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Summary

� Host-associated fungi can help protect plants from pathogens, and empirical evidence sug-

gests that such microorganisms can be manipulated by introducing probiotic to increase dis-

ease suppression. However, we still generally lack the mechanistic knowledge of what

determines the success of probiotic application, hampering the development of reliable dis-

ease suppression strategies.
� We conducted a three-season consecutive microcosm experiment in which we amended

banana Fusarium wilt disease-conducive soil with Trichoderma-amended biofertilizer or lack-

ing this inoculum. High-throughput sequencing was complemented with cultivation-based

methods to follow changes in fungal microbiome and explore potential links with plant

health.
� Trichoderma application increased banana biomass by decreasing disease incidence by up

to 72%, and this effect was attributed to changes in fungal microbiome, including the reduc-

tion in Fusarium oxysporum density and enrichment of pathogen-suppressing fungi (Humi-

cola). These changes were accompanied by an expansion in microbial carbon resource

utilization potential, features that contribute to disease suppression. We further demonstrated

the disease suppression actions of Trichoderma-Humicola consortia, and results suggest niche

overlap with pathogen and induction of plant systemic resistance may be mechanisms driving

the observed biocontrol effects.
� Together, we demonstrate that fungal inoculants can modify the composition and function-

ing of the resident soil fungal microbiome to suppress soilborne disease.

Introduction

Microbial communities are present in all environments and
cover virtually all host surfaces from skin, gut, and mucosa of
animals (Grice & Segre, 2011; Costello et al., 2012) to plant
roots and leaves (Bai et al., 2015). They function as a first line
of defense against invading pathogens (Shin et al., 2011;
Berendsen et al., 2012). A disruption of this microbial defense
can lead to increases in disease incidence, which is caused by a
subset of harmful microbes (Zhang et al., 2017; Lee
et al., 2021). Therefore, rehabilitation or augmentation of the
natural defense offered by the host-associated microbiome can
provide an effective means to control pathogen populations,
such as those causing plant diseases (Mueller & Sachs, 2015;
Toju et al., 2018).

Microbiome manipulation can enhance agro-ecosystem func-
tion, including soilborne disease prevention (Mueller &
Sachs, 2015; Kwak et al., 2018). Both the diversity and composi-
tion of the soil microbial community have been found to be
linked to soil disease suppressiveness (Elsas et al., 2012; Raaij-
makers & Mazzola, 2016). High microbial diversity is likely
related to the complexity of microbial interactions and therefore
enhances the resistance to invading pathogens (Romanuk
et al., 2009; Wei et al., 2015). Also, specific taxa of beneficial
microorganisms can protect plants against pathogens (Kwak
et al., 2018; Lee et al., 2021). However, optimization of plant-
microbial partnerships remains a daunting task given the com-
plexity of plant–microorganism and microorganism–microorgan-
ism interactions, and the dependence of these interactions on
environmental conditions (Sessitsch et al., 2019). Therefore,
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better understanding of the interactions between beneficial
microbes, pathogens, and the indigenous soil microbiomes is
necessary to support more effective disease suppression.

Using plant probiotics for the biocontrol of plant diseases has
been proposed as a sustainable approach for pathogen control
and combatting soilborne diseases (Kandula et al., 2015; Hu
et al., 2021). Synthetic microbiome association studies using
plant probiotics have shown that the manipulation of bacterial
community diversity (Hu et al., 2016), bacterial resource compe-
tition networks (Wei et al., 2015), or bacterial interspecies inter-
actions (Li et al., 2019) can enhance the resistance of resident
bacterial communities to pathogen invasion. Although such stu-
dies are beginning to reveal the mechanisms involved in bacterial
responses in probiotic treatments, far less is known about how
fungal communities are impacted by such treatments and how
fungal community dynamics impact disease-suppressive capabil-
ities. Recently, there is a growing interest in exploring the roles
that fungi play in environmental and host-associated micro-
biomes (Jiang et al., 2017; Duran et al., 2018; Wagg et al., 2019;
Pierce et al., 2021). Despite growing awareness that fungi in par-
ticular the fungal interactions have an immense capacity to affect
soil ecological functioning, fungi are frequently overlooked in
disease-suppressive soil microbiome studies.

In this study, we carried out series of experiments to examine
the progressive impact of Trichoderma guizhouense NJAU4742
(Tg, a well-studied biocontrol agent of Fusarium wilt; J. Zhang
et al., 2019) amended biofertilizer on the development of disease
suppression in a continuous banana monoculture cropping sys-
tem. We imposed treatments with Tg in the presence and absence
of sterilized organic fertilizer (SOF), subsequently monitored
fungal communities using quantitative PCR and fungal ITS
amplicon sequencing, and complemented these molecular
approaches with culture-based experiments to test specific fungal
interactions with the pathogen. We specifically sought to (1)
determine the fate and the disease suppression capability of Tg
and (2) reveal the role of changes in the resident fungal commu-
nity and functioning after inoculation of Tg in plant disease sup-
pression. We hypothesized that plant disease suppression induced
by Tg is the combination product of the direct introduction of
pathogen inhibition traits and the indirect effects due to the
interspecific interactions with resident microbiome.

Materials and Methods

Experimental design

To determine Tg-induced fungal community manipulation for
the protection of banana plant in the Fusarium wilt disease soil,
we established a series of microcosm experiments for three crop
seasons (each crop season lasts 4 months) of banana cultivation.
Experimental soil was collected from a field with a 20-yr history
of banana monoculture that suffers from serious Fusarium wilt
disease (60–70%). Microcosm experiments were established in a
glasshouse with average temperature of 30°C and humidity of
70% (108°450E, 18°380N). Soil was distributed into 90 polypro-
pylene pots with each pot containing 10 kg of soil and

transplanted with one banana seedling (Musa AAA Cavendish cv
Brazil ). Thirty pots were amended with SOF plus plant probio-
tic, Tg (SOF + Tg). The population density of strain Tg in
SOF + Tg treatment was confirmed to be 1.0–10.0 × 108 spores
g−1 dry weight of fertilizer at the start of the experiment. Steri-
lized organic fertilizer (SOF) was amended in half of the remain-
ing 60 pots, and the others received no fertilizer amendment,
serving as a control (CK). In SOF and SOF + Tg treatments,
each pot was supplemented with 200 g organic amendment 1 wk
before banana seedlings were transplanted for each of three suc-
cessive seasons, with each successive season using soil from the
previous year after plant removal. The organic fertilizer was pro-
duced by chicken manure and rapeseed oil cakes according to the
methods described by Wang et al. (2013), and the basic proper-
ties are as follows: pH 7.8, organic matter 45.5%, water content
28.6%, total N 1.58%, total P 2.82%, and total K 1.21%. Ferti-
lizer sterilization was performed by Co75 γ-ray irradiation at
Nanjing Xiyue Technology Co. Ltd, Nanjing, China. The steri-
lity of the sterile organic fertilizer was checked by using plate
counting method and resulted in no culturable microorganisms
after sterilization. Disease incidence was monitored as described
by Jeger et al. (1995) and calculated as the percentage of infected
plants relative to the total number of plants. Plant biomass was
determined as described by Shen et al. (2019).

Soil sampling and DNA extraction

Soil-sampling campaigns were performed in the third crop sea-
son, and nine soil samples were randomly collected from nine
pots, according to method described by Tao et al. (2020). One
portion of each soil sample was stored at −80°C for DNA extrac-
tion, and the other was used for isolation of cultivable fungi.
DNA was extracted from 0.5 g soil using PowerSoil DNA Isola-
tion Kit (Qiagen). DNA concentrations were measured using a
NanoDrop spectrophotometer (ND-2000; Thermo-Scientific,
Wilmington, DE, USA).

Quantitative PCR analysis

Abundances of total fungi, Tg, and Fusarium oxysporum were
determined using the fungal primers ITS1f/5.8s (Fierer
et al., 2005), Tg strain-specific primers T-7F/T-7R (Y. Zhang
et al., 2019), and F. oxysporum group-specific primers FOF1/
FOR1 (Jiménez-Fernández et al., 2010), respectively (Supporting
Information Table S1). Quantitative PCR amplifications for
DNA samples were performed on a 7500 Real-Time PCR Sys-
tem (Applied Biosystems, Pleasanton, CA, USA), according to
the manufacturer’s instructions (Tables S2, S3). Gene copy num-
bers were expressed as log10 values.

Fungal community tag sequencing, data processing, and
OTU table generation

The general universal fungal primers ITS1F (50-CTTGGTCA
TTTAGAGGAAGTAA-30) and ITS2 (50-GCTGCGTTCTTC
ATCGATGC-30) were used to amplify the ITS1 region from soil
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DNA (Schoch et al., 2012). The library construction and sequen-
cing on the Illumina Miseq sequencing platform (Personal Bio-
technology Co. Ltd, Shanghai, China) were carried out using
previously described protocols (Caporaso et al., 2011; Kozich
et al., 2013). Raw sequences were segregated according to the
unique barcodes and trimmed of the adaptor and primer
sequences in QIIME (Caporaso et al., 2010). After the removal of
low-quality reads, forward and reverse sequences were merged.
Merged sequences were processed according to the UPARSE pipe-
line (Edgar, 2013) to generate an operational taxonomic unit
(OTU) table (Edgar, 2010). A representative sequence for each
OTU was selected (Edgar, 2013) and classified using the RDP
classifier against the UNITE Fungal ITS database (Wang
et al., 2007).

Fungal diversity and composition analysis

Chao1 richness indices and Faith’s phylogenetic diversity (Faith’s
PD) (Faith, 1992) were calculated as Alpha-diversity metrics in
mothur (Schloss et al., 2009). Principal coordinate analysis
(PCoA) based on Bray–Curtis dissimilarity matrix was performed
to explore patterns of fungal community composition (Oksanen
et al., 2012). Differences in community composition across treat-
ments were tested using permutational multivariate analysis of
variance (PERMANOVA) (Anderson, 2001). Multiple regres-
sion tree (MRT) analysis was conducted to evaluate the effects of
organic matter and Tg on soil fungal communities (De’ath,
2002).

Identification of correlations between fungal composition
and plant performance

Mantel tests and permutational multivariate analysis of variance
(PERMANOVA) analysis were used to identify associations
between fungal community composition with plant biomass and
disease incidence (Jin et al., 2017). Relationships between bio-
mass and disease incidence with relative abundances of fungal
OTUs were identified by Spearman’s rank correlation test. To
disentangle the potential main biological drivers of plant health
and biomass, we identified the main fungal predictors for disease
incidence and plant biomass by random forest analysis, according
to the method described by Jin et al. (2017). Percentage increases
in the mean squared error were used to estimate the importance
of theses responsive fungal OTUs (Jiao et al., 2018).

Microbial carbon metabolic profiles and fungal microbiome
associations

Carbon source utilization capabilities of soil microbial commu-
nities were determined using Biolog EcoPlates (Biolog Inc., Hay-
ward, CA, USA), according to method described by Chen
et al. (2019). Briefly, the assay was conducted by adding 200 μl of
soil suspension to each well followed by incubation under aerobic
conditions at 25°C. Absorbance readings were taken at 590 nm
every 12 h before asymptote was reached. The Biolog EcoPlates
consisted of 96-well microplates, containing 31 different carbon

sources plus a blank well including three replications. We subdi-
vided these carbon sources into six group substrates including car-
bohydrates, carboxylic acids, amino acids, polymers, phenolic
acid, and amines/amides for the further analysis. In order to
detect relationships between different members of the soil fungal
microbiome and their potential combined effects on the capabil-
ity of soil for utilizing carbon sources, we constructed a network
of cooccurring OTUs and deconstructed the fungal community
into smaller coherent modules using a weighted gene co-
expression network analysis (WGCNA) method to examine
module–metabolite relationships (Org et al., 2017).

Testing effects of different concentrations of Tg on soil
fungal microbiome via a pot experimental approach

To examine the specific role of Tg inoculation in pathogen sup-
pression and changes in the residence fungal communities, we
performed a short-term pot experiment in which Tg was inocu-
lated into the naturally diseased soil (soil collected from the same
field as the microcosm experiment described) at different densi-
ties. Four-wk-old banana seedlings were transferred to 1000-ml
pots filled with naturally diseased soil pre-inoculated with differ-
ent concentrations of Tg, with final inoculation densities as fol-
lows: 0 (Mock), 1 × 104 (Tg1), 1 × 105 (Tg2), 1 × 106 (Tg3),
1 × 107 (Tg4), or 1 × 108 (Tg5) spores g−1 soil. Pots (eight
replicates) were placed on small saucers, watered with sterile
water, and randomly placed on trays and transferred to a growth
chamber (30°C; relative humidity, 80%; photoperiod,
16 h : 8 h, light : dark). Soil fungal microbiome, densities of
fungi, Tg, and F. oxysporum were determined after 2 months of
cultivation.

Fungal community investigated by culture-based methods

Ten gram soil from SOF or SOF + Tg was mixed with 100 ml
of 0.9% sterile normal saline, shaken for 30 min at 170 rpm in
sterile flasks at room temperature, and allowed to stand for
5 min. Tenfold dilutions of the supernatant were prepared, and
then, 100 μl of the solution was plated on sterile Petri plates con-
taining Rose Bengal Chloramphenicol (RBC) agar. Plates were
incubated at 25°C and checked periodically for fungal growth for
up to 10 d. All fungal colonies were transferred to Potato Dex-
trose Agar (PDA) plates and re-incubated at 28°C. Fungal identi-
fication was conducted by morphological and molecular methods
according to Singh et al. (2018). Taxonomic dendrogram was
displayed using iTOL method (Letunic & Bork, 2019).

Dual culture challenge experiments

A 5 × 5 mm sample of freshly grown Tg or F. oxysporum f. sp.
Cubense (FOC) fungal hyphal mat was inoculated on one side of
the PDA plate; meanwhile, hyphal mat of fungal isolates recov-
ered from SOF and SOF + Tg were inoculated on the opposite
side of the plate (Singh et al., 2018). The growth of Tg, FOC,
and each of fungal isolates cultured alone served as controls.
Interactions between Tg and FOC with fungal isolates were
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scored by measuring colony diameter following 3–10 d postincu-
bation at 25°C.

Determination of disease suppression potential of fungal
isolates

Four-wk-old banana seedlings were transferred to 1000-ml pots
filled with naturally diseased soil (soil collected from the same
field as the microcosm experiment described) pre-inoculated with
fungal isolates Humicola sp. T35 or T37, Penicillium sp. 1 or 15,
with a final density of 1 × 106 spores g−1 soil. A control treated
with water was also established. Pots (nine replicates) were trans-
ferred to the growth chamber with identical conditions described
above. Disease severity was scored as the density of F. oxysporum
that colonized plant roots after 2 months of cultivation. Fusar-
ium oxysporum densities were determined by suspending 0.1 g
rhizosphere soil and plating a dilution series on Komada’s med-
ium (Komada, 1975).

Effects of Tg-Humicola coculture on pathogen invasion
resistance

Four-wk-old banana seedlings were transferred to 500-ml pots
filled with sterile soil pre-inoculated with Tg, Humicola sp. T35
or Penicillium sp. 1, or a combination of Tg mixed with either
Humicola sp. T35 or Penicillium sp. 1. The final inoculation den-
sity was 1 × 106 spores g−1 of soil, and for two-strain treatments,
the inoculation density was 0.5 × 106 spores g−1 for each strain.
A control treated with water was also established. Pots (six repli-
cates) were transferred to the growth chamber with identical con-
ditions described above and watered with sterilized Hoagland
solution. After 30 d, banana plants were inoculated with FOC
spore suspension (1 × 105 spores g−1 substrate) or a mock sus-
pension without FOC. Suppression capability was scored by
determining the density of FOC colonizing plant roots 4 wk after
FOC inoculation (Komada, 1975).

Determination of carbon source utilization capability of
selected fungal strains and pathogen

Carbon source utilization capabilities of fungi were measured
using Biolog FF Microplates system according to Singh (2009).
Fungal conidia were produced on PDA plates and collected with
sterile cotton-tipped applicators, avoiding carryover of nutrients
from the agar medium. Conidia were suspended in the filamen-
tous fungi inoculating fluid broth and adjusted to 75% T (tur-
bidity) by using Biolog turbidimeter. One hundred microliters of
each mixture was added to each well of the FF Microplates under
aseptic condition. Plates were incubated at 25°C for 7 d before
being scored for the presence or absence of carbon source utiliza-
tion by using Biolog MicroStation. Nutritional similarity
between each of the tested fungal strains (Tg, Humicola sp. T35,
and Penicillium sp. 1) and fungal consortia (Tg + Humicola sp.
T35, and Tg + Penicillium sp. 1) and FOC was estimated using
the following formula for niche overlap index (NOI) (Ji & Wil-
son, 2002; Wei et al., 2015).

NOI ¼
No: of resources both used by FOC and tested fungal strain

or at least one member of the given fungal consortia

Total no: of carbon sources utilized by the pathogen FOC

Determination of pathogen suppression by fungal consortia
comprised of Tg and Humicola under different nutrient
concentrations

FOC, Tg, and Humicola sp. T35 were grown on PDA plates for
7 d at 28°C to collect fungal spores. Spores were resuspended in
sterile normal saline to a final density of 1 × 107 spores ml−1.
Twenty microliters spore suspension of Tg, Humicola sp. T35, a
combination of Tg and Humicola sp. T35 or 20 μl sterile water,
were diluted into 20 ml Potato Dextrose Broth (PDB) (concen-
trations of 100, 70, 50, 20, or 10%, eight replicates). Each single
or coculture was then inoculated with 20 μl FOC spore suspen-
sion or sterile water. The single culture and cocultures were incu-
bated at 25°C and 170 rpm on a shaker in a triangular flask.
After 7 d, the densities of fungi, FOC, Tg, and Humicola in each
coculture system were determined by qPCR. The pathogen inhi-
bition efficiency was calculated by the percent reduction in
pathogen density according to the following formula.

Y ¼ FOC density in control media�FOC density in treatment mediað Þ
FOC density in control media

� 100

We filter sterilized spent media from these cultures with Steriflip
Filtration unit (0.22 μm) and determined their pathogen growth
inhibition ability using modified dual challenge study. Briefly,
5 × 5 mm pathogen fungal hyphal mat was inoculated on one side
of the PDA plate. Meanwhile, 100 μl of sterile spent media was
inoculated on the opposite side of the plate by using an Oxford
cup. Pathogen growth inhibition ability was assessed by measuring
the diameter of the pathogen’s colony after 3–10 d postincubation
at 25°C. The pathogen cultured alone served as a control.

Effects of Tg-Humicola coculture on plant-induced
systemic resistance

Four-wk-old banana seedlings were transferred to 300-ml pots
filled with sterile vermiculite pre-inoculated with Tg, Humicola
sp. T35, or a combination of Tg mixed with Humicola sp. T35.
The final inoculation density was 1 × 106 spores g−1 of vermicu-
lite, and for two-strain treatments, the inoculation density was
0.5 × 106 spores g−1 for each strain. A control treated with water
was also established. Pots (nine replicates) were transferred to the
growth chamber with identical conditions described above and
watered with sterilized Hoagland solution. After 3 d, banana
plants were used to determine jasmonic acid (JA) and salicylic
acid (SA) contents and the activity of defense enzymes, including
chitinase (CHT), peroxidase (POD), phenylalanine ammonia-
lyase (PAL), lipoxygenase (LOX), and polyphenol oxidase
(PPO). Salicylic acid and JA contents and the activity of defense
enzymes were determined according to the methods described by
Zhao et al. (2020) and Li et al. (2021).
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Similarly, our PCoA and multiple regression tree analyses showed
clear shifts in fungal community composition as related to fertili-
zation, banana wilt disease severity, and plant biomass. We found
22 fertilization-stimulated fungal OTUs were significantly nega-
tively correlated with disease incidence; of those, 13 fungal OTUs
were significantly enriched in SOF + Tg soils. Notably, these
results were further conformed by our culture-based experiments,
which found that a greater proportion of pathogen-suppressing
fungal isolates were recovered from SOF + Tg soils as compared
to SOF soils. These findings are in accordance with previous stu-
dies, which reported that Trichoderma-amended biofertilizers
application could suppress soilborne diseases by regulating the
indigenous microbial community compositions (Qiu
et al., 2012; Xiong et al., 2017; Li et al., 2020). Observed shifts
in community composition were also reflected in carbon resource
utilization patterns, with SOF + Tg showing the highest carbon
resource utilization. Such increased resource utilization ability
may enhance plant health via improvements in nutritional status
and/or greater suppression of pathogens invasion via resource
competition (Wei et al., 2015; Yang et al., 2017). These results
demonstrated that rehabilitation or augmentation of beneficial
host-associated fungal microbiome induced by biofertilizer may
be an effective means to control plant diseases.

Although changes in soil functioning with respect to disease
suppression may involve broad and complex shifts in microbial
community, it has also been observed that soil suppressiveness
may stem from changes in population densities of specific micro-
bial taxa (Kwak et al., 2018; Lee et al., 2021). Our results sug-
gested that Tg-amended biofertilizer could specifically stimulate
indigenous beneficial fungi that contribute to plant health. In

particular, OTU3, belonging to Humicola, was the most impor-
tant variable for predicting disease suppression and plant growth
promotion and also represented a key taxon within microbe–
metabolite interactions network. Notably, we further demon-
strated that the density of Humicola spp. could be stimulated by
introduction of Tg both in the presence and absence of organic
matter inputs. This result is in line with previous reports that
some PGPR can stimulate indigenous beneficial bacteria as coop-
erative partners and assist in plant health (Hu et al., 2021; Sun
et al., 2021), and our work extends this action to fungi.

For a more direct examination of the role of resident soil fun-
gal populations in the suppression of FOC, we recovered and
characterized fungal isolates from SOF and SOF + Tg soils. A
number of our isolates corresponded to the OTUs that were
detected by high-throughput tag sequencing, including inocu-
lated strain Tg and some highly responsive fungi such as Humi-
cola OTU3. We therefore tested the ability of these isolates to
inhibit FOC in plate and pot assays. Indeed, selected Humicola
isolates were able to suppress FOC in vitro and in natural soil. It
has been reported that some Humicola species have the capability
of secreting hydrolysis enzymes to promote the degradation of
lignocellulose (Kogo et al., 2017). Here, this genus is implicated
for the first time in plant disease suppression.

Cooperative interactions between Trichoderma and other bio-
logical agents, for instance Pseudomonas, Bacillus, and Glomus,
were previously reported to enhance the biocontrol efficiency
(Jambhulkar et al., 2018; Matrood et al., 2020; Zhou et al.,
2021). Similarly, we noticed that the combined inoculation of
Humicola together with Tg yielded the highest level of pathogen
suppression. Thus, it appears that the effectiveness of Tg-

(a)

(b)

Fig. 7 Induction of plant systemic resistance
by fungal consortia. (a) Hormone contents
(JA and SA) and defense enzyme activities
(CHT, PPO, POD, PAL, and LOX) of banana
plants after inoculation with sterile water, Tg,
Humicola sp. T35, and the combination of Tg
and Humicola sp. T35 (mean � SE).
Different letters indicate significant
differences at the 0.05 probability level
according to Tukey’s test (P < 0.05). (b)
Conceptual model illustrating the events
taking place in soil (A, B) and banana plant
(C, D) after Tg application. CHT, chitinase;
FOC, Fusarium oxysporum f. sp. Cubense;
JA, jasmonic acid; LOX, lipoxygenase; PAL,
phenylalanine ammonia- lyase; POD,
peroxidase; PPO, polyphenol oxidase; SA,
salicylic acid; Tg, Trichoderma guizhouense

NJAU4742.
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amended biofertilizer stems not only from the action of Tg, but
also from the stimulation of resident fungal populations that
together with Tg serve to provide a higher level of disease protec-
tion. These results are in line with several recent reports that have
shown plant protection can be the product of the combined
actions of microbial taxa (Hu et al., 2016; Saleem et al., 2019).

Notably, we found that high niche overlap between the patho-
gen and stimulated resident fungi, as determined by resource uti-
lization patterns, had a high degree of explanatory power with
respect to the level of pathogen suppression. We therefore devel-
oped an exploitation competition model to illustrate this poten-
tial niche overall mechanism of pathogen suppression. This
model highlights the role of plant-beneficial fungal consortia,
comprised of the introduced fungal probiotic and the stimulated
resident fungi. Together, they could act in consortia to reduce
the resources available for the pathogen, thereby negatively affect-
ing pathogen density. This mode of pathogen resistance by
microbial resource competition networks was recently observed
in bacterial communities (Wei et al., 2015), and our work
extends this mechanism to include fungal communities.

It has been reported that plant-associated bacteria (e.g. Pseudo-
monas) and fungi (e.g. Trichoderma) can produce or release a vari-
ety of compounds that activate the immunity of plants to prevent
pathogen infections (Harman et al., 2004; Pieterse et al., 2014;
Salwan et al., 2022). Therefore, we have also studied the effects
of Tg and Humicola on the induced systemic resistance (ISR) of
banana plant. We noticed that Tg and Humicola could signifi-
cantly increase JA and SA contents in banana plants. Interest-
ingly, we observed that the defense system in banana plants is
more responsive to the inoculation of the combination of Tg and
Humicola, suggesting that these two fungi could cooperatively
induce plant resistance via the JA and SA signaling pathways. In
addition, the combination of Tg and Humicola also conferred a
greater activation effect on the ISR-related enzyme activities (e.g.
CHT, POD, PAL, LOX, and PPO) in banana plants than single
fungal species. These findings are in accordance with previous
studies reported that plant hormones-induced pathways always
accompanied by producing CHT and oxidative enzymes (e.g.,
POD, PAL, LOX, and PPO), and increased PAL and POD activ-
ities could furtherly enhance the production of phenolics and lig-
nification to prevent pathogen invasion (Christopoulos &
Tsantili, 2015; Mohamed et al., 2020; Li et al., 2021).

Indeed, we demonstrate that the cooperative interactions with
the resident microbiome may have a larger effect on disease sup-
pression than direct antagonistic action of inoculated biocontrol
agents. This provides both mechanistic insights and a direct guide
for targeted microbiome engineering to defend plants from plant
pathogens.

Conclusions

Our results show that application of the fungal probiotic agent
Tg resulted in a reshaping of the soil fungal community,
including the recruitment of beneficial fungal species that have
the potential to protect plants together with Tg against the
pathogen infection. These results offer new perspectives toward

the development of effective and sustainable solutions to
improve crop protection. Fungal plant pathogens pose an ever-
increasing threat for agriculture (Strange & Scott, 2005), and
recent evidence suggests that the soil microbiome plays an
essential role in controlling the onset of disease (Mendes
et al., 2011; Kwak et al., 2018). Understanding the mechan-
isms that drive community assembly and the development of
pathogen-suppressive soils is prerequisite to developing sys-
tematic approaches to harnessing beneficial microbiome for
crop protection. While previous studies have highlighted the
role of bacterial communities in the development of suppres-
sive capabilities of soil, we demonstrate here that impacts on
fungal community composition and specific interactions within
the fungal community can be important drivers of disease sup-
pression and plant health.
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Data availability

All raw sequence data are available in NCBI Sequence Read
Archive (SRA) database under the accession no. SRP286351. All
codes used in this study are available from the corresponding
author on request.
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Fig. S4 Linear regression relationships between fungal abundance
with banana plant disease and biomass.

Fig. S5 Fungal phylogenetic diversity (Faith’s PD) indices and
multiple regression tree (MRT) analysis.

Fig. S6 Taxonomic dendrogram of the core fungal microbiome
influenced by fertilization regimes.

Fig. S7 Soil microbial carbon metabolic activities.

Fig. S8 Fungal co-occurrence networks and module-metabolic
associations.

Fig. S9 Linear regression relationships between fungal diversity
with banana plant disease and biomass.

Fig. S10 Random forest model regress fungal microbiome
against banana plant disease and biomass.

Fig. S11 Linear regression relationships between fungal opera-
tional taxonomic units (OTUs) with banana plant disease and
biomass.

Fig. S12 Effects of different concentrations of Tg on fungal com-
munity diversity and composition.

Fig. S13 Effects of fertilization treatments on soil culturable fun-
gal microbiome.

Fig. S14 Interactions of Tg and FOC with fungal isolates.
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