3. to assess the ability of N. punctiforme to induce

soybean systemic resistance against SCN. We hypothesized that

N. punctiforme inoculants would mitigate SCN damage to soybean

by changing soybean rhizosphere microbiota and inducing soybean

systemic resistance.

Materials and methods

Plant, soil, and soybean cyst nematode

Soybean cultivar “Williams 82,” susceptible to SCN, was used

in this study. Soil was collected from the field plots with a maize-

soybean rotation since 2018 at the Eastern South Dakota Soil

and Water Research Farm (44◦19
′

N, 96◦46
′

W) in Brookings, SD.

Soil was collected at a depth of 0 to 20 cm using a shovel in the

fall of 2021 after crop harvest and before ground freezing and

transferred to the lab. The soil was mixed thoroughly and sieved

through a 5mm aperture sieve to remove plant debris and rocks,

and then stored at 4◦C for further use. The collected field soil

was mixed with sterile quartz sand (4030 silica sand, 0.45–0.55mm

diameter, Unimin Minnesota Corp, Le Sueur, MN) and calcined

clay (Turface All Sport Pro, Profile Products, Buffalo Grove, IL)

in a ratio of 1:1:1 (w/w/w) for SCN population increase. Soybean

seeds were sterilized by exposure to chlorine gas [25:1 (v/v) 10%

sodium hypochlorite and 12N HCl] for 16 h (Chen et al., 2018),

planted in the mixed soil, and grown in a growth chamber with

a 16 h photoperiod (light intensity 1,000 µE m−²s−1) at 26 ±

2◦C. SCN HG type 7 was initially isolated from the soybean field

in Brookings, SD, and multiplied on “Williams 82” in a growth

chamber as previously described (Yin et al., 2024). SCN Cysts and

eggs were collected from the soybean roots and soil according to

the technique of Shepherd (1970) with modifications as previously

described (Yin et al., 2024).

Cyanobacterial strain isolation and culture
conditions

Among the planting pots for SCN population increase, one pot

with lower SCN populations displayed blue-green color in the soil

that appears to be cyanobacterial-like microbe under a compound

microscope (Leica Microsystems Inc., Deerfield, IL). To isolate the

blue-green organism, 100 µl of SCN egg extracts were spread over

the surface of BG11 medium, a cyanobacterial selection medium

(Ferris and Hirsch, 1991), in petri dishes, and then incubated in a

growth chamber with a 16 h photoperiod at 26 ± 2◦C. After the

growth of the blue-green cultures, a series of successive streaking
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(5–6 times) of the blue-green cultures was performed in BG11

medium and the purity of the culture was ensured by regular

observation under a compound microscope (Wang et al., 2018).

The blue-green organism was then re-streaked in BG110 medium

(no combined nitrogen in BG11 medium) for 3–4 times. The blue-

green strain was able to reproducibly grow well in BG110 medium,

suggesting that it has nitrogen-fixing ability.

Genomic DNA extraction and
cyanobacterium identification

Genomic DNA (gDNA) of the isolated culture was extracted

following the protocol of cyanobacterial gDNA extraction as

previously described (Qiu et al., 2019). Briefly, 200ml of

cultures (OD720 = 0.4) were centrifuged and 500 µl of the

sterilized 10% sucrose buffer (50mM Tris-HCl, pH 8.0, 10mM

EDTA), 50 µl of 125mg ml−1 lysozyme (MilliporeSigma,

Rockville, MD), 150 µl of 10% (w/w) SDS, and 10 µl of

RNase (10mg ml−1) were added to suspend/wash the cell

pellets. The suspension was incubated at 37◦C for 1 h. Then

the saturated phenol and chloroform solution was used to

extract gDNA. The gDNA was dissolved in sterile ddH2O for

further use.

The 16S rRNA gene fragment was amplified from the

extracted gDNA using cyanobacterial-specific primers (CYA106F

5′-CGGACGGGTGAGTAACGCGTGA-3′ and CYA781R 5′-

GACTACWGGGGTATCTAATCCCWTT-3′) as previously

described (Boutte et al., 2006; Nübel et al., 1997). PCR reaction

consisted of 1 µl of gDNA (50 ng), 10 µl of 2x Phusion master mix

(ThermoFisher Scientific Inc., MA), and 0.25µM of each primer

in a total volume of 20 µl. PCR was performed as follows: 98◦C

for 30 s; 30 cycles of 98◦C for 10 s, 55◦C for 10 s, and 72◦C for

45 s; final extension at 72◦C for 10min. The PCR products were

analyzed on a 1.5% agarose gel, purified with the GeneJET PCR

purification kit (ThermoFisher Scientific Inc., MA), and sequenced

from both ends at Elim Biopharm (Hayward, CA). The sequences

were subjected to a BLAST analysis at NCBI database and the

assembled sequence was deposited in NCBI database (accession

number: PQ740210).

SCN inhibition assay

The efficacy of the isolated cyanobacterium against SCN HG

type 7 in soybean “Williams 82” was examined in a growth

chamber. The collected field soil was mixed with sterile quartz

sand in a ratio of 2:3 [w(fresh weight)/w(dry weight)]. Plastic cones

(40mm in diameter and 210mm long) were filled with 120 g of

mixed soil. One pre-germinated “Williams 82” seed was sown in

each cone, followed by a 15ml aliquot of the isolated cyanobacterial

culture suspended in sterile ddH2O. Cyanobacterial culture was

added with high concentration (OD720 = 0.5) or low concentration

(5x dilution, OD720 = 0.1). Finally, 4,000 SCN eggs (Haarith et al.,

2021) were added in a 3 cm deep hole around the soybean plant.

Sterile ddH2O or sterile ddH2O and SCN were used as controls.

Each treatment had four replicates. Cones were arranged in a

randomized complete block design in plastic racks and maintained

in the controlled conditions (16 h photoperiod, 26 ± 2◦C). Each

cone received 10ml of water daily in the first 3 weeks, then 10ml

of water twice a day in the final 2 weeks. After 35 days, the soybean

plants were uprooted gently and washed free of adhering soil. Plant

parameters, including shoot length and fresh shoot weight, were

measured. The SCN eggs and J2s were extracted from the soil

and half of plant roots (Shepherd, 1970), and the number of eggs

and J2s was counted using a Leica DML compound microscope at

100 x magnification (Leica Microsystems Inc., Deerfield, IL). The

other half of the roots were used for rhizosphere soil preparation

as described previously (Yin et al., 2021). The roots after washing

off rhizosphere soil were stored at −80◦C for RNA extraction.

The experiment was repeated three times and the rhizosphere

DNA and root RNA were prepared from one experiment with

four replicates.

Soil DNA extraction and amplicon
sequencing of rhizosphere microbiota

Amplicon sequencing was used to evaluate whether the

cyanobacterial inoculants affect the rhizosphere microbiota in

soybean plants grown in the SCN-inoculated soil. Rhizosphere

soil DNA was extracted using a DNeasy PowerSoil kit (Qiagen,

Carlsbad, CA) and a bead beater SPEX 1600 MiniG (Spex

SamplePrep, Metuchen, NJ) at 1,500Hz for 1min. The DNA

was quantified using a Nanodrop spectrophotometer (Thermo

Fisher Scientific, Waltham, MA) and sent to the University of

Minnesota Genomics Center for amplification and sequencing.

For bacterial amplicon sequencing, v4 hypervariable region of

the 16S rRNA gene was amplified using forward primer 515f

(GTGYCAGCMGCCGCGGTAA) and reverse primer 806r

(GGACTACNVGGGTWTCTAAT) (Caporaso et al., 2011). For

fungal amplicon sequencing, fungal internal transcribed spacer

1 (ITS1) region was amplified using a two-step dual-indexed

amplification (Gohl et al., 2016a,b). The fungal ITS1 region was

amplified in the first set of PCR using primers ITS1∗_Nextera (5
′

-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGT

CATTTAGAGGAAG∗TAA-3
′

) and ITS2 (5
′

-GTCTCGTG

GGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCAT

CGA∗TGC-3
′

) (ITS-specific sequences in bold, “∗” indicates the

position of a phosphorothioate bond) (Gohl et al., 2016b).

PCR assays were carried out using KAPA HiFi PCR kit (Roche,

Indianapolis, IN, USA) and an initial denaturing at 95◦C for

5min, followed by 25 cycles of denaturation at 98◦C for 20 s,

annealing at 55◦C for 15 s, and extension at 72◦C for 1min,

with a final extension at 72◦C for 5min. PCR products were

diluted to 1:100, and 5 µl of diluted PCR product was included

in a second round of PCR using forward indexing primer

(5
′

-AATGATACGGCGACCACCGAGATCTACACTCGTCGGC

AGCGTC-3
′

) and reverse indexing primer (5
′

-

CAAGCAGAAGACGGCATACGAGATGTCTCGTGGGCTCGG-

3
′

) (Gohl et al., 2016b). The second PCR consisted of an initial

denaturation at 95◦C for 5min, followed by 10 cycles of 98◦C for

20 s, 55◦C for 15 s, and 72◦C for 1min, with a final extension at

72◦C for 5min. Then, the amplicons were pooled, size selected,
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spiked with 20% PhiX, and sequenced (2 × 300 paired-end, V3

chemistry) on the Illumina MiSeq platform.

Amplicon sequence processing

The sequence processing was conducted using USEARCH

(v11) (Edgar, 2010, 2018) to denoise sequences and define

zero-radius operational taxonomic units (ZOTUs, 100% identity

threshold). Briefly, primer and barcode sequences were removed

along with 10 and 55 bp for bacterial sequences and 30 and

85 bp for fungal sequences from forward and reverse reads,

respectively. Reads were paired with 15 maximum differences

and an 80% identity threshold. To generate high-quality reads

for denoising, reads were filtered with a maximum expected

error rate of 1, singletons were removed, and sequences were

denoised using the “unoise3” algorithm (Edgar, 2016). Processed

reads were then mapped to ZOTU representatives to generate

a ZOTU abundance table. Taxonomy was assigned to ZOTUs

using the SINTAX algorithm with an 80% confidence threshold

to the Ribosomal Database Project reference database (v18, Cole

et al., 2014) for bacterial sequence and the UNITE reference

database (v7, Tedersoo et al., 2018) for fungal sequence. ZOTUs

identified as non-bacteria or non-fungi were discarded, and ZOTU

tables that were rarefied were subsampled in place of rarefied

sequences for all analyses unless otherwise noted. The sequencing

data was deposited in NCBI Sequence Read Archive with the

project PRJNA1196987 and available after the acceptance of

the manuscript.

RNA extraction from soybean roots, cDNA
synthesis, and quantitative PCR assay

To examine whether the isolated cyanobacteria inoculants

induce plant defense system against SCN in soybean roots, the

expression of five defense-related genes (PR1, PR2, PR3, PR5,

and PR10) was measured by RT-quantitative PCR (qPCR) using

gene-specific primers and the soybean ubiquitin gene was used

as a reference (Supplementary Table 1). Total RNA was extracted

from the soybean roots using RNeasy plant kit (Qiagen, Carlsbad,

CA) according to manufacturer’s instruction. All RNA samples

were digested with DNase I (New England Biolabs, Ipswich, MA)

following the manufacturer’s instruction prior to synthesizing

cDNA. The absence of gDNA contamination was subsequently

confirmed by the lack of PCR amplification of RNA samples

with primers designed for soybean ubiquitin gene. First-strand

cDNA was synthesized using ProtoScript first strand cDNA

synthesis kit (New England Biolabs, Ipswich, MA). qPCR was

performed using SsoAdvanced Universal SYBR Green Supermix

kit (Bio-Rad, Hercules, CA). qPCR reaction consisted of 10

µl PCR reaction by mixing 5 µl of SYBR Green Supermix

(2x), 0.4 µl of each primer (10µM), and 4.2 µl of diluted

cDNA. qPCR was conducted on CFX Opus Real-Time PCR

system (Bio-Rad, Hercules, CA) using the following conditions:

for the first cycle, samples were initially incubated for 30 s

at 94◦C, followed by 45 cycles at 94◦C for 15 s, and 60◦C

for 20 s, followed by a melt curve of 65–95◦C with 0.5◦C

increments every 5 s.

Statistical analysis and data visualization

The effect of the isolated cyanobacterium on the number

of SCN eggs and J2s extracted from soil and soybean roots

was evaluated using Kruskal-Wallis’s test followed by Wilcoxon

post hoc tests in JMP Pro 15.1.0 (SAS Institute, Cary, NC).

Microbiome data analysis was performed in R version 4.3.2

using multiple packages, including vegan (v2.6.8, Oksanen et al.,

2024), pheatmap (v 1.0.12, Kolde, 2015), and ggplot2 (v3.5.1,

Wickham, 2016). Microbial alpha diversity was calculated using

the “diversity” function of the vegan package. After normality and

homogeneity of variance testing (Shapiro-Wilks and Levene’s test),

the difference in diversity index among treatments was examined

with Kruskal-Wallis test, followed by a post hoc Dunn’s test using

the FSA package. Nonmetric multidimensional scaling (NMDS)

was used to visualize the similarity of microbial community

among rhizosphere samples based on Bray-Curtis distances.

Permutational multivariate analysis of variance (PERMANOVA)

was performed to determine microbial differences due to

cyanobacteria and SCN inoculation. DESeq2 (v1.46.0, Love

et al., 2014) was performed to identify microbial ZOTUs that

differed in the rhizosphere samples between cyanobacteria-

treated and -untreated samples with ZOTUs tables. Briefly,

the ZOTUs tables were filtered to remove rare taxa (<10

total sequences). Those ZOTUs were kept that had normalized

counts >10 and that were present in three or more samples.

Wald’s test was used to contrast ZOTUs from cyanobacterium-

treated and -untreated samples or from high concentration

of cyanobacterium and low concentration of cyanobacterium.

ZOTUs were considered differentially abundant if they had a

base mean >20, FDR adjusted p < 0.1, and estimated log2-

fold change >1. Relative abundance of differential ZOTUs was

then plotted in a heatmap using DESeq2 normalized log (x + 1)

transformed counts.

Results

Identification of the isolated
cyanobacterium

The isolated cyanobacterium grew well autotrophically

in the nitrogen-free medium BG110, which suggested it is

capable of nitrogen fixation. Under microscopic observation,

the isolated cyanobacterium is a filamentous organism

(Supplementary Figure 1) and can produce heterocyst cells

(Supplementary Figure 1B). The 16S rRNA gene was amplified

from the extracted gDNA of the cyanobacterial cultures using

cyanobacterial-specific primers and sequenced. The 16S rRNA

gene fragment was 641 bp in length and was deposited in GenBank

(accession number: PQ740210). BLAST results showed that the

sequence of the isolated cyanobacterium was 99.68% identical to

Nostoc punctiforme (Sequence ID: MH090930.1).
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FIGURE 1

E�ect of Nostoc punctiforme inoculants on soybean cyst nematode. CK: control without SCN (HG type 7) and N. punctiforme inoculation, SCN: SCN

inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high concertation N. punctiforme inoculation.

Di�erent letters indicate a statistically significant di�erence between treatments within an experiment as determined by Kruskal-Wallis’s test

(p ≤ 0.05, n = 4).

E�ect of Nostoc punctiforme on SCN
population and soybean growth

After soybean plants grew in the SCN and N. punctiforme

inoculated soil for 35 days, N. punctiforme inoculants significantly

reduced the total number of SCN eggs and J2s, compared

to SCN inoculation only. But the number of SCN eggs and

J2s was still significantly higher than the control without SCN

infestation (Figure 1 and Supplementary Figure 2). Additionally,

the inoculation concentration of N. punctiforme appeared to affect

the SCN suppression (Figure 1). However, we did not observe

that N. punctiforme inoculants significantly improved soybean

plant growth in the experimental conditions, with plant shoot

length and fresh weight similar to that of the SCN infestation

(Supplementary Figure 3).

E�ect of Nostoc punctiforme on soybean
rhizosphere microbiota

Bacterial and fungal communities from the soybean roots

across all samples were characterized. Bacterial communities in

the soybean rhizosphere were dominated by phyla Proteobacteria

(35.53%), Actinobacteria (26.59%), and Acidobacteria (10.97%)

(Supplementary Figure 4A). The most abundant fungal phyla in

the soybean rhizosphere were Ascomycota (50.38%), followed

by Basidiomycota (38.45%), Chytridiomycota (5.18%), and

Mortierellomycota (4.22%) (Supplementary Figure 4B).

The N. punctiforme inoculants did not influence the alpha

diversity indexes of bacterial community in the soybean

rhizosphere, including Shannon, richness, and inverse Simpson,

except for the low concentration of N. punctiforme inoculants

effects on inverse Simpson. In contrast, the N. punctiforme

inoculants significantly decreased the Shannon diversity of

fungal community, regardless of the inoculation concentration,

and decreased the richness of fungal community in the low

concentration inoculation (Supplementary Table 2) with no effects

on inverse Simpson indexes.

Non-metric multidimensional scaling (NMDS) analysis

revealed that the N. punctiforme inoculants changed the bacterial

and fungal communities in the soybean rhizosphere (Figures 2A,

B). Bacterial community clustered by N. punctiforme inoculation

treatments, regardless of inoculation concentration.N. punctiforme

inoculants and their concentration separated fungal community.

Further permutational multivariate analysis of variance

(PERMANOVA) supported the effect of the N. punctiforme

inoculants on soybean rhizosphere microbiota (Table 1). The

N. punctiforme inoculants had significant effects on the bacterial (p

= 0.005) and fungal communities (p = 0.017), explaining 24.9% of

the overall variation in the bacterial community and 35.3% in the

fungal community, respectively (Table 1).

Most interestingly, the N. punctiforme inoculants significantly

increased the relative abundance of four bacterial species (ZOTUs),

including ZOTU17 belonging to genus Ohtaekwangia, ZOTU22

(family Rhizobiaceae), ZOTU42 (genus Nostoc), and unidentified

bacterial species ZOTU4, compared to SCN inoculation only,

regardless of the N. punctiforme inoculation concentration
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FIGURE 2

Nonmetric multidimensional scaling (NMDS) plots of Bray-Curtis distances among soybean rhizosphere microbiota following SCN and

N. punctiforme inoculation. Samples are colored by SCN and N. punctiforme inoculation. (A) bacterial community, (B). fungal community. SCN: SCN

inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high concertation N. punctiforme inoculation.

The di�erent groups are highlighted by ellipses showing a 95% confidence range for the variation within each group.

TABLE 1 PERMANOVA of impacts of cyanobacteria inoculation on

soybean rhizosphere microbiota.

Microbiome Factor F value r2 p valuea

Bacterial community Cyanobacteria 1.490 0.249 0.005

Fungal community Cyanobacteria 2.184 0.353 0.017

aValues in bold represent factors with a significant effect (p < 0.05).

(Figure 3). Furthermore, the relative abundance of three fungal

species was higher in the N. punctiforme inoculated soybean

rhizosphere than that without N. punctiforme inoculants, and

they were ZOTU55 classified as genus Arthrobotrys (family

Orbiliaceae), ZOTU138 belonging to genus Hirsutella (family

Ophiocordycipitaceae), and unidentified fungal species ZOTU3,

regardless of the N. punctiforme inoculation concentration

(Figure 4).

E�ect of N. punctiforme inoculants on
expression of soybean
defense-related genes

SCN inoculation significantly increased the expression of three

soybean defense-related genes, including PR3, PR5, and PR10, but

did not affect the expression of PR1 and PR2, compared to no

SCN inoculation. However, we did not observe that N. punctiforme

inoculants significantly impact the expression of all five tested PR

genes, compared to SCN inoculation only (Figure 5).

Discussion

In this study, a cyanobacterium was isolated from the SCN-

infected soybean soil and further identified as Nostoc punctiforme

using cyanobacterial-specific 16S rRNA gene sequence. The

N. punctiforme inoculants significantly reduced SCN population

when soybean “Williams 82” was grown in the SCN-infested

soil, compared to the control (no N. punctiforme additions).

The results suggested that the isolated N. punctiforme may have

antagonistic activity and could be considered as a potential

microbial candidate for enhancing soybean plants against SCN.

Prokaryotic cyanobacteria possessing beneficial traits, such as fixing

atmospheric nitrogen, promoting plant growth, and increasing soil

pores by producing adhesive substances (Kuraganti et al., 2020),

are abundant in agricultural soils. Some cyanobacteria have been

utilized as biofertilizers to enhance soil fertility and to promote crop

growth in cropping systems (Joshi et al., 2020; Ramakrishnan et al.,

2023). However, adding the isolated N. punctiforme cultures into

the soil did not significantly increase soybean seedling biomass or

promote the growth of wheat and maize plants compared to no

N. punctiforme inoculants (data not shown).

The insecticidal properties of several cyanobacteria and their

extracts have been used as environmentally friendly approaches in

integrated pest management for pest control (Asimakis et al., 2022;

Ghareeb et al., 2022). Although numerous studies demonstrated

that inoculating soil-friendly microorganisms, like biocontrol

microbial strains (Bacillus spp. and Trichoderma spp.), altered

microbial diversities and activities (Li et al., 2022; Saravanakumar

et al., 2017; Senkovs et al., 2021), there was little information

about cyanobacterial inoculant effects on microbiomes. In this

study, we found that N. punctiforme inoculants significantly

shifted rhizosphere microbial communities in soybean grown

in the SCN inoculated soil. Notably, N. punctiforme inoculants

significantly increased the relative abundance of four bacterial

species (ZOTU4, ZOTU17, ZOTU22, and ZOTU42) and three

fungal species (ZOTU55, ZOTU138, and ZOTU3), regardless of

the inoculation concentration. High abundance of ZOTU42, which

belongs to genus Nostoc, in the N. punctiforme inoculated samples

was expected. ZOTU17 and ZOTU22 belong to bacterial genus

Ohtaekwangia (family Cytophagaceae) and family Rhizobiaceae,

respectively. The two bacterial species are involved in soil
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FIGURE 3

Di�erentially abundant bacterial ZOTUs identified in the soybean rhizosphere by SCN and N. punctiforme inoculations (FDR adjusted p < 0.1, Wald’s

test). (A) Bacterial ZOTUs in the SCN and low concertation N. punctiforme inoculation, (B) bacterial ZOTUs in the SCN and high concertation

N. punctiforme inoculation. SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high

concertation N. punctiforme inoculation. Values on the x-axis presented the DESeq2-estimated log2-fold di�erence. The red vertical line represents

a zero-fold change, where ZOTUs to the right of the line (positive values) are increased in relative abundance in N. punctiforme inoculation, and

those to the left of the line (negative values) are more abundant in no N. punctiforme inoculation. Dots indicate ZOTUs, where the size of the dot is

scaled by its mean abundance among all samples (base mean ≥ 20) and its color represents the phylum to which that ZOTUs belongs.

FIGURE 4

Di�erentially abundant fungal ZOTUs identified in the soybean rhizosphere by SCN and N. punctiforme inoculations (FDR adjusted p < 0.1, Wald’s

test). (A) Fungal ZOTUs in the SCN and low concertation N. punctiforme inoculation, (B) fungal ZOTUs in the SCN and high concertation

N. punctiforme inoculation. SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high

concertation N. punctiforme inoculation. Values on the x-axis presented the DESeq2-estimated log2-fold di�erence. The red vertical line represents

a zero-fold change, where ZOTUs to the right of the line (positive values) are increased in relative abundance in N. punctiforme inoculation, and

those to the left of the line (negative values) are more abundant in no N. punctiforme inoculation. Dots indicate ZOTUs, where the size of the dot is

scaled by its mean abundance among all samples (base mean ≥ 20) and its color represents the phylum to which that ZOTUs belongs.

nitrogen cycling (Alves et al., 2014; Rodríguez-Caballero

et al., 2017). It is interesting to note that Ohtaekwangia can

produce marinoquinoline, a chemical compound with antibiotic,

antifungal, and insecticidal activities that could protect plants

from pathogens and predators (Okanya et al., 2011). Further,

Deng et al. (2021) found that Ohtaekwangia was the dominant

bacterial genus in the suppressive soil against pathogenic fungal

Fusarium oxysporum and Ou et al. (2019) showed that OTU

belonging to genus Ohtaekwangia was negatively correlated

with the relative abundance of F. oxysporum, demonstrating
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FIGURE 5

RT-qPCR analysis of the expression of pathogenesis-related genes. (A) Relative expression of PR1, (B) Relative expression of PR2, (C) Relative

expression of PR3, (D) Relative expression of PR5, (E) Relative expression of PR10. Gene expression levels were analyzed from four treatments: CK:

control without SCN and N. punctiforme inoculations, SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculations,

High Conc: SCN and high concertation N. punctiforme inoculations. Data are normalized by the ubiquitin reference gene and relative transcript

levels in comparison with those of CK. Error bars represent standard error of the mean values of two technical replicates from four biological

replicates. Di�erences in expression levels were tested by analysis of variance (ANOVA) and Tukey test. For each gene, bars with di�erent letters

indicate statistically significant di�erences between treatments.
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FIGURE 6

E�ect of N. punctiforme co-existing microbial inoculants on soybean cyst nematode. SCN: SCN inoculation, Stenotrophomonas: SCN and

Stenotrophomonas maltophilia inoculation, Paenibacillus: SCN and Paenibacillus lactis inoculation, Nocardioides: SCN and Nocardioides zeae

inoculation, Pseudomonas: SCN and Pseudomonas sp. inoculation, Unclassified fungus: SCN and unclassified fungus inoculation (Kruskal-Wallis’s

test, p = 0.72, n = 4).

Ohtaekwangia being involved in fungal disease suppression.

ZOTU55 and ZOTU138 belong to fungal genus Arthrobotrys

(family Orbiliaceae) and Hirsutella (family Ophiocordycipitaceae),

respectively. Arthrobotrys spp. are a well-known nematode-

trapping fungus with biocontrol potential against root-knot

nematodes (Eken et al., 2023; Yu et al., 2014). Arthrobotrys spp.

can immobilize nematodes remotely through secreting specific

nematotoxic metabolites (Nordbring-Hertz, 2004). Arthrobotrys

spp. widely distribute in most habitats due to their adaptability

and flexible lifestyles, thus they are considered excellent agents for

controlling plant parasitic nematodes (Eken et al., 2023; Soliman

et al., 2021). But there is no report that Arthrobotrys spp. can

inhibit soybean cyst nematodes. Hirsutella spp. are another most

discussed fungi for their biological control of nematodes, including

SCN (Chen and Liu, 2007; Haarith et al., 2021; Sun et al., 2024).

Among them, two species, H. rhossiliensis and H. minnesotensis,

have been extensively studied on their SCN control abilities

(Chen and Liu, 2007). H. minnesotensis was detected in 14% of

soybean fields in Minnesota, South Dakota, and Michigan in the

US (Chen and Liu, 2007; Mwaheb et al., 2017) and parasitizes

SCN juveniles and other vermiform motile stages using adhesive

conidia that penetrate and eventually kill the nematodes (Chen

and Liu, 2007). ZOTU4 and ZOTU3 are unclassified bacterial

and fungal species, respectively, and whether they are involved

in SCN suppression needs further investigation. Additionally,

we found that N. punctiforme inoculants significantly reduced

the Shannon index of fungal community but had minimal effects

on the bacterial diversities. The reduction of the Shannon index

of fungal community may be attributed to the high abundance

of some fungal taxa in the cyanobacteria inoculated samples,

compared to the controls. Taken together, the changes in microbial

communities and the increase in relative abundance of these

potential parasitical microbial taxa in the soybean rhizosphere by

N. punctiforme inoculants may contribute to the reduction of SCN

population. But the suppressive functions of the specific bacterial

and fungal species need further investigation.

Previous research showed that beneficial microorganisms,

including cyanobacteria, generally elicit plant defense against

biotic challenges (Abdelaziz et al., 2022; Molinari and Leonetti,

2019). The extracts of Oscillatoria sp., a cyanobacterium, regulated

pathogenesis-related genes linked with plant defense and immunity

against soybean root-rot nematode (Ghareeb et al., 2022). Belton

et al. (2021) reported that N. punctiforme induced defense genes

against programmed cell death in Arabidopsis thaliana. However,

in this study, the expression levels of five soybean PR genes were

examined by qPCR in the soybean roots of N. punctiforme and

SCN treated, SCN only, and the controls without N. punctiforme

and SCN inoculations. The results showed that N. punctiforme

inoculants did not significantly upregulate or downregulate the

five PR genes compared with SCN-treated only, suggesting

N. punctiforme -enhanced soybean resistance to SCN may not be

directly associated with the induction of soybean defense system.
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However, our current data does not exclude the possibility of

indirect interaction with other soil microbes that might activate

plant defenses.

Many filamentous cyanobacteria possess a complex multilayer

envelope around the cells, making it difficult to isolate single

filaments that are free of other associated microbes (Fernandez-

Valenzuela et al., 2021). Due to N. punctiforme generally being

wrapped by extracellular polysaccharide sheaths (Sharma et al.,

2009), obtaining axenic cultures of N. punctiforme is challenging.

In this study, we did not successfully obtain axenic cultures of

N. punctiforme, although several available methods were used,

including repeated transfer of cells (Rippka et al., 1981), antibiotic,

thermal, and sonication treatments (Han et al., 2014; Meixner et al.,

2022), and treating akinetes with sodium hypochlorite (Šulčius

et al., 2017; Vaz et al., 2014). To examine whether these co-

existing microbes influence SCN population, one fungal and four

bacterial strains were isolated from the N. punctiforme cultures

using tryptic soy agar and potato dextrose agar media, respectively.

Those microbial strains were identified as Stenotrophomonas

maltophilia, Paenibacillus lactis, Nocardioides zeae, Pseudomonas

sp., and unclassified fungus, respectively, using 16S rRNA and ITS

primers (Yin et al., 2024). The cultures of single bacterial and fungal

strain inoculations did not significantly change the total number

of SCN eggs and J2s associated with susceptible “Williams 82”

compared with the SCN inoculation only (Figure 6), indicating the

SCN suppression activity of N. punctiforme. However, we cannot

exclude the potential role of consortium of N. punctiforme and

coexisting microbes in SCN infection.

The establishment and persistence of the introduced microbes

in soil are important for functioning effectively. The microbial

data in this study showed that ZOTU42 was more abundant

in N. punctiforme-treated samples than in the controls (SCN

inoculation only). The v4 hypervariable region of 16S rRNA

sequence of ZOTU42 shows 100% query cover and identity to

the sequence of N. punctiforme suggesting that the presence

of inoculated cyanobacterial strain in the soil 5 weeks post

inoculation. However, N. punctiforme grows relatively slowly

(about 4 weeks to reach OD720 = 0.5) in the test condition

that may limit the application of N. punctiforme on a large scale

in fields.
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SUPPLEMENTARY FIGURE 1

Cyanobacterium isolation and purification. (A) Nostoc punctiforme growth

in BG11 liquid media, (B) The filamentous and heterocytes of

N. punctiforme under 100 x microscopy. Red arrows indicate heterocytes.

SUPPLEMENTARY FIGURE 2

E�ect of Nostoc punctiforme inoculants on soybean cyst nematode. (A)

Independent experiment 1, (B) Independent experiment 2. CK: control

without SCN (HG type 7) and N. punctiforme inoculation, SCN: SCN

inoculation, Low Conc: SCN and low concertation N. punctiforme

inoculation, High Conc: SCN and high concertation N. punctiforme
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inoculation. Di�erent letters indicate a statistically significant di�erence

between treatments within an experiment as determined by Kruskal-Wallis’s

test (p ≤ 0.05, n = 4).

SUPPLEMENTARY FIGURE 3

E�ect of Nostoc punctiforme inoculants on soybean growth. (A) soybean

shoot length, (B) soybean shoot fresh weight. CK: control without SCN and

N. punctiforme inoculations, SCN: SCN inoculation, Low Conc: SCN and

low concertation N. punctiforme inoculations, High Conc: SCN and high

concertation N. punctiforme inoculations. Di�erent letters indicate

a statistically significant di�erence between treatments within an

experiment as determined by the Kruskal-Wallis’s test (p ≤ 0.05, n = 4).

SUPPLEMENTARY FIGURE 4

Microbial taxonomic assignments at the phyla level and their percentage

contribution (abundance) in the soybean rhizosphere. (A) bacterial phyla, (B)

fungal phyla. SCN: SCN inoculation, Low Conc: SCN and low concertation

N. punctiforme inoculations, High Conc: SCN and high concertation

N. punctiforme inoculations.

References

Abdelaziz, A. M., Attia, M. S., Salem, M. S., Refaay, D. A., Alhoqail, W. A., and
Senousy, H. H. (2022). Cyanobacteria-mediated immune responses in pepper plants
against FusariumWilt. Plants 11:2049. doi: 10.3390/plants11152049

Allen, T. W., Bradley, C. A., Sisson, A. J., Byamukama, E., Chilvers, M. I.,
Coker, C. M., et al. (2017). Soybean yield loss estimates due to diseases in the
United States and Ontario, Canada, from 2010 to 2014. Plant Health Prog. 18, 19–27.
doi: 10.1094/PHP-RS-16-0066

Alvarez, A. L., Weyers, S. L., and Gardner, R. D. (2024). Cyanobacteria-
based soil amendments in the soil-plant system: effects of inoculations on soil
nutrient and microbial dynamics under spring wheat growth. Algal Res. 77:103326.
doi: 10.1016/j.algal.2023.103326

Alves, L. C., De Souza, J. A. M., de Mello Varani, A., and de Macedo
Lemos, E. G. (2014). “The Family Rhizobiaceae,” in The Prokaryotes eds. E.
Rosenberg, E. F. DeLong, S. Lory, et al. (Berlin, Heidelberg: Springer), 419–437.
doi: 10.1007/978-3-642-30197-1_297

Arjoune, Y., Sugunaraj, N., Peri, S., Nair, S. V., Skurdal, A., Ranganathan, P., et al.
(2022). Soybean cyst nematode detection and management: a review. Plant Methods
18:110. doi: 10.1186/s13007-022-00933-8

Asimakis, E., Shehata, A. A., Eisenreich, W., Acheuk, F., Lasram, S., Basiouni, S.,
et al. (2022). Algae and their metabolites as potential bio-pesticides. Microorganisms
10:307. doi: 10.3390/microorganisms10020307

Bandara, A. Y., Weerasooriya, D. K., Bradley, C. A., Allen, T. W., and Esker, P. D.
(2020). Dissecting the economic impact of soybean diseases in the United States over
two decades. PLoS One 15:e0231141. doi: 10.1371/journal.pone.0231141

Belton, S., McCabe, P. F., and Ng, C. K. (2021). The cyanobacterium, Nostoc
punctiforme can protect against programmed cell death and induce defence genes
in Arabidopsis thaliana. J. Plant Interact. 16, 64–74. doi: 10.1080/17429145.2021.18
91306

Bent, A. F. (2022). Exploring soybean resistance to soybean cyst nematode. Annu.
Rev. Phytopathol. 60, 379–409. doi: 10.1146/annurev-phyto-020620-120823

Biondi, N., Piccardi, R., Margheri, M. C., Rodolfi, L., Smith, G. D.,
and Tredici, M. R. (2004). Evaluation of Nostoc strain ATCC 53789 as a
potential source of natural pesticides. Appl. Environ. Microbiol. 70, 3313–3320.
doi: 10.1128/AEM.70.6.3313-3320.2004

Boutte, C., Grubisic, S., Balthasart, P., and Wilmotte, A. (2006). Testing of primers
for the study of cyanobacterial molecular diversity by DGGE. J.Microbiol. Methods 65,
542–550. doi: 10.1016/j.mimet.2005.09.017

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A.,
Turnbaugh, P. J., Noah Fierer, N., and Knight, R. (2011). Global patterns of 16S rRNA
diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. U.S.A.
108, 4516–4522. doi: 10.1073/pnas.1000080107

Chaudhary, V., Prasanna, R., Nain, L., Dubey, S., Gupta, V., Singh, R., et al.
(2012). Bioefficacy of novel cyanobacteria-amended formulations in suppressing
damping off disease in tomato seedlings.World J. Microbiol. Biotechnol. 28, 3301–3310.
doi: 10.1007/s11274-012-1141-z

Chen, L., Cai, Y., Liu, X., Guo, C., Sun, S., Wu, C., et al. (2018). Soybean hairy
roots produced in vitro by Agrobacterium rhizogenes-mediated transformation. Crop
J. 6, 162–171. doi: 10.1016/j.cj.2017.08.006

Chen, S., and Liu, S. (2007). Effects of tillage and crop sequence on parasitism of
Heterodera glycines juveniles by Hirsutella spp. and on juvenile population density.
Nematropica 37, 93–106. Available online at: https://journals.flvc.org/nematropica/
article/view/64419

Choleva, B., Bileva, T., and Tsvetkov, J. (2007). Organo-biological means and
methods for control of plant parasitic nematodes as alternative of agrochemicals. Ecol.
Fut. 6, 43–49. Available online at: https://www.cabidigitallibrary.org/doi/pdf/10.5555/
20103006862

Cole, J.R., Wang, Q., Fish, J.A., Chai, B., McGarrell, D.M., Sun, Y., et al. (2014).
Ribosomal database project: data and tools for high throughput rRNA analysis.Nucleic
Acids Res. 42(D1), D633-D642. doi: 10.1093/nar/gkt1244

Deng, X., Zhang, N., Shen, Z., Zhu, C., Liu, H., Xu, Z., et al. (2021). Soil
microbiome manipulation triggers direct and possible indirect suppression against
Ralstonia solanacearum and Fusarium oxysporum. NPJ Biofilms Microbiomes 7:33.
doi: 10.1038/s41522-021-00204-9

Desaeger, J., Wram, C., and Zasada, I. (2020). New reduced-risk agricultural
nematicides-rationale and review. J. Nematol. 52, 1–16. doi: 10.21307/jofnem-2020-091

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Edgar, R. C. (2016). UNOISE2: Improved error-correction for Illumina 16S and ITS
amplicon sequencing. BioRxiv. doi: 10.1101/081257

Edgar, R. C. (2018). Updating the 97% identity threshold for 16S ribosomal RNA
OTUs. Bioinformatics 34, 2371–2375. doi: 10.1093/bioinformatics/bty113
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Introduction: Allyl isothiocyanate (AITC) has demonstrated efficacy as a

soil fumigant, effectively controlling soil-borne pathogens and nematodes.

Although AITC has a significant effect on soil microbial communities, whether

fumigation affects the production of crop endophytes is unclear.

Methods: In this study, AITC was used to fumigate the soil, and the response of

endophytic bacteria (in roots, stems, and leaves) in different pepper genotypes

(Xiangla359, La Xuan, Shuang Jiao) was investigated.

Results: Fumigation with AITC significantly increased soil microbial diversity,

stimulated the growth of Actinomycetota, and inhibited Pseudomonadota.

However, the effects on endophytic bacteria varied among pepper varieties.

Specifically, fumigation significantly reduced microbial diversity in the roots and

leaves of Xiangla359, but had no significant effect on La Xuan and Shuang Jiao.

Furthermore, the growth-promoting effect of AITC was most pronounced in

Xiangla359.

Conclusion: Our results suggest that while AITC fumigation significantly alters

soil microbial diversity and composition, its effects on crop endophytes

are genotype-dependent. These findings provide insight into the complex

interactions between soil microbial communities and crop endophytes in

response to soil fumigation.

KEYWORDS

soil fumigation, endophyte, soil microorganism, AITC, genotype, pepper

1 Introduction

Peppers (Capsicum annuum L.), esteemed for their piquant flavor and robust
nutritional profile, belong to the Solanaceae family and are renowned for their abundant
polyphenols, capsaicinoids, ascorbic acid, and other phytochemicals (Barboza et al., 2022).
In China, peppers are among the most extensively cultivated vegetables, with the 2021
cultivated area exceeding 213 ha, representing approximately 10% of the total vegetable
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cultivation acreage. The expansion of protected cultivation has
driven a remarkable surge in vegetable yields; however, this
progress has been paralleled by the accumulation of soil pathogens
and exacerbation of soil-borne diseases, thereby impeding
agricultural advancement (Ren et al., 2018). Consequently,
addressing the persistent crop disorders in peppers and enhancing
their yield constitute pivotal concerns in contemporary agricultural
practices.

Soil fumigation represents the most direct and effective
strategy for addressing the challenges associated with crop
recolonization (Mao et al., 2014). Among the various fumigants,
allyl isothiocyanate (AITC) stands out as a high-quality, plant-
derived agent known for its efficacy in preventing and eradicating a
range of soil-borne pathogenic nematodes (Dahlin and Hallmann,
2020; Ren et al., 2018), pathogenic fungi (Yu et al., 2019) and weeds
(Zhang Y. et al., 2023). Additionally, AITC effectively inhibits pests
during storage (Wu et al., 2009) and mitigates postharvest diseases
(Otoni et al., 2014; Ugolini et al., 2014) all while maintaining a high
safety profile and leaving no pesticide residues.

Recent studies have demonstrated that AITC significantly
inhibits the development of gray mold in tomatoes, thereby
extending their storage life (Barea-Ramos et al., 2024).
Furthermore, AITC has been shown to effectively mitigate
postharvest quality deterioration in edible mushrooms and
raspberries (Park et al., 2023; Zou et al., 2024). Yu et al.’s
(2022) research revealed that the inhibitory effect of AITC
on C. heterostrophus was linked to the downregulation of
genes associated with energy metabolism, oxidoreductase activity,
melanin biosynthesis, and cell wall-degrading enzymes, resulting in
a significant reduction in melanin production in C. heterostrophus.
Moreover, AITC has been proven to effectively inhibit various
pathogenic bacteria, including Rhizoctonia solani, Fusarium
graminearum, Ralstonia solanacearum, P. aphanidermatum,
Fusarium spp., and Phytophthora spp (Ashiq et al., 2022;
Handiseni et al., 2017; Ren et al., 2018).

Soil microorganisms play a crucial role in environmental
processes and are pivotal in maintaining the stability of soil
ecosystems (Wu et al., 2024). The non-targeted nature of the
fumigant led to a notable reduction in the population of
detrimental soil microorganisms, such as Fusarium oxysporum
and Mycobacterium avium. The application of AITC fumigation
resulted in a transient decline in the overall microbial abundance
in the soil, which gradually recovered over a one-month period
(Castellano-Hinojosa et al., 2022). Furthermore, a significant
increase in beneficial soil bacteria was observed following AITC
fumigation (Tagele et al., 2021). AITC soil fumigation was also
found to enhance the population of aerobic denitrifying bacteria
(Li et al., 2023). Moreover, AITC fumigation and its degradation
products demonstrated effective inhibition of soil manganese
oxidation, leading to an increase in the bioavailable manganese
content in the soil (Wang et al., 2024).

The diversity of inter-root microorganisms is intricately
modulated by factors such as pH, effective phosphorus levels,
and organic matter content (Zhou et al., 2021). Additionally,
the species composition and abundance of the rhizosphere
microbiome are influenced by the developmental stages of
plants and the specific plant species present (Chen et al.,
2022). Disparities in the distribution and abundance of inter-
root and endophytic microorganisms significantly impact various

physiological processes in plants, including growth regulation,
disease resistance, and hormonal signaling pathways (Hartmann
and Six, 2023; Yang et al., 2023). Endophytic microorganisms
represent a category of microbes that engage in mutually beneficial
symbiotic relationships with their host plants. Due to their
prolonged coexistence within the unique plant environment, these
microorganisms are recognized as valuable microbial resources
that significantly contribute to the growth, development, and
stress resilience of crops (Compant et al., 2019). Endophytes
facilitate plant growth by providing essential nutrients or
conferring protection against pathogenic challenges. The potential
of plant endophytic microorganisms to enhance crop resistance
and stimulate yield gains has attracted considerable research
attention (Afzal et al., 2019; Sessitsch et al., 2012). Among
these microorganisms, endophytic fungi have emerged as a
focal point of investigation. Several studies have demonstrated
that endophytic fungi play a significant role in enhancing crop
nitrogen utilization (Yang et al., 2014). Notably, the presence
of the endophytic bacterium Paenibacillus exerts a profound
influence on the metabolic profile of isolated cultivated poplar
plants (Scherling et al., 2009). Several bacterial and fungal
genomes, such as those of Penicillium, Fusarium, Phytophthora,
Dendrobacter, and Streptomyces, contain genes associated with
nitrogen metabolism, hormone biosynthesis, phosphate utilization,
and root colonization mechanisms (Huang et al., 2022; Shah et al.,
2022). These Microorganisms play a crucial role in providing
essential nutrients to plants, thereby facilitating growth promotion
through mechanisms such as nitrogen fixation and enhanced access
to phosphorus and iron (Liu et al., 2022; Phurailatpam et al., 2022).

Although the interactions between soil microbiota and crop
endophytes are acknowledged to be crucial for plant health,
the specific mechanisms underlying these interactions remain
unclear. It has been demonstrated that soil microbial diversity
and composition significantly impact plant growth and health,
thereby influencing the dynamics of endophytic flora. However,
changes in soil microbial communities do not invariably lead to
shifts in crop endophytes, as the distinct habitats of endophytes
are primarily shaped by the plant’s internal environment. Soil
management practices, such as fertilization, microbial inoculation,
and fumigation treatments, can modulate microbial diversity and
abundance in the soil, subsequently influencing the microbial
communities within the plant’s root system and above-ground
structures, including endophyte populations. In this investigation,
we employed HiSeq2500 high-throughput sequencing technology
to explore variations in microbial community diversity and the
structural composition of endophytes in different pepper varieties
following AITC fumigation. Our study aims to elucidate the
potential impact of changes in soil microbial communities on crop
endophyte communities.

2 Materials and methods

2.1 Indoor soil fumigation experiment

The experimental soil used in this study was sourced from
Yanqing, Beijing (115◦44’–116◦34’E, 40◦16’–40◦47’N) and is
classified as alkaline tidal soil. Prior to use, the soil was sieved
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through a 2 mm mesh. A total of 12 kg of the test soil was weighed
and placed into a 20 L plastic bucket. A 20% water emulsion of
propylene isothiocyanate (AITC), obtained from Beijing Agronon
Bio-Pharmaceutical Co., Ltd., was thoroughly mixed with the soil.
Immediately after mixing, the bucket was sealed tightly with a
transparent plastic cover and securely wrapped with transparent
tape. The mixture was then incubated at 28◦C in a light-free
environment for a duration of 10 days. A control group without
the addition of AITC was also included. Following the fumigation
period, the soil was left uncovered in a well-ventilated area for one
week to ensure the complete dispersion of any remaining fumigant.
Subsequently, 30 g of the soil was collected and stored at −80◦C for
macrogenomic sequencing.

2.2 Pepper planting

The pepper seeds were pre-soaked and allowed to germinate
for 3 days prior to sowing. Subsequently, the seeds were evenly
distributed in the soil, covered with approximately 1 cm of loose
soil, watered once, and maintained at a constant temperature of
around 28◦C. Regular watering was carried out to ensure soil
moisture levels were optimal. Each experimental group consisted
of 42 plants. The incubation room was set to a temperature of
28◦C, with a relative humidity of 60% and a photoperiod of
L//D = 12H//12H.

2.3 Sample collection

Sampling was conducted on the 55th day after pepper
transplantation to assess plant height, stem thickness, and
chlorophyll content. Chlorophyll levels were measured using a
handheld chlorophyll meter. On the same day, rhizosphere soil
samples were collected. During the sampling process, the peppers
were carefully uprooted, and any loose soil attached to the root
system was gently shaken off. Tightly adhered soil was then
collected using a brush. A portion of the soil was stored at 4◦C for
the evaluation of physicochemical indices, while another portion
was stored at −80◦C for high-throughput sequencing.

The preparation of pepper samples involved washing the roots,
stems, and leaves with distilled water to remove impurities. After
washing, the roots, stems, and leaves were cut and soaked in 75%
ethanol for 2 min, followed by a 5-min wash with a 2% sodium
hypochlorite solution. Subsequently, the samples were transferred
to 75% ethanol for 1 min and rinsed three times with sterile
water, repeating this process three times. The samples were then
dried, placed in self-sealing bags, and stored at −80◦C for high-
throughput sequencing (Ren et al., 2019). Each set of trials was
conducted in triplicate.

2.4 Physicochemical properties of soil

Soil physicochemical parameters were analyzed following
the method established by Li Sheik Kai. Nitrate nitrogen and
ammonium nitrogen were extracted using KCl and quantified using
a flow analyzer. Effective phosphorus was extracted with NaHCO3

and measured using a flow analyzer, while fast-acting potassium
was extracted with CH3COONH4 and quantified using a flame
spectrophotometer. pH was determined using a 2.5:1 water-to-
soil ratio and potentiometric method, and electrical conductivity
was measured using a 2.5:1 water-to-soil ratio and conductivity
probe. Organic matter content was assessed through potassium
dichromate titration.

2.5 Metagenomic sequencing

0.2 g of soil material was used to extract total genomic DNA
with the E.Z.N.A. R© soil DNA Kit (Omega Bio-tek, Norcross, GA,
USA) according to manufacturer’s instructions. Concentration
and purity of extracted DNA was determined with SynergyHTX
and NanoDrop2000, respectively. DNA quality was checked on
1% agarose gel.

DNA extract was fragmented to an average size of about 350 bp
using Covaris M220 (Gene Company Limited, China) for paired-
end library construction. Paired-end library was constructed using
NEXTFLEX Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA).
Paired-end sequencing was performed on Illumina NovaSeqTM X
Plus (Illumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm
Technology Co., Ltd (Shanghai, China) using NovaSeq X Series 25B
Reagent Kit according to the manufacturer’s instructions.1

2.6 DNA extraction, PCR amplification,
and high-throughput sequencing

DNA extraction from treated plant samples was performed
utilizing the Qiagen magnetic bead method, while total DNA
from soil samples was isolated using the E.Z.N.A. R© Soil DNA Kit.
Following extraction, the purity and concentration of DNA were
evaluated using the Scandrop200 and confirmed by 1% agarose
gel electrophoresis, respectively. Primers were tailed with PacBio
barcode sequences to distinguish each sample. Amplification
reactions (20-µL volume) consisted of 5 × FastPfu buffer 4 µL,
2.5 mM dNTPs 2 µL, forward primer (5 µM) 0.8 µL, reverse primer
(5 µM) 0.8 µL, FastPfu DNA Polymerase 0.4 µL, template DNA
10 ng and DNase-free water. The PCR amplification was performed
as follows: initial denaturation at 95◦C for 3 min, followed by 27
cycles of denaturing at 95◦C for 30 s, annealing at 60◦C for 30 s
and extension at 72◦C for 45 s, and single extension at 72◦C for
10 min, and end at 4◦C (T100 Thermal Cycler PCR thermocycler,
BIO-RAD, USA). After electrophoresis, The PCR products were
purified using the AMPure R© PB beads (Pacifc Biosciences, CA,
USA) and quantified with Qubit 4.0 (Thermo Fisher Scientific,
USA). For amplification of the 16S rRNA gene in pepper root, stem,
and leaf samples, primers 779F (AACMGGATTAGATACCCKG)
and 1193R (ACGTCATCCCCACCTTCC) were employed,
whereas primers 338F (ACTCCTACGGGAGGCAGCA) and 806R
(GGACTACHVGGGTWTCTAAT) were utilized for soil samples.
Subsequent high-throughput and macro-genome sequencing were
conducted by Shanghai Meiji Biotechnology Co., Ltd.

1 www.illumina.com
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2.7 Statistical analyses

The purified amplicons were pooled in equimolar and paired-
end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina,
San Diego, USA). The original sequences were sequenced, spliced,
quality controlled, and filtered to obtain optimized sequences
(Magoc and Salzberg, 2011), clustered into operable taxonomic
units (OTUs) according to similarity levels. The optimized
sequences were compared with the Silva (SSU123)16S rRNA
Database. A confidence threshold of 0.7 was chosen to combine
with the RDP classifier Bayesian algorithm v2.21 to taxonomically
analyze (Magoc and Salzberg, 2011), OTU sequences at 97%
similarity level to obtain species annotation information for OTUs.
The best-hit taxonomy of non-redundant genes was obtained by
aligning them against the NCBI NR database by DIAMOND[6]
(version 2.0.13)2 with an e-value cutoff of 1e-5. Similarly, the
functional annotation (GO, KEGG, eggNOG, CAZy, CARD, PHI)
of non-redundant genes was obtained. Based on the taxonomic
and functional annotation and the abundance profile of non-
redundant genes, the differential analysis was carried out at
each taxonomic, functional, or gene-wise level by Kruskal–Wallis
test. The experimental data was organized using Microsoft Excel
2010 software. The comparison of means between groups was
conducted using SPSS 26 for independent samples t-test and one-
way ANOVA. The significance level was set at α = 0.05. PcoA
was generated using the Bray Curtis algorithm, and community
composition and variability analyses were performed using the
Meguiar’s Cloud platform. Graphing was carried out using Origin
2017. The Welch t-test method was used to calculate the
confidence interval. The stats package (version 3.3.1) of R and
the scipy package (version 1.0.0) of Python were used. The linear
discriminant analysis (LDA) effect size (LEfSe)3 was performed
to identify the significantly abundant taxa (phylum to genera) of
bacteria among the different groups (LDA score > 3.8, P < 0.05).

3 Results

3.1 Effects of allyl isothiocyanate on soil
microorganisms and functions

Gene-based species taxonomic annotations were compared
with the NR database to extract species and abundance information
across various taxonomic levels, including domain, kingdom,
phylum, order, family, genus, and species for each sample. A total
of 244 phyla, 501 orders, 1,003 families, 1,966 genera, and
30,841 species were identified through NR species annotation. The
results of the bacterial community alpha diversity index (Table 1)
demonstrate that AITC fumigation significantly enhanced the
richness of the soil microbial community.

A comparative analysis of soil microorganisms before and after
allyl isothiocyanate (AITC) fumigation revealed shifts in the top
ten microorganisms at the phylum level within the soil microbial
community (Figure 1A). The predominant phyla identified were

2 http://ab.inf.uni-tuebingen.de/software/diamond/

3 http://huttenhower.sph.harvard.edu/lefse

TABLE 1 Alpha diversity index of soil microbial community fumigated by
allyl isothiocyanate.

Sample Ace Shannon Simpson

CK 8.5 ± 0.50 1.95 ± 0.002 0.14 ± 0.009

AITC 12.33 ± 0.67 2.30 ± 0.08 0.11 ± 0.005

Actinomycetota, Pseudomonadota, Acidobacteriota, Chloroflexota,
Gemmatimonadota, Nitrososphaerota, Verrucomicrobiota,
Planctomycetota, Candidatus Dormibacteraeota, and unclassified
d_Bacteria. Notably, the relative abundance of Actinomycetota
showed a significant increase (P < 0.01) post-fumigation.
Conversely, there was a marked decrease in the relative abundance
of Pseudomonadota and Bacteroidota (P < 0.01), indicating
that Actinomycetota exhibited a significant increase (P < 0.01)
(Figures 2A–C).

At the genus level (Figure 1B), the top ten
microorganisms in relative abundance in the soil
microbial community were Sphingomonas, unclassified_
p_Acidobacteriota, unclassified_c_Actinomycetes, unclassified_p_
Actinomycetota, unclassified_p_Chloroflexota, Nocardioides,
unclassified_p_Gemmatimonadota, Bradyrhizobium, unclassified_
c_Terriglobia, Streptomyces. Of which, Sphingomonas, Lysobacter,
Nitrososphaera, Marmoricola, Candidatus_Nitrosocosmicus,
Phycicoccus, Nitrosopumilus showed significant reduction in
relative abundance after fumigation, Arthrobacter, Blastococcus,
Pseudarthrobacter, Actinacidiphila, Catenulispora, Mycobacterium,
Pseudonocardia, and Trebonia increased significantly in relative
abundance (Figures 2D–I).

By comparing the results with the KEGG database, the top three
annotations at Level 1 (Figure 3A) in soil samples were identified as
Metabolism, Environmental Information Processing, and Genetic
Information Processing. The known gene functions with the top
10 abundances were analyzed using ANOVA. The analysis of
variance revealed that the Metabolism function was significantly
higher in fumigated soil compared to unfumigated soil (P < 0.05),
while Genetic Information Processing, Cellular Processes, and
Human Diseases were significantly lower in the fumigated soil
(P < 0.05). At Level 2 (Figure 3B), metabolic pathways were also
significantly higher in the soil samples than in the unfumigated
soil, with significant increases observed in the following pathways:
Biosynthesis of Secondary Metabolites, Microbial Metabolism in
Diverse Environments, Carbon Metabolism, Quorum Sensing,
ABC Transporters, and Pyruvate Metabolism (P < 0.05). The
top 10 pathways annotated at the Pathway classification level that
exhibited significant differences (Figure 3C) included Biosynthesis
of Secondary Metabolites, Microbial Metabolism in Diverse
Environments, Carbon Metabolism, Biosynthesis of Cofactors,
Two-Component System, Quorum Sensing, ABC Transporters,
Pyruvate Metabolism, and Purine Metabolism.

3.2 Effects of allyl isothiocyanate on the
growth of peppers and soil
physicochemical indexes

Allyl isothiocyanate (AITC) fumigation exerts a positive effect
on the growth and development of peppers, although varietal
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FIGURE 1

Bar chart showing changes in the relative abundance of the top ten bacterial communities at the phylum level (A) and genus level (B) in soil samples.

FIGURE 2

Microorganisms with significant differences in soil microorganisms at the phylum level (A–C) and genus level (D–I) after AITC fumigation. *0.01 < p
≤ 0.05, **0.001 < p ≤ 0.01.
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FIGURE 3

The KEGG functional levels of soil microorganisms after AITC fumigation were significantly different. (A) Pathway level 1. (B) Pathway level 2. (C)
Pathway level 3.

discrepancies are evident (Figure 4). By the 55th day post-planting,
fumigation significantly enhanced the plant height of Xiangla359
and Shuang Jiao, as well as the stem thickness of Shuang Jiao.
Specifically, in the treatment group, the plant height of Xiangla359

exhibited a significant increase of 28.2%, accompanied by a notable
10.4% increase in stem thickness. Moreover, La Xuan demonstrated
a growth of 12.5% in plant height, while Shuang Jiao exhibited a
substantial rise of 25.9%. As depicted in Table 2, the impacts of
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FIGURE 4

The impact of AITC fumigation on the growth of pepper plants. (A) Height of pepper plants under different treatments. (B) Stem diameter of chili
pepper plants under different treatments. (C) Chlorophyll content of chili pepper leaves under different treatments. All results are expressed as mean
± standard deviation (SD), and the same letters indicate no statistical difference (P = 0.05) according to Duncan’s new multiple range test.

TABLE 2 Effect of soil fumigation with allyl isothiocyanate on physicochemical indexes of rhizosphere soil of different varieties of capsicum.

Conductivity
(µs/cm)

pH Organic matter
(mg/kg)

Available P
(mg/kg)

Available K
(mg/kg)

NH4
+-N

(mg/kg)
NO3

−-N
(mg/kg)

CK-XL 252.33 ± 20.36a 7.88 ± 0.11a 25.01 ± 1.30a 334.36 ± 4.88a 260 ± 6.62b 19.69 ± 13.67a 23.73 ± 0.01a

AI-XL 297.33 ± 11.88a 7.66 ± 0.03a 26.39 ± 1.16a 350.88 ± 4.63a 335 ± 42.57ab 16.70 ± 4.70a 23.75 ± 0.03a

CKLX 250.33 ± 18.13a 7.61 ± 0.005a 26.88 ± 0.79a 353.62 ± 3.43a 284.17 ± 34.69ab 20.16 ± 9.79a 23.77 ± 0.04a

AI-LX 245 ± 25.97a 7.55 ± 0.02a 25.72 ± 1.27a 444.92 ± 96.79a 260.83 ± 3.34b 31.91 ± 15.54a 23.75 ± 0.04a

CK-SJ 306.33 ± 27.77a 7.78 ± 0.005a 25.94 ± 0.44a 349.89 ± 12.30a 360 ± 31.26ab 16.70 ± 5.09a 24.33 ± 0.62a

AI-SJ 278 ± 17.69a 7.62 ± 0.07a 26.74 ± 0.11a 373.51 ± 5.35a 381.67 ± 52.19a 10.95 ± 2.63a 23.71 ± 0.001a

All results are expressed as mean ± standard deviation (SD), and the same letters indicate no statistical difference (P = 0.05) according to Duncan’s new multiple range test.

soil fumigation with AITC on the physicochemical indicators of the
rhizosphere soil for various chili pepper cultivars varied; however,
these variations were not deemed statistically significant.

3.3 Effect of soil fumigation with allyl
isothiocyanate on the diversity index of
the bacterial community of pepper

Significant variations in the bacterial community diversity
index (ACE) were observed among different parts of the pepper
plant, including inter-root, intra-root, intra-stem, and intra-leaf
regions, regardless of the fumigation treatment (Figure 5A).
These findings suggest that tissue variability remained consistent
even after fumigation. However, 80 days post-fumigation, the
ACE values for intra-root and intra-leaf bacterial diversity were
significantly reduced by allyl isothiocyanate (AITC), while no
significant impact was observed on inter-root and intra-stem
bacterial diversity. This indicates that the stimulating effect of AITC
on soil microbial community diversity diminished over time but
continued to significantly influence microbial diversity within the
roots and leaves of the crop.

Further analysis of the responses of bacterial communities in
the root, stem, and leaf tissues of three pepper varieties revealed
distinct spatial characteristics and significant differences in the
effects of allyl isothiocyanate (AITC) fumigation on endophytic
bacteria. Inter-root bacterial diversity showed no significant
differences among Xiangla359 (XL), Shuang Jiao (SJ), and La
Xuan (LX). However, AITC fumigation significantly increased

the inter-root bacterial diversity index (ACE) in Xiangla359
(Figure 5B). Within the roots, both Xiangla359 and Shuang Jiao
exhibited significantly higher bacterial diversity compared to La
Xuan. Nevertheless, AITC fumigation resulted in a significant
decrease in bacterial diversity within the roots of Xiangla359,
with no significant differences observed among the three varieties
after fumigation (Figure 5C). Conversely, La Xuan displayed
significantly higher bacterial diversity in the stems compared to
Xiangla359 and Shuang Jiao. However, AITC fumigation led to
a significant reduction in bacterial diversity in the stems of La
Xuan, with no significant differences among the three varieties
after fumigation (Figure 5D). In terms of leaf tissues, Xiangla359
exhibited significantly higher bacterial diversity compared to
Shuang Jiao and La Xuan. AITC fumigation significantly reduced
bacterial diversity in the leaves of Xiangla359 but had no significant
effect on Shuang Jiao and La Xuan (Figure 5E). Overall, the impact
of AITC fumigation on endophytes in pepper roots and leaves was
more pronounced than in stems, resulting in a significant reduction
in microbial diversity in the roots and leaves of Xiangla359, while
showing no significant effects on Shuang Jiao and La Xuan.

3.4 Effect of allyl isothiocyanate on the
structure of the bacterial community of
chili peppers

In the unfumigated treatment, both tissue site and genotype
significantly influenced the structure of the endophytic bacterial
community in pepper, accounting for 22% (p < 0.01) and 19%
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FIGURE 5

The impact of AITC fumigation on the microbial diversity index of chili plants: (A) overall effect on different tissues; (B) response of rhizosphere
bacteria; (C) response of endophytic fungi in roots; (D) response of endophytic bacteria in stems; (E) response of endophytic bacteria in leaves.
*0.01 < p ≤ 0.05, ***p ≤ 0.001.

(p < 0.01) of the variation, respectively (Figure 6A). Conversely,
allyl isothiocyanate (AITC) fumigation markedly enhanced the
contribution of genotype to the endophytic bacterial community
structure in pepper, increasing it to 58% (p < 0.001) while
concurrently reducing the contribution of tissue site (Figure 6B).

Consequently, we conducted a detailed analysis of the bacterial
community structure across various tissues (roots, stems, and
leaves) of different pepper cultivars. Following to AITC fumigation,
the impact of genotypes on inter-root and intra-stem bacterial
community structures was found to be statistically insignificant.
However, there was a notable increase in the explanatory power of
the bacterial community structure in roots (23 vs. 33%, p < 0.05),
accompanied by a corresponding decrease in leaves (44 vs. 33%,
p < 0.05) (Figures 6C, D). It is evident that allyl isothiocyanate
(AITC) fumigation primarily influences the bacterial community
structure in roots and leaves of pepper and is closely associated with
the genotype of the plant.

Linear discriminant analysis effect size (LEfSe) was employed
to identify species with significant differences across various parts
of pepper plants. The LEfSe species hierarchy chart (LDA > 3.8)
was used to identify groups exhibiting significant variations. As
shown in the distribution plots (Figures 7A–C) with LDA scores
exceeding 3.8, significant differences were observed in the microbial
communities enriched in different parts of the pepper plant under
various treatments.

At the genus level, untreated Xiangla359 roots exhibited
a marked predominance of Streptomyces, Sphingomonas,

Sphingobium, Methylophilus, Neorhizobium, and Flavobacterium.
In contrast, the stems showed a significant increase in Prevotella,
Lactobacillus, and Aeromonas, while the leaves were predominantly
dominated by Rickettsia. Following AITC treatment, the roots
displayed a significant abundance of Cellvibrio, Massilia,
Caulobacter, and Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium. In the stems, Pleomorphomonas, Corynebacterium, and
Cloacibacterium were notably abundant.

Untreated Shuang Jiao roots demonstrated substantial
concentrations of Streptomyces, Sphingobium, Neorhizobium,
Massilia, Acidovorax, and Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium. The stems were notably enriched
with Actinoplanes, Prevotella, Paludibacter, Pleomorphomonas,
Aeromonas, Cloacibacterium, Dysgonomonas, and Flavobacterium,
while Bacillus and Leifsonia were primarily concentrated in the
leaves. After AITC treatment, the roots of Shuang Jiao displayed
a notable rise in Subgroup_10, Steroidobacter, Sphingomonas,
Ohtaekwangia, Herpetosiphon, Cellvibrio, Acetobacter, and Devosia.
In the stems, Corynebacterium, Lactobacillus, and Microbacterium
were significantly more abundant.

In untreated La Xuan roots, Streptomyces, Sphingomonas,
Sphingobium, Pseudomonas, Neorhizobium, Flavobacterium,
Massilia, and Actinoplanes were notably abundant. The stems
exhibited significant accumulation of Corynebacterium and
Pleomorphomonas. Following AITC treatment, the roots
displayed a marked increase in Cellvibrio, Acidovorax,
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FIGURE 6

Based on the Bray Curtis algorithm PCoA (Principal Co-ordinates Analysis), (A) PCoA of endophytic bacteria in untreated samples; (B) PCoA of
endophytic bacteria treated with AITC (Allyl isothiocyanate); (C) PCoA of rhizosphere, endophytic, stem, and leaf bacteria in untreated samples;
(D) PCoA of rhizosphere, endophytic, stem, and leaf bacteria in treated samples. PERMANOVA method was used to calculate statistical differences.

Caulobacter, and Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium. In the stems, Dysgonomonas, Aeromonas,
Cloacibacterium, and Bacteroidota were significantly more
prevalent, while Rickettsia was predominantly concentrated
in the leaves.

In the rhizosphere of pepper plants, the predominant bacterial
phyla included Actinobacteriota, Proteobacteria, Acidobacteriota,
Chloroflexi, Firmicutes, Gemmatimonadota, Bacteroidota, and
Myxococcota (Supplementary Figure 1A). Fumigation with
allyl isothiocyanate (AITC) significantly increased the relative
abundance of Armatimonadota and enhanced the presence
of Acidobacteriota in the inter-root region of Shuang Jiao.
At the genus level, the primary taxa identified included
Streptomyces, Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, Pseudomonas, Massilia, Flavobacterium, Actinoplanes,
Methylophilus, and Sphingobium (Supplementary Figure 1B).
Moreover, fumigation led to a substantial rise in the relative
abundance of Pseudarthrobacter (34.21%) and RB41 (62.21%),
while reducing the abundance of Gaiella (41.09%) in the inter-root
soil of Shuang Jiao.

In the root systems of pepper plants, the predominant
bacterial phyla identified were Proteobacteria, Actinobacteriota,
Firmicutes, Bacteroidota, Myxococcota, Bdellovibrionota,
Chloroflexi, Acidobacteriota, Gemmatimonadota, and
Verrucomicrobiota (Supplementary Figure 2A). Fumigation
with AITC significantly increased the relative abundance

of Myxococcota, while simultaneously decreasing
Actinobacteriota in the roots of Shuang Jiao. At the genus
level, the major taxa present in pepper roots included
Streptomyces, Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, Pseudomonas, unclassified_f_Alcaligenaceae, Massilia,
Flavobacterium, Actinoplanes, Methylophilus, Sphingobium,
and unclassified_f_Oxalobacteraceae (Supplementary Figure
2B). AITC fumigation notably enhanced the relative
abundance of Cloacibacterium (356.38%) and led to significant
increases in Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium (221.94%), Bacillus (141.51%), Pseudomonas (191.47%),
and Corynebacterium (209.91%) within the roots of Xiangla359. In
contrast, fumigation reduced the abundance of Cloacibacterium
(61.78%), Streptomyces (63.76%), Pseudomonas (88.80%), and
Massilia (70.26%) in Shuang Jiao roots, while increasing that of
Corynebacterium (148.74%) and Bacillus (13.88%). Similarly, in La
Xuan roots, fumigation led to an increase in the relative abundance
of Cloacibacterium (75.37%), Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium (80.11%), and Corynebacterium
(23.56%), while reducing Streptomyces (59.55%) and Massilia
(40.36%) (Figure 8).

.
In pepper stems, the predominant bacterial phyla identified

included Proteobacteria, Firmicutes, Bacteroidota, Actinobacteriota,
Deinococcota, Cyanobacteria, Gemmatimonadota, Myxococcota,
Bdellovibrionota, and Verrucomicrobiota (Supplementary
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FIGURE 7

LEfSe cladogram analysis of endophytic microbial community (LDA = 3.8) in pepper after soil fumigation (P = 0.05). The five rings in the cladogram
represent the phylum, class, order, family and genus, respectively, when read from the inside. The different color nodes (except yellow) on the ring
represent significant changes in taxonomic composition due to the treatments. (A) Xiangla359; (B) Shuangjiao; (C) Laxuan.

Figure 3A). At the genus level, the dominant taxa were
Cloacibacterium, Corynebacterium, Bacillus, Aeromonas,
Lactobacillus, Flavobacterium, Paludibacter, Prevotella, and
the Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
group (Supplementary Figure 3B). Following fumigation, the
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium group
in Xiangla359 stems showed a significant increase in relative

abundance (637.21%), accompanied by a 50.10% increase
in Corynebacterium. In contrast, Massilia and Pseudomonas
saw a decline in relative abundance by 63.85% and 24.61%,
respectively. In the La Xuan stem microbiome, fumigation
resulted in increased abundances of Cloacibacterium (153.46%),
Corynebacterium (60.77%), Bacillus (94.50%), and Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium (82.45%). Meanwhile,
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FIGURE 8

Changes in microorganisms in the roots, stems, leaves, and rhizosphere soil of different varieties of pepper plants. (A) Xiangla359; (B) Shuang Jiao;
(C) La Xuan; A-N-P-Rhizobium: Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (*p < 0.05, ** < 0.01, *** < 0.001).

Massilia, Pseudomonas, and Streptomyces decreased by 94.50,
74.30, and 43.75%, respectively. In another cultivar, fumigation
led to a 331.48% increase in Massilia, while relative abundances
of Cloacibacterium, Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, and Streptomyces decreased by 38.02, 69.06, and 95%,
respectively, within the stem microbiome (Figure 8).

In pepper leaves, the predominant bacterial phyla identified
included Proteobacteria, Firmicutes, Bacteroidota, Actinobacteriota,
Deinococcota, Cyanobacteria, Gemmatimonadota, Myxococcota,
Bdellovibrionota, and Verrucomicrobiota (Supplementary
Figure 4A). At the genus level, Bacillus, Cloacibacterium,
Corynebacterium, Prevotella, and Lactobacillus were the most
abundant genera (Supplementary Figure 4B). Fumigation with
allyl isothiocyanate (AITC) induced notable shifts in these
microbial communities, particularly increasing the relative
abundance of Cloacibacterium (760.31%) in Xiangla359 leaves,
while significantly decreasing Massilia (90.41%), Pseudomonas
(48.43%), Streptomyces (100%), and Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium (99.24%). In Shuang Jiao leaves,
AITC treatment led to a 100% increase in Massilia, while
Corynebacterium (52.47%), Streptomyces (100%), Bacillus (73.76%),
and the Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
group (52.47%) were reduced. Similarly, in La Xuan leaves,
AITC exposure resulted in substantial increases in Massilia
(1,209.09%) and Pseudomonas (144.73%), alongside reductions in
Corynebacterium (60.55%), Streptomyces (100%), Bacillus (55.90%),
and the Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
group (54.09%) (Figure 8).

The traceability analysis results revealed that AITC fumigation
significantly altered the distribution of the source and sink
of the pepper microbiome across sub-compartments (soil,
roots, stems, and leaves), particularly in Xiangla359 varieties.
Compared to the non-fumigated group, the fumigation treatment
promoted the accumulation of microorganisms in the roots,
stems, and leaves of Xiangla359 peppers, while enhancing
the enrichment of endophytic bacteria in the stems and
roots of Laxuan pepper and Shuangjiao pepper respectively.
This shift indicated that fumigation not only influenced
the overall structure of the microbial community but also
regulated the dynamic balance between source and sink by
altering the migration and distribution of microorganisms.

However, the extent of this regulation varied across genotypes
(Figure 9).

4 Discussion

The microbial community structure in the rhizosphere of
peppers shows considerable variability, with a notable degree
of specificity in the interaction between plant genotypes and
microbial composition (Weinert et al., 2011). Certain plant
genotypes can selectively accumulate beneficial microorganisms,
thereby enhancing plant defenses against pathogens (Berendsen
et al., 2012). In this study, we observed significant differences
in bacterial community diversity across different regions of
the pepper plant, including inter-root, intra-root, intra-stem,
and intra-leaf areas, independent of fumigation treatments.
Furthermore, the variability in microbial composition within
these tissues remained stable, irrespective of fumigation.
Distinct plant genotypes appear to promote specific microbial
enrichments, likely influenced by root-secreted compounds,
inter-root environmental conditions, and additional biochemical
factors (Cordovez et al., 2019). Moreover, AITC fumigation
significantly altered soil metabolic processes, leading to
changes in root distribution and inter-root exudation
patterns.

The modification of soil microbial community structure by
AITC fumigation influences microbial composition within the
roots, stems, and leaves of peppers through various mechanisms:
(1) Nutrient availability: AITC fumigation alters soil nutrient
cycling, particularly by enhancing nitrogen and phosphorus
mineralization, which significantly increases the availability of
these nutrients for plant uptake (Fang et al., 2022; Huang
et al., 2020; Li et al., 2023). Additionally, nutrient release
from organic matter following fumigation—likely due to the
suppression of specific microbial taxa—supports root nourishment.
Compounds generated through these processes act as nutrient
sources for soil microorganisms, selectively promoting the growth
of particular microbial populations in the rhizosphere. This
selective enrichment subsequently affects microbial community
composition within the plant’s stems and leaves. (2) Microbial
interaction: Interactions among soil microorganisms are intricate,
involving both competitive and symbiotic relationships. Beneficial
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FIGURE 9

Traceability analysis of microorganisms in different genotypes of pepper across various sub-chambers (soil, root, stem, leaf) in the unfumigated (A,B)
and AITC fumigated (D–F) groups. (A,D): Xiangla359; (B,E): Laxuan; (C,F): Shuang Jiao. The values to the right of the arrows represent the percentage
from source to sink, and the asterisk to the left of the arrows indicates a significant difference between the fumigated and control groups.

microorganisms are essential for enhancing plant resistance
to pathogens, while harmful microorganisms can detrimentally
impact plant health. The balance of these interactions strongly
influences the microbial community composition within plant
tissues. For example, allyl isothiocyanate (AITC) fumigation has
been shown to increase soil microbial diversity and promote
the growth of beneficial bacteria, such as Bacillus species. These
beneficial microorganisms can colonize plant roots from the
soil and subsequently move through the vascular system to
the stems and leaves. This translocation process introduces
novel microbial species and reshapes the existing microbial
communities across different plant tissues. (3) Soil health:
Prior to fumigation, soils generally exhibit low quality, often
characterized by nutrient imbalances, degraded soil structure,
and an unbalanced microbial community. Fumigation can
significantly improve soil health by enhancing nutrient cycling
and restructuring the microbial community (Cordovez et al.,
2019). Healthy soils support high microbial diversity, which
promotes vigorous plant growth. This robust plant growth
stimulates the development of an extensive root system, thereby
sustaining a diverse array of microorganisms within the roots
and influencing microbial communities in the stems and
leaves.

Fumigation with allyl isothiocyanate (AITC) induces
significant shifts in soil microbial communities and functions,
subsequently affecting the populations of beneficial bacteria in
the roots, stems, and leaves of various pepper cultivars. AITC

fumigation promotes the proliferation of diverse beneficial
microorganisms, each with specialized biological functions. For
example, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
species and nitrogen-fixing (Guo et al., 2024; Zhang W. et al.,
2023), and Streptomyces strains play crucial roles in enhancing
plant nutrient uptake (Olenska et al., 2020). Additionally, plant
growth-promoting rhizobacteria (PGPR) such as Pseudomonas and
the inter-root probiotic Massilia contribute to increased plant vigor
and resilience (He et al., 2024). Cellulolytic activities are associated
with Cellvibrio and Sphingomonas, while Devosia species are linked
to inter-root exudates (Chen et al., 2019).

5 Conclusion

In this study, we investigated the effects of allyl isothiocyanate
(AITC) soil fumigation on the endophytic bacterial communities
associated with different pepper genotypes (Xiangla359, La Xuan,
and Shuang Jiao). Our findings revealed that AITC fumigation
predominantly influenced bacterial community structure in both
roots and leaves, with a strong correlation to the genetic
characteristics of the pepper cultivars. Notably, AITC fumigation
led to a significant reduction in microbial diversity within the roots
and leaves of Xiangla359, while having no substantial impact on La
Xuan and Shuang Jiao.

Moreover, the growth-promoting effects of AITC fumigation
varied among the three pepper varieties, with Xiangla359 exhibiting
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the most pronounced enhancement. This variation appears to be
attributable to differential fumigation effects on beneficial bacterial
populations across the roots, stems, and leaves of each cultivar.
For instance, the Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium increased in the roots and stems of Xiangla359 and La
Xuan but decreased in Shuang Jiao. Similarly, Bacillus populations
increased in the roots of Xiangla359 but declined in La Xuan and
Shuang Jiao, while Streptomyces consistently decreased in the roots
across all pepper varieties.

These results indicate that AITC fumigation significantly
alters the diversity and structural composition of soil microbial
communities; however, its effects on endophytic communities in
pepper plants are highly dependent on the plant genotype.
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Pandan–vanilla rotation
mitigates Fusarium wilt disease in
vanilla: insights from rhizosphere
microbial community shifts

Shan Hong1,2,3,4, Yizhang Xing5*, Jinming Yang6,

Qingyun Zhao5*, Fan Su5, Huifa Zhuang5, Hui Wang5,

Zhuangsheng Wu1 and Yisong Chen1,4
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China, 2State Key Laboratory of Plant Genomics, Institute of Genetics and Developmental Biology,

Chinese Academy of Sciences, Beijing, China, 3Hainan Seed Industry Laboratory, Sanya, Hainan

Province, China, 4National Nanfan Research Institute (Sanya), Chinese Academy of Agricultural

Sciences, Sanya, Hainan Province, China, 5Spice and Beverage of Institute, Chinese Academy of

Tropical Agricultural Sciences/Key Laboratory of Genetic Resources Utilization of Spice and Beverage

Crops, Ministry of Agriculture and Rural A�airs/Hainan Provincial Key Laboratory of Genetic

Improvement and Quality Regulation for Tropical Spice and Beverage Crops, Wanning, Hainan

Province, China, 6The Sanya Institute of Nanjing Agricultural University, Nanjing Agricultural University,

Sanya, Hainan Province, China

Introduction: Vanilla monoculture often leads to Fusariumwilt disease, a�ecting

the industry globally.

Methods: Here, we evaluated the e�ects of vanilla–black pepper, –pandan,

and –sweet rice tea rotations (i.e., growing vanilla in soil previously planted

with these crops) on Fusarium oxysporum abundance and rhizosphere microbial

communities using real-time quantitative PCR and high-throughput sequencing.

Results: Pandan rotation, in particular, reduced disease incidence to 17%

and decreased F. oxysporum copy numbers; sweet rice tea showed similar

suppressive e�ects. Crop rotation significantly increased fungal diversity

and richness. Di�erent cropping systems, including fallow, monoculture

and crop rotation, significantly influenced fungal and bacterial community

development, with cropping system and rotated crops being the main drivers

of rhizosphere community assembly. The black pepper and pandan rotations

specifically enriched certain fungal OTUs, such as OTU1_Thermomyces,

OTU37_Arthrobotrys, and OTU18_Arthrobotrys, which serve as biomarkers for

the presence of F. oxysporum. After pandan rotation, microbial interactions

within the rhizosphere intensified, with notable enrichment of core

bacterial taxa, including OTU22_Nitrosospira, OTU56_Lacibacterium, and

OTU178_Actinospica. Soil pH was identified as a significant factor influencing

microbial community assembly. The fungal community structure, along with

core OTU22_Nitrosospira and soil pH, was pivotal in curbing pathogen growth,

explaining 25.19%, 8.61%, and 20.45% of the variance, respectively.

Conclusion: This study revealed that incorporating pandan into crop rotation

may e�ectively alleviate soil-borne diseases during vanilla production.

KEYWORDS

crop rotation, vanilla, pandan, microbial community, rhizosphere microbiome
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Introduction

Vanilla (Vanilla planifolia), a member of the Orchidaceae family

and the Vanilla genus, is an herbaceous perennial vine in tropical

and subtropical regions (Minoo et al., 2008; Koyyappurath et al.,

2016). It is highly acclaimed for its distinctive aroma and flavor.

However, it is prone to Fusarium wilt disease caused by the soil-

borne pathogen Fusarium oxysporum f. sp. vanillae, which results

in severe replanting issues, reduced yield, and inferior quality

(Pinaria et al., 2010; Mosquera-Espinosa et al., 2022). Our previous

study elucidated how different durations of monoculture affect the

soil microbial community structure and composition in vanilla

cultivation systems. We discovered that long-term monoculture

intensifies the incidence of Fusariumwilt disease (DI) in vanilla due

to alterations in the soil microbial community, particularly due to

decreases in beneficial microbes and the growth of F. oxysporum

pathogens (Xiong et al., 2015).

Rhizospheremicrobial communities are essential for enhancing

the disease resistance and stress tolerance of crops (Trivedi et al.,

2020). The diversity of these communities is intricately connected

to the overall health of crops (Pedrinho et al., 2024). Research

has shown that high diversity in functional soil microbes can

improve crop resistance to diseases and stress tolerance by

facilitating nutrient uptake and the synthesis of antimicrobial

substances (Romero et al., 2023). Rhizosphere microbes,

particularly fungi, are crucial for forming and maintaining

soil structure, suppressing pathogens, and enhancing crop

disease resistance (Yarzábal Rodríguez et al., 2024). Beneficial

fungi compete with pathogens for nutrients and living space

in the soil (Wang and Kuzyakov, 2024). By rapidly occupying

specific ecological niches in the rhizosphere and forming stable

microbial community structures, they limit the invasion and

growth of pathogens (Li et al., 2022). Upon interacting with

plant roots, some fungi can activate plant systemic resistance

mechanisms (Rabari et al., 2023). Additionally, there is a

complex synergistic relationship between fungi and bacteria in

the inhibition of pathogens. Bacteria can promote the growth

of fungi, while the metabolic products produced by fungi can

enhance the antibacterial capabilities of bacteria (Napitupulu,

2025). Similar to those in the rhizosphere, mycosphere microbial

communities are also effective in alleviating fungal pathogens of

mushrooms (Yu et al., 2025), demonstrating the shared principles

of microbiome biocontrol capabilities. Furthermore, agricultural

management strategies such as crop rotation significantly

influence the composition and functionality of soil microbial

communities, thereby positively affecting crop health and

productivity (Yang et al., 2020; Longepierre et al., 2021).

Crop rotation is an effective strategy for managing soil health

through the modulation of the abundance and diversity of the soil

microbial community, ensuring the health of both the soil and

crops (Iheshiulo et al., 2023). This approach is environmentally

friendly and economically viable for controlling soil-borne diseases

(Zhou et al., 2023). We developed crop rotation systems, including

black pepper (Piper nigrum L.) rotation with vanilla and coffee

(Coffea L.) rotation with vanilla, and reported that black pepper–

vanilla rotation significantly stimulated beneficial fungal genera

such as Trichoderma and Penicillium (Xiong et al., 2016). However,

as black pepper is a perennial crop, creating additional crop

rotation systems is essential for addressing vanilla replanting

problems and achieving high economic returns on limited arable

land, which is crucial for the sustainable development of the vanilla

industry (Yang et al., 2024).

Core rhizosphere microbes, as key indicator species, regulate

microbial community structures through plant–microbe

interactions or through interactions among microbes (Toju

et al., 2018; Hong et al., 2023). Our preliminary research

indicated that in long-term vanilla monoculture systems, changes

in fungal communities are closely related to the suppression

of Fusarium wilt disease, with the core disease-suppressing

microbe Mortierella being predominant. It accounted for 37%

of the total fungal sequences and may serve as an indicator

of Fusarium wilt disease suppression in vanilla (Xiong et al.,

2017). Moreover, soil physicochemical properties, particularly

pH changes, significantly impact microbial community structure

and core rhizosphere microbe abundance (Hong et al., 2020). Soil

pH significantly regulates microbial community structure and

pathogen suppression efficacy through both direct and indirect

pathways. In terms of direct effects, pH modulates the catalytic

activity and substrate-binding capacity of microbial extracellular

enzymes (e.g., urease and phosphatase) and intracellular enzymes

by altering their ionization states. Regarding indirect mechanisms,

neutral to slightly alkaline environments (pH 6.5–7.5) enhance the

quorum sensing efficiency of antagonistic microbial communities

(e.g., Pseudomonas spp.), which restricts pathogens’ iron

acquisition or suppresses the expression of virulence genes

by modulating the synthesis of siderophores and antibiotics.

Concurrently, pH-driven shifts in nutrient availability further

shape microbial competitive interactions. Hence, integrating soil

physicochemical property analysis with microbial community

analysis is essential for understanding how crop rotation effectively

suppresses soil-borne Fusarium wilt disease in vanilla (Hermans

et al., 2020; Philippot et al., 2024).

Previous research on the role of crop rotation in enhancing

disease resistance in vanilla has been focused mainly on

perennial crops, with an emphasis on disease suppression

mechanisms mediated by soil fungal communities. However,

there is a significant gap in the analysis of soil bacterial

communities and in the comprehensive examination of the

interplay between soil microbes and physicochemical properties.

To fill this gap and meet evolving industrial needs, in this

study, we identified two characteristic tropical spice crops—

pandan (Pandanus amaryllifolius) and sweet rice tea (Strobilanthes

tonkinensis Lindau)—for the first time for crop rotation with

vanilla. Both are herbaceous plants with 6-month production

cycles. They require minimal field management, thus keeping labor

costs low, yet yield an output valued at $7,500 to $9,600 per

hectare, making them popular among local farmers. Accordingly,

soil that had been under rotation with pepper, pandan, and sweet

rice tea for 1 year was collected and replanted with vanilla. Using

qPCR combined with high-throughput sequencing, we focused

on assessing the disease-suppressive effects of the rotations on

vanilla and impact on the rhizosphere soil microbial community

postrotation under greenhouse conditions. In this research, we

aim to provide theoretical insights for developing effective crop
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rotation strategies to suppress soil-borne Fusarium wilt disease in

vanilla cultivation.

Materials and methods

Experiment description

The pot experiment was conducted from May 2023 to April

2024 in the greenhouse of the Spice and Beverage Research

Institute at the Chinese Academy of Tropical Agricultural Sciences.

Greenhouse conditions were maintained at 22–25◦C during the

daytime, 20–25◦C at nighttime, with 72% relative humidity and

75% light transmittance. The soil used in the pot experiments was

naturally infested soil collected from a vanilla plantation at the

Spice and Beverage Research Institute, located in Longxing Town,

Wanning City, Hainan Province, China (110◦19
′

E−110◦22
′

E,

18◦12
′

N−18◦16
′

N). This site has been continuously cultivated with

vanilla for over 10 years, with an annual Fusarium wilt disease

incidence of 65%. The soil texture was classified as sandy loam, with

the following physicochemical properties: pH 5.58, organic matter

(OM) 25.82 g-kg−1, alkali-hydrolyzable nitrogen (AN) 100.32 mg-

kg−1, available phosphorus (AP) 20.46 mg-kg−1, and available

potassium (AK) 150.46 mg-kg−1.

Prior to the experiment, all soil was transported to the

greenhouse and sieved through a 2-mm mesh. The soils were

under rotation with black pepper, pandan, and sweet rice tea.

After 1 year of crop rotation, the soils were collected and vanilla

was planted. The soils cropped with black pepper, pandan, and

sweet rice tea were designated as black pepper–vanilla rotation (H),

pandan–vanilla rotation (B), and sweet rice tea–vanilla rotation

(C), respectively. Soils with vanilla monoculture were labeled as

X, while fallow soils served as controls (CK). Notably, this study

specifically focused on evaluating the disease suppression capacity

of vanilla replanted after crop rotation. Therefore, the post-rotation

soils were excluded from subsequent analysis.

The vanilla variety tested was Mexican vanilla (Vanilla

planifolia Andrews). Vanilla is propagated asexually, so we planted

60 cm long mature stems from high-quality parent plants. The

experiment was based on a randomized block design. Each

treatment was replicated three times to ensure the reliability of the

results. Each replicate consisted of six pots, with three plants per

pot. Each pot was filled with 15 kg of soil, and the pot dimensions

were 32 cm × 25 cm, ensuring sufficient space between each plant

and independence to avoid potential cross-contamination. Each

pot received 90 g of organic fertilizer, which was carefully mixed

with the soil using a small shovel to ensure even distribution.

The organic fertilizer had a pH of 7.51 and contained 1.33%

nitrogen (N), 2.54% P2O5, and 1.23% K2O. The chemical fertilizer

application was based on traditional agricultural practices. Soil

samples were collected from the rhizosphere compartment after

12 months of cultivation. Notably, this experiment was focused

on evaluating the disease suppression effects of vanilla replanted

after crop rotation. Therefore, the soils after crop rotation were not

subjected to further research. The disease incidence (DI) of vanilla

due to Fusariumwilt was statistically assessed on the basis of typical

symptoms and was calculated as the percentage of affected plants

out of the total surveyed (Xiong et al., 2016).

Soil sampling and DNA extraction

Seven pots were randomly selected from each treatment, and

the three vanilla plants in each pot were combined to form

one sample. Each treatment resulted in seven composites soil

samples. The vanilla plants were carefully removed from the soil,

immediately preserved in an ice box at 4◦C, and transported

promptly to the laboratory. The soil closely associated with the

root system was dislodged by gently shaking the plant roots, and

this soil was designated rhizosphere soil (Chen et al., 2020). In

total, 35 rhizosphere soil samples were obtained. Each sample

was accurately weighed to 0.4 grams for DNA extraction using

the PowerSoil DNA Isolation Kit from QIAGEN/MoBio (MoBio

Laboratories, Carlsbad, CA, USA). The extraction was performed

according to the manufacturer’s protocol, ensuring meticulous and

error-free execution of the procedure. The extracted DNA samples

were subsequently stored at−70◦C for future analysis.

Soil physicochemical analysis

In accordance with our previous report (Hong et al., 2020),

soil pH was measured in a soil–water suspension (1:2.5 w/v) via a

glass electrode attached to a pHmeter after shaking for 30min. The

organic matter (OM) content was determined using the potassium

dichromate titrationmethod, where potassium dichromate oxidizes

organic carbon, and the organic matter content is calculated by

titrating the dichromate remaining. Available nitrogen (AN) was

measured using the alkaline diffusion method, where sodium

hydroxide is used to treat the soil, and the resulting ammonia

is absorbed by boric acid, followed by titration with standard

acid. Available phosphorus (AP) was extracted with sodium

bicarbonate and determined by the molybdenum blue method.

Available potassium (AK) was extracted with ammonium acetate

and measured using flame photometry.

Quantification of F. oxysporum

The overall abundance of F. oxysporum in the rhizosphere

soil of vanilla was ascertained via real-time quantitative

PCR (qPCR), employing the pathogen-specific primer sets

AFP308R (CGAATTAACGCGAGTCCCAAC) and ITS1F

(CTTGGTCATTTAGAGGAAGTAA) as previously described

(Xiong et al., 2017). A standard curve was constructed via a

serial dilution method using a plasmid harboring the internal

transcribed spacer (ITS) region of F. oxysporum. Quantitative

PCR was performed on the Applied Biosystems QuantStudio 7

Flex, following a standardized protocol for template amplification.

The PCR mixture had a final volume of 20 µl, containing 10 µl

of SYBR R© Premix Ex TaqTM (2×), 0.4 µl of each primer (final

concentration of 10µM), 0.4 µl of ROX Reference Dye II (50×),

1 µl of DNA template (∼20 ng/µl), and nuclease-free water

to the full volume. The performance of PCR amplification was

assessed by examining the dissociation curve and determining

the amplification efficiency. Triplicate analyses were conducted

for each sample, and the data were log-transformed to express
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the results as log-transformed copy numbers per gram of

dry soil.

Sequencing of amplicons

The V4 region of the 16S rRNA gene from soil bacteria was

amplified using the primers 520F (AYTGGGYDTAAAGNG)

and 802R (TACNVGGGTATCTAATCC; Caporaso et al.,

2011). For soil fungi, the ITS1 region was amplified with the

primers ITS5F (GGAAGTAAAAGTCGTAACAAGG) and ITS1R

(GCTGCGTTCTTCATCGATGC; Schoch et al., 2012). Unique

barcodes/linkers and adapters were incorporated during the

amplification process to prepare samples for sequencing. The PCR

mixture, totaling 25 µl, included 5× reaction buffer (5 µl), 5× GC

buffer (5 µl), 10µM primers (1 µl), template DNA (2 µl), 100mM

dNTPs (5 µl), and nuclease-free water to the full volume. The PCR

amplification parameters consisted of initial denaturation at 98◦C

for 2min, followed by 28 to 30 cycles of denaturation at 98◦C for

15 s, annealing at 55◦C for 30 s for bacteria and at 50◦C for 30 s for

fungi, with extension at 72◦C for 30 s.

Following PCR amplification, the resulting products were

purified using the QIAquick PCR Purification Kit (QIAGEN,

Germany). The concentration of the purified DNA samples was

measured using a Qubit R© 2.0 fluorometer (Invitrogen, USA).

The sequencing libraries were prepared from equimolar pooled

samples using the NEBNext R© UltraTM DNA Library Prep Kit for

Illumina (New England Biolabs, UK), after which they were read

for sequencing. The quality of the constructed libraries was assessed

and verified via an Agilent 2,100 Bioanalyzer (Agilent Technologies,

USA) and a KAPA Library Quantification Kit (KAPA Biosystems,

USA). After library construction, the library was loaded onto the

flow cell of the Illumina MiSeq sequencer. The flow cell surface

underwent bridge PCR amplification to form numerous DNA

clusters. During sequencing, the sequencer sequentially added

nucleotides labeled with fluorescent markers to the DNA chains.

Each incorporated nucleotide emitted a specific fluorescent signal,

and the DNA sequence was determined by detecting the order

of these signals. The entire process from library construction to

sequencing was executed and completed by Shanghai Personal

Biotechnology Co., Ltd.

Bioinformatics analysis

The raw sequencing data were subjected to initial quality

filtering with Trimmomatic (version 0.33) to exclude low-quality

sequences. The primer sequences were removed via Cutadapt

(version 1.9.1) (Martin, 2011). USEARCH (version 10) was used

to merge paired-end sequences (Edgar, 2013), and UCHIME

(version 8.1) was used to remove chimeras (Edgar et al., 2011),

ensuring high-quality sequences for further analysis. Denoising of

quality-controlled data was performed using the DADA2 algorithm

(Callahan et al., 2016) in QIIME2 (2020.6 version) (Bolyen et al.,

2019), with a 0.005% threshold to filter anomalous sequences.

Operational taxonomic units (OTUs) were clustered at a 97%

sequence similarity threshold and taxonomically classified using

the RDP classifier against the RDP Bacterial 16S rRNA (Wang et al.,

2007) and UNITE Fungal ITS (Kõljalg et al., 2013) databases.

After quality control, 12,250 bacterial and 3,756 fungal OTUs

were identified. The Chao 1 and Shannon indices were used to

assess species richness and community diversity, respectively. Beta

diversity was analyzed using principal coordinate analysis (PCoA),

multiple regression tree (MRT; De’Ath, 2002), and heatmap

clustering on the basis of the Bray–Curtis distance. Permutational

multivariate analysis of variance (PERMANOVA) and analysis

of similarity (ANOSIM) were used to test for differences in

community structure. Hellinger standardization was performed on

the rarefied OTU table before beta diversity was analyzed. The

relative abundance of each OTU per sample was calculated as the

number of sequences affiliated with the target OTU divided by

the total number of sequences. Structural equation models (SEMs),

constructed with the GGally, lavaan, and semPlot packages, were

used to evaluate the influence of bacterial and fungal communities

on pathogens (Mamet et al., 2019). In the structural equation

model, soil microbial community structure (PCoA1 scores) and

diversity (Shannon index) were included as measured variables,

with the abundance of F. oxysporum as the response variable.

Identification of the core microbiome

We first applied linear discriminant analysis effect size (LEfSe)

with a threshold of scores ≥3 to identify differential microbial

biomarkers across various spice crops (Hong et al., 2020).

Subsequently, the predictive importance of these biomarkers in

suppressing F. oxysporum was evaluated using a random forest

model implemented through the R package randomForest (Wen

et al., 2023b). We subsequently identified hub OTUs among the

rotated crops. The psych package in R was used for graphical

representation, and data points with correlation coefficients above

0.8 and P < 0.05 were selected to construct a bacterial–fungal co-

occurrence network (Revelle and Revelle, 2015). The topological

properties of this network were assessed using GEPHI software for

visualization (Bastian et al., 2009). A high average degree of nodes

indicated increased network complexity, implying a more intricate

interplay among microbial species. Hub OTUs was identified on

the basis of a customized threshold reflecting node characteristics:

a degree > 7 and closeness centrality > 0.6, which accounted for

<15% of all nodes in the network (Costello et al., 2012; Agler

et al., 2016; Banerjee et al., 2018). Ultimately, the core microbiome

was identified via the intersection of biomarker microbes identified

through LEfSe and random forest analysis with hub microbes

identified through network analysis (Hong et al., 2023).

Statistical analysis

A comparison of pathogen abundance, microbial diversity,

taxonomic composition, and soil physicochemical factors was

conducted using Duncan’s multiple range test in the agricolae

package of R.We employed the vegan package in R to conduct both

linear and nonlinear regression analyses, thereby investigating the

relationship between pathogen abundance and microbial diversity.
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The rdacca.hp R package was employed to evaluate the relative

importance of soil physicochemical factors as explanatory variables

influencing bacterial and fungal microbial communities (Lai et al.,

2022). Furthermore, we applied a general linearmodel (GLM) using

the relaimpo package in R to evaluate the contributions of bacterial

and fungal communities, core microbes, and physicochemical

factors to pathogen suppression (Shen et al., 2019).

Sequence accession numbers

The sequences have been submitted to the Sequence Read

Archive (SRA) of the National Center for Biotechnology

Information under the accession number PRJNA1126394.

Results

Disease incidence, pathogen abundance,
and rhizosphere microbial structure

After a decade of continuous vanilla cultivation, a rotation

with black pepper, pandan, and sweet rice tea was performed

before replanting with vanilla. We found that the DI of vanilla

was 55% with continuous cultivation, but it significantly decreased

to 27% after rotation with black pepper, 22% with sweet rice tea,

and 17% with pandan (Figure 1A). F. oxysporum abundance was

significantly lower in the pandan–vanilla and sweet rice tea–vanilla

rotation systems (P < 0.05), with no significant difference between

the two treatments (Figure 1B).

Compared with the vanilla monoculture, crop rotation with

black pepper, sweet rice tea, or pandan did not significantly

affect soil bacterial richness or diversity, but both richness and

diversity were significantly greater in the rotations than those

in the fallow treatment (Supplementary Figures S1A, B). The

richness and diversity of the fungal community significantly

increased with rotation (Supplementary Figures S1C, D) and

were significantly negatively correlated with pathogen abundance

(Supplementary Figures S1G, H). Principal coordinate analysis

(PCoA) based on Bray–Curtis distances clearly revealed significant

differences in the soil fungal communities among the fallow,

vanilla monoculture, and crop rotation treatments (Figure 1C,

left). However, no distinct separation was observed among the

rotations of black pepper, pandan, and sweet rice tea. This

finding was confirmed by PERMANOVA (Figure 1C, R2 =

0.38, P = 0.001) and ANOSIM (Supplementary Table S1, P =

0.001). Moreover, the fungal community (PCoA1) was significantly

negatively correlated with the abundance of F. oxysporum

(Figure 1C, middle). Further cluster heatmap analysis indicated

that fallow and vanilla monoculture could be clustered separately,

whereas the rotations of pepper, pandan and sweet rice tea

had similar community structures and were clustered together

(Supplementary Figure S2B). The trend in the soil bacterial

community structure was consistent with that of the fungal

community structure (Figure 1D).

ITS sequencing revealed that, compared with vanilla

monoculture, crop rotation with pepper, pandan and sweet

rice tea significantly increased the relative abundance

of the phylum Ascomycota (Figure 1C, right) and was

significantly negatively correlated with F. oxysporum abundance

(Supplementary Table S2). The genera Thermomyces and

Arthrobotrys were significantly more abundant after rotation,

with Arthrobotrys increasing 9.8-fold after pandan rotation,

and both genera were negatively correlated with the pathogen

(Supplementary Table S3). 16S rRNA gene sequencing revealed

that crop rotation significantly increased the abundance

of Proteobacteria, Gemmatimonadetes, and Latescibacteria

(Figure 1D, right), which was also negatively correlated with F.

FIGURE 1

Impact of crop rotation on disease incidence and Fusarium oxysporum abundance in vanilla rhizosphere soil. E�ects of crop rotation on (A) disease

incidence and (B) Fusarium oxysporum abundance. Changes in rhizosphere soil (C) fungal and (D) bacterial community structure and composition

across crops. Linear regression analysis of community structure and F. oxysporum abundance. Statistical significance was assessed via Duncan’s test

(mean ± SD). Di�erent letters denote a significant di�erence at the P < 0.05 level. CK, fallow; X, vanilla monoculture; H, black pepper–vanilla

rotation; B, pandan–vanilla rotation; C, sweet rice tea–vanilla rotation.
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oxysporum abundance (Supplementary Table S2). At the genus

level, Nitrosospira, Gemmatimonas, and Gp17 were significantly

more abundant in rotation systems, particularly those involving

pandan and sweet rice tea, and were negatively associated with the

pathogen (Supplementary Table S4).

Disease suppression by rhizosphere
microbial communities

MRT analysis revealed that cropping system was the main

factor shaping rhizosphere fungi, explaining 26.81% of the variance,

whereas crops in rotation were secondary factors, accounting for

9.29% of the variance (Figure 2A). For bacteria, crop rotation

was the primary factor, explaining 61.23% of the variance

(Figure 2B).

A general linear model (GLM) was used to assess the impact

of fungal and bacterial community structure and diversity on the

suppression of F. oxysporum abundance, quantified via qPCR-

based absolute quantification (Figure 2C). Both the fungal and

bacterial principal coordinate axes significantly reduced pathogen

abundance, with the fungal community being the major factor,

accounting for 24.95% of the variance. The second axis of the

bacterial community also significantly contributed, accounting for

13% of the variance. SEM revealed that bacterial community

structure and diversity positively influence fungal community

structure (r = 0.22 for structure, r = 0.40 for diversity), which

in turn significantly decreased the abundance of F. oxysporum

quantified via qPCR (r =−0.79; Figure 2D).

FIGURE 2

Analyses of soil microbial community structure and pathogen inhibitory e�ects. Multiple regression tree (MRT) analysis of soil microbial (A) fungal

and (B) bacterial community structure; (C) relative importance of community structure in pathogen inhibition; (D) structural equation modeling (SEM)

analysis of pathogen inhibition correlations, with solid arrows indicating significant (P < 0.05) and dashed arrows indicating non-significant

correlations. The R-squared values indicate the correlation strength and direction. Positive values indicate positive correlations, and negative values

indicate negative correlations. CK, fallow; X, vanilla monoculture; H, black pepper–vanilla rotation; B, pandan–vanilla rotation; C, sweet rice

tea–vanilla rotation.
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Identification of disease-suppressive
biomarkers

We used a more stringent LDA score threshold of ≥3 to

identify biomarkers between groups. We then displayed the top

20 fungal (Figure 3A) and bacterial (Figure 3B) OTU taxa by

relative abundance. Among fungi, 20 biomarkers were identified

(Supplementary Table S5). Specifically, the fallow treatment

enriched 5 biomarkers, mainly from the phyla Ascomycota and

Basidiomycota; vanilla monoculture enriched 1 Ascomycota

biomarker; black pepper rotation enriched 8 biomarkers,

primarily from the phyla Ascomycota and Zygomycota; pandan

rotation enriched 3 Zygomycota biomarkers; and sweet rice

tea rotation enriched 3 biomarkers from the phyla Ascomycota

and Zygomycota. Notably, black pepper rotation significantly

enriched OTU1_Thermomyces (F = 4.682, P = 0.005) and

OTU37_Arthrobotrys (F = 4.188, P = 0.008), pandan rotation

significantly enriched OTU18_Arthrobotrys (F = 3.326, P

= 0.023), and sweet rice tea rotation significantly enriched

OTU16_Mortierella (F = 2.800, P = 0.044). The relative

abundances of these biomarkers were significantly negatively

correlated with F. oxysporum abundance (P < 0.05).

For bacteria, we identified a total of 147 biomarkers

(Supplementary Table S6). Specifically, the fallow treatment

enriched 27 biomarkers, mainly from the phyla Proteobacteria

and Actinobacteria; vanilla monoculture enriched 22 biomarkers,

primarily from the phyla Proteobacteria and Actinobacteria;

black pepper rotation enriched 26 biomarkers, mainly from the

phyla Proteobacteria and Acidobacteria; pandan rotation enriched

34 biomarkers, primarily from the phyla Proteobacteria and

Acidobacteria; and sweet rice tea rotation enriched 38 biomarkers,

predominantly from the phylum Proteobacteria.

Random forest models identified significant predictors

of F. oxysporum response. In the fungal model (Figure 4A,

R² = 0.331, P < 0.01), black pepper–vanilla rotation

enriched OTU1_Thermomyces and OTU37_Arthrobotrys,

and pandan–vanilla rotation enriched OTU18_Arthrobotrys

significantly. For bacteria (Figure 4B), the black pepper–

vanilla rotation model (R² = 0.314, P < 0.01) highlighted

OTU235_Gp16, OTU145_Gp11, and OTU158_Gp17 as

predictors. In the pandan–vanilla rotation model (R² =

0.625, P < 0.01), multiple bacterial OTUs were identified as

predictors, including OTU11_Gp6, OTU5794_Magnetospirillum,

OTU78_Zoogloea, OTU33_Lacibacterium, OTU22_Nitrosospira,

and OTU109_Latescibacteria. The sweet rice tea–

vanilla rotation model (R² = 0.465, P < 0.01) also

revealed several significant bacterial predictors, such

as OTU200_Methylibium, OTU113_Roseisolibacter,

OTU178_Actinospica, OTU56_Lacibacterium, OTU18_Nitrospira,

and OTU90_Micromonospora. Compared with those in

the fallow and vanilla monoculture treatment, the relative

abundances of the identified biomarkers significantly increased

(Supplementary Figure S3, P < 0.05).

Identification of hub taxa

Co-occurrence network analysis of rhizosphere bacteria

and fungi revealed distinct structures under fallow, vanilla

monoculture, and rotation treatments (Figure 5). The pandan–

vanilla rotation network had the highest node and connection

counts, with 96% positive correlations, and the highest average

node degree was 2.78, indicating strong microbial interactions

(Supplementary Table S7). On the basis of node degree and

closeness centrality (Table 1), in the pandan–vanilla rotation, 8

bacterial hub taxa, such as OTU31, OTU99, OTU178, OTU10,

OTU14, OTU22, OTU56, and OTU130, were uniquely identified.

The 8 identified hub taxa had relative abundances >0.2%, with

values of 0.53%, 0.27%, 0.28%, 1.26%, 0.87%, 1.01%, 0.27%,

and 0.38%, respectively. Notably, OTU22, OTU56, and OTU178,

FIGURE 3

Relative abundance of biomarkers of rhizosphere microbiomes in di�erent spice crops identified by linear discriminant analysis (LDA). Identification

of (A) fungal and (B) bacterial biomarkers via LDA. Di�erent lowercase letters denote significance at P < 0.05. CK, fallow; X, vanilla monoculture; H,

black pepper–vanilla rotation; B, pandan–vanilla rotation; C, sweet rice tea–vanilla rotation.

Frontiers inMicrobiology 07 frontiersin.org156

https://doi.org/10.3389/fmicb.2025.1496701
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Hong et al. 10.3389/fmicb.2025.1496701

FIGURE 4

Assessment of (A) fungal and (B) bacterial biomarker responses to F. oxysporum with random forest. Di�erent lowercase letters denote significance

at P < 0.05. CK, fallow; X, vanilla monoculture; H, black pepper–vanilla rotation; B, pandan–vanilla rotation; C, sweet rice tea–vanilla rotation.

FIGURE 5

Assessing microbial co-occurrence networks in the rhizospheres of rotated spice crops. Complexity of bacterial–fungal interactions reflected by

network node connectivity. A higher average degree of nodes indicates a more complex network, suggesting more extensive synergistic interactions

between microbiomes. (A) CK = fallow; (B) X = vanilla monoculture; (C) H = black pepper-vanilla rotation; (D) B = pandan-vanilla rotation; (E) C =

sweet rice tea-vanilla rotation.
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TABLE 1 Identification of hub nodes in bacterial–fungal microbial co-occurrence networks after rotation with various spice crops.

Network Sample IDb Phylum Genus RA%c Degreed Closenesse centrality

B_networka B_OTU31 Acidobacteria Gp6 0.53% 10 0.6

B_OTU99 Nitrospirae Nitrospira 0.27% 8 0.6

B_OTU178 Actinobacteria Actinospica 0.28% 8 0.6

B_OTU10 Acidobacteria Gp6 1.26% 7 0.6

B_OTU14 Proteobacteria Parasutterella 0.87% 7 0.6

B_OTU22 Proteobacteria Nitrosospira 1.01% 7 0.6

B_OTU56 Tenericutes Lacibacterium 0.27% 7 0.6

B_OTU130 Acidobacteria Gp6 0.38% 7 0.6

a The B_network refers to the bacterial-fungal microbial co-occurrence network in the rhizosphere soil of pandan. According to our network node characteristic criteria for identifying hub

nodes (i.e., degree and closeness centrality), the rhizosphere microbial co-occurrence networks of other spice crops exhibited no hub nodes meeting these established standards.
b B_OTUs denote bacterial taxa.
c RA (relative abundance) refers to the percentage representation of each bacterial taxon within the microbial community of pandan.
d/e Hub OTUs were identified based on a customized threshold reflecting node characteristics: a degree > 7 and a closeness centrality > 0.6. These hub OTUs accounted for <15% of all nodes

in the network.

identified as enriched biomarkers by random forest analysis, also

qualified as hubs in the network analysis, designating them as

core microbiota. OTU22, specifically, emerged as a pandan–vanilla

rotation-enriched, host-specific core microbe.

Predicting pathogen-suppressive indicators

Following crop rotation with spice crops, we measured soil

physicochemical properties and found that, compared with those

under vanilla monoculture cultivation, soil pH, OM, AN, AP, and

AK significantly increased under spice rotation (Figure 6A, P <

0.05). However, soil pH andOMdid not differ significantly between

the pandan and sweet rice tea rotation systems. Soil pH and OM

significantly influenced both fungal and bacterial communities,

with soil pH being the primary factor, explaining 10.8% and 42.2%

of the variance in fungal and bacterial communities, respectively

(Figures 6B, C).

A general linear model was used to evaluate the potential

of microbial communities, core microbiota and physicochemical

properties in suppressing pathogens. The model explained 71.02%

of the variation in pathogen suppression (Table 2, P < 0.001).

Key factors included fungal community structure, the core

microbial species OTU22, and soil pH, with individual explanatory

contributions of 18.71%, 7.59%, and 17.83%, respectively (P < 0.05

for all).

Discussion

Vanilla, an herbaceous perennial vine, is particularly susceptible

to continuous cropping obstacles. Our previous research revealed

that rotation with black pepper can effectively regulate the soil

fungal community, thereby increasing vanilla disease resistance

(Xiong et al., 2016). In this study, we conducted pot experiments

by replanting vanilla in soils previously rotated with black pepper,

pandan and sweet rice tea. The results indicated that rotation

with pepper, pandan, or sweet rice tea not only reduced the DI

but also significantly decreased the copy number of F. oxysporum

(Figure 1). This aligns with our previous findings on crop rotation

systems. For example, cultivation methods such as pepper–banana

rotation (Hong et al., 2020), eggplant–banana rotation (Hong et al.,

2023) and pineapple–banana rotation (Yuan et al., 2021) effectively

improved banana disease suppression. These findings suggest that

reducing the abundance of F. oxysporum may be key to enhancing

vanilla disease suppression. However, owing to the high cost of

planting and managing vanilla, we opted for pot experiments over

field trials. Although the experiment was conducted in a controlled

environment, we adjusted parameters such as temperature and

humidity to mimic natural microenvironments, ensuring the

reliability, stability and reproducibility of our results. In addition,

pandan and sweet rice tea are short-cycle spice crops that have

been widely applied in tropical production in recent years. The

production cycle of these plants is 6 months, whereas that of

black pepper is 30 months. Therefore, considering the planting

cycles of black pepper, pandan and sweet rice tea, we selected a

planting time that was in between these two cycles for our pot

experiment. Specifically, we replanted vanilla in the soil after a 12-

month rotation to evaluate disease-suppression effects. Although

our current study has certain limitations, we plan to conduct

further long-term research to explore the differences in disease-

suppression effects across various rotation cycles.

The diversity and richness of the soil microbiome are pivotal for

alleviating the negative impacts of environmental stress on plants,

offering protection against biotic challenges and assisting in the

plant recovery process (Trivedi et al., 2020). Our study revealed that

the adoption of a crop rotation regime that included black pepper,

pandan, or sweet rice tea markedly improved the richness and

diversity of the soil fungal community. This finding corroborates

the outcomes of our previous research, indicating a pronounced

increase in the richness and diversity of fungal populations when

black pepper and coffee were under rotation with vanilla (Xiong

et al., 2016). These results highlight the diverse impacts of different

crop rotation strategies on the bacterial and fungal constituents of

the soil microbiome. Specific rotational crops appear to stimulate

the proliferation of beneficial microbial groups, thereby shaping the
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FIGURE 6

Variations in (A) soil physicochemical properties and the impact of these environmental factors on the composition of (B) fungal and (C) bacterial

communities after rotation with di�erent spice crops. CK, fallow; X, vanilla monoculture; H, black pepper–vanilla rotation; B, pandan–vanilla rotation;

C, sweet rice tea–vanilla rotation. OM, organic matter; NA, alkali-hydrolysable, AP, available phosphorus; AK, available potassium. * represents

P < 0.05, ** represents P < 0.01 and *** represents P < 0.001.

structure of the soil microbial community. Thesemicrobes compete

with pathogens for niche resources at the root interface, limiting

pathogen access to nutrients and effectively controlling the spread

of the pathogens (Wen et al., 2023a).

Studies indicate that the structure and composition of

microbial communities after long-term crop rotation significantly

differ from those in monoculture systems (Zhou et al., 2023;

Cerecetto et al., 2024). In this study, both fungal and bacterial

community structures were clearly distinguishable among fallow,

monoculture and crop rotation treatments, resulting in three

distinct community configurations. However, the community

structures of the black pepper, pandan and sweet rice tea

groups were notably similar and indistinguishable. This similarity

suggests that crop rotation alters soil resource distribution and

environmental conditions, allowing different functional microbial

communities to coexist simultaneously, leading to overlapping

communities. Essentially, the soil microbial communities that

establish following rotation with black pepper, pandan and sweet

rice tea likely contain beneficial microbes that compete with

pathogens for limited rhizosphere resources. Therefore, future

research should be focused on elucidating the mechanisms of

community assembly to better understand how crop rotation

affects the composition of soil microbial communities, thereby

enhancing crop health.

In this study, we conducted a comparative analysis of microbes

identified as biomarkers by LDA and random forest analysis

and identified hub taxa from co-occurrence networks, defining

core microbes as those common to both. We discovered that

replanting vanilla in soils previously subjected to rotation with

black pepper, pandan, and sweet rice tea specifically activated

certain fungal biomarker taxa, such as OTU1_Thermomyces,

OTU18_Arthrobotrys, and OTU37_Arthrobotrys, as well

as core bacterial microbes, such as OTU22_Nitrosospira,

OTU56_Lacibacterium, and OTU178_Actinospica. Our previous

research indicated that black pepper–vanilla rotation could

significantly enrich antagonistic core fungal taxa, such as

Trichoderma and Penicillium (Xiong et al., 2016). This implies that

different rotation crops possess distinct rhizosphere metabolites,

which, during the vanilla season, differentially enrich specific

core microbiota (Wen et al., 2023b). Additionally, the duration

of crop rotation significantly influences the assembly of core

microbial communities (Iheshiulo et al., 2023). Existing studies

have demonstrated that fungal taxa, such as Thermomyces and

Arthrobotrys, may contribute positively to disease suppression
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TABLE 2 Linear modeling to identify the microbial and soil

physicochemical factors associated with the reduction in Fusarium

oxysporum abundance in vanilla.

F. oxysporum
abundance

df F value P-value t RI (%)

Fungal structure 1 42.373 0.001 −1.939 18.71%

Bacterial structure 1 0.240 0.628 3.259 8.48%

OTU_18

(Arthrobotrys)

1 1.023 0.321 0.244 2.45%

OTU_37

(Arthrobotrys)

1 0.593 0.447 –1.058 6.88%

OTU_11 (Gp6) 1 0.402 0.531 –0.345 3.97%

OTU_22

(Nitrosospira)

1 10.835 0.002 −2.096 7.59%

OTU_56

(Lacibacterium)

1 0.476 0.496 –0.310 2.48%

OTU_178

(Actinospica)

1 0.197 0.663 0.504 2.63%

pH 1 5.132 0.032 −2.265 17.83%

Residuals 27

Model summary: R2
= 0.7102, AIC = −116.23, p < 0.001

Proportion of variance explained by model: 71.02%

RI, relative importance. P-values were calculated via ANOVA. Bolded lines in the table

represent factors exhibiting a statistically significant correlation with decreased pathogen

abundance (P < 0.05).

(Nagai et al., 2020), but there is currently insufficient evidence

to assert that core bacterial microbes, such as Nitrosospira,

Lacibacterium, and Actinospica, have direct disease resistance

functions. Nevertheless, the core microbes identified in this study

are integral components of the soil microbial community (Yue

et al., 2024). Different members of these core groups may suppress

diseases through various mechanisms, including antibiotic

production (Li et al., 2016; Kusuma et al., 2022; Banerjee and

van der Heijden, 2023), nutrient competition, or physical barrier

formation. Moreover, these core taxa may indirectly influence

pathogen growth through synergistic interactions with other

microbes (Li et al., 2016; Banerjee and van der Heijden, 2023).

Research has shown that crop rotation, for example,

introducing chili peppers in banana plantations, can restructure

the soil microbiome by increasing pH, leading to increased

proliferation of beneficial Pseudomonas that improve disease

resistance in crops (Hong et al., 2020). Our study corroborates

these findings, demonstrating that intercropping vanilla with spice

crops significantly increases rhizosphere soil pH and impacts

fungal and bacterial communities. Crop rotation effectively

mitigates the acidification trend induced by monoculture practices

through mechanisms including (1) modulating the chemical

properties of crop residues, (2) optimizing nutrient uptake balance,

(3) reshaping microbial functional profiles, and (4) enhancing soil

buffering capacity. The pronounced sensitivity of soil microbial

communities to pH variations indicates that agricultural practices

can be leveraged to increase crop disease resistance (Tamburini

et al., 2020; Wittwer et al., 2021). For example, amending the

soil pH with peanut crop residues can increase the activity of the

antagonistic soil microbiome (Watanabe et al., 2011). The pH

level directly influences the enzymatic activity and physiological

processes within Fusarium, thereby regulating their growth and

metabolism. Additionally, pH significantly and directly affects

the toxin-producing capacity of Fusarium. pH modulates the

composition of plant root exudates (e.g., organic acids and

phenolic compounds), indirectly altering the host plant’s chemical

defense efficacy against Fusarium. Furthermore, increasing the

soil pH can regulate the soil microbial community by enriching

beneficial bacteria and suppressing pathogens, thereby alleviating

soil-borne diseases in Panax notoginseng (Deng et al., 2024).

Through a general linear model, we determined that fungal

community structure, particularly the core taxon OTU2, and soil

pH are key determinants of pathogen suppression, with fungal

structure being the predominant factor. This underscores the need

to consider the collective influence of soil microbial communities

on the health of crops rather than focusing solely on individual

microbiota (Wagg et al., 2019; Delgado-Baquerizo et al., 2021).

In summary, intercropping spice crops, particularly

pandan, with orchards susceptible to soil-borne diseases

effectively reduces the incidence of disease and the level

of F. oxysporum while increasing fungal community

diversity. This approach selectively enriches for key

fungal and bacterial taxa, such as OTU1_Thermomyces,

OTU18_Arthrobotrys, OTU37_Arthrobotrys, OTU22_Nitrosospira,

OTU56_Lacibacterium, and OTU178_Actinospica, reshaping

the soil microbiome. The resulting increase in soil pH is

believed to reorganize microbial communities, particularly fungal

communities, thereby suppressing pathogen abundance. These

results suggest that the modulation of soil pH and restructuring of

microbial communities are pivotal for enhancing vanilla resistance

to diseases through the pandan–vanilla rotation strategy.
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Native bacteria from a 
Mediterranean greenhouse 
associated to soil health and 
suppressiveness
Jose Ignacio Marín-Guirao * and Miguel de Cara-García *

Andalusian Institute of Agricultural and Fisheries Research Training (IFAPA) La Mojonera, Almería, 
Spain

This study, conducted over two consecutive seasons in an organic-certified 
Mediterranean tomato greenhouse, aimed to assess the dynamics of soil bacterial 
composition at pre-planting phase following the incorporation of fresh sheep 
manure and subsequent solarisation (biosolarisation), as well as at the end of 
the crop cycle. Gene sequencing using 16S rRNA, and plate culture methods 
were applied. Additionally, dual culture tests were performed to evaluate the 
antagonistic activity of 95 soil-isolated bacteria against five soilborne pathogenic 
fungi and five beneficial fungi sourced from commercial products. Culturable 
and thermophilic bacterial populations shifted over time, but showed no clear 
trend. However, alpha diversity was lower at pre-planting phase and increased 
by the end of the cropping seasons. Significant shifts in beta diversity were also 
observed across sampling times. Firmicutes showed higher relative abundance 
at pre-planting phase, while Proteobacteria were consistently more abundant at 
the end of the cropping season. The genera Bacillus and Thauera were identified 
as biomarkers, with Bacillus associated with the pre-planting phase and Thauera 
with the end of the cropping seasons (LDA score > 4.5). Among the 52 ecological 
pathways detected via FAPROTAX database, nitrogen-related functions showed 
higher presence at the end of the cropping seasons. Isolates with antagonistic 
activity were detected at all sampling times. The 37.9% of the isolates showed 
antagonism, 31.6% against phytopathogenic fungi, 20.0% against beneficial fungi, 
and 12.6% against both. Colletotrichum gloeosporioides and Botrytis cinerea were 
the pathogens to which the highest number of isolates showed antagonism, while 
Trichoderma asperellum and T. atroviride were among the beneficial ones. Among 
the native antagonistic bacteria, Streptomyces spp. was the dominant genus 
followed by Bacillus. This information highlights how the functional diversity of 
native bacteria communities from biosolarised soils, may impact the performance 
of introduced biocontrol microorganisms, as well as the development of natural 
soil suppressiveness.

KEYWORDS

agroecology, antagonism, biosolarisation, FAPROTAX, DNA metabarcoding, organic 
amendment, sustainability, Trichoderma

1 Introduction

The current trend on intensification in organic and conventional horticultural production 
systems, underscores the need for effective crop protection and production methods that 
ensure environmental sustainability (Lal, 2020). In this regard, disease-suppressive soils (DSS) 
represent a significant achievement toward sustainability. It refers to soils where disease 
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progression remains minimal, even when soil-borne pathogens and 
susceptible host plants are present (Baker and Cook, 1974; Schneider, 
1982), and is mainly influenced by the intrincate interactions among 
soil, plant, microbiome and environmental factors (Gómez Expósito 
et al., 2017; Jayaraman et al., 2021; Sagova-Mareckova et al., 2023). 
Although the abiotic factors of the soil are believed to play a role, soil 
biodiversity strongly influences the phenomena through diverse 
biological mechanisms which are summarized as (Hoitink and 
Boehm, 1999; Mazzola, 2002; Garbeva et al., 2006; Adesina et al., 2007; 
Jayaraman et  al., 2021): (i) parasitism against pathogens, (ii) 
production of metabolites, toxins and antibiotics, (iii) competition for 
nutrients, resources and/or substrates, (iv) activation of disease-
resistant genes in the host plant, and (v) improvement of plant 
nutrition and soil health. In this way, soil microbial community plays 
a crucial role in the DSS since it is involved in the above mentioned 
mechanisms (Alabouvette et al., 1993; Mazzola, 2002; Weller et al., 
2002; Garbeva et al., 2004; Mazzola and Freilich, 2016; Siegel-Hertz 
et al., 2018).

Among the native soil microbiota, soil bacteria, including 
thermophilic bacteria, have been reported as main actors in the 
suppressiveness of soil-borne diseases in different agricultural soils 
(Mendes et al., 2011; Gómez Expósito et al., 2017; Schlatter et al., 
2017). The composition of the bacterial community is one of the major 
factors in the mechanism of disease suppression (Hemkemeyer et al., 
2024; Kang et al., 2024; Ni et al., 2022), and several bacterial genera 
including Bacillus, Pseudomonas and Streptomyces, among others, 
have been proposed as key players in disease suppressiveness of soils 
(Hoitink et al., 1997; Chng et al., 2015; Xiong et al., 2015; Eberlein 
et  al., 2016). These microorganisms are actively involved in the 
transformation and decomposition of organic matter (Pankhurst and 
Lynch, 1995), and the incorporation of organic amendments (OA) can 
positively impact their communities, improving soil health and 
enhancing soil disease suppressiveness (Bonanomi et al., 2007, 2010, 
2018; Postma and Schilder, 2015; Akanmu et al., 2021), as well as 
allowing to achieve greenhouse sustainability (Giagnocavo et  al., 
2022). In addition, OA incorporation impacts on physical and 
chemical factors that also has an influence on the mechanisms of soil 
suppressiveness (Amir and Alabouvette, 1993), as well as in 
greenhouse soil fertility (García-Raya et al., 2019; Marín-Guirao et al., 
2019a, 2023a; Castillo-Díaz et  al., 2021, 2022). In this regard, the 
incorporation of fresh organic matter followed by solarisation (i.e., 
biosolarisation) is an increasing practice in Mediterranean 
greenhouses, reaching 4.6% of producers in south-eastern Spain 
during campaign 2019/2020 (García et al., 2024). Biosolarisation is 
mainly practiced as a soil disinfection technique, but also to promote 
the decomposition of organic material, what helps to prevent potential 
phytotoxicity issues that can occur when seedlings are transplanted 
with fresh, insuficciently decomposed material.

Understanding the impact of soil biosolarisation on the native 
bacterial community is crucial, as it directly influences community 
structure and functionality. It is essential to appraises the extent of this 
impact, and to determine whether bacteria with suppressive properties 
against phytopathogenic fungi may emerge, following the 
implementation of such practices. Additionally, evaluating the 
persistence of these bacteria at the end of consecutive crop cycles is 
essential, as it is a highly relevant aspect in maintaining crop health 
(Mendes et al., 2011; Gómez Expósito et al., 2017). Furthermore, given 
the rising utilization of commercial products containing biological 

control organisms (BCO) and other beneficial microorganisms for 
crops, it is highly pertinent to study whether native soil bacteria might 
also exhibit a suppressive effect on these microorganisms. This 
currently limited understanding holds substantial significance and is 
crucial for the efficacy of such products when applied into the soil.

The present study was conducted for two consecutive years in an 
organic-certified greenhouse with tomato crops. The study aimed to 
assess the dynamics of soil bacterial composition at pre-planting phase 
following the incorporation of fresh sheep manure in summer and 
subsequent solarization (biosolarisation), as well at the finalization of 
the crop cycle, using 16S rRNA gene sequencing and plate culture 
methods on soil microbial composition. Additionally, dual culture 
tests were performed to evaluate the antagonistic activity of 95 soil-
isolated bacteria collected at the start and end of the tomato crops 
against five soilborne pathogenic fungi and five beneficial fungi 
sourced from commercial products.

2 Materials and methods

2.1 Experimental greenhouse and soil 
management

The present study was conducted for two consecutive years (the 
2019/2020 and 2020/2021 seasons) at the Andalusian Institute for 
Research and Training in Agriculture and Fisheries (IFAPA) in 
Almería, Spain (36°48′N, 2°41′W; altitude 142 m), the largest cropping 
region for Mediterranean greenhouses. The climate in the area is 
Mediterranean semi-arid, characterized by mild winters and hot 
summers with no rainfall. The experimental greenhouse, certified for 
organic production by the Andalusian Organic Farming Committee 
(C. A. A. E.) since 2006, covered 832 m2 and was representative of the 
“raspa y amagado” Mediterranean greenhouse. Two subsequent winter 
cycles of “Valenciano type” tomato plants (Solanum lycopersicum L.), 
grafted onto Armstrong® rootstock (Syngenta, Basel, Switzerland), 
were cultivated during 2019/20 and 2020/21 seasons, referred to as 
season 1 and season 2, respectively. Four-week-old tomato plants were 
planted on September 17th, 2019, and September 25th, 2020, in 
seasons 1 and 2, respectively. Prior to planting in both years, fresh 
sheep manure was uniformly incorporated into the greenhouse soil at 
a rate of 4 kg m−2 in July. Incorporation involved mixing the manure 
with the soil using a rotavator. Next, drip lines were deplyed and, with 
the aim of favoring manure’s decomposition, the soil was covered with 
transparent polyethylene film (30 μm TIF Desinfección DS®, Sotrafa, 
Almería, Spain) for a period of 2 months, after a single irrigation 
application to reach saturation at 15 cm depth. The maximum, 
minimum, and average temperatures at 20 cm soil depth during 
biosolarisation in 2020 were 44.8 ± 0.9, 31.8 ± 0.6, and 39.3 ± 0.3, 
respectively. Planting occurred 2 days after removing the film. Crop 
management and pest control practices were adhered to Regulation 
(EU) 2018/848 on organic production. At the start of the study, the soil 
consisted of 19% clay, 13% silt, and 68% sand. Soil pH was 8.57, 
electrical conductivity (EC) 6.19 dS m−1, organic matter content 1.20%, 
total carbonates (HCO3

−) 14.33%, active limestone 5.67%, nitric-
nitrogen (N) 157 mg L−1, total nitrogen 0.04%, phosphorus Olsen (P 
Olsen) 19 meq L−1, interchangeable calcium (Ca+2) 1,253 mg L−1, 
interchangeable sodium (Na+) 37 mg L−1, interchangeable magnesium 
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(Mg+2) 261 mg L−1, interchangeable potassium (K+) 1,841 mg L−1, and 
C/N ratio 20. The soil had no history of soilborne pathogens.

2.2 Soil collection

Soil samples were taken at four different sampling times. During 
the 2-year study period, samples were collected 2 days before planting 
(i.e., Start Season 1, 15th September 2019, and Start Season 2, 23rd 
September 2020) and at the conclusion of the tomato crop season (i.e., 
End Season 1, 3rd April 2020, and End Season 2, 23rd April 2021). At 
Start Season 1, soil sampling was conducted in three designated areas 
of the greenhouse immediately preceding the planting of tomato 
seedlings. In subsequent sampling times, systematic soil samples were 
taken in 12 uniformly distributed plots within the greenhouse. The 
samples were taken with an auger at a depth of 0–30 cm. Three 
subsamples were randomly taken from cultivation lines and then mixed 
and homogenized to ensure representativeness in each sample. For each 
soil sample, one subsample was air-dried and sieved (<0.2 mm) for 
microbiological analysis through the plate culture method, and another 
subsample was frozen at −80°C for DNA extraction used in the 
assessment of bacterial microbiota through DNA metabarcoding.

2.3 Quantification and isolation of soil 
culturable bacteria and soil thermophilic 
bacteria

The preparation of soil samples included a drying, grinding, and 
sieving process, following the method described by Tello et al. (1991). 
Drying was conducted at room temperature (20–25°C) for a period of 
7–10 days, until soil humidity was constant and homogenous. A 
porcelain mortar was used for grinding, and a 200 μm mesh-size sieve 
was used for sieving. Both the mortar and sieve were thoroughly washed 
and disinfected between samples by covering them with alcohol and 
lighting it. Then, the soil culturable bacteria and thermophilic bacteria 
were analyzed by means of the serial dilution method (Tello et al., 1991). 
The culture medium used for bacteria evaluation was nutrient agar (NA, 
Oxoid, Basingtoke, U. K.). In the case of thermophilic bacteria, soil 
samples were previously subjected to a heat treatment in an oven at 70°C 
for 1 h, using a semi-selective medium for actinobacteria (Crawford 
et al., 1993). This technique was applied to isolate the live thermophilic 
culturable fraction and to allow the study of its antagonistic activity (see 
Section 2.5.). In both cases, five subreplicates (9 cm-diameter Petri 
dishes) of each soil sample were analised at 10−5 and 10−6 dilutions. The 
Petri dishes were incubated at 25°C for 7 days. Subsequently, total 
colony forming units (CFU) of bacteria and thermophilic bacteria were 
quantified, eventually expressing the results as CFU/g dry soil.

2.4 Assessment of bacterial microbiota 
through DNA metabarcoding

2.4.1 Soil DNA extraction, amplicon 
high-throughput sequencing, and processing of 
sequencing data

DNA from soil samples was isolated using the DNeasy PowerSoil 
Pro DNA isolation kit (Qiagen, Hilden, Germany), strictly following the 

manufacturer’s instructions. An extraction blank for cross-
contamination was included. DNA was quantified using the Qubit High 
Sensitivity dsDNA Assay (Thermo Fisher Scientific, Waltham, MA, 
United States). For bacterial library preparation, a fragment of the 16S 
genomic region (of about 460 bp) was amplified using the primers 
Bakt_341F (5′ CCT ACG GGN GGC WGC AG 3′) and Bakt_805R (5′ 
GAC TAC HVG GGT ATC TAA TCC 3′) (Herlemann et al., 2011). 
Illumina sequencing primers were attached to these primers at their 5′ 
ends. Polymerase chain reactions (PCRs) were carried out in a final 
volume of 12.5 μL, containing 1.25 μL of template DNA, 0.5 μM of the 
primers, 3.25 μL of Supreme NZYTaq 2x Green Master Mix (NZYTech, 
Lisbon, Portugal), and ultrapure water up to 12.5 μL. The reaction 
mixture was incubated as follows: an initial denaturation step at 95°C 
for 5 min, followed by 25 cycles of 95°C for 30 s, 50°C for 45 s, 72°C for 
45 s, and a final extension step at 72°C for 7 min. A negative control that 
contained no DNA (BPCR) was included in every PCR round to check 
for contamination during library preparation. The libraries were run on 
a 2% agarose gel stained with GreenSafe (NZYTech) and imaged under 
UV light to verify the library size. Libraries were purified using the 
Mag-Bind RXNPure Plus magnetic beads (Omega Biotek, Beijing, 
China), following the instructions provided by the manufacturer. Then, 
libraries were pooled in equimolar amounts according to the 
quantification data provided by the Qubit dsDNA HS Assay (Thermo 
Fisher Scientific). This pool also contained a testimonial amount (1 μL) 
of the PCR blank and DNA extraction blank (Bex). The pool was 
sequenced in the MiSeq PE300 run (Illumina). DNA metabarcoding 
analyses were carried out by AllGenetics & Biology S. L. (La Coruña, 
Spain; www.allgenetics.eu). Illumina paired-end raw forward (R1) and 
reverse (R2) FASTQ reads were stored in separate files. The quality of 
the FASTQ files was checked with the software (v0.11.9) FastQC 
(Andrews, 2010) and the output was summarized using MultiQC (Ewels 
et al., 2016). The obtained amplicon reads were processed using QIIME 
2 (release 2022.2) (Bolyen et al., 2019). Specifically, the tool DADA2 
(Callahan et al., 2016) (implemented in QIIME 2) was used to remove 
the PCR primers, filter low-quality reads, denoise, merge the forward 
and reverse reads, remove the chimeric reads, and cluster the resulting 
sequences into amplicon sequence variants (ASVs). The resulting output 
of the DADA2 pipeline was a table containing the number of 
occurrences of every observed ASV in each sample. The taxonomic 
assignment of ASVs was conducted using a pre-trained classifier of the 
SILVA reference database (Quast et al., 2013) (updated in August 2020). 
Specifically, the feature-classifier classify-sklearn approach implemented 
in QIIME 2 (Bokulich et al., 2018) was employed. The following ASVs 
were excluded: singletons (i.e., ASVs containing only one member 
sequence in the whole dataset), ASVs occurring at a frequency below 
0.01%, non-bacterial ASVs such as eukaryotic sequences of chloroplast 
(Moore et  al., 2019) and mitochondrial (Emelyanov, 2001) origin, 
unidentified sequences, and sequences assigned only at the kingdom 
level. The final filtered ASV table was converted into a Biological 
Observation Matrix (biom) file that was directly imported into R 3.6.1 
(R-Team-Core, 2019) using the package phyloseq 1.24.2 (McMurdie and 
Holmes, 2013). The final filtered ASV and the biom file were used for 
further analysis and plotting.

2.4.2 Bacterial community description and data 
processing

Four indexes of biodiversity were selected to study the alpha 
diversity of the bacterial community of each sample: Margalef genus 
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richness (d) (Margalef, 1958); the Shannon–Wiener diversity index 
(H′) log basis (Shannon and Weaver, 1949); Pielou’s evenness (J) 
(Pielou, 1969) of the distribution of individuals among genera; and 
Simpson’s dominance (D) (Simpson, 1949). All calculations were 
carried out with the software PRIMER version 6.0 (Primer-E Ltd., 
Plymouth, U. K.) for Windows (Clarke and Gorley, 2006). Regarding 
beta diversity, bacterial community data at the operational taxonomic 
unit (OTU) level through DNA metabarcoding evaluation method, 
were compared among sampling times using permutational analysis of 
variance (PERMANOVA). Also, pairwise PERMANOVA comparisons 
were performed. These tests calculate Pseudo-F statistics to obtain 
p-values (Anderson, 2001). All PERMANOVA tests used 9,999 
permutations from unrestricted permutations of raw data. Previously, 
data were square root transformed. The calculation of similarity 
matrices in the PERMANOVA analysis was based on Bray–Curtis 
distance. In addition, principal coordinate analysis (PCoA) was used 
to visualize the potential differences in the soil bacterial community 
structure among sampling times or within sampling times. 
PERMANOVA and PCoA analyses were performed using the 
multivariate statistical software package PRIMER-6 with the 
PERMANOVA+ extension (Primer-E Ltd., Plymouth, UK) for 
Windows. The linear discriminant analysis effect size (LEfSe) algorithm 
(Segata et al., 2011) was generated from Python (version 3.12) and 
used to identify and compare unique bacterial taxa significantly related 
to any of the four sampling times (Start Season 1, End Season 1, Start 
Season 2, End Season 2). In addition, data from Start Season 1 and 
Start Season 2, as well as those from End Season 1 and End Season 2, 
were pooled in order to identify and compare unique bacterial taxa 
significantly related to Start Season and End Season, respectively. The 
threshold for the logarithmic linear discriminant analysis (LDA) score 
was established at 4.5 and the Wilcoxon p-value was set at 0.05.

Bacterial functional potential was investigated using Functional 
Annotation of Prokaryotic Taxa (FAPROTAX) database (Louca et al., 
2016). FAPROTAX is a database that categorizes bacterial taxa into 
recognized metabolic or ecologically significant groups (considered as 
functional groups), utilizing current literature on cultured strains as a 
reference. Following the procedure of Vido et al. (2024), previously 
bacterial ASVs was filtered to reduce noise (i.e., removal of those with 
<10 counts). In addition, filtering was completed by removing 
functional groups with reads abundances ≤100. The abundances of 
each taxa assigned to an functional group were pooled to form a total 
relative abundance count for each group, and the abundances of 
unassigned taxa were excluded. Then, the diversity and composition 
of ecological groups within each sampling time were compared and 
contrasted using the same method outlined for taxonomy beta 
diversity. Thus, PERMANOVA, pairwise PERMANOVA and PCoA 
were conducted on the top 15 ecological groups to focus on the most 
relevant ecological pathways. In addition, LEfSe was performed to 
detect differentially abundant ecological pathways across groups of 
soil samples depending on sampling time (LDA score established at 3).

2.5 In vitro antagonism toward 
phytopathogenic and beneficial fungi

2.5.1 Strains isolation and target fungi
The isolates used in the antagonism assays were obtained from the 

thermophilic bacteria analyses described in section 2.3. Following the 

evaluation specified in that section, colonies from soil samples taken 
at different sampling times were randomly selected and isolated on 
Petri dishes with 15 mL of NA medium. Eleven isolates from Start 
Season 1, 51 from End Season 1, and 33 from Start Season 2 were 
selected. Thus, the antagonistic activity of 95 soil-isolated bacteria 
against nine fungi and one oomycete (Phytophthora capsici), referred 
to as fungi throughout the rest of the document, was studied. 
Specifically, the evaluations were conducted against five soilborne 
pathogenic fungi, as well as five beneficial fungi sourced from 
commercial products (Table 1).

2.5.2 Dual culture protocol
Dual culture tests on Potato Glucose Agar (PGA, Oxoid, 

Basingtoke, U. K.) were performed to evaluate the antagonistic activity 
of soil-isolated bacteria against the ten target fungi (Table 1). Plates 
(9 cm diameter), which contained 15 mL of PGA, were inoculated 
with strain culture by streak and incubated at 25 ± 1°C in the dark for 
8 days. Later, a 5-mm-diameter disk of the target fungi was placed at 
an equidistant distance between the bacteria and the edge of the plate. 
The disk was obtained from the edge of the colony where the growth 
is most active. The initial distance between the bacteria and the fungus 
was 3.25 cm, and the bacteria were streaked up to 2 cm from the edge 
of the plate. The plates containing the bacteria and the fungus in 
confrontation were sealed and incubated at 25 ± 1°C in darkness until 
the fungus reached the edge of the plate opposite to the bacteria. At 
this point, measurements were performed. The distance between the 
edge of the bacterial growth and the edge of the fungal colony 
(inhibition distance) was measured. The approximate incubation 
times varied depending on the target fungus: 3–4 days for Botrytis 
cinerea, Trichoderma longibrachiatum, Trichoderma harzianum T-22, 
and Trichoderma atroviride, 7–8 days for Fusarium oxysporum f. sp. 
radicis-cucumerinum (FORC), Fusarium proliferatum, Colletotrichum 
gloeosporioides, and Trichoderma asperellum, and 7–10 days for 
Phytophthora capsici, while Paecilomyces lilacinus exhibited the slowest 
growth, taking 20–30 days until measurement. Antagonistic activity 

TABLE 1  Phytopathogenic and beneficial fungi used in dual culture tests 
and origin of the strains.

Target fungi used in 
the in vitro 
antagonism assays

Code Origin

Pathogenic fungi

Colletotrichum gloeosporioides Cg Marín-Guirao et al. (2023b)

Fusarium proliferatum Fp Brizuela et al. (2020)

Fusarium oxysporum f. sp. 

radicis-cucumerinum

Forc Águila-Carricondo et al. (2024)

Botrytis cinerea Bc Marín-Guirao et al. (2023b)

Phytophthora capsici Pc Águila-Carricondo et al. (2024)

Beneficial fungi

Trichoderma harzianum T-22 Th Koppert B. V.

Trichoderma longibrachiatum Tl BIOMIP S. L.

Trichoderma asperellum Ta1 Certis Europe B. V.

Trichoderma atroviride Ta2 Certis Europe B. V.

Paecilomyces lilacinus Paec Certis Europe B. V.
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was considered when the inhibition distance was equal to or greater 
than 4 mm to any of the target fungus, and additionally, the growth of 
the target fungi did not continue after the 5-day observation period. 
Five replicates were prepared for each combination bacteria-fungi.

2.5.3 Identification of soil-isolated bacteria with 
suppressive properties

The isolates that showed antagonistic activity were analyzed by 
means of PCR sequencing of amplicons of the 16S rRNA gene using 
the primers 27F-1492R (Condori et al., 2019) and subsequent database 
searches using BLASTN software, based on the consensus sequences 
created by aligning the forward and reverse sequences of the target 
isolates. The PCR conditions were 5 min at 94°C, 35 cycles of 1 min at 
94°C, 1 min at 55°C, 2 min at 72°C, and a final elongation of 7 min at 
72°C. Purified PCR products were sequenced using the Sanger 
sequencing method (Instituto de Biología Molecular y Celular de 
Plantas, Valencia, Spain) and edited via base calling on the BioEdit 
program (Hall, 1999).

2.6 Statistical analysis

Data on the total culturable bacteria and thermophilic culturable 
bacteria populations, sequencing depth for the 16S library, the relative 
abundance of dominant bacterial phyla and genera, and the indices of 
biodiversity were analyzed via an analysis of variance (one-way 
ANOVA) to compare differences among sampling times. Previously, 
normality and homoscedasticity were tested using the Shapiro–Wilk 
and Levene tests, respectively. The Kruskal–Wallis one-way 
non-parametric test (p = 0.05) was performed when normality or 
homoscedasticity of data was not evident (p < 0.05 Shapiro–Wilk or 
Levene tests, respectively). Arcsine square root transformation was 
applied to percentages before analyses. Duncan’s post hoc test was then 
applied to perform a pairwise comparison between sampling times at 
a 95% confidence level. These statistical analyses were carried out 
using the statistical software package Statgraphics Centurion XIX 
(Statgraphics Technologies, Inc., The Plains, VA, United States) for 
Windows (Microsoft Corporation, WA, United States).

3 Results

3.1 Taxonomic compositions of the 
bacterial communities

The total culturable bacteria population exhibited values ranging 
from 2,920,000 to 24,200,000  CFU/g dry soil depending on the 
sampling time (Figure 1). The highest values were observed at the end 
of Season 1, which showed significant differences (p < 0.001) 
compared to the other sampling times. For thermophilic culturable 
bacteria, the population ranged from 2,170,000 to 11,300,000 CFU/g 
dry soil. In this case, the population was lower at the beginning of 
Season 1 (p < 0.05) compared to the other sampling times (Figure 1).

Figure 2 illustrates the relative abundance of different microbial 
phyla (Figures 2A,B) and genera (Figures 2C,D) at the start and at the 
end of the two seasons. Regarding phyla, Proteobacteria dominated in 
both start and end seasons, with a significant increase (p < 0.001) from 
28.6% at the start to 52.3% at the end in season 1, and from 17.6% at 

the start to 32.6% at the end in season 2. Firmicutes showed an 
increase from 7.8% in start season 1 to 30.1% in start season 2, 
followed by a decrease to 16.3% in end season 2 (p < 0.001). 
Actinobacteriota also showed fluctuations (p < 0.001), peaking at 
13.5% in end season 2. Acidobacteriota, Gemmatimonadota, 
Methylomirabilota, and Myxococcota showed the highest relative 
abundance in start season 1 (p < 0.001). Other phyla, such as 
Bacteroidota, Planctomycetota, Patescibacteria, Chlorofexi displayed 
varying patterns but maintained presence throughout the two seasons.

Similarly, the relative abundance of bacterial genera varied across 
seasons (Figure 2D). Thauera experienced increase in both seasons, 
rising from 0.09 to 18.55% in Season 1 and from 0.03 to 7.80% in 
Season 2. In contrast, Bacillus showed decrease, dropping from 5.74 
to 0.69% in Season 1 and from 19.68 to 8.36% in Season 2. Other 
notable trends include MND1, which increased from 1.00 to 2.00% in 
Season 1. Some genera, like Pseudomonas, exhibited notable 
fluctuations, with a peak of 2.26% in End Season 1. Others, such as 
Streptomyces, Dongia and SWB02 showed sporadic occurrences 
throughout the seasons, with values ranging from 0.09 to 1.09%. All 
genera, except Acidibacter, showed significant differences among 
sampling times (p ≤ 0.01) with no common pattern among them.

3.2 Alpha diversity of soil bacterial 
community

Generally, the alpha diversity indices showed significant 
differences among different sampling times (p < 0.01), except for the 
Dominance-Simpson index (Figures 3A–D). Thus, species richness 
(Margalef index) was higher at the end of the crop in both years 
compared to values at the start of the crops (p = 0.0000), with average 
values ranging from 53.30 ± 7.01 to 37.59 ± 3.99 (Figure 3A). The 
Evenness-Pielou Index did not offer this trend, showing higher values 
at the start and end of the study compared to values at the start of the 
second year (p = 0.0064), although these differences were not detected 
at the end of the crop in year 1. In the case of the Diversity-Shannon 
index, values were lower at the start of the crop in year 2 compared to 
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FIGURE 1

Total Colony Forming Units (CFU) of soil culturable bacteria and 
thermophilic bacteria at the start and at the end of season 1 
(2019/20) and season 2 (2020/2021). In each case, different letters 
denote significant differences between sampling times at p ≤ 0.05 
(Duncan’s test).
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the other time points considered (p = 0.0007), with average values 
ranging from 4.35 ± 0.41 to 5.07 ± 0.35.

3.3 Beta diversity of soil bacterial 
community. Comparison of soil bacterial 
community structure among sampling 
times

The global PERMANOVA test indicated a significant effect 
(Pseudo-F = 9.6531, p < 0.0001) of the sampling time on bacterial 
communities’ beta diversity. In addition, pairwise tests revealed 
significant differences between bacterial communities across different 
seasons (Supplementary Table S1). Notably, comparisons between the 
start and end of each year exhibit considerable dissimilarities 
(p < 0.003). However, comparisons between the different sampling 
times highlight significant variations in bacterial composition in all 
cases (p < 0.0001).

Principal coordinates analysis (PCoA) further supports the 
statistical findings of the PERMANOVA analysis. The PCoA results 
show that the PCoA1 and PCoA2 explained 29.6 and 13.2% of the 
difference in the compositions of the bacterial communities among 

samples (Figure 4). The results of PCoA showed that the bacterial 
communities in the samples of the four different sampling time had a 
discrete distribution, with relatively large distances among the 
samples of each moment and a clear clustering of samples from 
each time.

3.4 Compositional differences and 
biomarkers of the bacterial communities

LEfSe analysis identified biomarkers that caused significant 
differences among the four sampling times (Figure 5). A total of 5, 10, 
5, and 2 biomarkers (LDA score > 4.5) were identified in the soil 
bacterial community analyzed by means of DNA metabarcoding at 
the Start Season 1, Start Season 2, End Season 1 and End Season 2, 
respectively.

When data from the 2 years of study are pooled based on whether 
they come from soil samples taken at the start or at the end of the 
seasons, a total of 9 and 5 biomarkers were identified at the beginning 
and end of the crop, respectively (Figure  6). Thus, the phylum 
Firmicutes, class Bacilli, order Bacillales, family Bacillaceae, and genus 
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FIGURE 2

Bacterial community data found in the soil by 16S RNA sequencing. Relative abundance (%) of dominant bacterial phyla (A,B) and genera (C,D) divided 
into the start and end of the 2 years (seasons). “***” indicates significance at p ≤ 0.001 (Duncan’s test). “KW” p-value through the Kruskal–Wallis non-
parametric test. Note: All genera in (D), except Acidibacter sp., showed significance at p ≤ 0.01 through the Kruskal–Wallis non-parametric test.
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Bacillus, along with the class Rhodothermia, order Rhodothermales, 
family Rhodothermaceae, and an uncultured genus, were the 
biomarkers identified at the start of the crop. Whereas at the end of 
the crop, they were the phylum Proteobacteria, class 

Gammaproteobacteria, order Burkholderiales, family Rhodocyclaceae, 
and genus Thauera.

3.5 Soil bacterial function prediction

The abundances of different bacterial functional pathways were 
predicted using the FAPROTAX database.

3.5.1 Functional annotation overview based on 
16S rRNA data

From a total sequencing reads average per sample of 56,976, an 
average of 29,763 reads per sample received functional assignment to 
any of the 52 functional groups detected via FAPROTAX database. 
This represents 45 ± 23.4% of the total sequencing reads. Considering 
the percentage of readings assigned to functionality at the different 
sampling times, the highest value was observed in the End Season 1 
(68.9 ± 15.7%), which showed differences compared to the other 
sampling moments (p ≤ 0.001; Duncan’s test), including End Season 
2, which presented an average value of 50.4 ± 14.4%. It is noteworthy 
that the lowest values were detected at the Start Season in both years 
of study, with values of 22.0 ± 4.2% and 21.4 ± 5.8% in Season 1 and 
Season 2, respectively.

FIGURE 3

Alpha diversity indices of soil bacterial community at the start and at the end of season 1 (S1; 2019/20) and season 2 (S2; 2020/2021): Margalef richness 
index (A), Shannon–Wiener diversity index (B), Pielou’s evenness index (C) and Simpson’s dominance index. In each case, different letters denote 
significant differences between sampling times at p ≤ 0.01 (Duncan’s test).
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FIGURE 4

Principal coordinate analysis (PCoA) of the influence of sampling 
time on the beta diversity of soil bacterial communities. Over the 2 
years of the study, soil samples were taken at the start of the crop 
(Start Season: after incorporating fresh sheep manure in summer 
followed by solarisation) and at the end (End Season).
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3.5.2 Dominant functional groups and their 
temporal distribution

Based on the FAPROTAX database, the top 15 functional groups 
which represented an average of 97.1 ± 2.2%, 87.2 ± 15.5%, 
95.2 ± 2.7% and 92.7 ± 6.3% of the total sequencing reads assigned to 
functionality of Start Season 1, Start Season 2, End Season 1 and End 
Season 2 soil samples, respectively, were obtained. The relative 
proportion (i.e., percentage) of these top 15 functional groups across 
all sampling times is showed as a heatmap (Figure 7). In all sampling 
times, chemoheterotrophy emerges as the primary ecological pathway, 

representing more than 20% of the sequences in all cases, and 
surpassing 50% in some of them. This is followed by aerobic 
chemoheterotrophy, which similarly exhibits values above or close to 
20%. It is remarkable that no entry was found for group “plant 
pathogen.” Figure 7 represents similarities in the relative abundance 
of the 15 bacterial functional groups within the soil bacterial 
communities at each sampling time, particularly between Start Season 
1 and Start Season 2, as well as between End Season 1 and End Season 
2. Nitrogen respiration, nitrate respiration, nitrite respiration, and 
nitrate reduction are observed with higher relative abundance in the 
samples from End Season 1 and End Season 2, whereas Fermentation 
emerges as the ecological pathway that appears to be more relevant in 
the samples from Start Season 1 and Start Season 2. In this regard, 
When the global PERMANOVA test was conducted, a significant 
main effect (Pseudo-F = 31.467, p < 0.0001) of sampling time on the 
composition of functional groups was detected 
(Supplementary Table S2). However, the only case where pairwise 
PERMANOVA tests did not find significant differences was between 
the samples from Start Season 1 and Start Season 2. Principal 
Coordinates Analysis supported the statistical findings of the 
PERMANOVA analysis. In this case, the PCoA results indicated that 
PCoA1 and PCoA2 explained 80.3 and 7.5% of the differences in 
compositions and diversity of the bacterial functional groups 
(Figure 8). The results of PCoA showed that the functional bacterial 
groups in the samples of the four different sampling time had a 
discrete distribution, with relatively large distances among the samples 
of each moment and a clear clustering of samples from each sampling 
time, except for the samples from Start Season 1 and Start Season 2, 
which exhibited mixing. Although pairwise PERMANOVA tests 
found differences between End Season 1 and End Season 2, the PCoA 

FIGURE 5

Linear discriminant analysis (LDA) to detect differentially abundant taxa across groups of soil samples depending on sampling time: start and end of 
season 1 (S1; 2019/20) and season 2 (S2; 2020/2021). Only taxa with an LDA score >4.5 (p < 0.05) are shown.

FIGURE 6

Linear discriminant analysis (LDA) to detect differentially abundant 
taxa across groups; only taxa with an LDA score >4.5 (p < 0.05) are 
shown. Data from the 2 years of study are pooled based on whether 
they come from soil samples taken at the start (Start) or at the end 
(End) of the seasons.
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results showed all samples from End Season of both years separated 
from those of Start Season of both years along PCoA1.

3.5.3 Differential functional pathways identified 
by LEfSe

LEfSe analysis identified a total of 13 functional pathways that 
caused significant differences (LDA score > 3) among the four 
sampling times (Figure  9): Aromatic compound degradation, 
Chemoheterotrophy and aerobic chemoheterotrophy at Start Season 
1; fermentation, predatory or exoparasitic, manganese oxidation, 
cellulolysis y Sulfur respiration at Start Season 2, nitrogen, nitrate and 
nitrite respiration and nitrate reduction at End Season 1, and ureolysis 
at End Season 2.

When data from the 2 years of study are pooled based on whether 
they come from soil samples taken at the start or at the end of the 
seasons, a total of 6 and 5 markers were identified at the start and end 
of the season, respectively (Figure 10). Thus, Chemoheterotrophy, 
fermentation, predatory or exoparasitic, manganese oxidation, 
cellulolysis and sulfur respiration were the biomarkers identified at 
Start Season, while nitrogen, nitrate and nitrite respiration, nitrate 
reduction and ureolysis at End Season.

3.6 Antagonistic bacteria against the 
in vitro growth of phytopathogenic and 
beneficial fungi

In total, out of the 95 isolates tested, 36 of them (37.9%) showed 
antagonism, 30 (31.6%) against phytopathogenic fungi, 19 (20.0%) 
against beneficial fungi, and 12 (12.6%) against both (Table  2; 
Figure 11). Colletotrichum gloeosporioides and Botrytis cinerea were 
the pathogenic fungi against which the highest number of isolates 
showed antagonism, with 58.3 and 41.7% of the isolates showing 
antagonism, respectively. Meanwhile, Trichoderma asperellum and 
T. atroviride were prominent among the beneficial fungi, with 33.3 and 

25.0% of the isolates, respectively. Only 8.3% exhibited antagonism 
against F. proliferatum and Forc, while T. longibrachiatum and 
Paecilomyces lilacinus were the fungi with the least antagonistic 
response, with only 1 and 2 isolates (2.8 and 5.6%), respectively. 
Depending on the sampling time, 36.4% of the isolates from Start 
Season 1, 54.9% of the isolates from End Season 1, and 22.2% of the 
isolates from Start Season 2 exhibited antagonism against target fungi. 
All isolates were identified through PCR (16S rRNA): Streptomyces 
spp. (26), Bacillus spp. (4), Brevundimonas spp. (2), Pseudochrobactrum 
spp. (2), Stenotrophomonas sp. (1), Alcaligenes sp. (1).

4 Discussion

In this study, the total culturable bacterial populations and 
thermophilic culturable bacteria experienced shifts depending on the 
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FIGURE 8

Principal coordinate analysis (PCoA) of the influence of sampling 
time on the composition and diversity of the top 15 bacterial 
functional groups. Over the 2 years of the study, soil samples were 
taken at the start of the crop (Start Season: after incorporating fresh 
sheep manure in summer followed by solarisation) and at the end 
(End Season).
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sampling time, but no clear trend was observed and the impact on 
these bacterial fractions population cannot be conclusively attributed 
to the treatments. In this regard, it’s important to consider that changes 
in soil quality parameters and sampling time are factors that highly 
influence microbial variations, particularly in cultivated and amended 
soils (Li et al., 2018; Vido et al., 2024).

A noticeable outcome of the study is the dynamics of the 
bacterial communitys alpha diversity throughout the crop season. 
Primarily, species richness (Margalef index), but also Shannon 
diversity and Pielou’s evenness indices, appeared lower at 
pre-planting phase (Start Season), meanwhile at the end of the 
cropping seasons, all alpha diversity indices tended to increase and 
consistently reach higher values. In addition, significant changes in 
bacterial community beta diversity were recorded across the 
different sampling times (PERMANOVA p < 0.01). In this sense, 
changes in the soil microbial community have been previously 
reported after the application of manure in crop fields (Hartmann 
et  al., 2015; Sun et  al., 2015; Tang et  al., 2023), as well as after 
solarisation treatments when manure and other organic 
amendments had been previously incorporated (Achmon et  al., 
2020; Marín-Guirao et  al., 2019b, 2023a; Shea et  al., 2022). 

According to Vido et  al. (2024) our results also highlight the 
dynamic nature of bacterial community composition over time at 
phylum and genus level when soils are amended with organic 
materials and organic crop management. In any case, Proteobacteria 
and Firmicutes were the most prevalent phyla in all sampling times. 
These two phyla, along with Actinobacteriota, are consistently 
associated with soil-borne disease suppression (Raaijmakers et al., 
2009; Mendes et al., 2011).

In our study, the relative abundance of Firmicutes was higher 
at pre-planting phase (Start Season) compared to End Season, 
contrary to Proteobacteria, which consistently showed higher 
levels at the End Season in both years. Thus, Bacillus (phylum 
Firmicutes) was identified as a biomarker in Start Season, while 
Thauera (phylum Proteobacteria) was the biomarker at the genus 
level in End Season. These are biomarkers indicating a superior 
ability to discriminate between the studied conditions and a 
higher statistical significance and relevance for the study (LDA 
score >4.5). Bacillus is a widely studied genus for its suppressive 
properties against soil pathogens (Miljaković et al., 2020; Zhang 
et al., 2023). However, bacteria of the genus Thauera have been 
biotechnologically interesting for their ability to degrade aromatic 
compounds (Elder and Kelly, 1994; Philipp and Schink, 2000), and 
more recently for their role in the production of a promising 
alternative to non-degradable plastics (Koller et al., 2017). To the 
best of our knowledge, Thauera has not been reported to have 
capabilities for controlling soil pathogens. The observed changes 
in the abundances of these two genera may have been influenced 
by the high temperatures reached during the solarization process 
that followed the incorporation of the organic amendment 
(Pullman et  al., 1981). While, Bacillus spp. are recognized 
thermophilic bacteria (Edwards et al., 1965; Bond and Favero, 
1975), most Thauera species are recognized as mesophilic bacteria 
(Fida et al., 2016), although a thermophilic Thauera species has 
been also reported (Yang et al., 2018). In fact, the treatments did 
not completely eliminate Thauera bacteria but maintained a viable 
inoculum capable of recolonizing the soil during the crop season. 
In this regard, the incorporation of an organic amendment rich in 
nitrogen, such as fresh sheep manure, could favor the presence of 
these bacteria in the studied soil. Both bacteria genera are active 

FIGURE 10

Linear discriminant analysis (LDA) to detect differentially abundant 
ecological pathways across groups; only ecological pathways with 
an LDA score >3 (p < 0.05) are shown. Data from the 2 years of study 
are pooled based on whether they come from soil samples taken at 
the start (Start) or at the end (End) of the seasons.

FIGURE 9

Linear discriminant analysis (LDA) to detect differentially abundant ecological pathways across groups of soil samples depending on sampling time: 
start and end of season 1 (S1; 2019/20) and season 2 (S2; 2020/2021). Only ecological pathways with an LDA score >3 (p < 0.05) are shown.

172

https://doi.org/10.3389/fmicb.2025.1484219
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


M
arín

-G
u

irao
 an

d
 d

e C
ara-G

arcía�
10

.3
3

8
9

/fm
icb

.2
0

2
5.14

8
4

2
19

Fro
n

tie
rs in

 M
icro

b
io

lo
g

y
fro

n
tie

rsin
.o

rg

TABLE 2  Antagonistic activity of soil-isolated bacteria at different sampling times against phytopathogenic and beneficial fungi, and their identification through polymerase chain reaction (PCR) sequencing of 
amplicons of the 16S rRNA gene.

Inhibition zone (mm)

Pathogenic fungi Beneficial fungi

Strain Forc Fp Pc Botry Cg Tl Th Ta1 Ta2 Paec Soil 
sampling 

time origin

Identification

20/02-1 6.2 ± 1.6 Start S1 Bacillus sp.

20/02-4 5.4 ± 0.5 11.8 ± 1.3 Start S1 Streptomyces sp.

20/02-11 4.6 ± 1.1 Start S1 Alcaligenes sp.

20/02-22 4.8 ± 1.8 Start S1 Stenotrophomonas sp.

20/02-31 4.2 ± 1.6 End S1 Bacillus sp.

20/02-33 2.8 ± 0.8 3.0 ± 0.7 7.0 ± 1.2 6.2 ± 2.3 End S1 Streptomyces sp.

20/02-35 4.4 ± 1.1 End S1 Streptomyces sp.

20/02-39 6.8 ± 1.9 4.0 ± 1.4 End S1 Streptomyces sp.

20/02-41 4.6 ± 0.5 3.6 ± 0.9 5.4 ± 1.5 End S1 Streptomyces sp.

20/02-48 5.6 ± 0.9 4.0 ± 0.7 9.4 ± 2.3 3.2 ± 0.8 5.0 ± 1.9 End S1 Streptomyces sp.

20/02-54 5.0 ± 2.0 3.2 ± 0.8 End S1 Streptomyces sp.

20/07-2 8.6 ± 1.9 End S1 Streptomyces sp.

20/07-3 6.2 ± 0.8 End S1 Streptomyces sp.

20/07-4 2.6 ± 0.9 4.2 ± 0.8 End S1 Streptomyces sp.

20/07-9 4.4 ± 0.5 End S1 Streptomyces sp.

20/07-13 6.4 ± 0.9 12.8 ± 1.6 End S1 Streptomyces sp.

20/07-14 12.6 ± 0.9 8.2 ± 2.0 End S1 Streptomyces sp.

A47 6.3 ± 1.2 17.0 ± 1.2 10.4 ± 1.8 8.8 ± 1.1 End S1 Streptomyces sp.

A49 19.0 ± 2.5 5.0 ± 2.2 11.8 ± 1.9 7.6 ± 1.7 9.4 ± 0.9 End S1 Streptomyces sp.

A51 17.8 ± 0.8 7.6 ± 1.3 4.4 ± 0.5 End S1 Pseudochrobactrum sp.

A53 7.8 ± 1.9 6.6 ± 0.5 4.8 ± 0.4 End S1 Streptomyces sp.

A54 5.8 ± 2.4 End S1 Streptomyces sp.

A56 5.5 ± 1.3 11.0 ± 0.7 12.8 ± 1.3 11.0 ± 1.2 End S1 Streptomyces sp.

A57 4.5 ± 3.1 10.6 ± 0.5 End S1 Brevundimonas sp.

A60 7.6 ± 1.7 9.6 ± 0.9 12.4 ± 1.1 9.2 ± 0.8 End S1 Brevundimonas sp.

A61 4.8 ± 1.3 End S1 Streptomyces sp.

(Continued)
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TABLE 2  (Continued)

Inhibition zone (mm)

Pathogenic fungi Beneficial fungi

Strain Forc Fp Pc Botry Cg Tl Th Ta1 Ta2 Paec Soil 
sampling 

time origin

Identification

A62 6.8 ± 1.0 11.6 ± 1.5 4.4 ± 1.5 End S1 Streptomyces sp.

A63 4.0 ± 3.2 4.8 ± 1.8 6.2 ± 2.7 End S1 Streptomyces sp.

A83 5.8 ± 0.5 7.8 ± 1.0 Start S2 Streptomyces sp.

A88 8.4 ± 1.5 Start S2 Streptomyces sp.

A89 4.0 ± 1.7 8.6 ± 1.5 Start S2 Streptomyces sp.

A93 7.3 ± 1.5 Start S2 Streptomyces sp.

A94 9.0 ± 0.7 Start S2 Bacillus sp.

A95 8.4 ± 1.5 Start S2 Streptomyces sp.

A99 11.8 ± 1.3 Start S2 Pseudochrobactrum sp.

A100 9.8 ± 1.9 10.8 ± 1.5 18.0 ± 2.2 11.8 ± 1.9 13.4 ± 0.9 15.4 ± 0.5 15.8 ± 0.8 8.1 ± 3.0 Start S2 Bacillus sp.

Antagonistic activity was considered when the inhibition zone was ≥ 4 mm to any of the target fungus.
Cg: Colletotrichum gloeosporioides; Fp: Fusarium proliferatum; Forc: Fusarium oxysporum f. sp. radicis-cucumerinum; Bc: Botrytis cinerea; Pc: Phytophthora capsici; Th: Trichoderma harzianum T-22; Tl: Trichoderma longibrachiatum; Ta1: Trichoderma asperellum; Ta2: 
Trichoderma atroviride; Paec: Paecilomyces lilacinus; S1: season 1, 2019/2020; S2: season 2, 2020/2021.
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microorganisms involved in the nitrogen cycle and have been 
recognized as dominant denitrifiers in various environments, 
including soils (Fuka et al., 2007). In this regard, we identified 
ecological (functional) pathways related to the nitrogen cycle 
(nitrate and nitrite respiration, nitrate reduction, and ureolysis) 
that present a higher percentage of functional related sequences 
at the End of the Season compared to the Start of the Season, 
immediately after the treatments. As previously reported, alkeline 
hydrolyzable organic nitrogen content and soil organic carbon 
content are key factors that drive shifts in soil microbial 
composition and could also determine the observed changes in 
microbial functional communities formed at different successional 
stages (Dasgupta et al., 2024; Ding et al., 2024).

A relevant result of the present study is the presence of native 
bacteria with antagonistic properties against prevalent pathogenic 
fungi, but also against common beneficial fungi sourced from 
commercial products. Even a large number of these isolates 
exhibited antagonism against both pathogenic and beneficial 
fungi, thus highlighting the complexity of the edaphic system, an 
aspect often overlooked in agricultural soil management plans. In 
addition, isolates with antagonistic activity were detected at all 
sampling times throughout the study, both following the 
treatments performed and at the end of the crop season, which 
suggests that they are also present during the development of the 
crops. Among the native antagonistic bacteria (16S rRNA), 
Streptomyces was the dominant genus followed by Bacillus, while 
bacteria from the genera Brevundimonas, Pseudochrobactrum, 
Stenotrophomonas, and Alcaligenes also showed antagonism. 
Among them, Streptomyces spp. and Bacillus spp. are among the 
most studied biological control agents. Their role in the 
suppression of several plant pathogens has been well-documented 
and attributed to their production of a wide variety of bioactive 
secondary metabolites and enzymes, including antibiotics, 

bacteriocins, and volatile compounds (Alabouvette and Steinberg, 
2006; Kunova et al., 2016; Zhang et al., 2023).

The evaluation of the specific soil management practices needed for 
developing and maintaining soil microbial functionality which favor DSS 
in cultivable lands is a highly complex issue that is difficult to decipher 
(Alabouvette and Steinberg, 2006). It must be  considered that the 
complexity of the microbial interactions as well as the underlying 
mechanisms and microbial traits remain elusive for most disease 
suppressive soils (Gómez Expósito et al., 2017). In any case, in our study, 
isolates with antagonistic activity were detected at all sampling times, even 
after incorporating fresh sheep manure in summer followed by 
solarisation for 2 months. All the isolates used in the antagonism assays, 
were obtained from the thermophilic bacteria analyses performed in this 
study, and thus their presence is high in the evaluated soil, with 
populations ranging from millions to tens of millions of CFU/g dry soil. 
Thus, the soil management described in this study was compatible with, 
and possibly responsible for the high presence of these microorganisms 
in the soil of the greenhouse. This is a highly relevant information for the 
development of a soil suppressive to soil pathogens, but also for the use of 
certain commercial products containing BCO and other beneficial 
microorganisms for crops, as the presence of native bacteria with these 
properties can influence their effectiveness.

In conclusion, the results of this study show changes in the soil 
bacterial community and its functionality over the crop cycle following 
the application of sheep manure combined with summer solarisation in 
a Mediterranean greenhouse. The study reflects the presence of native 
bacteria with antagonistic properties inhabiting the mentioned 
biosolarised soils. Moreover, this fact also demonstrates the differential 
antagonistic ability of each isolate concerning the phytopathogenic or 
beneficial profile of the tested fungal species. These results are highly 
relevant for the application of agronomic soil management practices 
aimed at improving the natural suppressiveness of soils, to diseases caused 
by fungi and actinomycetes, as well as for the proper use of formulations 
based on beneficial fungi. However, further studies are necessary to 
elucidate whether the suppressive properties against soil-borne pathogens 
of the studied native bacteria are clearly manifested when considering the 
intricate interactions among soil, plant, microbiome, and environment. 
Additionally, these results should guide the development of commercial 
formulations with microorganisms that ensure farmers the establishment 
of these microorganisms in their soil and the derived benefits.
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