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Abstract
A pineapple-banana rotation was studied as a model system to investigate the potential emergence of a fungal-mediated 
disease-suppression in a soil highly infested with the pathogen Fusarium oxysporum causing the banana wilt disease. By 
using both field and pot experiments, the pineapple-banana rotation system resulted in a significant decrease of the patho-
gen number and next-stubble banana disease incidence (P < 0.05). This pathogen-suppression phenomenon was linked 
with detectable shifts in the soil resident fungal taxa tracked in the pineapple season. Most importantly, taxa affiliated with 
Talaromyces pinophilus and Clonostachys rossmaniae were found to be significantly enriched in the bulk soils due to the 
pineapple cultivation (P < 0.05). The taxon T. pinophilus was also significantly enriched in the rhizosphere of banana after the 
rotation (P < 0.05). Later, we used fungal isolation and pot inoculation to validate that both T. pinophilus and C. rossmaniae 
taxa are able to significantly decrease the pathogen number in the banana rhizosphere soil (P < 0.05), thus confirming their 
biocontrol effects suppressing the disease. Taken together, this study provides evidence on how crop rotation affects the 
resident soil microbiome and the development of disease suppressiveness. Besides, this study highlights the importance of 
understanding the dynamic changes in soil biology mediated by crop rotation and validates the mechanisms underpinning 
suppression toward promoting practical and directed manipulation of protective microbiomes in agroecosystems.
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Introduction

Soil and plant-associated microbial communities pro-
vide key functions that affect plant growth, health, and 
productivity (Mamet et al. 2019; Zhao et al. 2019). Spe-
cific microbial taxa can promote nutrient acquisition in 
the plant rhizosphere (Mendes et al. 2013), alleviate the 
pressure imposed by abiotic stressors (Bulgarelli et al. 
2015), and induce systemic resistance (Mendes et  al. 
2014; Meena et al. 2017). However, it is often challenging 
to identify these complex interacting processes and the 
mechanisms underpinning them across distinct systems. 
Even more challenging is the development of effective 
strategies to properly manipulate microbiomes towards 
promoting desirable biological functions. To date, 
research efforts on agricultural sustainability are making 
a case for the need to better understand how microbes can 
be used to further support plant health and productivity 
(Rainmakers and Mazzola 2016; Toju et al. 2018).
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Intensive agricultural systems often result in an overall 
homogenization and depletion of soil microbial diversity, 
directly impacting the functions they provide. This can often 
lead to disease outbreaks and the emergence of soil-borne 
disease (Mendes et al. 2011). The use of agricultural prac-
tices, such as conservation agriculture (e.g., no-till) and crop 
rotation, has been widely adopted to reduce such critical 
problems that result in soil degradation (Lebeis et al. 2015; 
Chapelle et al. 2016; Lori et al. 2017). Interestingly, crop 
rotation systems have been shown to be effective in assist-
ing the maintenance of soil health in sustainable production 
systems. Previous studies have shown how crop rotation 
exerts an effect on pathogen-inhibition/disease-suppression 
by changing soil physicochemical properties, increasing the 
efficiency of nutrient cycling and nutrient utilization in the 
system, and inducing dynamic changes in the soil micro-
biome (Huang et al. 2012; Wang et al. 2015; Hong et al. 
2020). However, we still lack a comprehensive understand-
ing of how rotation systems result in the development of sup-
pressive soils acting against soil-borne diseases (Toju et al. 
2018; Haskett et al. 2021). Therefore, a better understanding 
of these dynamic changes and the main players associated 
with disease suppression is necessary for developing new 
prospective farming practices.

A set of dynamic interactions between bulk/rhizos-
phere soil microbiomes and soil-borne diseases have been 
investigated with direct implications on plant performance 
(Mendes et al. 2011; Berendsen et al. 2018). The microen-
vironment of the rhizosphere comprises the millimeter soil 
layer around plant roots and is characterized by elevated 
concentrations of organic exudates secreted by plant roots. 
Thus, it is assumed that plants provide the desired conditions 
for the growth of specific (often termed as “selected”) micro-
bial taxa (Lebeis et al. 2015; Vieira et al. 2020). Besides, 
the microbiome of the rhizosphere is known to be mostly 
defined by the local bulk soil composition (Van der Heijden 
et al. 2008; Delgado-Baquerizo et al. 2016), and, despite 
plants can actively select for the dwelling rhizosphere taxa, 
the active selection has been reported to range from 3 to 17% 
depending on plant host genotype, physiology, and devel-
opmental stage (Fizpatrick et al. 2018; Zheng et al. 2019). 
Most interestingly, plants living in soil are known to leave a 
“legacy effect” that significantly modifies the physical and 
biological environment around the root zone, thus affect-
ing (positively or negatively) the growth and performance 
of subsequent arriving individuals (Berendsen et al. 2018; 
Yuan et al. 2018). Hence, identifying how crop rotation sys-
tems lead to the promotion of “legacy effects” with potential 
disease suppression outcomes can result in effective strate-
gies to manipulate beneficial microbiomes in field settings.

The banana Fusarium wilt disease frequently occurs in 
long-term banana monocropping systems (Butler 2013; 
Ploetz 2015). In the Hainan province in China, this disease 

occurs in Cavendish banana systems and it is caused by the 
pathogen Fusarium oxysporum f. sp. cubense tropical race4 
(Foc4) (Lin et al. 2010, 2013). In this study, a soil system 
highly infested with Foc4 was used to investigate the emer-
gence of soil (microbial-mediated) disease suppression after 
the introduction of a pineapple-banana rotation system. We 
set a specific focus on tracking the dynamic changes in the 
soil microbiome to address the following questions: (i) Does 
the pineapple-banana rotation result in the emergence of soil 
suppressiveness or in a lower disease incidence? (ii) What 
is the effect of the pineapple-banana rotation on the density 
of the pathogen Foc4 in the soil? (iii) Is the emergence of 
soil suppressiveness or the lower disease incidence associ-
ated with changes in the soil microbiome as a result of the 
crop rotation? (iv) Are there specific microbial (fungal) taxa 
associated with the suppression of Foc4?

Materials and methods

Field experimental design

A field experiment was conducted from November 2014 to 
October 2016 at the Hainan WanZhong Co., Ltd. in Jianfeng 
town, Ledong County, Hainan Province, China (108°45′E, 
18°38′N). The field site has been used to cultivate bananas 
for the past 8 years. At this site, the incidence of Fusarium 
wilt disease reached approximately 50% before the start 
of our experiment. The soil is classified as sandy loam 
developed from dry red soils, and has a pH of 6.14, with 
1.14 g  kg−1 of total N, 6.51 g  kg−1 of total C, 0.96 g  kg−1 
of total P, and 0.27 g  kg−1 of total K. The field experiment 
consisted of two treatments: pineapple-banana rotation and 
banana monoculture. Each treatment had three complete 
blocks (30 m × 2 m). The field experiment was divided 
into two periods: pineapple cultivation (FP1) and banana 
monoculture (FB1), called the rotation period/system; and 
banana cultivation after the cultivation with pineapple (FP2) 
and the banana monoculture (FB2), called the next-stubble 
period. For the rotation period, 24 banana tissue culture 
seedlings (Musa acuminate AAA Cavendish cv. Brazilian) 
or 250 pineapple tissue culture seedlings (Golden MD-2) 
were planted in each block. For the next-stubble period, 24 
banana tissue culture seedlings were planted in each block in 
all treatments. Across the entire experiment, all banana tis-
sue culture seedlings were carefully selected to have similar 
plant heights and stem diameters before transplanting in the 
field, to minimize potential confounding effects.

Pot experimental design

To replicate the emergence of the disease-suppression 
observed in the rotation system in the field experiment, we 
conducted a confirmatory pot experiment from October 2016 
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to November 2017 in a well-controlled greenhouse system. 
The soil was collected from the same field site described 
above. The entire experiment consisted of 60 polypropyl-
ene pots (25 cm × 35 cm, diameter × height), and each pot 
was filled with 8 kg of well-mixed soil. The soil mixture 
was prepared by sieving the collected top layer of the soil 
through a 4-mm sieve to remove plants, roots, and other 
debris. The treatments established for the pot experiment 
were the same as those used in the field experiment. Spe-
cifically, this experiment was also divided into two peri-
ods: pineapple cultivation (PP1) and banana monoculture 
(PB1), called the rotation period/system; and banana cul-
tivation after the cultivation with pineapple (PP2) and the 
banana monoculture (PB2), called the next-stubble period. 
For the rotation period, one pineapple tissue culture seed-
ling (Golden MD-2) or one banana tissue culture seedling 
(Musa acuminate AAA Cavendish cv. Brazilian) was planted 
in each pot. For the next-stubble period, one banana tissue 
culture seedling (Musa acuminate AAA Cavendish cv. Bra-
zilian) was planted in each pot for both treatments.

Determination of Fusarium wilt disease incidence and soil 
and rhizosphere sampling

After 1 month, the incidence of banana Fusarium wilt dis-
ease started to be visual, and the final disease incidence 
was determined once the incidence became stable. Typical 
disease symptoms were adopted to determine the banana 
Fusarium wilt disease (Shen et al. 2019). Disease incidence 
was quantified as the percentage of infected plants relative 
to the total number of plants.

Bulk soils were randomly collected at a depth of 
10–30 cm at the end of each season. Briefly, three banana 
plants (at least 3 m apart in the field experiment) were 
selected in each sample collection. We collected three cores 
under the trunk base of each banana plant in the field and 
during the pot experiment. Two composite samples were 
collected from each block in the banana monoculture and in 
the pineapple rotation. Similar sampling was performed for 
both the field and pot experiments, and a total of six mixed 
samples in each season were obtained from each treatment. 
The fresh roots of three healthy plants (i.e., without disease 
symptoms) at the same site as the bulk soil sampling were 
collected and mixed to obtain a rhizosphere sample. All 
bulk soil and rhizosphere samples were transferred to plastic 
packaging bags, kept on ice, and transported to the labora-
tory (< 24 h). The bulk soils were sieved through a 2-mm 
mesh and thoroughly homogenized. To collect the rhizos-
phere, the soil loosely adhered to the roots was shaken off 
and discarded. Then, the roots were transferred into sterile 
Erlenmeyer flasks containing a saline solution and shook for 
30 min at 170 r/min. The obtained solution was centrifuged 
at 18,514 × g (12,000 r/min) for 10 min and the precipitated 

material was collected as the rhizosphere sample (Fu et al. 
2016).

After processing, each soil sample was divided into two 
parts: one part was stored at − 80 °C for subsequent DNA 
extraction, and the other part was stored at 4 °C to be used 
for short-term experiments. For the field experiment, the 
following different soil samples were collected: bulk and 
rhizosphere soils from the banana monoculture of the rota-
tion period (FB1S and FB1R, respectively), bulk and rhizo-
sphere soils from pineapple of the rotation period (FP1S 
and FP1R, respectively), rhizosphere soils from the banana 
monoculture of the next-stubble period (FB2R), and rhizos-
phere soils from banana after the cultivation with pineapple 
of the next-stubble period (FP2R). The detail of treatments 
of the pot experiment is described as follows: bulk and 
rhizosphere soils from the banana monoculture of the rota-
tion period (PB1S and PB1R, respectively), bulk and rhizo-
sphere soils from pineapple of the rotation period (PP1S 
and PP1R, respectively), rhizosphere soils from the banana 
monoculture of the next-stubble period (PB2R), and rhizo-
sphere soils from banana after the cultivation with pineap-
ple of the next-stubble period (PP2R). The determination of 
soil physicochemical properties was performed as previously 
reported by Bao et al. (1986).

DNA extraction and Illumina MiSeq sequencing

Total soil DNA was extracted using the PowerSoil DNA 
Isolation Kit (MoBio Laboratories Inc., USA). Each DNA 
sample was extracted from each soil sample, and a total of 
six DNA replicates in each season were obtained per treat-
ment. The fungal sequencing libraries were constructed 
based on the manufacturer’s protocols and following the pre-
vious literature (Caporaso et al. 2010; Kozich et al. 2013). 
The primer set ITS1F and ITS2R was used to amplify the 
fungal ITS1 region using the Thermo Scientific®Phusion 
High-Fidelity PCR Master Mix (New England Biolabs, UK) 
(Nilsson et al. 2018). PCR amplifications were carried out as 
previously described by Shen et al. (2019). The concentra-
tion and final library quality were measured using an Agilent 
2100 Bioanalyzer Instrument (Agilent Technologies Co. Ltd, 
USA) and the KAPA Library Quantification Kit (Kapa Bio-
systems, USA), respectively. All constructed libraries were 
sequenced on an Illumina MiSeq 2000 platform at the Per-
sonal Biotechnology Company (Shanghai, China).

Bioinformatic analyses

Raw sequences were demultiplexed and adaptor and primer 
sequences were trimmed. The forward and reverse sequences 
of each soil sample were merged after removing low-qual-
ity sequences (Caporaso et al. 2011; Bokulich et al. 2013). 
All obtained sequences were processed using DADA2 in 
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QIIME2 to generate the final ASV table (Hall and Beiko 
2018). ASV representative sequences were selected from the 
obtained table and classified using the UNITE and Warcup 
fungal ITS databases (Deshpande et al. 2014; Nilsson et al. 
2018). All raw sequence data were uploaded to the NCBI 
Sequence Read Archive (SRA) database under the accession 
number PRJNA724805.

The number of taxonomic groups obtained per sample 
was standardized in R using the package GUniFrac. Prin-
cipal coordinate analysis (PCoA) based on Bray–Curtis 
distances and analysis of similarities (ANOSIM) were con-
ducted with the R package vegan (Oksanen et al. 2012). 
The differentially abundant microbial taxa were detected 
using linear discriminant analysis and DESeq2 (Segata 
et al. 2011; Love et al. 2014). Linear discriminant analysis 
of the effect size was performed using the online interface 
Galaxy (http:// hutte nhower. sph. harva rd. edu/ lefse/), with an 
alpha value < 0.05 and LDA score > 3 (Bulgarelli et al. 2012; 
Amato et al. 2019), and DESeq2 was conducted with the R 
package DESeq2.

Quantitative PCR analysis

The absolute abundance of Fusarium oxysporum f. sp. 
cubense tropical race4 (Foc4) was determined using quanti-
tative polymerase chain reaction (qPCR) based on the taxa-
specific primers FocSc-1/FocSc-2 (Huang et al. 2015). Each 
standard curve was established with tenfold serial dilutions 
of the target gene inserted into a plasmid. The qPCR reac-
tions contained 2 μl (~ 20 ng) of template DNA from the 
soil samples, 10 μl SYBR® Green premix Ex Taq™ (2 ×), 
6 pmol of each primer (0.4 μl of each primer), 0.4 μl ROX 
Reference Dye II, and 7.2 μl of sterile nuclease-free water. 
All results were expressed as  log10 values (target gene copy 
numbers  g−1 soil). These results were further used to con-
duct statistical analyses.

Isolation of suppressive fungal taxa, identification, 
and Foc4 inhibitory assays

Taxa-specific fungi with potential inhibitory effect on Foc4 
were isolated and identified as follows: Clonostachys rosea, 
Clonostachys rossmaniae, and Talaromyces pinophilus. A 
total of 20 g of well-mixed soil collected from each treat-
ment within the field and pot experiments in the rotation 
period was added to 180 ml of sterile water and shaken for 
30 min. The soil suspensions were serially diluted from  10−2 
to  10−4 and plated on Petri dishes containing PDA medium 
(Hopebio Company, Qingdao, China) supplemented with 
25 mg  ml−1 of chloramphenicol, and RBA (Rose Bengal 
Agar, Hopebio Company, Qingdao, China) solid medium 
(Wang et al. 2013). Each dilution was plated using three 
replications. Fungal colonies were counted and numbered 

continuously after incubation at 28 °C. Once the number of 
fungal colonies stabilized, a total of 60 fungal colonies were 
randomly chosen (based on the number) from three plates 
in each treatment and purified three times. Their respec-
tive DNAs were extracted using the EZNA fungal DNA kit 
(Omega Bio-tek, Doraville, GA, USA), and targeted PCR 
amplifications were performed using the primer set ITS1 
and ITS4. These primers amplify the ITS1-5.8S-ITS2 and a 
partial fragment of the 18S and 28S. These amplicons were 
sequenced at TSINGKE Biological Technology Company 
(Beijing, China) (Singh et al. 2018). Based on the above 
results, the pathogen-inhibiting effects of three C. rossma-
niae, three T. pinophilus, and three C. rosea isolates on Foc4 
colony growth were tested using dual-culture experiments.

Effects of root exudates on the growth of Foc4 
and potentially suppressive taxa

Plant root exudates were obtained using the washing method 
(Fang et al. 2016). First, the banana and pineapple seedlings 
were planted in a 1-L polypropylene pot filled with silica 
sand. After each plant sprouted a sufficient volume of fresh 
roots, we used sterile deionized water to wash the silica sand 
every 7 days. To eliminate impurities and microbes in the 
extracted solution, the obtained solutions containing plant 
root exudates were filtered with a 0.22-μm filter membrane. 
The obtained filtered liquids were freeze-dried (Li et al. 
2016; Monda et al. 2017) and 1 g of dry root exudate of each 
crop was dissolved in 9 ml of sterile deionized water. After 
that, 10 ml of solution was added to 90 ml of potato dextrose 
agar solid medium (1%). Three treatments were established 
as follows: addition of banana exudates (BE), addition of 
pineapple exudates (PE), and addition of the same volume 
of sterile deionized water (CKE). A 3-mm diameter fresh 
hyphal mat of Foc4 and the isolated potentially suppressive 
taxa described above were inoculated at the center of Petri 
dishes in each treatment/replicate. Each strain was tested 
using three replicates. Finally, plates containing the Foc4 
and the potentially suppressive taxa were incubated at 28 °C, 
and the diameters of the colonies were measured after three 
days.

Carbon metabolic profiles of Foc4 and potentially 
suppressive taxa

Biolog FF MicroPlate™ (Biolog Company, America) was 
used to measure the carbon metabolic profiles of Foc4, C. 
rosea, T. pinophilus, C. rossmaniae, and three other strains 
(identified as Talaromyces sp. that showed no antagonis-
tic effects against Foc4; these were assumed as controls). 
All strains were cultured on PDA medium to obtain spores, 
and the spores of each strain were added to FF inoculation 
fluid (FF-IF) with sterile swabs to obtain spore suspensions. 
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One hundred microliters of the spore suspension from each 
strain (adjusted to 75% ± 2% with a turbidity meter in FF 
inoculation fluid, FF-IF) was added to each well of a Biolog 
FF MicroPlate™, and each strain had three replicates. All 
Biolog FF MicroPlates were placed in an aerobic Omnilog 
incubator plate reader at 20 ℃ (Wang et al. 2018), and all 
colorimetric values of the inoculated plates at 590 nm were 
determined at 24 h, 36 h, 48 h, 60 h, 72 h, 96 h, 120 h, 
144 h, and 168 h. The final colorimetric value of each well 
was subtracted from the value of the blank well in each 
plate. The results were considered positive only when the 
colorimetric values between the first observation and the 
last observation of all replicates had significant differences. 
The percentage of shared C source types between each key 
strain and the pathogen Foc4 was obtained by the formula 
(A ∩ B)/B × 100%, where A is the available C source of an 
antagonistic microbe and B is the available C source of 
Foc4.

Validation of the Foc4 suppression by isolated antagonistic 
taxa

To test the suppressive potential of the isolated fungal taxa, 
we used a highly infested soil from the field to conduct a 
confirmatory pot experiment with the inoculation of three 
T. pinophilus (TS-28, TS-49, and TS-53), three C. rossma-
niae (CE-55, CE-67, and CE-71), three C. rosea (CA50, 
CA64, and CA65), and three additional Talaromyces spp. 
(T. aculeatus, T. angelious, T. verruculosus) known to have 
no apparent antagonistic effects on the pathogen Foc4. The 
treatments were as follows: inoculation with T. pinophilus: 
TS28, TS49, and TS53; inoculation with C. rossmaniae: 
CE55, CE67, and CE71; inoculation with C. rosea: CA50, 
CA64, and CA65; and inoculation with the three Talaromy-
ces spp.: T. aculeatus, T. angelious, T. verruculosus; inocu-
lation with T. pinophilus and C. rossmaniae: TS28 + CE67, 
TS49 + CE55, TS53 + CE71; inoculation with T. pinophilus 
and C. rosea: TS28 + CA65, TS49 + CA50, TS53 + CA64; 
inoculation with T. pinophilus, C. rossmaniae, and C. 
rosea: TS28 + CE67 + CA65, TS49 + CE55 + CA50, 
TS53 + CE71 + CA64. A treatment consisting of inoculation 
with Escherichia coli was used as one control (EC), and add-
ing the same volume of sterile deionized water was treated as 
another (CKW). The Potato Dextrose Broth (PDB, Hopebio 
Company, Qingdao, China) was used to grow these fungal 
inoculants in a shaker for seven days (28 ℃ at 170 r/min). 
The final spore concentration of each inoculum reached 
ca. of  108 CFU  ml−1. These inoculants were prepared by 
successive centrifugation and re-suspension of the spores 
using sterile deionized water. Then, the spores or cells of 
key microbes were added to the soil at a final concentration 
of  105 CFU  g−1 dry soil. Each treatment contained six pots 
(11 cm × 15.5 cm, diameter × height), and each pot contained 

1.5 kg of soil and one transplanted banana seedling. After 
45 days, six well-mixed soil samples were collected from 
each treatment, and the abundance of Foc4 in the banana 
rhizosphere soil was determined using qPCR, as described 
above.

Statistical analyses

Non-normally distributed data were square-rooted or  log10 
transformed before statistical analyses. The linear models 
based on stepwise regression selection (the function of step 
() in R) simultaneously used the Akaike information cri-
teria (AIC) and the Bayesian information criterion (BIC) 
to find the best explanatory variables (Zhao et al. 2019). A 
structural equation model (path analysis) was used to relate 
the direct and indirect factors impacting pathogen density 
and disease incidence, and this analysis was conducted in 
R using the package sem (Mamet et al. 2019). Boxplots 
were generated using the R package ggpolt2, and correlo-
grams were generated in R using the packages reshape2, 
ggpolt2, and psych. The respective P-values were adjusted 
for false discovery rate (FDR) (Wickham 2012; Revelle 
2014; Wickham and Chang 2015). The histograms and 
curve charts were plotted in R using the packages ggpolt2 
and Rmisc (Hope 2013; Wickham and Chang 2015). Tuk-
ey’s HSD tests (P < 0.05) were performed using the SPSS 
22.0 software (IBM, USA). The phylogenetic trees were 
constructed “de novo” with MEGA7 using the sequences 
derived from potentially suppressive taxa and the twenty 
best-matched sequences obtained from the NCBI database.

Results

Pathogen density and disease incidence in the field 
experiment

At the next-stubble period (banana cultivation in all treat-
ments), the banana disease incidence of the FP2 treatment 
was significantly lower than that of the FB2 treatment in 
different sites (P < 0.05) (Fig. 1a). And the banana disease 
incidence in the northern Hainan Province (Lingao County) 
also showed a similar trend (Fig. S1a). Pineapple cultivation 
in the highly infested soil effectively decreased the pathogen 
copy number in the treatments FP1S and FP1R, compared 
with that of the FB1S and FB1R treatments, respectively 
(P < 0.05). The pathogen density in FP2R was also sig-
nificantly lower than that of FB2R (P < 0.05) (Fig. 1b). In 
addition, the pathogen numbers in FP1S and FP1R were the 
lowest across all bulk and rhizosphere soils, respectively. 
Last, we found a significant correlation between the patho-
gen number in the rhizosphere soil and the disease incidence 
in the next-stubble period (r = 0.89, P < 0.001) (Fig. S1b).
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Pot validation experiment

The pot experiment corroborated the results obtained in 
the field, that is, the cultivation of pineapple in the highly 
infested soil significantly decreased the disease incidence 
(P < 0.05) (Fig. 1c), and the pathogen copy number in the 
PP1S and PP1R treatments, compared with the values 
observed in the PB1S and PB1R treatments, respectively 
(P < 0.05) (Fig. 1d). The pathogen copies in PP2R were still 
significantly lower than that of PB2R (P < 0.05) (Fig. 1d), 
showing a significant correlation with the disease incidence 
(r = 0.93, P < 0.001) (Fig. S1c). Besides, we found the dis-
ease incidence in the banana monoculture system to increase 
with the planting season (Fig. S2).

Beta‑diversity of fungal communities and identification 
of differentially abundant ASVs

For the field experiment, based on the principal coordinate 
analysis (PCoA) and the analysis of similarities (ANO-
SIM), the fungal community composition in the FP1R and 
FP1S treatments was significantly different from those of 
FB1R and FB1S treatments, respectively (P < 0.001). In 
addition, the banana rhizosphere fungal community in the 
FP2R treatment was also significantly different from that 
of the FB2R (P < 0.05) (Fig. 2a). In accordance with the 
field experiment, the pot validation experiment exhibited 
similar results. The cultivation with pineapple in the highly 
infested soil significantly altered the fungal community 

Fig. 1  Bar chart displaying the banana disease incidence in the field 
experiment (a). Foc4 gene copies per gram of dry weight soil in the 
field experiment (b). Bar chart displaying the banana disease inci-
dence in the pot experiment (c). Foc4 gene copies per gram of dry 
weight soil in the pot experiment (d). FP2: banana cultivation after 
the cultivation with pineapple, and FB2: banana monoculture in the 
next-stubble period (field experiment). FB1S and FB1R: bulk and 
rhizosphere soils from the banana monoculture of the rotation period, 
respectively; FP1S and FP1R: bulk and rhizosphere soils from pine-
apple of the rotation period, respectively; FB2R: rhizosphere soils 
from the banana monoculture of the next-stubble period; FP2R: 
rhizosphere soils from banana after the cultivation with pineapple of 

the next-stubble period (field experiment). PP2: banana cultivation 
after the cultivation with pineapple, and PB2: banana monoculture 
in the next-stubble period (pot experiment). PB1S and PB1R: bulk 
and rhizosphere soils from the banana monoculture of the rotation 
period, respectively; PP1S and PP1R: bulk and rhizosphere soils from 
pineapple of the rotation period, respectively; PB2R: rhizosphere 
soils from the banana monoculture of the next-stubble period; PP2R: 
rhizosphere soils from banana after the cultivation with pineapple of 
the next-stubble period (pot experiment). Bar charts display standard 
errors, and lowercase letters indicate statistically significant differ-
ences (p < 0.05) based on Tukey's HSD test
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composition in the bulk soil during the rotation period and 
further influenced the next-stubble banana rhizosphere 
microbiome (Fig. 2c).

Compared with the banana monoculture, the rotation 
with pineapple in the highly infested soil resulted in 
the higher relative abundance of specific fungal taxa 
in the rhizosphere (FP1R and PP1R) and bulk (FP1S and 

PP1S) soils (both in the field and pot experiments). We 
also found some taxa to occur at higher relative abun-
dances in the next-stubble period in the banana rhizo-
sphere after the cultivation with pineapple (FP2R and 
PP2R). The banana monoculture also displayed some 
ASVs at higher relative abundances in the rhizosphere 
soil after the rotation period (FB1R and PB1R), bulk 

Fig. 2  Principal coordinates analysis (PCoA) of soil fungal communi-
ties based on Bray–Curtis distances for the field experiment (a). Dif-
ferential abundance analyses based on LDA and DESeq2 for the field 
experiment (b). PCoA of soil fungal communities based on Bray–Cur-
tis distances for the pot experiment (c). Differential abundance analy-
ses based on LDA and DESeq2 for the pot experiment (d). FB1S and 
FB1R: bulk and rhizosphere soils from the banana monoculture of the 
rotation period, respectively; FP1S and FP1R: bulk and rhizosphere 
soils from pineapple of the rotation period, respectively; FB2R: rhizo-
sphere soils from the banana monoculture of the next-stubble period; 

FP2R: rhizosphere soils from banana after the cultivation with pine-
apple of the next-stubble period (field experiment). PB1S and PB1R: 
bulk and rhizosphere soils from the banana monoculture of the rotation 
period, respectively; PP1S and PP1R: bulk and rhizosphere soils from 
pineapple of the rotation period, respectively; PB2R: rhizosphere soils 
from the banana monoculture of the next-stubble period; PP2R: rhizos-
phere soils from banana after the cultivation with pineapple of the next-
stubble period (pot experiment). ANOSIM: analysis of similarities
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soil (FB1S and PB1S), and next-stubble rhizosphere soil 
(FB2R and PB2R) (Fig. 2b and 2d). A detailed view on 
these results can be seen in Fig. S3 and S4, respectively.

Despite several physicochemical properties (i.e., 
pH, EC, TOC,  NH4

+,  NO3
−, AK, and AP) in the bulk 

soils of the rotation system had no significant asso-
ciation with differences in the soil microbiome, Foc4 
showed a positive association with microbial commu-
nity composition under banana monoculture in the rota-
tion (P < 0.01) (Fig. S5a and S5c). In the next-stubble 
period, Foc4 and banana disease incidence (DI) both 
were found to be positively related to microbial com-
munity composition under the banana monoculture 
(P < 0.01) (Fig. S5b and S5d).

Identification of potential taxa involved in disease 
suppression

Correlation analyses between Foc4 copy numbers and the fre-
quency of differentially abundant taxa were conducted to iden-
tify potential pathogen-suppressive taxa. In the field experiment, 
ASV7, ASV18, ASV90, ASV92, and ASV147 in the bulk soil 
of pineapple showed a significantly negative correlation with 
Foc4 copy numbers (P < 0.01). ASV184 in the bulk soil of the 
banana monoculture showed a significantly positive correlation 
with Foc4 copy numbers (Fig. 3a). In the next-stubble period, 
ASV18 in the rhizosphere soil of the banana rotation system 
showed a significant negative correlation with Foc4 copy num-
bers. Additionally, ASV13 had a significantly positive correla-
tion with Foc4 copy numbers in the rhizosphere soil, and these taxa 
were found to be at significantly higher relative abundances in the 

Fig. 3  Differential abundance and correlation analyses of fungal 
ASVs that were significantly related to Foc4 copy numbers in the 
bulk soil of the rotation period in the field experiment (a). Differ-
ential abundance and correlation analyses of fungal ASVs that were 
significantly related to Foc4 copy numbers in rhizosphere soils of 
the next-stubble period in the field experiment (b). Differential abun-
dance and correlation analyses of fungal ASVs that were signifi-
cantly related to Foc4 copy numbers in the bulk soil of the rotation 
period in the pot experiment (c). Differential abundance and correla-
tion analyses of fungal ASVs that were significantly related to Foc4 
copy numbers in rhizosphere soil of the next-stubble period in the pot 

experiment (d). Correlation analyses were based on Spearman, and 
the obtained P-values were corrected for false discovery rate (FDR). 
*P < 0.05, **P < 0.01, and ***P < 0.001. Bulk soils from pineapple 
(FP1S) and the banana monoculture (FB1S) of the rotation period 
(field experiment). Rhizosphere soils from banana after the cultiva-
tion with pineapple (FP2R) and the banana monoculture (FB2R) of 
the next-stubble period (field experiment). Bulk soils from pineapple 
(PP1S) and the banana monoculture (PB1S) of the rotation period 
(pot experiment). Rhizosphere soils from banana after the cultivation 
with pineapple (PP2R) and the banana monoculture (PB2R) of the 
next-stubble period (pot experiment)
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banana monoculture (Fig. 3b). In the validation experiment, the 
correlations of ASV18 and ASV92 in the rotation bulk soil and 
next-stubble soil were found to be consistent with those of the 
field experiment (Fig. 3c and 3d).

These ASVs of potentially suppressive taxa were fur-
ther included in linear models to evaluate their potential 
relation with the overall pathogen suppression. First, 
the residuals of these models were in accordance with 
the normal distribution (Shapiro–Wilk test, P > 0.05), 
and most differences in pathogen suppression were 
explained in the models (R2 > 0.8, P < 0.001). Each vari-
ance inflation factor (VIF) value of the final taxa was 
lower than 10, collectively indicating the validity and 
strength of the linear models (Tables 1 and 2). For the 
field experiment, ASV18 (r < 0, P < 0.001) and ASV92 
(r < 0, P < 0.01) were the top two ASVs most signifi-
cantly correlated with the pathogen suppression in the 
bulk soil of the rotation period, and ASV18 (r < 0, 
P < 0.001) was the strongly related with pathogen sup-
pression in the next-stubble period. Besides, ASV184 
negatively correlated with the pathogen density increase 
in the rotation (r < 0, P < 0.1) and ASV13 positively 
correlated with the pathogen density increase in next-
stubble period (r < 0, P < 0.1) (Table 1). In the valida-
tion experiment, ASV18 (r < 0, P < 0.001) and ASV92 
(r < 0, P < 0.001) showed a similar negative relationship 
with the pathogen. The differences were that ASV139 
(r < 0, P < 0.01) had a significant positive association 
with pathogen suppression in the rotation bulk soil and 
in the next-stubble rhizosphere soil. The classification 

information of these key taxa can be seen in the supple-
mentary table (Table S1). By using a combined anno-
tation based on the UNITE and Warcup databases and 
“de novo” phylogenetic trees based on NCBI (National 
Center of Biotechnology Information), ASV18, ASV92, 
and ASV139 were taxonomically affiliated with Tal-
aromyces pinophilus, Clonostachys rossmaniae, and 
Clonostachys rosea (Table S1 and Fig. S6a, S6b, S6c), 
respectively.

Structural equation modeling

The two models obtained for the field and pot experiments 
were statistically supported (P > 0.46, RMSEA < 0.08, 
GFI > 0.90), and explained the largest differences in 
Fusarium wilt disease in both experiments (R2 = 0.87 and 
R2 = 0.91, respectively) (Fig. 4a and 4b). For the field 
experiment, the microbiome of the rhizosphere in the 
rotation period significantly influenced that of the rela-
tive bulk soil (ρ = 0.72, P < 0.05). The pathogen number 
in the bulk soils of the rotation system was significantly 
correlated with pathogen density in the next-stubble rhizo-
sphere soil (ρ = 0.69, P < 0.05), subsequently resulting in an 
increase of Fusarium wilt disease (ρ = 0.56, P < 0.05). The 
cultivation of pineapple in the highly infested soil signifi-
cantly increased the abundances of T. pinophilus and C. ross-
maniae in the rotation bulk soil (ρ = 0.82, P < 0.05; ρ = 0.55, 
P < 0.05, respectively), which notably reduced the patho-
gen density (ρ =  − 0.48, P < 0.05; ρ =  − 0.41, P < 0.05, 
respectively). T. pinophilus abundance in the next-stubble 

Table 1  Linear model displaying the relationships of fungal specific ASV in the field experiment with the pathogen density in the rotation and 
next-stubble period

Note: the model summary shows P-value < 0.05 based on ANOVA; R2
-adj: the values are adjusted; r: standardized coefficient, r > 0 represents the 

positive correlation between the relative abundance of key ASV and the pathogen Foc4 abundance in the soil, r < 0 represents the negative cor-
relation between the relative abundance of key ASV and the pathogen Foc4 abundance in the soil.

Fungal taxa Bulk soil Foc4 Fungal taxa Rhizosphere soil Foc4

(Rotation period) (Next-stubble period)

P VIF r Relative  
importance

P VIF r Relative  
importance

ASV18 P < 0.001 1.06  − 0.56 38.23% ASV18 P < 0.001 1.09  − 0.78 66.15%
ASV92 P < 0.01 1.07  − 0.23 36.69% ASV13 P = 0.06 1.09 0.29 17.45%
ASV184 P = 0.09 1.02  − 0.57 10.67%
Model summary R2

-adj = 0.80, P < 0.001  Model summary R2-adj = 0.80, P < 0.001
Shapiro-Wilk nor-

mality test
W = 0.98, P > 0.05  Shapiro–Wilk 

normality test
W = 0.97, P > 0.05

Proportion of variance explained: 85.59% Proportion of variance explained: 83.6% 
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rhizosphere soil showed a significant pathogen-inhibit-
ing effect (ρ =  − 0.32, p < 0.05) and disease-suppressive 
potential (ρ =  − 0.40, P < 0.05) (Fig.  4a). For the pot 
experiment, the cultivation of pineapple in the highly 
infested soil showed a similar pathogen-inhibiting and 
disease-suppressive dynamics based on statistical associa-
tions. The differences were that the pineapple cultivation 
significantly increased the abundance of C. rosea, which 
seems to inhibit the growth of the pathogen in the bulk 
soil of the rotation period. This taxon was also found to 
be present at higher relative abundance in the next-stubble 
rhizosphere soil (Fig. 4b).

Isolation of fungal suppressive strains and growth assays 
on root exudates growth

The isolation of potentially suppressive fungal taxa resulted 
in the identification of T. pinophilus, C. rossmaniae, and C. 
rosea (Fig. S6d, S6e and S6f), with proportions of 11.67%, 
5%, and 5%, respectively. All these taxa have higher relative 
abundances in the rotation compared with the banana mono-
culture (Fig. 5a). Colony diameters of Foc4, T. pinophilus, 
C. rossmaniae, and C. rosea in PDA medium supplemented 
with root exudates showed that the Foc4 colony diameter of 
the PE treatment was significantly larger compared with that 
of the CKE treatment (P < 0.05), but relatively smaller than 
the observed in BE. We found the PE treatment to have a 
positive effect on the growth of T. pinophilus, C. rossmaniae, 
and C. rosea compared with the BE and CKE treatments 
(Fig. 5b). Detailed data on the growth of Foc4, T. pinophilus, 
C. rossmaniae, and C. rosea are provided in Fig. S7.

Inhibition experiment and metabolic profiles of T. 
pinophilus, C. rossmaniae, and C. rosea

Based on the dual-culture experiment, T. pinophilus and C. 
rossmaniae, but not C. rosea, had direct antagonistic effects 
on the growth of Foc4 (Fig. S8a, S8b and S8c), while C. 
rosea showed a stronger growth capacity relative to that of 
Foc4 after 10 days (Fig. S8d). The metabolic profiles of these 
taxa showed that all of them reached stable growth condi-
tions after 96 h. Specifically, C. rosea isolates had a greater 
overlap in terms of C utilization with Foc4 than that showed 
by Talaromyces spp. and C. rossmaniae isolates (Fig. S9a 
and S9b). Worth mentioning, there was a larger overlap in 
C utilization with Foc4 from 24 to 72 h than after 96 h of 
incubation (Fig. S10a, S10b, S10c and S10d). Additionally, 
C. rosea also competed for more C source with Foc4 between 
36 and 72 h than other taxa, and the differences in C source 
types at 48 h and 60 h were greater than those observed at 
any other measured time points (Table S2).

Inoculation experiment with potential suppressive taxa

Pot experiments were conducted to test the pathogen sup-
pression potential of T. pinophilus (TS), C. rossmaniae 
(CE), and C. rosea (CA). Compared to the controls (i.e., 
CKW—no inoculation, EC-F—E. coli inoculation, and 
other Talaromyces spp. with no antagonistic effects), the 
inoculation with T. pinophilus, C. rosea, and C. rossma-
niae significantly inhibited the disease incidence (based 
on the Foc4 copy numbers in the soil). There were no 
significant differences across these treatments displaying 

Table 2  Linear model displaying the relationships of fungal specific ASV in the pot experiment with pathogen density in the rotation and next-
stubble period

Note: the model summary shows P-value < 0.05 based on ANOVA; R2
-adj: the values are adjusted; r: standardized coefficient, r > 0 represents the 

positive correlation between the relative abundance of key ASV and the pathogen Foc4 abundance in the soil, r < 0 represents the negative cor-
relation between the relative abundance of key ASV and the pathogen Foc4 abundance in the soil.

Fungal taxa Bulk soil Foc4 density Fungal taxa Rhizosphere soil Foc4 density

(Rotation period) (Next-stubble period)

P VIF r Rela-
tive impor-
tance

P VIF r Rela-
tive impor-
tance

ASV18 P < 0.001 1.74  − 0.59 40.44% ASV18 P < 0.001 7.57  − 0.46 35.18%
ASV92 P < 0.001 4.48  − 0.29 21.19% ASV139 P < 0.01 9.87  − 0.36 34.58%
ASV139 P < 0.01 5.81  − 0.32 35.28% ASV1075 P = 0.09 4.08 0.21 27.95%
Model summary R2-adj = 0.96, P < 0.001 Model summary R2-adj = 0.97, P < 0.001
Shapiro–Wilk normality test W = 0.95, P > 0.05 Shapiro–Wilk normality test W = 0.93, P > 0.05
Proportion of variance explained: 96.91% Proportion of variance explained: 97.71%
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Fig. 4  Structural equation 
model (SEM) linking the micro-
biome with the abundances of T. 
pinophilus, C. rossmaniae, and 
Foc4 (copy numbers), and their 
relations with the disease inci-
dence in the field experiment 
(a). Structural equation model 
(SEM) linking the microbiome 
with the abundances of T. pino-
philus, C. rossmaniae, C. rosea, 
and Foc4 (copy numbers), and 
their relations with the disease 
incidence in the pot experiment 
(b). R2, P-values, χ2, RMSEA 
(root mean square error of 
approximation), GFI (goodness-
of-fit index), and Df (degree of 
freedom) denoting the fit of the 
models

Fig. 5  Proportions of T. pinophilus, C. rossmaniae, and C. rosea iso-
lates obtained in each treatment (n of individual taxa/60 isolates per 
treatment) (a). Growth diameters of T. pinophilus, C. rossmaniae, C. 
rosea, and Foc4 on PDA medium supplemented with different plant 
root exudates. B1: the rotation period with banana cultivation, P1: 

the rotation period with pineapple cultivation (b). BE: the addition 
of banana root exudates, PE: the addition of pineapple root exudates. 
CK: control with sterile water. Bar charts display standard errors 
and lowercase letters indicate statistically significant differences 
(P < 0.05) based on Tukey’s HSD test
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suppression (P > 0.05) (Fig. 6). Moreover, the inoculation 
with two or three strains significantly decreased the path-
ogen density in the banana rhizosphere compared to con-
trols, and the combination of T. pinophilus and C. ross-
maniae showed the highest pathogen-inhibiting effects 
across all sets of inoculation tested (P < 0.05) (Fig. S11).

Discussion

The cultivation of pineapple in the highly pathogen-infested 
soil significantly decreased the pathogen density and disease 
incidence; this result was in line with our previous reported 
findings (Wang et al. 2015). We further showed in a pot 
experiment performed under well-controlled greenhouse 
conditions that these results were replicable in terms of 
disease-suppressive effects and the enrichment of specific 
suppressive fungal taxa in the soil. As previously hypoth-
esized, the banana monoculture system resulted in a continu-
ous increase in the pathogen density and subsequent disease 
incidence (Fu et al. 2016; Shen et al. 2019), whereas crop 
rotation led toward the development of a suppressive soil 
(Bernard et al. 2014; Larkin and Lynch 2018). Interestingly, 
we found both banana and pineapple root exudates to sig-
nificantly enhance Foc4 growth, albeit the effect of banana 
exudates was greater. These results are thought-provoking 
since most of the suppressive effects of crop rotation driven 
by root exudates were found to be imposed by inhibitory 
effects on pathogen growth (Fang et al. 2016; Li et al. 2020). 
Our results, however, showed that these positive effects on 

pathogen growth mediated by root exudates might also affect 
the growth of specific suppressive taxa. In doing so, such taxa 
can directly outcompete the pathogen resulting in a pathogen-
suppression outcome that reduces the pathogen density and 
disease incidence.

The cultivation of pineapple in the highly infested soil sig-
nificantly changed the composition of the soil fungal com-
munities in the rotation and next-stubble period. These results 
also nicely align with our previous findings (Wang et al. 2015). 
Dynamic changes in the relative abundances of specific fun-
gal taxa in agroecosystems are known to occur as a result of 
crop rotation and due to differences in the history of prac-
tices applied across sites, that is, leading to potential “legacy 
effects” (Hartman et al. 2018; Somenahally et al. 2018). In 
addition, the RDA results also revealed that Foc4 density and 
banana disease incidence were closely connected with shifts 
in fungal taxa relative abundances and community dynamics, 
rather than directly associated with potential changes in soil 
physicochemical properties. This phenomenon also corrobo-
rates with findings reported in other systems (Teste et al. 2017; 
Hu et al. 2018). Collectively, these results confirm that the cul-
tivation with pineapple as a rotation crop directly affected the 
soil microbial community composition, which further exerted 
an effect on the next-stubble rhizosphere microbiomes.

The integration of differential abundance analysis of 
fungal taxa with linear models resulted in the indication 
of species potentially associated with the disease suppres-
sion, namely T. pinophilus and C. rossmaniae. These taxa 
significantly explained the differences in pathogen inhibi-
tion between the rotation and monoculture system, in both 
the field and pot experiments. According to the literature, 
plants often recruit beneficial microbes via signaling mol-
ecules released in the root exudates (Zhalnina et al. 2018; 
Lin et al. 2019). In this study, we found pineapple root 
exudates to significantly promote the growth of T. pino-
philus and C. rossmaniae isolates. Despite these experi-
ments were performed in silico, it demonstrates a potential 
mechanism on how plants can drive the establishment of 
disease suppressive microbiomes. Importantly, T. pino-
philus were also significantly enriched in the next-stubble 
banana rhizosphere soil after the cultivation with pineap-
ple, thus suggesting that taxa enriched during the rotation 
system can assemble in the banana rhizosphere in 
the next season resulting in a protective effect. This 
result is supported by previous studies showing that pro-
tective microbiomes can be enriched in soils with tem-
poral beneficial effects on plants in subsequent cycles 
(Berendsen et al. 2018; Yuan et al. 2020). Moreover, in the 
pot experiment, C. rosea, which was not observed in the 
field experiment, also showed the same suppressive 
capacity as the above taxa; this result might be related 
to differences in environmental factors between the field 
and pot experiments (Garcia-Pichel et al. 2013; Frindte 

Fig. 6  Absolute quantification of Foc4 copy numbers in the inocu-
lated soils in the pot experiment. EC: control inoculation with 
Escherichia coli. CK: control inoculation with sterile water. We tested 
the inoculation with single isolates of T. pinophilus (TS28, TS49, and 
TS53), C. rossmaniae (CE55, CE67, and CE71), and C. rosea (CA50, 
CA64, and CA65). Fungal isolates with no antagonistic effects on the 
pathogen were also tested, as follows: T-no: Talaromyces aculeatus, 
T. angelious, and T. verruculosus. Lowercase letters indicate statisti-
cally significant differences (P < 0.05) based on Tukey’s HSD test. 
See Fig. S11 for additional detail
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et al. 2019). Importantly, the results of SEM analyses also 
corroborated the above findings. The pineapple-banana 
rotation system resulted in changes in the fungal commu-
nity by promoting the increase in the abundance of specific 
pathogen-suppressive taxa from the resident soil microbi-
ome. This was similarly found to exert disease suppression 
in the rotation and next-stubble rhizosphere soil. Previous 
studies indicate that specific agricultural practices, includ-
ing crop rotation, have become an effective way to promote 
soil health and enhance crop growth (Yin et al. 2010; Lup-
wayi et al. 2017; Banerjee et al. 2018). Our results advance 
such an argument by showing the mechanism by which 
a specific rotation system promotes the emergence of a 
disease-suppressive soil status.

By addressing the density of these fungal suppressive 
taxa using standard culture-dependent methods, we sur-
prisingly found the results with respect to the increase 
in the abundance of these taxa to be consistent with the 
sequencing results. The pathogen-suppressive ability of 
these isolates was further tested in a well-controlled pot 
experiment. Worth mentioning, the taxon T. pinophilus 
was previously shown to inhibit other fungal pathogens, 
such as Pythium and Rhizoctonia, by secreting antifungal 
compounds (Kazerooni et al. 2019). However, to the best 
of our knowledge, this is the first report on the suppressive 
potential of this species on Fusarium wilt disease. Here, we 
observed that only taxa phylogenetically close to ASV18 
displayed a direct suppressive effect on Foc4. Giving that 
several non-suppressive isolates of Talaromyces sp. are 
known to be unable to secrete antifungal compounds, it 
is tempting to speculate that the suppression observed in 
our suppressive taxa might be—to some extent—mediated 
by antifungal substances that affect negatively the patho-
gen density in the soil. Besides, as these inoculated taxa 
seem to antagonize the pathogen, it is plausible that some 
level of competition might also exist with other resident 
taxa within the microbiome. For instance, this can lead to 
indirect changes that also might account for the soil sup-
pressive status. This is a topic of research that nicely links 
with principles of invasion ecology and has been more 
fundamentally discussed elsewhere in terms of the causes 
and consequences of direct microbial inoculations in soils 
and other systems (de-Bashan et al. 2020; Mawarda et al. 
2020). The fungal isolates affiliated to C. rosea, which 
appeared as a potential suppressive taxon only in the pot 
experiment, are important biocontrol fungi that control dif-
ferent plant diseases, including Fusarium wilt disease, via 
multiple mechanisms (Roberti et al. 2008; Tian et al. 2014; 
Mukesh et al. 2020). Here, we did not find a direct inhibi-
tory effect of C. rosea on the pathogen Foc4; however, 
this taxon was able to outcompete and overgrow the colony 
of the pathogen Foc4 in the dual-culture experiment. This 
likely indicates that by utilizing similar resources to grow, 

C. rosea might be able to ecologically displace Foc4 in 
the soil, thus indirectly resulting in the pathogen and dis-
ease control (Ghoul and Mitri 2016; Rivett et al. 2016). 
This assumption was further confirmed by the Biolog data, 
showing that C. rosea shares the highest similarity in terms 
of metabolic profile of C source utilization with the patho-
gen Foc4, when compared to other suppressive strains, T. 
pinophilus, C. rossmaniae. Worth mentioning, C. rosea 
is able to compete with Foc4 for the key C sources, such 
as γ-hydroxybutyric acid and succinic acid, which might 
relate to spore germination and mycelium growth and 
the pathogenicity of Fusarium sp. (Kamilova et al. 2006; 
Wang et al. 2016). Moreover, T. pinophilus and C. rosea 
are known growth-promoting taxa that ameliorate plant 
biotic and abiotic stresses via the production of secondary 
metabolites that enhance crop performance. As such, it is 
plausible that these taxa might also exert an influence on 
plant disease suppression (Sutton et al. 2008; Zhao et al. 
2021). Together, these pieces of evidence lead to the fact 
that suppression of soil-borne diseases mediated by the 
resident microbiome might be attributed to several factors 
and mechanisms rather than by a single one operating in 
isolation (de-Bashan et al. 2020).

Last, it is worth noting that the combined inoculation of 
T. pinophilus, C. rossmaniae, and C. rosea did not show the 
greater pathogen-suppressing capacity in our inoculation 
experiment (Fig. S11). Rather, the combination of two taxa, T. 
pinophilus and C. rossmaniae, showed the best result. Accord-
ing to the literature, the use of microbial consortia is expected 
to have higher efficiency due to multiple ecological functions 
that result from greater biological diversity, thus enhancing 
plant growth or mediating the suppression of soil-borne dis-
eases (Sarma et al. 2015; Hu et al. 2017). To add to that, a 
more holistic perspective would integrate the physicochemical 
conditions and biological properties of the soil with the nature 
and density of the inoculum, all of which dynamically affect 
the microbiome status and its potential activity against patho-
gens (Bashan et al. 2020). As such, advancing our understand-
ing of the mechanisms underpinning a given phenomenon at 
the levels of ecological interactions and organism physiology 
is critical towards developing effective strategies to manage 
beneficial microbiomes in agroecosystems.

Conclusions

In summary, this study focused on manipulating the resident 
fungal microbiome in a soil highly infested with the patho-
gen Fusarium oxysporum via crop rotation toward the devel-
opment of a disease suppressive status. The rotation sys-
tem significantly changed the soil microbiome and reduced 
both the pathogen density and the disease incidence via the 
enrichment of specific disease-suppressive fungal taxa. In 
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particular, we found this suppressive effect to be mediated 
by the enrichment of taxa that can directly (T. pinophilus and 
C. rossmaniae via the secretion of antifungal substances) 
and indirectly (C. rosea via competitive exclusion) antago-
nize the pathogen (Fig. 7). Later, we also showed that these 
effects were not cumulative and that an optimum design 
of a protective consortium must take into consideration 
the ecology of the taxa within it and their interaction with 
the resident soil community. Therefore, exploring the eco-
logical mechanisms mediating the assembly of a protective 
microbiome, as well as better understanding the biological 
interactions among taxa involved in the pathogen suppres-
sion, is fundamental to advance our ability to prospectively 
manipulate microbiomes in field settings.
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