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Abstract: The microbiota plays a primary role in inhibiting plant pathogens in the soils. However,
the correlation between soil particles and local microbial communities has not been fully confirmed.
In this study, we contrasted the different assemblages of microbial communities between suppressive
and conducive soils via the differentiation of soil particle-size fractions (PSFs). We further extracted
the direct and indirect interactive associations among the soil biotic and abiotic factors by using
samples from two continuous banana cropping systems. Notable differences were shown in PSF
composition, biological traits (microbial communities and enzyme patterns) and physiochemical
parameters between suppressive and conducive soils among the different soil fractions. For example,
compared with conducive soils, suppressive soils have higher nutrient contents, fungal abundance
and diversity and enzyme activities, and the extent of these differences was explored for fractions
of different sizes. Moreover, the microbial taxonomic composition strongly varied between disease-
suppressive and disease-conducive soils. For instance, there were significant differences in the relative
abundance among key microbiology communities, such as Actinobacteria, Firmicutes, Bacteroidetes, Pro-
teobacteria and Ascomycota, especially for antagonistic microorganisms (i.e., Streptomyces, Pseudomonas,
Trichoderma, etc.) across various soil fractions. In addition, structural equation modeling (SEM)
showed that the complex associations among soil PSFs, physiochemical parameters and microbial
communities were mediated by multiple pathways, which then drive the soil enzyme activities and
may further influence the suppressiveness of the soil. These results demonstrate that the resident
microbial communities in specific soil particles may play a crucial role in the development of soil
suppressiveness against banana Fusarium wilt disease.

Keywords: banana Fusarium wilt; soil particle-size differentiation; microbial community; Illumina
MiSeq Sequencing; structural equation modeling

1. Introduction

The continuous planting of bananas in many tropical and subtropical areas together
with an over-supply of chemical fertilizers and pesticides has led to an increasing rate
of Fusarium wilt disease that is caused by Fusarium oxysporum f. sp. cubense race 4. This
disease causes great economic losses [1–3]. For example, approximately 2000 km2 of banana
orchards have been infected in southern China. There is still no reliable solution [4,5], as the
causal pathogen can survive for many years as chlamydospores in soils [6]. The Fusarium
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pathogen’s accumulation is widely known to be controlled by crop rotation [7]. In general,
the soils of banana plantations with a high Fusarium wilt disease rate (>60%) over five
consecutive production years are defined as conducive soils, and the soils with a low wilt
disease rate (<15%) are defined as suppressive soils [8]. The conducive and suppressive
soils can be located in adjacent banana orchards. The differences in the Fusarium wilt
disease incidence between the geographically proximate fields that share the same climatic
conditions and agronomic management [9] may be explained by the distinct resident
microbial communities in these soils. For sustainable agriculture and environmental
protection, suppressive soils have recently attracted attention [10].

Previous literature has indicated that the primary characteristic of soil suppression
is that the indigenous microbiotas have the ability to inhibit pathogens from infecting
plants [8]. For instance, soil-borne disease control is largely attributed to biological interac-
tions between antagonistic micro-flora and pathogens [11]. Some representative microbial
groups, e.g., Burkholderia, Pseudomonas, Bacillus, Actinomycetes, Trichoderma, Penicillium,
Gliocladium, and Sporidesmium, have been reported to have an antagonistic ability to resist
soil-borne disease [12–14] Simultaneous investigations into the microbial communities of
banana soils indicated that they were associated with the rate of soil-borne diseases [8].
In addition, changes in the microbial community or the abundance of major microbial
groups (such as Pseudomonas and Tumebacillus) could be the indicators of disease suppres-
sion. Microbial identifications based on sequencing technology are now being applied to
investigate banana soils infected by Fusarium wilt [15,16], but it is still unclear as to whether
there is a difference in the assemblages of microbial communities between suppressive and
conducive soils across soil particle-size fractions (PSFs). Previous studies on bananas in the
Canary Islands (Spain) have shown that [17] soils are undoubtedly composed of a wide
range of differently sized fractions [18]. They act as microhabitats for diverse microbial
communities [19]. These contexts are considered to be important for determining the
mineral–organic interactions of many soils’ biochemical processes [20], which can affect
the renewed assemblages of microbial communities in suppressive and conducive soils.
Similarly, soil microorganisms and other binding agents (e.g., organic matter) play major
roles in the formation of aggregates [17,21]. For example, filamentous fungi are closely
related to the formation and stabilization of macro-aggregates (>0.25 mm). In addition, the
extracellular polymeric substances of bacteria and fungi usually contribute to the formation
of micro-aggregates (<0.25 mm) [22,23]. In particular, the soil enzyme pattern has been pro-
posed as an appropriate biological indicator. Soil enzyme activities have been widely used
as indicators of soil quality and functional potency [24,25]. They could also be sensitive
to both shifts in soil properties and microbial traits [26]. Therefore, soil enzyme activities
might offer new insights into the functional implications of soil condition shifts (such as
suppressive versus conducive soils) [27–30].

In this study, we contrasted the differences in microbial traits between these two
types of soils, and we followed a line of reasoning to tease apart the direct and indirect
interactive associations among microbial traits and soil attributes in relation to the enzyme
pattern in response to banana Fusarium wilt. Furthermore, we proposed the following
hypotheses: (i) there are distinct differences in the microbial community structures and
diversity across the different PSFs in suppressive and conducive soils; (ii) second, we expect
that the change in soil PSF-associated microbial communities is driven by the interplay
between soil microhabitats and the composition of soil PSFs. Multiple approaches, e.g.,
modern MiSeq amplicon pyrosequencing, soil PSFs separation, a quantitative PCR (q-PCR)
approach, and structure equation modeling (SEM) analysis, were employed to analyze our
data and demonstrate our hypotheses simultaneously.

2. Materials and Methods
2.1. Soil Collection and Preparation

Hainan province is the major banana-producing area in China. Two typical soils
of Cavendish banana in Hainan were collected, i.e., silt loam (ST) and sandy loam (SD).
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ST soil was collected from Lingao County, Hainan (Suppressive: 109◦42.4′ E, 19◦47.7′ N;
Conducive: 109◦39.3′ E, 19◦49.1′ N), and SD soil was collected from Ledong County,
Hainan (Suppressive: 108◦48.5′ E, 18◦37.1′ N; Conducive: 108◦48.5′ E, 18◦36.9′ N). Banana
Fusarium wilt disease from the suppressive and conducive soils in ST (Lingao) was 10% and
65%, respectively (in 2015), and the distance between the two field sites is approximately
6 km. The wilt disease incidences of the suppressive and conducive soils in SD (Ledong)
were 13% and 70%, respectively (in 2015), and the distance between the two field sites is
approximately 0.37 km. The four orchards have been cultivated for more than 15 years
under the same management pattern.

Triplicate samples from each orchard soil were collected in September of 2015 accord-
ing to a modified method described by Shen et al., 2015 [8]. Five individual banana trees
placed at least 5 m apart were selected for one sample collection, and the collected soil
samples from each tree were mixed into a composite soil sample. For each tree, a composite
soil sample from 4 sites under the trunk bases was collected using a 25 mm soil auger to a
depth of 20 cm. The soils were stored at 4 ◦C. The fresh samples were gently broken by
hand along natural planes of weakness to pass through an 8 mm sieve. Aliquots weighing
100 g for the 2, 0.25–2, 0.053–0.25 and <0.053 mm aggregate sizes were separated by the
wet sieving technique [31]. The soil samples were placed on the top of a column of three
sieves with 2, 0.25, and 0.053 mm sizes. The sieves were then submerged in deionized
water for 3 min and moved up and down by hand for a total of 50 cycles over 2 min. The
remains on the sieves and those that passed through the 0.053 mm sieve were collected
separately. The soil was not air-dried before sieving, resulting in fractions that were not
dried prior to DNA extraction, and the silt plus clay fraction (<0.053 mm) was isolated via
centrifugation (5000 rpm for 10 min). A final sieving step was performed to determine the
aggregate size distribution. The total organic carbon (TC) and total nitrogen (TN) were
determined for each fraction after they were dried in an oven at 60 ◦C for 24 h. The TC
and TN in all the aggregate fractions were analyzed with a Vario Macro Cube elemental
analyzer (Vario MAX; Elementar, Langenselbold, Germany).

2.2. Determination of Enzyme Activities

Multiple enzyme activities were detected by using different Power Soil® enzyme
Isolation Kits (CoMin, Suzhou, China). The soil sucrase activity was measured spectropho-
tometrically (510 nm) by using sucrose as a substrate according to the idea that sucrase
can enzymatically hydrolyze sucrose to produce glucose and fructose, followed by the
hydrolysis of glucose and 3,5-dinitrosalicylic acid to produce colored compounds. The
activity was expressed as milligrams of reducing sugar produced per 24 h per gram of
soil. The soil urease activity was measured spectrophotometrically (578 nm) using urea
as a substrate. The activity was expressed as milligrams of NH3-N produced per 24 h per
gram of soil. The soil neutral phosphatase activity was measured spectrophotometrically
(660 nm) using disodium phenyl phosphate as a substrate. The activity was expressed as
micromoles of phenol produced per 24 h per gram of soil. The soil catalase activity was
measured spectrophotometrically (240 nm) using hydrogen peroxide as a substrate. The
activity was expressed as micromoles of hydrogen peroxide resolved per 24 h per gram
of soil.

2.3. Soil DNA Extraction and Real-Time PCR

The total soil genomic DNA was extracted using a Power Soil DNA Isolation Kit
(MoBio Laboratories Inc., Carlsbad, CA, USA). Real-time PCR amplifications were per-
formed within a total volume of 20 µL on a PRISM thermocycler (Applied Biosystems
7500 Real-Time PCR). Each PCR reaction contained 2 µL of the target DNA extract,
0.4 µL of Rox Reference Dye II, 10 µL of SYBR Premix EX Taq (2×, TaKaRa, Dalian,
China), and 6.8 µL of sterile distilled water. In addition, 0.4 µL of each primer (520F
(5′-AYTGGGYDTAAAGNG-3′) and 802R (5′-TACNVGGGTATCTAATCC-3′)) [32] targeted
the 16S rDNA of bacteria, ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) [33] and ITS2R
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(5′-GCTGCGTTCTTCATCGATGC-3′) [34] targeted the internal transcribed spacer (ITS) gene of
fungi, AFP308R (5′-CGAATTAACGCGAGTCCCAAC-3′) and ITS1F (5′-CTTGGTCATTTAGAG
-GAAGTAA-3′) [35] from Fusarium oxysporum targeted the ITS gene of F. oxysporum. The
thermal cycling profile included a first step at 95 ◦C (30 s), and then 40 cycles at 95 ◦C (5 s)
for 16S rRNA in bacteria and 60 ◦C (34 s) for 18S rRNA in fungi [36,37]. To evaluate the
amplification specificity, a melting curve analysis was performed at the end of each PCR
run [38].

2.4. Illumina MiSeq High-Throughput Sequencing and Data Analysis

The V4 hypervariable region of the bacterial 16S rRNA gene was amplified using
individual bar-coded reverse primers 520F and 802R [32]. For fungi, the primers ITS1F [33]
and ITS2R [34] targeted at the ITS1 region were used for the amplification. Finally, the PCR
products were sequenced by Illumina MiSeq (Illumina Inc., San Diego, CA, USA). The se-
quencing data was processed using the procedures described by Schloss et al. (2009) using
Mothur [39]. After the barcode and primer sequences were removed, the remaining se-
quences were clustered into operational taxonomic units (OTUs) at a 97% level of sequence
similarity. They were then annotated via BLAST in the RDP (bacteria) and UNITE (fungi)
databases by Quantitative Insights into Microbial Ecology (QIIME) (version 1.7.0) [40].
The remaining high-quality chimaera-free sequences were used for downstream analysis.
The Shannon index was calculated using Mothur (version 1.29.2) [39] under the summary
single order.

2.5. Statistical Analysis

The data for the microbial counts were log-transformed before statistical analysis.
The differences between the means were determined by calculating the least significant
difference (LSD) at the 5% level. The resulting data were analyzed statistically using an
SPSS 19.0 program. The weighted UniFrac distance was calculated by the R package using
‘UniFrac’ and ‘ade4′ to perform a principal coordinate analysis (PCoA), which showed
the dissimilarities between the microbial communities [41]. Simultaneously, a variance
partitioning analysis (VPA) with Hellinger-transformed data was used to determine the
contributions of the soil physiochemical properties, the composition of soil PSFs, soil
conditions (conducive to or suppressive of disease), and the interactions among those
factors, leading to the variations in the soil microbial community structures. Furthermore, a
multiple regression tree (MRT) analysis was performed to analyze the community structures
of the bacteria and fungi.

A structural equation model (SEM) was constructed to extract the indirect or direct
effects on enzyme activities by using AMOS software (IBM SPSS AMOS 20.0.0, IBM (In-
ternational Business Machines Corporation), Armonk, NY, USA). Before the modeling, all
the data were normalized, some hypotheses were suggested and an a priori model was
established [42]. We selected PC1 from a principal component analysis (PCA) with the mul-
tiple enzyme activities as the parameter for the enzyme activities (PC1 alone could explain
78.56% of the total variation). In general, the root mean squared error of approximation
(RMSEA, the model has a good fit when RMSEA is <0.05), chi-square (χ2, the model has
a good fit when the χ2 is low), Fisher’s statistic p and Akaike information criterionwere
employed to synthetically evaluate the models [43].

3. Results
3.1. Soil Properties, Multiple Enzyme Activities and Particle-Size Distribution

The distribution of soil physiochemical properties and PSF composition and their
changes varied among the different soil fractions (Table 1). In general, the proportion
of 2–0.25 mm-sized fraction was dominant in both the ST and SD soils, accounting for
72.53–78.66%. In suppressive soils, the proportion of >2 mm-sized fractions was higher
than it was in conducive soils, whereas the proportion of <0.053 mm-sized fractions was
lower (p < 0.05, Table 1). Similarly, the total concentrations of carbon (TC) and nitrogen
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(TC) were higher in the suppressive soils (p < 0.05). Perhaps surprisingly, the C/N ratios
have no notable or similar tendency across the different fractions in the two soils (Table 1).
In particular, multiple enzyme activities showed notable distribution across the various
soil PSFs (Figure S1). For instance, the decrease in the sucrase, neutral phosphatase and
catalase activities across a gradient of decreasing particle-sizes was remarkable in each soil,
whereas the urease activity increased across the gradient. All the enzyme activities were
relatively higher in the suppressive soils, especially the catalase activity (Figure S1).

Table 1. The characteristics of different soil fractions a.

Soils b Particle Size
(mm)

Fraction
Amount (%) TC c (g/kg) TN (g/kg) C/N

ST-S >2 18.28 ± 4.65 b 15.87 ± 0.06 b 1.50 ± 0.36 b 10.96 ± 0.42 a

0.25–2 72.53 ± 5.93 a 17.73 ± 1.17 a 1.83 ± 0.21 a 9.71 ± 0.49 c

0.052–0.25 5.50 ± 1.82 c 18.63 ± 1.52 a 1.90 ± 0.36 a 9.96 ± 0.20 c

<0.053 5.63 ± 0.83 c 18.60 ± 0.20 a 1.87 ± 0.35 a 10.22 ± 0.09 b

ST-C >2 9.71 ± 3.31 b 14.87 ± 0.31 c 1.37 ± 0.15 c 10.96 ± 0.15 a

0.25–2 72.39 ± 5.35 a 15.97 ± 0.55 b 1.50 ± 0.10 b 10.67 ± 0.35 a

0.052–0.25 4.99 ± 2.62 c 16.70 ± 0.89 b 1.52 ± 0.09 b 11.17 ± 0.22 a

<0.053 12.91 ± 1.07 b 18.70 ± 1.59 a 1.83 ± 0.15 a 10.21 ± 0.16 b

SD-S >2 6.11 ± 3.68 b 16.97 ± 0.71 a 1.70 ± 0.36 a 10.37 ± 0.27 b

0.25–2 78.66 ± 5.53 a 16.17 ± 1.12 a 1.57 ± 0.15 b 10.39 ± 0.32 b

0.052–0.25 8.68 ± 1.11 b 17.47 ± 1.27 a 1.63 ± 0.35 b 11.04 ± 2.67 a

<0.053 6.55 ± 2.32 b 17.73 ± 3.00 a 1.73 ± 0.32 a 10.25 ± 0.30 b

SD-C >2 2.57 ± 0.61 c 11.77 ± 1.72 c 1.43 ± 0.49 b 8.55 ± 0.47 c

0.25–2 77.74 ± 2.67 a 15.90 ± 1.57 b 1.40 ± 0.26 b 11.50 ± 0.36 a

0.052–0.25 11.04 ± 1.84 b 15.47 ± 0.81 b 1.43 ± 0.23 b 10.91 ± 0.09 b

<0.053 8.65 ± 1.93 b 17.60 ± 0.62 a 1.57 ± 0.12 a 11.28 ± 0.17 a

a Values show the means (n = 3) ± the standard error of the mean. Values in all of the treatments followed by a
different lowercase letter indicate a significant difference according to Duncan’s LSD test (p < 0.05). b ST-S, silt
loam-suppressive; ST-C, silt loam-conducive; SD-S, sandy loam-suppressive; SD-C, sandy loam-conducive. c TC,
total carbon; TN, total nitrogen; C/N, carbon and nitrogen ratio.

3.2. The Gene Abundances for Bacteria, Fungi, and F. oxysporum

There are no broad variations in the bacterial abundance (Figure S2). For example,
the bacterial abundances in the aggregates (>2 and 0.25–0.053 mm) of the SD suppressive
soils were slightly higher (differences < 5%) than those in SD conducive soils. However,
the abundances for the other two particle sizes (2–0.25 and <0.053 mm) were lower than
they were in conducive soils. Moreover, in the ST soils, the bacterial abundances in the
>0.053 mm-sized fractions of the suppressive soils were slightly higher than those in
the conducive soils. However, the fungal abundances show a promising trend in their
distribution (Figure S2). The >0.053 mm-sized fractions in the SD and ST suppressive soils
have similar abundances with respect to those in the conducive soils (Figure S2), while the
abundances in the <0.053 mm-sized fractions within the suppressive soils were 13% to 23%
(7.1 vs. 6.3 µg copies g−1 for SD and 6.9 vs. 5.6 µg copies g−1 for ST) higher than those in
the conducive soils (Figure S2). The prominent contrasts in fungal abundances between the
suppressive and conducive soils in the <0.053 mm aggregates suggested that the fungal
enrichment could potentially contribute to the soil’s suppressive ability against Fusarium
wilt. The F. oxysporum abundances in different PSFs of suppressive soils were almost all
lower than those in conducive soils, except in the <0.053 mm aggregate of ST (Figure S2).

3.3. Community Structure of Bacteria and Fungi in The suppressive and Conducive Soils

A total of 870,611 (SD) and 832,541 (ST) high-quality 16S rRNA gene sequences were
generated, and then these high-quality sequences were clustered into 12,997 (SD) and
10,085 (ST) OTUs, respectively, at 97% sequence similarity. The community structure and
diversity of the soil bacteria were significantly shifted, and they were mediated by the
soil contexts via the renewed assemblages of the soil communities (Table 2; Figure 1A).
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For example, the Shannon indexes for bacteria in the <0.053 mm-sized fractions of the SD
and ST soils were significantly lower than those of the >0.053 mm-sized fractions. The
indexes in suppressive soils were only slightly higher than they were in conducive soils,
whereas no significant differences were found between suppressive and conducive soils
(Table 2). Furthermore, the first and second axes of the unconstrained PCoA when using
the weighted UniFrac distance explained 47.21% and 14.54% of the total variations in the
bacterial community structure, respectively (Figure 1A). The bacterial communities of all
the soils were separated along the first axis, while those within different soil PSFs were not
widely separated (Figure 1A).

Table 2. The Shannon indexes of bacterial and fungal communities in different soil fractions a.

Particle Size (mm)
Bacteria Shannon Diversity Fungi Shannon Diversity

Conducive Suppressive Conducive Suppressive

SD b

>2 6.23 ± 0.28 a 6.27 ± 0.41 a 3.73 ± 0.53 a 4.00 ± 0.68 a

2–0.25 6.16 ± 0.11 a 6.24 ± 0.34 a 3.08 ± 0.85 b 4.15 ± 0.25 a

0.25–0.053 6.23 ± 0.37 a 6.58 ± 0.17 a 3.49 ± 0.51 a 4.01 ± 0.45 a

<0.053 3.27 ± 0.32 b 3.70 ± 0.54 b 3.20 ± 0.44 a 2.13 ± 0.67 b

ST

>2 6.34 ± 0.19 a 6.30 ± 0.22 b 2.93 ± 0.24 a 3.15 ± 0.19 a

2–0.25 6.60 ± 0.05 a 6.65 ± 0.13 a 2.90 ± 0.43 a 3.10 ± 0.33 a

0.25–0.053 5.98 ± 0.20 a 6.78 ± 0.11 a 2.72 ± 0.37 a 2.76 ± 0.99 a

<0.053 3.96 ± 0.98 b 4.58 ± 0.22 c 3.25 ± 0.64 a 3.45 ± 0.37 a

a Values show the means (n = 3) ± the standard error of the mean. Values in all of the treatments followed by a
different lowercase letter indicate a significant difference according to Duncan’s LSD test (p < 0.05). b SD, sandy
loam; ST, silt loam.
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Figure 1. Unconstrained PCoA using the weighted UniFrac distance metric indicates the differences
in the bacterial (A) and fungal (B) communities across various fractions of the suppressive and
conducive soils. Samples from different soils and particle-size fractions are marked with different
colors. Symbols for soils and different-sized fractions are described in Table 1. ST-S, silt loam-
suppressive; ST-C, silt loam-conducive; SD-S, sandy loam-suppressive; and SD-C, sandy loam-
conducive. Each sample includes three replications.

A total of 876,804 (SD) and 895,048 (ST) high-quality ITS gene sequences were gen-
erated from the aggregates, and then they were clustered into 2507 (SD) and 1815 (ST)
OTUs, respectively, at 97% sequence similarity. The Shannon indexes for the fungi in the
suppressive soils were slightly higher than they were in the conducive soils (except for SD
in <0.053 mm-sized fractions), and the in >0.053 mm-sized fractions of the SD soil have sig-
nificantly higher indexes than that of the <0.053 mm-sized fractions (Table 2). Furthermore,
the first and second axes of the unconstrained PCoA using the weighted UniFrac distance
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explained 38.38% and 9.78% of the total variations in the fungal community structure
(Figure 1B). The fungal communities of all the soils were separated along the first axis,
while those within different soil aggregates were not notably separated (Figure 1B). In
particular, the community structures of the suppressive soils were separated from these of
the conducive soils along the second axis (Figure 1B).

3.4. The Taxonomic Composition of Bacteria and Fungi in the Suppressive and Conducive Soils

The distributions of the primary phyla in various PSFs of SD and ST soils (both the
suppressive and conducive soils) were similar, in general. For example, the relative abun-
dance of dominant bacterial phyla was larger than 1% across all the samples (both ST and
SD), i.e., Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Gemmatimonadetes,
Planctomycetes and Verrucomicrobia (Figure 2). There are two phyla that are present singly,
i.e., Proteobacteria in SD and Latescibacteria in ST. The relative abundances of the bacterial
phyla varied greatly over the aggregates of various sizes. For example, in the >0.053 mm-
sized fractions, the relative abundances of the top five phyla (Acidobacteria, Actinobacteria,
Bacteroidetes, Firmicutes and Proteobacteria) made up 70% of the total bacterial sequences
(Figure 2), and in the 2–0.25 mm-sized fractions (with a proportion over 72%), the relative
abundances of Actinobacteria, Firmicutes and Proteobacteria in the suppressive soils were all
higher than those in the conducive soils, and the Bacteroidetes abundance is reversed (both
SD and ST), while it was the dominant phyla in the <0.053 mm-sized fractions (Figure 2).
In addition, the Bacteroidetes relative abundances in the suppressive soils were higher than
those in the conducive soils. Furthermore, in the suppressive soils, the dominant genera
with relative abundances >0.1% in the banana soils were Acidobacterium, Acidothermus, Bacil-
lus, Bryobacter, Flavisolibacter, Pseudomonas, Sediminibacterium, Streptomyces, etc. (Figure S4A
and S5A and Table S1). In the conducive soils, the dominant genera were Bacillus, Bryobacter,
Gemmatimonas, Mizugakiibacter, Sediminibacterium, etc. (Figure S4B and S5B and Table S1).
However, Flavisolibacter (3% to 16%) and Sediminibacterium (6% to 40%) clearly have higher
abundances than the other genera in the <0.053 mm-sized fractions. In particular, the
relative abundances of Pseudomonas in the SD suppressive soils were doubled compared
to those of SD conducive soils (Table S1). Moreover, the contrast is even higher in ST
because the abundance of Pseudomonas in the ST conducive soil is <0.1% (Table S1). In
the >0.053 mm (>2, 2–0.25, 0.25–0.053 mm)-sized fractions in the SD suppressive soils, the
Streptomyces abundances (0.31% to 0.51%) were higher than those (0.12% to 0.36%) in the SD
conducive soils, suggesting that it could also be a potentially antagonistic microorganism.

The dominant fungal phyla were Ascomycota and Basidiomycota in various particle size
aggregates of SD and ST soils (Figure S3). Additionally, there are four phyla present on their
own, i.e., Zygomycota and Chytridiomycota in SD, and Blastocladiomycota and Glomeromycota
in ST. The relative abundances of Basidiomycota in the macro-aggregates (>0.25 mm) of the
suppressive soils were significantly higher than those in the conducive soils. However, the
relative Ascomycota abundances in the conducive soils were almost all higher than those in
suppressive soils. In the suppressive soils, the primary genera (Figure S6A and S7A and
Table S2) were Acremonium, Chaetomium, Fusarium, Humicola, etc. In the conducive soils, the
primary genera (Figure S6B and Table S2) were Aspergillus, Fusarium, Humicola, Myrothecium,
Penicillium, etc. The abundances of Aspergillus in the SD and ST suppressive soils were lower
than those in the conducive soils. In contrast, the Acremonium levels in all the suppressive
soils were higher than those in the conducive soils, but the Fusarium abundance in the
suppressive soils was lower than it was in the conducive soils in the >2 and <0.053 mm-
sized fractions. Its abundance was significantly higher in the 2–0.053 mm-sized fractions
of conducive soils (Table S2). Additionally, the relative abundances of Trichoderma in the
macro-aggregate (>0.25 mm) of the ST suppressive soils were significantly higher than in
the ST conducive soils (Table S2).
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3.5. The Primary Factors Influencing the Microbial Community Structure in the Suppressive and
Conducive Soils

The soil attributes, PSF composition and soil conditions (conducive or suppressive) all
affected the bacterial and fungal community structures with both significant primary and
interactive effects (all p < 0.05) (Figure 3). For example, according to the VPA analysis, of
these independent variables, the soil attributes had a higher (35.03%, p < 0.001) impact on
the community structure of bacteria (35.03%, p < 0.01) and fungi (25.41%, p < 0.01) compared
with the soil conditions (8.89%, bacteria; 11.76%, fungi; p < 0.01) and soil PSF composition
(5.05%, bacteria; 6.35%, fungi; p < 0.05). The interactions between the soil attributes and
soil conditions significantly explained the shifts in the bacterial (5.09%; p < 0.01) and fungal
communities (7.09%; p < 0.01) (Figure 3).

The MRT analysis was conducted to explore the relationships between multiple indi-
vidual factors and the microbial community structure across all the samples (Figure 4). The
soil condition (conducive or suppressive), C/N ratio and the percentage of <0.053 mm-sized
fractions separated the bacterial community structure into three major clusters (Figure 4A).
Similarly, the soil condition, C/N ratio and the percentage of >2 mm-sized fractions sepa-
rated the fungal community structure into three major clusters, and these factors markedly
affected the community (Figure 4B).
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Figure 3. VPA map of the effects of the soil attributes, composition of soil particle-size fraction (PSFs),
soil conditions (conducive or suppressive), and the interactions of these factors on the community
structure of bacteria (A) and fungi (B). The soil attributes include the total carbon, total nitrogen, C/N,
and the activities of urease, sucrase, catalase and neutral phosphatase. In the VPA map, “**” indicates
a significance of p < 0.01; “*” indicates a significance of p < 0.05, and the percentage of variation
explained by interactions between two or three of the factors is indicated as gray squares and circles
on the sides.
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Figure 4. Multivariate regression tree (MRT) analysis of the relationship between the community
structure of the bacteria (A) and fungi (B) and soil attributes across the various soil fractions. <0.053-
size, the percentage of <0.053 mm-sized soil fraction; >2-size, the percentage of >2 mm-sized soil
fraction; TC, total carbon; TN, total nitrogen; and C/N, carbon and nitrogen ratio. The bar plots
show the mean relative abundance of OTUs at each terminal node, and the distribution patterns
of abundance represent the dynamics of the response to the soil attributes among each split. The
numbers under the bar plots indicate the number of samples within each group.

3.6. Deciphering the Direct and Indirect Pathways of Microbial Traits and Their Effects on
Enzymatic Patterns in Suppressive and Conducive Soils

Soil microbial traits, including the community structure, population and diversity,
were notably driven by soil microhabitats, and they further mediated the enzymatic pattern
in response to Fusarium wilt disease. The SEM analysis could explain 55% and 74% of the
total variations in the enzyme activities (Figures 5 and 6, Table S3). The soil C content (path
coefficient > 0.5) showed the highest total effect on the soil enzyme activities, followed by
the community structure (bacteria, path coefficient = −0.42; fungi, path coefficient = −0.53)
and the soil PSFs composition (path coefficient > 0.35) (Figures 5 and 6). Both the soil N
content and C/N ratio could directly affect the fungal abundance, and then they mediated
the microbial community structure and diversity; this effect likely resulted in the ultimate
regulation of soil enzyme activities (Figure 6). Notably, the F. oxysporum abundance has a
significantly negative effect on the microbial abundance and community structure, which
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resulted in the ultimate regulation of enzyme activities, and it also directly and negatively
mediated the enzyme activities (Figures 5 and 6).
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Figure 5. Structural equation modeling (SEM) shows the direct and indirect effects of the bacterial
diversity, abundances and community structure on enzyme activities in the soils, in panel (A). Panel
(B) shows the standardized total effects of each individual driver. Continuous and dashed arrows
indicate positive (p < 0.05) and negative (p < 0.05) relationships, respectively. The blue, green and
gray arrows represent the paths of the physiochemical factors, bacterial diversity, abundance and
community structure, and the F. oxysporum abundance that affects the enzyme activities, respectively.
Numbers following the included variables show the explained percentage of its variance by its
predictors. The numbers on the arrows are the standardized path coefficients. The models fit the data
well. Model fits are given in Table S4. TC, soil total carbon; TN, soil total nitrogen; C/N, C, N ratio;
PSFs, the composition of soil particle-size fractions; Bacterial ST, bacterial community structure.
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Figure 6. Structural equation modeling (SEM) showed the direct and indirect effects of the fungal
diversity, abundance and community structure on the enzyme activities in the soils in panel (A).
Panel (B) shows the standardized total effects of each individual driver. Continuous and dashed
arrows indicate positive (p < 0.05) and negative (p < 0.05) relationships, respectively. The blue, green
and gray arrows represent the paths of the physiochemical factors, fungal diversity, abundance
and community structure, respectively. The numbers following the included variables show the
explained percentage of its variance by its predictors. The numbers on the arrows are standardized
path coefficients. The models fit the data well. Model fits are given in Table S5. TC, soil total carbon;
TN, soil total nitrogen; C/N, C, N ratio; PSFs, the composition of soil particle-size fractions; and
Fungal ST, fungal community structure.
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4. Discussion

While it has been a long-held view that Fusarium wilt disease is an important fungal disease
of many crops, especially in banana, which experiences a great economic loss [2,44,45], recent
studies also proposed the importance of the secreted proteins and the pathogenic mechanism of
banana hosts, in addition to the genomics of Fusarium oxysporum [46–48]. Genetic engineering
was also applied to develop banana varieties with resistance to Fusarium wilt [49]. However,
there is still no reliable solution for controlling it [4,5]. In this study, we finely contrasted the
microbial communities in suppressive and conducive soils associated with Fusarium wilt
disease via soil PSFs differentiation. Suppressive soils harbored a significantly higher fungal
abundance and diversity than conducive soils [50,51]. In particular, the variation in the
abundance and diversity of fungi was contrasted in different sized fractions. For example,
the >0.053 mm-sized fractions in the suppressive soils have similar fungal abundances
with respect to those in the conducive soils, while the abundances in the <0.053 mm-sized
fractions within the suppressive soils were notably higher than they were for conducive soils
(Figure S2). Collectively, these differences could potentially contribute to the suppressive
ability against Fusarium wilt [10]. Previous studies have also indicated that the soil PSFs and
physiochemical properties are tightly correlated to their suppressive ability a [18]. Moreover,
our MRT analysis further indicated that soil conditions are critical for determining the
microbial community structure (Figure 4).

The microbial taxonomic composition strongly varied between the disease-suppressive
and -conducive soils. The distribution of the composition, however, was different. For
example, for bacteria, the relative abundances of Actinobacteria, Firmicutes and Proteobacteria
in the 2–0.25 mm-sized fractions of the suppressive soils were all higher than those in the
conducive soils (Figure 2). The importance of the phyla was associated with their rapid
growth rate and suppression of soil-borne disease through the production of high levels of
secondary metabolites [52,53]. Previous studies have also observed higher abundances of
Actinobacteria and Firmicutes in Rhizoctonia-suppressive soils [54], which appear to have a
key role in soils with specific suppressiveness against Fusarium wilt. At the genus level, the
Pseudomonas in soils shows its potential contribution to the suppressive ability. Pseudomonas
was reported to be related to the resistance to banana Fusarium wilt [55]. In addition, several
Pseudomonas spp. have been widely recognized as biocontrol agents due to their ability to
suppress soil-borne disease and to promote plant growth, e.g., Thielaviopsis basicola [14],
Pythium pathogens [56], and R. solani [57]. The Streptomyces in the suppressive soils were
also higher than those in the conducive soils across all the soil fractions, and are usually
considered as the important antagonistic microorganisms in soils [58–60].

For the fungal phyla, the relative abundances of Ascomycota in different PSFs of
conducive soils were all higher than those in suppressive soils. Many destructive plant
pathogens that cause diseases including strawberry root rot, wheat scab and Dutch elm
disease are Ascomycetes. Thus, we speculated that suppressive soil formation was related
to a lower relative abundance of Ascomycetes. F. oxysporum belongs to the Ascomycetes.
Its abundance data show comparative enrichment in conducive soils (Figure S3), which
suggests that the quantity of the pathogen in banana soils directly determines the suppres-
sive ability against Fusarium wilt. Among other fungal genera, Trichoderma is a potential
biocontrol agent against several phyto-pathogenic fungi, e.g., the relative abundances of
Trichoderma in a macro-aggregate (>0.25 mm) of suppressive soil were significantly higher
than those in the conducive soils. This fungus can be attached to the host hyphae via coiling
and absorbing actions. Therefore, the occurrence of Trichoderma in the banana soils could
contribute to the suppressive ability against Fusarium wilt, and it is primarily located in
macro-aggregates.

There are two primary pathways for preventing and controlling soil-borne diseases, as
follows. First, antagonistic substances or multiple enzymes are produced by antagonistic
microorganisms to inhibit the pathogenic microbes or spore germination [13]. Second,
microbial communities inhibit pathogenic microorganisms through nutrition and niche
competition. The chemical properties and enzyme pattern can influence the suppressive-
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ness of soil. Our SEM analyses indicated that the soil C content showed the highest total
effect on soil enzyme activities via direct or indirect mediation in community traits, fol-
lowed by the microbial community structure and soil PSF composition. Simultaneously, the
composition of soil PSFs and other physiochemical properties also mediated the microbial
community structure, abundance and diversity, indirectly driving the enzyme activities.

The soil PSF composition in relation to the physical structure of the soil habitats could
also prevent and control soil-borne disease through multiple pathways. For instance,
physical structures constrain access to resources for certain microbial populations and
hence modulate interactions between organisms. They act by mediating the variations in
microhabitats or mineral-organic interactions to enhance the competitiveness for nutrition
and niches [61,62]. Notably, the F. oxysporum abundance has a significantly negative effect
on the microbial abundance and community structure, and this effect probably resulted in
the ultimate regulation of enzyme activities and also directly and negatively mediated the
enzyme activities. Our results also show that the difference in F. oxysporum abundances
in different aggregates between suppressive and conducive soils were not large (Figure
S2), while the disease incidence in suppressive soils was lower [10]. This phenomenon
may suggest that the manifestation of the disease is impeded by the regulation from the
resident microbial communities. Moreover, the suppressive soils showed a higher number
of positive co-occurrence relationships than the conducive soil for microbial networks
which might suggest more cooperation in the complex microbial community ecosystems.

5. Conclusions

Notable differences were observed in the PSF composition, biological traits and physio-
chemical parameters between suppressive and conducive soils across various soil fractions.
These differences could have provided an efficient and normal response to banana Fusarium
wilt. Compared with conducive soils, the suppressive soils have roughly higher enzyme
activities, nutrient contents, microbial abundance and diversity. Moreover, the microbial
taxonomic composition strongly varied between disease-suppressive and -conducive soils.
For instance, there were relative abundance differences in key microbiology communities,
such as Actinobacteria, Firmicutes, Bacteroidetes, Proteobacteria and Ascomycota, especially an-
tagonistic microorganisms (i.e., Streptomyces, Pseudomonas, Trichoderma, etc.) across various
fractions. The SEM showed that the complex associations among the soil PSFs composition,
availability of physiochemical parameters and microbial communities within different
soil fractions were mediated by multiple pathways, which further drove the soil enzyme
activities, influencing the suppressiveness of soil towards disease. Collectively, these re-
sults suggest that microbial communities may be important in the development of soil
suppressiveness against banana Fusarium wilt disease.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12020229/s1, Table S1: The relative abundances (% of
individual taxonomic group) of the dominant bacterial genera present in various fractions of suppres-
sive and conducive soils (SD and ST); Table S2: The relative abundances (% of individual taxonomic
group) of the major fungal genera present in various fractions of suppressive and conducive soils (SD
and ST); Table S3: Indices of fit for the structural equation models given in Figure 5; Table S4: Indices
of fit for the structural equation models given in Figure 6; Figure S1: The activities of sucrase (A),
urease (B), neutral phosphatase (C) and catalase (D) within different soil fractions; Figure S2: The
populations of microbial flora (bacteria, fungi and F. oxysporum) in various soil fractions (>2, 2–0.25,
0.25–0.053, and <0.053 mm) of the suppressive and conducive soils; Figure S3: Relative abundance
(%) of the fungal phyla present in various fractions of the suppressive and conducive soils; Figure S4:
Relative abundance (%) of the bacterial genera present in various soil fractions of SD suppressive (A)
and conducive soils (B); Figure S5: Relative abundance (%) of the bacterial genera present in various
soil fractions of ST suppressive (A) and conducive soils (B); Figure S6: Relative abundance (%) of
the fungal genera present in various soil fractions of SD suppressive soil (A) and conducive soils
(B); Figure S7: Relative abundance (%) of the fungal genera present in various soil fractions of ST
suppressive soil (A) and conducive soils (B).
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