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Abstract

Background: The development of suppressive soils is a promising strategy to protect plants against soil-borne
diseases in a sustainable and viable manner. The use of crop rotation and the incorporation of plant residues into
the soil are known to alleviate the stress imposed by soil pathogens through dynamics changes in soil biological
and physicochemical properties. However, relatively little is known about the extent to which specific soil
amendments of plant residues trigger the development of plant-protective microbiomes. Here, we investigated
how the incorporation of pineapple residues in soils highly infested with the banana Fusarium wilt disease alleviates
the pathogen pressure via changes in soil microbiomes.

Results: The addition of above- and below-ground pineapple residues in highly infested soils significantly reduced
the number of pathogens in the soil, thus resulting in a lower disease incidence. The development of suppressive
soils was mostly related to trackable changes in specific fungal taxa affiliated with Aspergillus fumigatus and
Fusarium solani, both of which displayed inhibitory effects against the pathogen. These antagonistic effects were
further validated using an in vitro assay in which the pathogen control was related to growth inhibition via directly
secreted antimicrobial substances and indirect interspecific competition for nutrients. The disease suppressive
potential of these fungal strains was later validated using microbial inoculation in a well-controlled pot experiment.

Conclusions: These results mechanistically demonstrated how the incorporation of specific plant residues into the
soil induces trackable changes in the soil microbiome with direct implications for disease suppression. The
incorporation of pineapple residues in the soil alleviated the pathogen pressure by increasing the relative
abundance of antagonistic fungal taxa causing a negative effect on pathogen growth and disease incidence. Taken
together, this study provides a successful example of how specific agricultural management strategies can be used
to manipulate the soil microbiome towards the development of suppressive soils against economically important
soil-borne diseases.
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Introduction

Identifying the key factors controlling a given function
in agroecosystems is often a challenge, and further devis-
ing strategies to properly manipulate them to obtain de-
sirable biological benefits can be even more complex [1,
2]. Sustainable intensification in agriculture relies on the
development of practices that enhance crop yields with-
out causing adverse environmental impacts [3]. This can
be achieved by implementing management that directly
and/or indirectly modulates the soil microbiome to re-
duce adverse biotic pressures caused by pathogens [4, 5].
For instance, it is known that successive cycles of mono-
cultures result in the progressive accumulation of soil-
borne pathogens, whereas specific crop rotation systems
can alleviate pathogen pressure via changes in soil chem-
istry and biological properties [6]. However, there is an
urgent need to further explore the mechanisms by which
agricultural management promotes or enhances soil-
borne disease suppression, with a specific focus on indu-
cible and trackable changes in the soil microbiome [7].

Several pathogens causing soil-borne diseases are in-
creasingly threatening agricultural systems worldwide
[8], and the development of microbial-mediated soil sup-
pressiveness has been suggested as a promising and sus-
tainable option to alleviate the impact of these diseases
[9]. Conceptually, the soil microbiome pathogen density,
diversity, and structure are the main factors operating in
either promoting disease suppression or incidence [10,
11]. In this scenario, the occurrence of key beneficial mi-
crobial taxa in soil has been shown to effectively control
soil-borne diseases by directly inhibiting diverse patho-
gens [12]. These beneficial/protective taxa operate have
been reported to operate via (i) the production of anti-
microbial or toxic substances that directly affect the
pathogens, (ii) competition for space and resources in-
directly suppressing the pathogen growth, and/or (iii)
the induction of plant-protective responses via systemic
metabolic regulation of physiology and immunity [13—
15].

Mounting evidence suggests that soil suppressiveness
can be prompted by using specific agricultural practices,
such as the application of organic materials or biofertili-
zers, the incorporation of plant residues in the soil, and
crop rotation [16, 17]. These strategies mostly rely on
promoting the emergence of protective microbiomes
and/or directly impacting the population of the patho-
gen—both of which account for effective disease control
[18]. The use of crop rotation systems can favor the dy-
namic cycling of nutrients in soil and the temporal shifts

in the soil microbiome that alleviates the pathogen accu-
mulation in soil [19, 20]. In addition, it has been shown
that plant residue decomposition and root exudates in
soil can leave a long-lasting effect on pathogen control
as a result of crop rotation, a phenomenon termed as
‘legacy effects’ and relieve soil pressure by changing
physicochemical properties [21, 22]. As such, it is clear
that crop rotation and plant residue manipulation in the
field are important strategies for soil-borne disease man-
agement. However, these strategies have received rela-
tively little attention, as efforts have mostly been given
to investigate how such approaches relate to overall as-
pects of soil quality, nutrient cycle, and crop perform-
ance [23-25]. Hence, understanding how these
approaches impact the soil microbiome composition and
its ecological function remains elusive [26]. This opens
up potential opportunities to explore beneficial out-
comes of agricultural management associated with soil-
borne disease control [27].

The banana industry is seriously threatened by the Fu-
sarium wilt disease, which is caused by the soil-borne
fungus Fusarium oxysporum f. sp. cubense (Foc) [28, 29].
During the early period of the last century, the Fusarium
wilt disease was responsible for wiping out the “Gros
Michel” banana industry, caused by the pathogen of Foc
race 1. This epidemic was effectively controlled by re-
placing this cultivar by the cultivar “Cavendish” [30].
However, a few decades ago, the Fusarium wilt disease
resurged on the cultivar “Cavendish”, at this time caused
by the Fusarium oxysporum f. sp. cubense tropical race 4
(FocTR4) or Fusarium oxysporum f. sp. cubense subtrop-
ical race 4 (FocSR4) [31, 32]. Whereas the FocSR4 has
been limited to subtropical climates, FocTR4 has a
broader spectrum of occurrence across both subtropical
and tropical regions, including the region of Hainan in
China [33, 34]. Therefore, the development of effective
strategies to control this pathogen in banana field sites is
urgently needed. Here, we studied the impact of plant
residue incorporation on the development of microbial-
mediated soil suppressiveness that effectively controls
the incidence of the banana Fusarium wilt disease
caused by the pathogen FocTR4. For that, we used soils
from sites containing a high population of the pathogen
and developed a series of experiments and assays to bet-
ter understand the biological and mechanistic bases of
pathogen suppression. We hypothesized the develop-
ment of disease-suppressive soils to be related to the in-
crease in the abundance of antagonistic fungal taxa that
directly compete with FocTR4, and not due to changes
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in soil chemistry resulting from plant residue incorpor-
ation. In particular, we aimed at addressing the following
questions: (1) to what extent the incorporation of pine-
apple residues into the soil reduces the FocTR4 density
and the incidence of banana Fusarium wilt disease under
well-controlled conditions? (2) Are these negative effects
on FocTR4 associated with changes in soil biological or
physicochemical properties? (3) Are there specific mi-
crobial taxa associated with the development of FocTR4
disease suppression? (4) What are the microbial-
mediated mechanisms associated with the suppression of
FocTR4 in soil?

Materials and methods

Soil sampling and crop residues preparation

Soil samples were collected from a field located at the
Hainan WanZhong Co., Ltd. in Jianfeng Town, Ledong
County, Hainan Province, China (108°45" E, 18°38" N).
This site has a history of banana monoculture cultivation
of 8 years, and it is known to be highly affected by the
Fusarium wilt disease, which was approximately 60% at
the time of soil collection [35]. The soil has a sandy
loam texture with a pH value of 6.14, containing 11.37 g
kg™ of total nitrogen (TN), 65.06 g kg™" of total carbon
(TC), 0.96 g kg™ of total phosphorus (TP), 0.27 g kg™*
of total potassium (TK), and 0.12 g kg™* of total magne-
sium (TMg). Soil samples collected in the field were
stored in the shade to perform twice glasshouse experi-
ments (see below).

The banana-pineapple rotation experiment was per-
formed at the same site where soil samples were col-
lected (previously under 8 years of banana monoculture
cultivation). We selected this site due to its high inci-
dence of banana Fusarium wilt disease. Visually healthy
crop residues, i.e., displaying no typical symptoms of
crop disease at harvesting (for banana and pineapple),
were collected across the monoculture and banana-
pineapple rotation treatments. These residues were
transferred into plastic packaging bags, kept on ice, and
immediately transported to the laboratory (< 6 h). After
that, crop residues were carefully washed three times
with sterile deionized water in the laboratory, and sepa-
rated into below- and above-ground plant parts. BS,
above-ground banana residue; BR, below-ground banana
residue; PS, above-ground pineapple residue; and PR,
below-ground pineapple residue. These crop residues
were chopped into tiny pieces and ground down to pow-
der. Each residue type was sieved through a 4-mm mesh,
and the total nutrient content was measured [36]. See
Table S1 for details.

Experimental design
The glasshouse experiments were performed (experi-
ment 1: October to December 2015; experiment 2:
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March to June 2016) at the WanZhong Co., Ltd in
Ledong County, Hainan Province, China. Together, both
experiments consisted of 300 polypropylene pots (18 cm
x 25 cm, diameter x height), and each pot was filled
with 5 kg of well-mixed pre-sampled soil. Five treat-
ments were established with or without the amendment
with the different pre-processed plant residue: above-
ground banana residue (BS), below-ground banana resi-
due (BR), above-ground pineapple residue (PS), below-
ground pineapple residue (PR), in addition to the control
soil without residue (CK). Each pot was supplemented
with 100 g of the respective amendment before the ba-
nana seedling transplantation (i.e., 2% concentration).
This amount is in line with the incorporation of residues
in the field settings [37, 38]. Each individual treatment
was adjusted to equal amounts of TN, TP, and TK based
on the nutrient availability determined for each residue.
Adjustments of TN, TP, and TK levels were carried out
using mineral fertilizers (see Table S2, for details). The
entire experiment was carried out using a complete ran-
domized block design with three replicates per treat-
ment. Each replicate contained 10 individual pots. One
banana seedling (Musa AAA Cavendish cv. Brazilian)
was transplanted in each pot. The seedlings were kindly
provided by the Hainan Wan Zhong Co., Ltd.

Determination of Fusarium wilt disease incidence and
experimental sampling

Based on typical wilt symptoms associated with banana
Fusarium disease, the diseased bananas were monitored
after 1 month until the number of diseased bananas was
stable. Then the evaluation of the Fusarium wilt disease
was monitored throughout the experiment and quanti-
fied as the percentage of infected plants relative to the
total number of plants [39]. The symptoms observed
were dark brown discoloration for vascular tissues, pseu-
dostem splitting, leaf yellowing and plant death. Like-
wise, the disease severity was also evaluated based on
the typical disease symptoms [39]. In each pot, soil sam-
ples were collected at a depth of 5-15 cm with a sterile
horticulture shovel after removing the banana plants at
the end of the experiment. A total of 50 g of soil in each
pot was collected. For each replicate, soil samples from
three pots were mixed as a composite sample and each
block contained three mixed samples. A total of nine
mixed samples were obtained and processed for each
treatment. After sieving through a 2-mm mesh, each
composite soil sample was divided into two parts. One
part was stored at — 80 °C for subsequent DNA extrac-
tion, and the other was stored at 4 °C for short-term ex-
periments. All samples collected were subjected to
physical chemistry analyses to determine the soil pH,
electrical conductivity (EC), available phosphorus (AP),
available potassium (AK), total organic carbon (TOC),
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ammonium (NH,") and nitrate (NOj3"), following previ-
ously described methods [36].

Soil DNA extraction and microbiome profiling

Total soil DNA was extracted using the PowerSoil DNA
Isolation Kit (MoBio Laboratories Inc., USA), according
to the manufacturer’s instructions. The sequencing li-
braries were constructed as previously described [40,
41]. The primers of ITSIF/ITS2R were used to amplify
the ITS1 region of ITS using the Thermo Scientific®
Phusion High-Fidelity Polymerase Chain Reaction (PCR)
Master Mix (New England Biolabs, UK). Details on the
amplification protocol are described by Shen et al. [39].
The amplicon concentration in each sample and the
final library quality were measured using an Agilent
2100 Bioanalyser Instrument (Agilent Technologies Co.
Ltd, USA) and the KAPA Library Quantification Kit
(Kapa Biosystems, USA). Amplicon libraries were se-
quenced on an Illumina MiSeq 2000 platform at the Per-
sonal Biotechnology Company (Shanghai, China).

Bioinformatic analysis

Sequences were split according to their unique barcodes,
and the adaptors and primers were trimmed using the
Quantitative Insights into Microbial Ecology (QIIME)
[42]. After the removal of low-quality sequences, the for-
ward and reverse sequences of each sample were
merged. The sequences retained in each sample were
processed using the UPARSE pipeline to generate oper-
ational taxonomic units (OTUs) at 99% of nucleotide
identity [43]. For the analysis of fungal taxa, representa-
tive sequences of each OTU were selected and classified
using the UNITE ITS database [44]. All raw sequence
data are available at the National Center for Biotechnol-
ogy Information (NCBI) Sequence Read Archive (SRA)
database under the accession number PRINA670608.

The relative abundances of fungal taxonomic groups
in each sample were calculated using the sequence num-
ber affiliated to each OTU divided by the total number
of sequences. Principal coordinates analysis (PCoA)
based on Bray-Curtis distances and the analysis of simi-
larities (ANOSIM) were performed using the vegan
package in R software [45]. In order to trace significant
changes in fungal OTUs’ relative abundances, linear dis-
criminant analysis (LDA) was performed using the on-
line interface Galaxy (http://huttenhower.sph.harvard.
edu/lefse/) with an alpha value < 0.05 and a LDA score
> 3 [46, 47]. Only those OTUs with relative abundances
higher than 0.5% were selected for subsequent analyses
(48, 49].

To assign the phylogenetic position of specific fungal
taxa, we used the taxonomic classification provided by
the UNITE database and built de novo phylogenetic
trees using ‘best match’ reference sequences obtained
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from the NCBI database. The identities of these taxa
were further validated by primer-specific quantitative
polymerase chain reaction (qQPCR) assays and the isola-
tion in culture media of these targeted taxa [50].

Isolation and identification of FocTR4 pathogen in the
experimental area

To validate the presence of FocTR4 in our samples, dis-
eased bananas were collected from our experiment site
at Ledong County. These materials were subjected to
Fusarium sp. isolation and screening as previously re-
ported [30, 34]. The DNA of the obtained isolates and
one pathogenic Foc strain stored in our lab [51] was ex-
tracted and subjected to a preliminary identification
using the sequencing and analysis of the ITS region.
Next, the gene-specific primer sets FocTR4-F/FocTR4-R
and EF1-F/EF2-R or VCGO01213-16F1/VCG01213-16R2
and EF1-F/EF2-R were used to conduct two multiplex-
PCR analyses to identify the pathogen type at the mo-
lecular level. For additional details of primers, see Table
S3.

Quantification of FocTR4, A. fumigatus, and F. solani
abundances

Primer-specific qPCR systems were used to quantify the
absolute abundances (target gene copies g ' dry soil) of
the pathogen F. oxysporum f. sp. cubense tropical race 4
(FocTR4), and the antagonistic fungal taxa A. fumigatus,
and F. solani in all soil samples. For that, we used the
primer sets FocSc-1/FocSc-2 [52], AfumiF1/AfumiR1
and the probe AfumiP1 [53], Fs-F/Fs-R and the probe 2
[54], respectively. Each standard curve was established
by 10-fold serial dilutions of plasmids containing either
FocTR4, F. solani, or A. fumigatus targeted sequences
(see Table S3 for additional details). The qPCR amplifi-
cations contained 2 pl of the target DNA, 10 pl of Syn-
ergy Brands (SYBR®) Green premix Ex Taq™ (2x), 0.4 pl
of each primer, 0.4 pl of ROX Reference Dye II, and 7.2
ul of nuclease-free and sterile water. Each assay was per-
formed in triplicate, and the results are expressed as
log;o values (i.e., target gene copies g soil) prior to
statistical analysis.

Isolation and identification of antagonistic taxa, and
FocTR4 inhibition experiments

Culturable fungi were isolated from soils using the Rose
Bengal Agar (RBA) (Hopebio Company, Qingdao, China)
and the Potato Dextrose Agar (PDA) media (Hopebio
Company, Qingdao, China), supplemented with 25 mg
ml™" of chloramphenicol to inhibit bacterial growth. A
total of 20 g well-mixed soil of each treatment was
added to 180 ml of sterile water (107" soil dilution) and
serially diluted to 1072, 1072, and 10™* [55]. Next, 0.1 ml
of the soil solution of each concentration was plated in
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both media. Each dilution per treatment was performed
with three replicates, and all petri dishes were incubated
at 28 °C. After 3 days, fungal colonies were counted and
numbered up to the point the number of fungal colonies
reached stable counts. A total of 30 colonies were ran-
domly selected per treatment, resulting in a total of 150
fungal isolates. These fungal isolates were purified by
replication, and their respective DNAs were extracted
and subjected to amplification using the primer set
ITS1/ITS4 (Table S3). These fragments were amplified
and sequenced by the TSINGKE Biological Technology
Company (Beijing, China), and individual sequences
were compared against the NCBI GenBank database
using blast [56]. Based on the outcome of this analysis,
three A. fumigatus and three F. solani isolates were se-
lected for follow-up experiments. Worth mentioning,
these isolates displayed high ITS nucleotide similarities
with sequences obtained from the community high-
throughput sequencing.

The three A. fumigatus and three F. solani isolates
were tested for their potential to inhibit the growth of
the pathogen Foc (FocTR4), which was isolated and
stored in our lab [51]. These isolates were tested using
two experimental assays. A dual culture experiment con-
sisted of the inoculation of each individual strain against
the pathogen FocTR4 using the PDA medium [57]. The
inoculation was performed by transferring 3 mm (diam-
eter) of third-day colonies of each fungus on opposite
sides of the petri dish. The volatile-mediated inhibition
experiment consisted of inoculating each fungal isolate
and the pathogen FocTR4 at the center of individual
petri dishes. Then plates containing the pathogen were
inverted on top of individual plates containing the iso-
lates, sealed, and incubated in a thermostatic water-
jacket at 28 °C [58]. Each treatment combination had
three independent replicates, and colony diameters were
measured in both assays after 3 days.

Plant residue extracts and their effects on the growth of
FocTR4, F. solani, and A. fumigatus

A total of 60 g (dry weight) of each plant residue powder
was added to 540 ml of carbinol and shook for 24 h at 4
°C. Then, the obtained solution was filtered using a 0.22-
um organic filter membrane [59, 60]. The filtered solu-
tion was dried using a rotatory evaporation system, and
the concentrated substances were dissolved in 60 ml of
sterile deionized water. A volume of 6 ml of a solution
derived from each plant residue type was added to 294
ml of PDA medium (i.e., 2% concentration, volume ratio:
V/V) after sterilization. The four treatments used were
the following: above-ground banana residue extract
(BSE), below-ground banana residue extract (BRE),
above-ground pineapple residue extract (PSE), below-
ground pineapple residue extract (PRE), and control
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using sterile deionized water (CKE). As similarly de-
scribed above, 3 mm diameter colonies of FocTR4, A.
fumigatus, or F. solani were inoculated on the center of
each plate and the growth diameters were measured
after 3 days of incubation at 28 °C. Specifically, for the
pathogen FocTR4, the potential effects of higher
amounts of the residue extracts on growth were tested,
including 2%, 5%, 10% volume ratios (V/V). This was
carried out to closely approximate differences in concen-
trations that could be observed in field settings. To ac-
count for potential effects of nutrient differences in the
different extracts influencing fungal growth, all extracts
were subjected to measurements of TC, TN, TK, and
TP, as performed by Bao [36].

Metabolic profiling of FocTR4 and antagonistic fungal
taxa

Biolog FF MicroPlate™ (Biolog Company, USA) were
used to obtain the metabolic profile of FocTR4 in com-
parison to isolates of A. fumigatus, F. solani, three other
species of Fusarium spp. that occurred at high abun-
dances during fungal isolation in the treatment contain-
ing banana residues (Table S4), and three other species
of Aspergillus spp. known to have no antagonistic effect
on FocTR4. Each fungal strain was cultured on PDA
medium to obtain spores. A 0.1 ml of spore suspension
of each strain (adjusted to 75% * 2% with a turbidity
meter in FF inoculation fluid, FF-IF) was inoculated into
each well in a Biolog FF MicroPlate™. Triplicated Micro-
Plates per treatment were placed in an aerobic Omnilog
incubator reader (Biolog Inc., USA) at 20 °C (i.e., the op-
timal growth temperature as recommended by the Wes-
terdijk Fungal Biodiversity Institute culture collection).
Colorimetric values at 590 nm were measured at 12 h,
24 h, 36 h, 48 h, 60 h, 72 h, 96 h, 120 h, 144 h, and 168
h, and blanked against the control wells. Results were
considered positive only when differences between the
first and last days were observed across all replicates.
The percentage of common carbon source utilization be-
tween each strain and FocTR4 was obtained by (AnB)/
B*100%, where A is the available carbon source of antag-
onistic taxa and B is the available carbon source of
FocTR4.

Validation experiment of disease suppression by A.
fumigatus and F. solani

A total of three F. solani (F.S-11, F.S-17, and F.S-18) and
three A. fumigatus (A.F-7, A.F-12, and A.F-15) isolates
were used in the validation pot experiment against
FocTR4. A culture of Escherichia coli (EC) and one ster-
ile water treatment (CKW) were used as negative con-
trols. Microbial spores or cells were inoculated into the
soil at a final concentration of 10* colony forming unit
(CFU) g! dry soil, and each pot was transplanted with
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one banana seedling. After 45 days, soil samples from
each of the 6 pots per treatment were collected and the
abundance of FocTR4 was determined via qPCR (de-
scribed above). This entire experiment was repeated
twice to test for the consistency and reproducibility of
the results.

Statistical analyses

Data obtained from the greenhouse experiment were an-
alyzed using linear models based on stepwise selection
(step () function in R) to obtain main explanatory vari-
ables. In order to get accurate results, the Akaike Infor-
mation Criteria (AIC) and Bayesian Information
Criterion (BIC) were utilized at the same time [61].
Structural equation model was used to visualize the po-
tential direct and indirect effects of pathogen density on
disease incidence in the pot experiment, this analysis
was carried out using the R package sem [62]. Boxplots
were generated using the R package of ggpolt2 [63]. Cor-
relation analyses were conducted with the R packages
ggpolt2, reshape2, and psych, and the P values were ad-
justed for false discovery rate (FDR) [63—-65]. Histograms
and curve charts were plotted using the R packages
ggpolt2 and Rmisc [63, 66]. Tukey’s HSD tests (P < 0.05)
were performed using the SPSS 22.0 software (IBM,
USA). Non-normal data were square-root or log-
transformed to improve normality and homoscedasticity
for statistical analysis. The software Molecular Evolu-
tionary Genetics Analysis Version 7.0 (MEGA7) was
used for phylogenetic analysis of sequences obtained
from fungal isolates [67]. The final alignment included
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the 20 best matches of strains downloaded from NCBI
database.

Results

Fusarium wilt disease incidence and FocTR4 abundance
Compared with the CK, the treatments amended with
either pineapple above-ground (PS) or below-ground
(PR) residues had significant (P < 0.05) negative effects
on the occurrence of the banana Fusarium wilt disease.
On the other hand, the treatments amended with banana
above-ground (BS) or below-ground (BR) residues had a
significant (P < 0.05) positive effect on the disease inci-
dence compared to CK (Fig. 1a). Worth mentioning, no
statistical differences were detected between treatments
with positive effects (PS and PR) and between treatments
with negative effects (BS and BR), both in terms of dis-
ease incidence and FocTR4 copy numbers (Fig. la, b).
Besides, the disease symptoms in treatments containing
banana residues and in the CK were more severe than
that observed in treatments containing pineapple resi-
dues. These symptoms showed a similar trend with the
banana disease incidence (Table S5). Moreover, these re-
sults were found to be reproducible at two independent
experiments (Fig. 1). The copy number of FocTR4 per
gram of soil was significantly correlated with the wilt
disease incidence (Fig. S1, first season: r = 0.83, P(FDR)
< 0.001; second season: r = 0.93, P(FDR) < 0.001).

Differences in fungal communities profiling across
treatments

As visualized in the PCoA plot, different crop resi-
dues exerted significant influences on the soil fungal
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CK, control treatment without residue; ANOSIM, analysis
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communities, and treatments were all significantly dif-
ferent from one another based on pairwise compari-
sons (ANOSIM: r = 096, P < 0.001) (Fig. 2a).
Interestingly, the first axis of the PCoA explaining
33.71% of the variation segregated the treatments
containing below-ground plant residues (BS and PS)
from the treatments containing above-ground plant
residues (BR and PR). The second axis explaining
25.45% of the total variation segregated the treat-
ments according to their respective plant identities
(PS and PR-BS and BR) (Fig. 2a). The control treat-
ment (CK) clustered close to the treatments BS and
BR, albeit being statistically different. This indicates a
relatively lower influence of banana residues on the
fungal community structure compared to pineapple
residues. Worth mentioning, the bacterial communi-
ties across all treatments were also profiled (add-
itional details can be seen in Supplementary
Information), but no significant differences (ANOSIM:
P > 0.1) were found (Fig. 2a). Moreover, the copy
numbers of FocTR4 target gene (qPCR) were found
to be significantly correlated with the disease inci-
dence and to be related to the overall composition of
soil fungal communities (Fig. S2b). Worth mentioning,
there was no significant effect of residue amendment
on soil physicochemical properties that explain differ-
ences in fungal communities across treatments (Fig.
S2c). Taken together, these results suggested the
higher importance of fungal communities rather than
that of bacteria on Fusarium wilt disease incidence
and suppression in our experimental system.
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Identification of fungal taxa potentially involved in
Fusarium wilt disease suppression

Several OTUs were found to have statistically differ-
ent elative abundances across treatments based on
LDA analysis. The analysis was carried out to parti-
tion OTUs that significantly increased in PR com-
pared to BR and CK or in PS compared to BS and
CK (Fig. S3a and Fig. S3b). We also tested the extent
to which these OTUs were negatively correlated with
the disease incidence (Fig. 3a, b). Then, the contribu-
tion of these OTUs to disease suppression was evalu-
ated based on linear models. The residuals of the two
models were in accordance with the normal distribu-
tion (Shapiro-Wilk test, P > 0.05), and the majority of
the differences in disease incidence were explained
(R* > 0.88, P < 0.001, proportion of variance ex-
plained > 89%). Each variance inflation factor (VIF)
value of the final key taxa was < 5, thus collectively
indicating the validity and strength of the linear
models. Specifically, OTU3 (F. solani) and OTU15 (A.
fumigatus), which were with relative abundances of
14.55% in PR and 6.87% in PS, respectively, were the
top two OTUs that most significantly related to the
disease suppression (Table 1). In contrast, some
OTUs were also identified to significantly correlated
with the increase in the disease incidence for the
treatments BR and BS (analysis of variance: ANOVA,
P < 0.05; Spearman, Pgpry < 0.05; see Fig. 3a and
Fig. 3b for details). Besides, the OTU22 (Humicola
sp.) and OTU11 (unclassified Ascomycota) were the
top 2 OTUs that most significantly related to disease
incidence (Table 1). See Fig. S4 and Table S6 for add-
itional details.

Quantification of potentially suppressive fungal taxa in
soil and SEM analyses

The values of absolute quantification (target gene
copies per gram of soil) of the fungal taxa F. solani
and A. fumigatus across all treatments were com-
bined with the absolute quantification of FocTR4
target gene copies to model the disease incidence
using structural equation modeling (SEM). Both po-
tentially suppressive taxa (F. solani and A. fumiga-
tus) were found to have a direct negative effect on
FocTR4 copy numbers ( = 051 and = 040,
respectively). As expected, the absolute values of
FocTR4 copies have a direct relationship with the
disease incidence ( = 0.84) (Fig. 4b). In addition,
there were significant correlations between the target
gene copies numbers (absolute quantification) of
these taxa and their respective relative abundances
obtained by high-throughput sequencing (P < 0.05,
Fig. S5a).
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Quantification of potentially suppressive fungal taxa and
pathogen in plant residues

No significant difference in the abundances of A. fumi-
gatus between BS and PS, and in the abundances of F.
solani between BR and PR were found (P > 0.05) (Fig.
5a). The abundance of FocTR4 in BR was significantly
higher than that observed in other crop residues (P <
0.05) (Fig. 5a). Also, no positive correlations between the
target gene copy numbers in the soils and the target
gene copy numbers in the residues for these potentially
suppressive taxa and the pathogen was observed (r < 0,
Fig. S5b). This likely indicates the abundances of these
taxa not relate to the residue incorporation in the soil.

Isolation and identification of culturable fungal strains in
the soil

A total of 26 isolates taxonomically affiliated with Fusar-
ium spp. were obtained from diseased banana plants col-
lected in our long-term experimental site. By using a
combination of morphological analysis with sequencing
data, 22 strains were identified as Fusarium oxysporum
(Table S7). Two multiplex-PCR systems validated that
all these 22 strains and the pathogenic Foc strain in our
lab were FocTR4. See Fig. S6 for details. In addition, a
total of 18 distinct fungal genera were identified in har-
vest soil based on isolation and ITS sequence analysis.
Isolates taxonomically affiliated with A. fumigatus and F.

Table 1 Linear models displaying the relationship between specific OTUs and the incidence or suppression of Fusarium wilt disease
according to either above-ground or below-ground residue incorporation

Key Disease incidence Key Disease incidence
taxa (above-ground residues) taxa (Below-ground residues)
P VIF r Relative P VIF r Relative
Importance importance
OTU15 P < 0001*** 121 0.78 65.73% OTU3 P < 0.001*** 1.05 0.58 37.60%
oTu22 P<0001** 121 030  2340% OTu11 P <0001*** 185 035 23.11%
0oTuU22 P < 0.001*** 192 039 29.71%

R .4 = 0.88, P < 0.001
W =094, P> 005

Model summary

Shapiro-Wilk normality
test

Proportion of variance explained by model: 89.13%

R .4y = 0.89, P < 0.001
W =098, P> 005

Model summary

Shapiro-Wilk normality
test

Proportion of variance explained by model: 90.42%

Notes: the model summary displays P values lower than 0.05 (ANOVA), Rz—adj adjusted R? values, VIF variance inflation factor, r standardized coefficients
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solani were found at the highest proportion in the soils
obtained from the PR and PS treatments (Fig. 5b).

Inhibition experiment of FocTR4 and metabolic profiles of
F. solani, A. fumigatus, and FocTR4

Overall, F. solani isolates had no antagonism effect on
FocTR4 growth (Fig. S7a, Fig. S7b). However, A. fumiga-
tus isolates displayed clear antagonistic effects via the
potential secretion of secondary metabolites and the
production of growth-inhibiting volatiles (Fig. S7c, Fig.
S7d, and Fig. S7e). The metabolic profile of these fungi
showed all isolates to reach a stable growth condition
after 96 h. F. solani isolates had a greater overlap in
terms of carbon utilization with the pathogen FocTR4,
compared to Aspergillus spp. isolates and other Fusar-
ium spp. isolates (Fig. S8a and Fig. S8b). The values of

the average well color of overlapping carbon sources be-
tween FocTR4 and F. solani displayed no significant dif-
ferences and were higher than that of Aspergillus spp.
and Fusarium spp. isolates (Fig. S8c). Taken together,
these results support a higher metabolic similarity (in
terms of carbon source utilization) between FocTR4 and
F. solani (about 96.3%), than between FocTR4 and A.
fumigatus (about 64.61%) (Fig. S8d).

Effects of plant residue extracts on the growth of F.
solani, A. fumigatus, and FocTR4

The addition of both above-ground and below-ground
pineapple residue extracts (PSE and PRE) had a positive
effect on the growth of F. solani and A. fumigatus (Fig.
5c¢). In addition, no significant effects were found on the
colony diameters of FocTR4, F. solani, and A. fumigatus
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Fig. 5 a Absolute quantification (target gene copies) of A. fumigatus, F. solani, and FocTR4 in each crop residue. b Proportion of culturable A.
fumigatus and F. solani obtained in each treatment (n of individual taxa/30 isolates per treatment). ¢ Growth diameters of A. fumigatus, F. solani,
and FocTR4 on PDA medium supplemented with different plant residue extracts. BSE, above-ground banana residue extract; BRE, below-ground
banana residue extract; PSE, above-ground pineapple residue extract; PRE, below-ground pineapple residue extract; and CKE, control using sterile
deionized water. BS, above-ground banana residue; BR, below-ground banana residue; PS, above-ground pineapple residue; PR, below-ground
pineapple residue; and CK, control treatment without residue. Different lowercase letters indicate statistically significant differences (P< 0.05)
according to Tukey's HSD test
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and the total nutrient content present in each residue
extract (Fig. S9). Interestingly, all residue extracts
exerted a positive effect on the colony growth of
FocTR4, even when the concentration of the extracts
ranged from 2 to 10%. These positive effects on patho-
gen growth were found to be pronounced in treatments
containing banana residue extracts (BSE and BRE) (Fig.
S10a and Fig. S10b). For a detailed information of total
nutrient contents in each plant residue extracts, see (Fig.
S10c¢).

Validation of disease suppression mediated by F. solani
and A. fumigatus isolates

The two independent pot inoculation experiments re-
vealed the three isolates of F. solani and A. fumigatus to
exert significant effects on the control of the pathogen
density in the soil. The addition of these taxa signifi-
cantly and negatively affected the FocTR4 target gene
copy numbers in the soils (P < 0.05). The treatment in-
oculated with F. solani isolates had a stronger negative
effect than the treatment inoculated with A. fumigatus
isolates, and no significant differences were observed be-
tween the two control treatments (Fig. 6a). The second
independent experiment showed a similar trend in our
results, thus supporting the consistency and reproduci-
bility of our findings (Fig. 6b). For additional details of
each strain, see Fig. S11a and Fig. S11b.

Discussion

There is still a paucity of information on the extent to
which the incorporation of different plant residues in
soils affects multiple beneficial functions, such as eco-
logical interactions between organismal types and the es-
tablishment of disease-suppressive systems [1, 27]. Here,
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we studied an important soil-borne pathogen (FocTR4)
infecting banana plants to show that the management of
distinct plant residues in the soil results in a direct status
of either disease incidence or suppression. The experi-
mental set-up consisted of different types (above- and
belowground materials) of two plant species (banana
and pineapple). This design allowed for a fine partition-
ing of the effects of residue incorporation differentially
modulating changes in the soil microbiome. Importantly,
as we initially observed that only minor changes occur
across treatments in bacterial communities in the soil, a
major focus of our study was set on investigating the
role of potentially suppressive fungal taxa that emerged
in our system.

The incorporation of both above- and below-ground
pineapple residues (PR and PS) into the soil was found
to significantly decrease the pathogen density in the
soil and the incidence of the Fusarium wilt disease.
This finding aligns with our previous studies showing
that the use of a pineapple-banana crop rotation sys-
tem can effectively minimize the incidence of this
pathogen [68]. On the other hand, the incorporation of
banana residues into the soil was found to have an op-
posite effect, thus increasing the disease incidence. As
such, the incorporation of susceptible host substrate
(banana residues) into the soil under a monoculture
system, in this case, results in negative plant-soil feed-
back, i.e., by promoting the continuous selection of the
pathogen in the system negatively impacting crop per-
formance [69, 70]. On the contrary, the introduction of
pineapple residues results in positive plant-soil feed-
back, i.e., via lowering the pathogen pressure by enrich-
ing beneficial antagonistic taxa that promote plant
disease suppression [71].
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Fig. 6 Absolute abundance of FocTR4 target gene copies in soil across different inoculation treatments. a First season and b second season (two
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