Plant Soil (2015) 393:21-33
DOI 10.1007/511104-015-2474-9

REGULAR ARTICLE

Soils naturally suppressive to banana Fusarium wilt disease
harbor unique bacterial communities

Zongzhuan Shen - Yunze Ruan - Chao Xue -
Shutang Zhong - Rong Li - Qirong Shen

Received: 14 October 2014 / Accepted: 8 April 2015 /Published online: 16 April 2015

© Springer International Publishing Switzerland 2015

Abstract

Aims Banana Fusarium wilt disease is caused by the
Fusarium oxysporum f. sp. cubense race 4 fungus and is
a vast problem for global banana production. Suppressive
and conducive soils were analyzed to characterize impor-
tant microbial populations and soil chemical properties
that contribute to disease suppressiveness.

Methods Soil bacteria communities from the two ba-
nana orchards with excellent Fusarium disease suppres-
sion (suppressive soil) after long-term monoculture and
two adjacent banana orchards with serious Fusarium
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wilt disease (conducive soils) were compared using
deep 16S RNA barcode pyrosequencing.

Result Compared to the conducive soils within the same
field site, higher (P<0.05) richness and diversity indices
were observed in both suppressive soils. Moreover, more
operational taxonomic units (OTUs) were observed in the
two suppressive soils. Hierarchical cluster analyses
showed that bacterial community membership and struc-
ture in disease-suppressive soils differed from disease-
conducive soils. The Acidobacteria phylum was signifi-
cantly (P<0.05) elevated, but Bacteroidetes was signifi-
cantly (P<0.05) reduced in suppressive soils. The Gp4,
Gp5, Chthonomonas, Pseudomonas, and Tumebacillus
genera were significantly (P<0.05) enriched in suppres-
sive soils, but Gp2 was significantly (P<0.05) reduced in
suppressive soils. Furthermore, the enrichment of Gp5 and
Pseudomonas as well as the soil physicochemical proper-
ties of available phosphorus were significantly (P<0.05)
correlated with disease suppression.

Conclusions Naturally disease suppressive soils to ba-
nana Fusarium wilt disease harbor unique bacterial
communities.

Keywords Fusarium wilt disease suppressive soil -
Bacterial community - 16S rRNA pyrosequencing - Soil
chemical properties - General suppression

Introduction

Microorganisms play a major role in the development
and maintenance of soil health, an important
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requirement for plant production in agricultural systems
(Oros-Sichler et al. 2007). Furthermore, intrinsic micro-
bial communities or specific sub-populations have the
potential to suppress pathogen infectivity of host plants.
This is a characteristic of disease-suppressive soils, where
disease severity or incidence remains low, even in the
presence of pathogens, susceptible host plants, and cli-
matic conditions favorable for disease development
(Alabouvette 1986; Baker and Cook 1974). Innate dis-
ease suppression in agricultural soils has been explored in
multiple pathogen-plant systems, including Streptomyces
spp. of potato (Meng et al. 2012), Gaeumannomyces
graminis of wheat (Cook and Rovira 1976), and
Fusarium oxysporum of melon (Peng et al. 1999). Few
studies have focused on disease-suppressive soils to
Fusarium wilt (Dominguez et al. 2003; Peng et al.
1999) with little data focusing on soil microbial commu-
nity composition, especially at a finer resolution.

Banana is one of the most important cash crops in
South China and Cavendish banana production com-
prises approximately 90 % of banana cultivars (Chen
et al. 2013). Banana Fusarium wilt disease, caused by
the Fusarium oxysporum f. sp. cubense race 4 fungal
pathogen, has been reported to be the most limiting
factor in Cavendish banana production worldwide since
1996 (Pegg et al. 1996). This disease is pervasive in
China, resulting in vast economic losses (Butler 2013;
Xu et al. 2011). Disease-suppressive banana orchards
that maintain a low banana Fusarium wilt disease inci-
dence (<15 %) over consecutive production years,
paired with high disease incidence fields, have been
identified on Hainan Island, China.

Bacteria, the most abundant and diverse group of soil
organisms, influence the biological, chemical, and phys-
ical processes that drive terrestrial ecosystems. Thus,
changes in microbial community composition or abun-
dances of sub-populations can be indicators for disease
suppression (Cook and Rovira 1976; Wu et al. 2008).
Some indigenous bacteria in disease suppressive soils,
such as Pseudomonas, Bacillus, and Burkholderia, have
been shown to protect susceptible crops from soil-
borne phytopathogens (de Boer et al. 2003;
Kyselkova et al. 2009; Larkin and Fravel 1998;
Wang et al. 2013). Thus, characterization of the
banana-associated soil microbial community in
disease-suppressive soils using deep sequencing pro-
vides a foundation for soil community manipulation
and eventual sustainable alternate pathogen control
strategies (Rosenzweig et al. 2012).
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However, while disease control may be largely at-
tributed to the biological interactions between antago-
nistic microflora and pathogens through antibiotic pro-
duction or enzymatic activities (Boudreau and Andrews
1987). There exist multiple indirect mechanisms related
to general suppression that are induced by total micro-
bial activity (Mazzola 2002). Lastly, although soil mi-
crobial composition is believed to be one of the primary
drivers in soil-borne disease suppression, soil chemical
properties may also be involved in plant diseases sup-
pression (Garbeva et al. 2004).

In this study, we hypothesize that different types of
disease-suppressive soils share a common bacterial
community “core”, which may be useful as indicator
of disease-suppression. Therefore, the aims of this study
are to: 1) compare the composition and structure of the
bacterial community in disease suppressive and condu-
cive soils; 2) identify key soil chemical properties in
disease suppression and their correlations to bacterial
community composition; and 3) explore the relation-
ships between whole bacterial community composition
or the presence of prevalent taxa with Fusarium wilt
disease suppression.

Materials and methods
Field description

Two field sites differing in location, soil type, climate,
and planting time were selected. The soils from the
south field site, located in Jianfeng in southern Hainan
Island, are dry red soils. Soils from the north field site
located in Fushan, northern Hainan Island, are laterit
soils. A continuously cropped banana orchard over the
last 14 years in the south field site with sustained low
Fusarium wilt disease incidence (14 % in 2012), was
denoted as the disease-suppressive orchard with one
treatment (SS). A co-located orchard with high
Fusarium wilt disease incidence (62 % in 2012), also
planted with banana for 14 years, was referred to as the
“control” disease-conducive orchard (SC). A suppres-
sive banana orchard in the north site with continuously
low Fusarium wilt disease incidence (10 % in 2012) and
a disease-conducive banana orchard with high
Fusarium wilt disease incidence (68 % in 2012), both
planted with banana for 12 years, were selected as
treatment (NS) and control (NC), respectively.
Management practices, including the banana cultivar
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(Musa acuminate AAA Cavendish cv. Brazil), planting
density (2550 tissue culture seedlings per ha), fertiliza-
tion and irrigation, were all similar in the two paired
orchards (Table 1).

Soil sampling and DNA extraction

Triplicate samples from each orchard soil were collected
in August 2012 according to a modified method de-
scribed by Shen et al. (2013). Briefly, 5 individual
banana trees at least 5 m apart were selected for one
sample collection, and the collected soil samples from
each tree were mixed as a composite soil sample. For
each tree, a composite soil sample from 4 sites under the
trunk base was collected using a 25-mm soil auger to a
depth of 20 cm. After sifting the samples through a
2 mm sieve and thoroughly homogenizing the samples,
one portion of each sample was air-dried for chemical
property analysis, and the other portion was stored at
—70 °C for subsequent DNA extraction. Total soil ge-
nomic DNA was extracted using the PowerSoil DNA
Isolation Kit (MoBio Laboratories Inc., Carlsbad, USA)
following the manufacturer’s instructions. The concen-
tration and quality of the DNA were determined with a
spectrophotometer (NanoDrop 2000, Wilmington,
USA).

Bacterial 16S rRNA amplification and pyrosequencing

The DNA extracted from each soil sample served as a
template for amplification of the V4-V5 hypervariable
regions of the 16S rRNA gene using primers 515F and
907R (Xu et al. 2012) (Table S1). This yielded an

Table 1 Detailed information of the four banana orchards

approximate 400-bp region of the 16S rRNA gene,
which is appropriate for the accurate phylogenetic re-
construction of bacteria (Biddle et al. 2008). All 16S
rRNA amplifications for each sample were performed in
a 50 pl mixture containing 45 ul of Platinum PCR
SuperMix (Invitrogen Company, Shanghai, China),
200 nM final concentration of each primer, and 20 ng
of template DNA. The PCR conditions included an
initial denaturation step of 94 °C for 5 min followed
by 28 cycles of denaturation at 94 °C for 45 s, annealing
at 55 °C for 30 s, and extension at 72 °C for 45 s with a
final extension at 72 °C for 5 min. The PCR products
were purified using a 2.0 % agarose gel and quantified
using Picogreen (Invitrogen Company, Shanghai,
China). The amplicons from each sample were then
pooled in an equimolar concentration into a single tube
and an emulsion PCR was performed to generate the
single strands on beads as required for 454 barcode
pyrosequencing. Pyrosequencing was performed on
the Roche 454 GS-FLX Titanium platform at Tongji-
SCBIT Biotechnology Co., Ltd (Shanghai, China).

Pyrosequencing data processing

After pyrosequencing, raw data were processed by fol-
lowing the standard operating procedure described by
Schloss et al. (2009) in Mothur. Briefly, sequences with
a minimum flow length of 450 flows were denoised
based on reimplementation of the PyroNoise algorithm
with the default parameters (Quince et al. 2011).
Sequences with more than 1 mismatch to the primer,
any mismatch to the barcode, any ambiguous base call,
homopolymers longer than 8 bases and reads shorter

NC NS SC SS
Site North North South South
Latitude 19.831°N 19.833°N 18.651°N 18.645°N
Longitude 109.919°E 109.920°E 108.788°E 108.796°E
Temperature (°C)* 23 24 24
Precipitation (mm)° 2250 2250 1150 1150
Monocultured year 12 14 14
Disease incidence (%)° 68 10 62 14
Soil type Laterit Laterit Dry red Dry red

? The annual mean temperature of year 2011
® The annual mean precipitation of year 2011

¢ Disease incidence here represents the mean banana Fusarium wilt disease incidence of year 2012 for each treatment
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than 250 bases were eliminated, and the filtered se-
quences were trimmed and assigned to soil samples
based on barcodes. After removing the barcode and
primer sequences, sequences were aligned against the
Silva bacterial database (Pruesse et al. 2007). After
screening, filtering, preclustering, and chimera removal,
the retained sequences were used to build a distance
matrix with a distance threshold of 0.2. Using the aver-
age neighbor algorithm with a cut-off of 97 % similarity,
bacterial sequences were clustered to operational taxo-
nomic units (OTUs), and the representative sequence for
each OTU was selected and classified using a
Ribosomal Database Project naive Bayesian rRNA clas-
sifier with a confidence threshold of 80 % (Wang et al.
2007).

A randomly selected subset of 5,409 sequences per
sample was chosen for further bacterial community
analysis in Mothur (Schloss et al. 2009). An OTU-
based approach was performed to calculate the richness
and diversity at an OTU distance of 0.03. Rarefaction
was created to compare relative levels of bacterial OTU
richness across all soil samples. Richness indices of the
abundance based on coverage estimator (ACE) were
calculated to estimate the number of OTUs present.
Diversity within each individual sample was estimated
using the nonparametric Shannon diversity index. To
compare bacterial community membership and struc-
tures across all samples, a hierarchical cluster tree was
constructed using the weighted and unweighted UniFrac
metric matrices. To compare bacterial community com-
position between disease-suppressive and disease-
conducive soil samples, a Venn diagram was generated
based on the shared OTU table from the subsample after
removing singletons (OTUs represented once with only
one sequence in all samples).

Determination of soil chemical properties

Soil pH was measured using a glass electrode meter in a
soil water suspension (1:2.5 w/v) after shaking for
30 min. Electrical conductivity (EC) was measured
using a conductivity meter in a soil water suspension
(1:5 w/v) after shaking for 30 min. The total organic
carbon (TOC), total nitrogen (TON) and carbon to ni-
trogen ratio (C/N) were determined by a dry combustion
method using an Element Analyzer (Vario EL,
Germany). Available phosphorus (AP) in the soil was
extracted with sodium bicarbonate and then determined
using the molybdenum blue method. Available
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potassium (AK) in the soil was extracted with ammoni-
um acetate and determined by flame photometry (Shen
et al. 2013).

Statistical analysis

All data were tested for normality and homogeneity in
IBM SPSS Statistics 20.0 and the data were transformed
when necessary to meet the criteria for a normal distri-
bution. Permutational multivariate analysis of variance
(PERMANOVA) was performed to evaluate the signif-
icant differences of microbial community composition
according to field sites, health status and the interaction
of field sites with healthy status (Anderson 2001). All
measured soil environmental variables were selected by
forward selection in CANOCO 4.5 to determine the
predictor variables (Etten 2005). Then, redundancy
analysis (RDA) was performed using CANOCO 4.5
for Windows to examine the relationship among fre-
quencies of abundant phyla, samples and selected soil
variables. One-way analysis of variance (ANOVA)
based on Duncan’s multiple range test (DUNCAN) were
performed for multiple comparisons and P<0.05 was
considered to be statistically significant. Multiple linear
regression was calculated using IBM SPSS Statistics
20.0 to determine the relationship of measured soil
chemical properties with disease incidence and abun-
dant phyla distribution.

Accession number

All raw sequences have been deposited at the DNA Data
Bank of Japan (DDBJ) with accession number
DRA002235.

Results
Sequencing results

After quality filtering, the pyrosequencing-based analy-
sis of the V4 region of the 16S rRNA genes resulted in
the recovery of 88,422 high quality sequences across all
12 samples. The number of high quality sequences
within the bacterial domain per sample ranged from
5,409 to 14,790 with an average of 7,369 (Table S2).
After re-sampling, there were 6,374 distinct OTUs ob-
served at 3 % dissimilarity for 64,908 sequences among
all soil subsamples (Table S3). In total, 50.4 % (3,213)
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of all OTUs with 3,213 sequences were considered as
singletons.

Bacterial community richness and diversity

Although the curves did not reach saturation, rare-
faction curves of the mean pooled sequences for 3
replicates in each treatment at 3 % dissimilarity were
compared and similar results were observed for
disease-suppressive and disease-conducive soil sam-
ples from the same field site (Fig. 1). For both the
south and north sites, higher OTU numbers were
observed in soil samples collected from disease-
suppressive orchards than from disease-conducive
orchards.

Bacterial community richness and diversity were
determined using the randomly re-sampled 5,409 se-
quences based on the ACE richness and the Shannon
diversity (H’) index (Table 2). Significantly (P<0.05)
higher bacterial richness and diversity were observed
in SS soil samples than in SC soil samples in the south
site, and though no difference was observed from the
north site, richness and diversity values in the NS soil
samples were both higher.

Bacterial community membership and structure

After removing singletons, 1,645 OTUs with 15,161
sequences and 1,553 OTUs with 15,501 sequences were
observed in NS and NC soil samples while 1,718 OTUs
with 15,347 sequences and 1,398 OTUs with 15,686
sequences were observed in SS and SC soil samples,
respectively (Fig. 2 and Table S3). Soil samples collect-
ed from disease-suppressive banana orchards harbored a
greater number of bacterial OTUs when compared to
soil samples collected from disease-conducive banana
orchards both in the same site and between different
sites.

Hierarchical cluster analysis (Fig. 3), based on the
weighted (Fig. 3a) and unweighted (Fig. 3b) UniFrac
algorithm, revealed that bacterial community structure
and membership collected from the same field sites were
more similar when compared to different field sites.
Hierarchical clusters from disease-suppressive soils
were clearly separated from the disease-conducive soils,
indicating contrasting bacterial community structures
according to disease status.

Bacterial community composition

Fifteen bacterial phyla were identified in all samples
with eight phyla, comprising 80 % of all sequences,
were abundant (>1 %): Acidobacteria, Actinobacteria,
Bacteroidetes, Chloroflexi, Firmicutes, Nitrospirae,
Planctomycetes, and Proteobacteria (Fig. 4). Another
seven phyla, including Armatimonadetes, Chlamydiae,
Cyanobacteria, Gemmatimonadetes, TM7,
Verrucomicrobia, and WS3, were in low abundance
(<1 %). The highly affiliated phyla that did not appear
in all soils were ascribed to “others” (Table S4). Overall,
PERMANOVA revealed significant differences at the
phylum composition according to field site (F=191.07,
P<0.05) and health status (F=13.21, P<0.05), but no
significantly to interaction term of the field with health
status. Among the abundant phyla, a higher (P<0.05)
abundance of Acidobacteria was in soil samples collect-
ed from disease-suppressive orchards compared to
disease-conducive orchards within the same field site,
while an opposite tendency was found for
Bacteroidetes. However, the other abundant phyla did
not show a consistent tendency in the south and north
field sites.

The relative abundances of classified abundant
genera (>1 %) for each soil sample that exhibited
significant difference among banana orchards with
different disease incidences were identified
(Table 3). Among the most frequent, only 3 putative
genera, namely Gpl, Gp3, and Nitrospira, were
represented in all treatments. Only 9 and 8 of the
most frequent putative genera were observed in the
NC and SC soil samples, respectively, whereas 11
and 14 of the most frequent classified genera were
observed in the NS and SS soil samples, respective-
ly. Overall, PERMANOVA showed significant dif-
ferences at the genus level composition according to
field sites (F=29.50, P<0.05), health status (F=
5.59, P<0.05) and the field with health status inter-
action term (F=5.96, P<0.05). The abundances of
Chthonomonas, Gp4, Gp5, Pseudomonas, and
Tumebacillus were higher (P<0.05) in the disease-
suppressive soil samples than in disease-conducive
soil samples within the same field site while the
frequency of Gp2 exhibited an opposite tend.
Further multiple linear regression analyses revealed
that the model, including Gp5 and Pseudomonas,
was a good predicator variable in disease incidence
(Table S5).
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Effects of soil environmental variables on abundant
phyla

The total soil carbon (TOC), total nitrogen (TON), C/N
ratio (C/N), EC, pH, available phosphorus (AP), and
available potassium (AK) for soil samples varied signif-
icantly in different banana orchards (Table 4). Values of
TON, TOC, C/N and AK were higher (P<0.05) in soil
samples collected from the north site (NS and NC) than
from the south site (SS and SC), but pH, AP and EC did
not show such tendency. Interestingly, both in the south
and north sites, soil pH, AP and AK were higher
(P<0.05) in disease-suppressive soil samples than in
disease-conducive soil samples. Multiple linear regres-
sion analyses revealed that only AP was a significant
predicator variable for disease incidence (R=-0.392,
P<0.05).

Table 2 Richness (ACE) and diversity (Shannon) indices for the
four banana orchards

Treatments ACE Shannon
NC 3213 (580)* 6.06 (0.06)*
NS 4151 (825)* 6.19 (0.10)*
SC 2390 (244)b 5.48 (0.04)°
SS 3717 (652)* 6.02 (0.03.)ab

Values are means followed by one standard error of mean in
parentheses. Different letters in each column indicates statistically
significant differences at the 0.05 probability level according to the
Duncan test
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Number of sequences sampled

The environmental variables model, including field
site, EC and available P, significantly explained the
variation within the phyla data (P=0.002; Monte Carlo
test) after stepwise selection. The RDA performed on
selected soil environmental variables and abundant phy-
la data showed that the first and second RDA compo-
nents explained 98.2 % of the total bacteria phyla vari-
ation (Fig. 5). The first component (RDA1) could sep-
arate soil treatments from different type soils, and the
second component (RDA2) could separate disease-
suppressive soil samples from disease-conducive soil
samples within the same type soil.

Multiple linear regression was also used to evaluate
relationships between abundant phyla and environmen-
tal variables (Table 5). Among the all measured envi-
ronmental variables, TON and TOC was not correlated
to any abundant phyla abundance. Among the
predicator variables, field site was correlated to the
relative abundances of Acidobacteria, Chloroflexi,
Nitrospirae, Planctomycetes and Proteobacteria and
soil EC was correlated to the relative abundances of
Acidobacteria and Nitrospirae. Moreover, soil AP was
correlated to the relative abundances of Acidobacteria,
Chloroflexi and Proteobacteria.

Discussion

The existence of disease-suppressive soils has long been
recognized, and attempts to elucidate the mechanisms
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Fig. 2 Venn diagram for
conducive soil samples (NC) and
suppressive soil samples (NS)
collected from the north site (a),
for conducive soil samples (SC)
and suppressive soil samples (SS)
collected from the south site (b),
and for conducive soil samples
(NC+SC) and suppressive soil
samples (NS+SS) collected
different sites (c) showing shared
and unique OTUs based on the
OTU shared table at 0.03
dissimilarity distances after
removing singletons

involved in soil-borne disease suppression have yielded
information on numerous potential biological control
agents (Alabouvette et al. 1996). In this study, microbial
communities from banana Fusarium wilt disease-
conducive and disease-suppressive soils were analyzed
for the presence of signature organisms indicative of
functional suppression. The observation of richer, more
diverse bacterial communities in our disease-
suppressive soils is supported by earlier findings that
also revealed higher diversity in suppressive soils or
those with the addition of bio-organic fertilizer (Qiu
et al. 2012; Zhang et al. 2013; Zhao et al. 2011).
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Fig. 3 Hierarchical cluster tree constructed based on the distance
matrix that was calculated using the (a) weighted UniFrac algo-
rithm and (b) unweighted UniFrac algorithm for conducive soil
samples collected from the north site (NC), suppressive soil
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782 819
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Furthermore, though not significant, a large number of
OTUs were recovered from the disease-suppressive
soils, also in agreement with previous work reported
by Rosenzweig et al. (2012), who found more OTUs
in potato common scab-suppressive soils.

As revealed through hierarchical cluster analyses,
field-scale spatial influences were pronounced with
samples from the same field having more similar bacte-
rial community structure, regardless of suppression sta-
tus, similar to previous findings (Roesch et al. 2007;
Lundberg et al. 2012). Within each field, suppression
status resulted in significantly different bacterial

—
B T—
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e —

0.05

b
$s3

SS2
Ss1
SC3
SC2
SC1
NS3
NS1

NS2
NC3

NC2
NC1

samples collected from the north site (NS), conducive soil samples
collected from the south site (SC) and suppressive soil samples
collected from the south site (SS)
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Fig. 4 The relative abundance of
phyla for conducive soil samples
collected from the north site (NC),
suppressive soil samples collected
from the north site (NS), conducive
soil samples collected from the
south site (SC) and suppressive soil
samples collected from the south
site (SS). “Others” indicates
extremely low abundant phyla,
including Chlorobi, Elusimicrobia,
Spirochaetes, Synergistetes, BRC1,
OD]! and OPI1

community composition, similar to previous studies that
found suppressive soils for tobacco black root rot dis-
case (Kyselkova et al. 2009), Rhizoctonia solani AG8
bare patch disease (Penton et al. 2013), and cabbage
clubroot disease (Hjort et al. 2007) harbored distinct

communities.
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Proteobacteria and Acidobacteria were the two most
abundant phyla, followed by Firmicutes, Actinobacteria,
Bacteroidetes, Chloroflexi, Nitrospirae and
Planctomycetes, roughly corresponding to the bacterial
community structure identified in agricultural or other soil

types (Acosta-Martinez et al. 2008; Roesch et al. 2007). A

Table 3 Frequency of the most abundant classified bacterial genera (expressed as %) of all classified sequences within the four banana

orchards

Genus NC NS SC SS
Pseudomonas 0.52 (0.07)° 0.79 (0.14)° 0.39 (0.07)¢ 2.00 (0.31)°
Gp5 0.20 (0.13)° 1.17 (0.09) 0.14 (0.04)° 0.40 (0.09)°
Chthonomonas 0.88 (0.03)° 1.62 (0.27) 0.16 (0.10) 0.36 (0.04)°
Tumebacillus 0.03 (0.03)° 0.12 (0.02)° 0.85 (0.33)° 1.48 (0.15)
Gp4 2.07 (0.27)° 3.61 (0.39)° 0.25 (0.06)° 2.15 (0.13)°
Gp2 2.59 (0.26)* 2.14 (0.13)° 0.40 (0.08)° 0.18 (0.04)"
Gp3 2.12 (0.49)° 3.82 (0.42) 1.46 (0.28)° 1.46 (0.27)°
Gemmatimonas 2.23 (0.24)* 242 (0.15) 0.73 (0.12)° 1.42 (0.34)°
Gp6 8.22 (0.40)* 5.95(0.11)° 0.89 (0.21)° 6.32 (0.89)°
Steroidobacter 1.29 (0.17)* 0.50 (0.20)° 0.08 (0.02)° 0.41 (0.08)°
Nitrospira 3.14 (0.16)* 3.10 (0.19) 1.36 (0.02)° 1.66 (0.20)°
Gp7 1.53 (0.20)* 1.24 (0.12)° 0.09 (0.05)¢ 0.26 (0.05)°
Rhizobium 0.08 (0.03)° 0.05 (0.03)° 0.88 (0.15)° 1.34 (0.08)*
Sphingobium 0.05 (0.04)° 0.02 (0.00)° 0.30 (0.10)° 1.08 (0.12)*
Planctomyces 0.95 (0.25)° 1.19 (0.12) 0.25 (0.06)° 0.31 (0.07)°
Dokdonella 0.11 (0.02)° 0.15 (0.05)° 11.69 (0.66)* 5.58 (0.15)°
Bacillus 0.13 (0.01)° 0.42 (0.11)° 3.73 (0.59)* 2.72 (0.99)
Flavobacterium 0.22 (0.02)° 0.04 (0.04)° 1.49 (0.20) 1.41 (0.23)°
Rhodanobacter 0.02 (0.03)° 0.00 (0.00)° 1.80 (0.73)° 1.34 (0.69)°
Microbacterium 0.01 (0.01)° 0.00 (0.00)° 1.09 (0.25)° 0.26 (0.11)°
Gpl 9.38 (0.81)* 9.73 (1.05)° 4.80 (0.29)° 2.39 (0.10)°

Values are means followed by one standard error of mean in parentheses. Different letters in each row indicates statistically significant
differences at the 0.05 probability level according to the Duncan test. Three abundant genera as showing in bold are indentified in all soil

samples
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Table 4 Measured chemical properties of the soil samples from the four banana orchards

s

Treatment pH TON TOC C/N AP AK EC
(gke)’ (gke) (mg/kg) (mg/kg)’ (us/cm)”
NC 5.14 (0.08)" 1.80 (0.02) 19.19 (0.08)* 10.64 (0.13) 73.2 (0.19)° 351 (12)° 104 (6)°
NS 6.68 (0.11) 1.52 (0.02)° 14.98 (0.12)° 9.83 (0.08)° 231.38 (2.32)° 553 (16)* 48 (6)
SC 5.29 (0.05)° 0.82 (0.01)¢ 5.36 (0.22)¢ 6.50 (0.16)¢ 147.15 (3.75)° 130 (2)¢ 219 (6)°
SS 5.58 (0.04)° 0.94 (0.05)° 7.45 (0.33)° 7.92 (0.11)° 164.19 (4.60)° 172 (10)° 355 (6)°

Values are means followed by one standard error of mean in parentheses. Different letters in each column indicates statistically significant
differences at the 0.05 probability level according to the Duncan test. ~ represents a statistically significant differences (P<0.05) between
north (NC+NS) and south (SC+SS) soil samples according to two samples t-test

lower abundance of Bacteroidetes was observed in both
disease-suppressive soils collected from the south and
north field within the same site and agrees with lower
abundances identified in other suppressive soils (Sanguin
et al. 2009). In addition, the identification of higher abun-
dances of Acidobacteria in our suppressive soils has also
been observed in potato common scab suppressive soils
(Rosenzweig et al. 2012). At a coarse taxonomic scale,
these changes in Acidobacteria and Bacteroidetes abun-
dances suggest a linkage to disease suppression. However,
we found no significant correlation between phyla level

bins and disease suppression, indicating that deeper taxo-
nomic analyses are required.

Thus, the most abundant genera in each soil sample
were investigated in detail, and significantly higher
abundances of Chthonomonas, Gp4, GpJ5,
Pseudomonas, and Tumebacillus in both disease-
suppressive soil samples were found, compared to the
co-located conducive soil samples. Pseudomonas has
been identified as a broad indicator of suppression of a
variety of pathogens such as Thielaviopsis basicola
(Kyselkova et al. 2009), Gaeumannomyces graminis

Fig. 5 Redundancy analysis w)
(RDA) based on the relative -
abundance of bacterial phyla and
selected environmental variables
for conducive soil samples
collected from the north site (NC),
suppressive soil samples collected
from the north site (NS),
conducive soil samples collected
from the south site (SC) and
suppressive soil samples collected
from the south site (SS). The
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Table S Multiple regression coefficient (r) between abundant phyla and environmental variables for all soil samples collected from the four

different banana orchards

Phylum pH TON TOC CN AP AK EC Site
Acidobacteria NS NS NS NS 0.19 NS 0.49 -141
Actinobacteria —0.16 NS NS -0.94 NS NS NS NS
Bacteroidetes NS NS NS NS NS -0.93 NS NS
Chloroflexi -0.61 NS NS 0.33 1.22 —-1.18 NS -2.02
Firmicutes NS NS NS NS NS NS NS NS
Nitrospira NS NS NS NS NS NS 0.31 —-0.15
Planctomycetes NS NS NS NS NS NS NS -0.90
Proteobacteria NS NS NS NS -0.20 NS NS 0.98

NS means the environmental variable is not included in the model and removed by the stepwise analyses

(Bull et al. 1991), Pythium splendens (Buysens et al.
1996), Phytophthora infestans (Tran et al. 2007),
Agrobacterium tumefaciens (Dandurishvili et al. 2011),
and Rhizoctonia solani (Berta et al. 2005). Among
others, Gp4 and Gp5 have also been found in higher
abundances in potato common scab-suppressive soil
caused by Streptomyces spp. (Rosenzweig et al. 2012).
Little physiological data exists for the two relatively
new genera Tumebacillus (Firmicutes) and
Chthonomonas (Armatimonadetes) (Steven et al. 2008;
Lee etal. 2011). As such, their ecological role in the soil
is still unclear.

After regression analyses, Gp5 and Pseudomonas
were found to be most associated with disease suppres-
sion of banana Fusarium wilt. Specifically,
Pseudomonas has frequently been reported to be re-
sponsible for the natural suppression of Fusarium wilt
disease and it has been utilized for banana Fusarium wilt
disease biocontrol (Kavino et al. 2010; Saravanan et al.
2004; Sivamani and Gnanamanickam 1988) likely by
their: 1) production of a wide spectrum of bioactive
metabolites, 2) rapid utilization of root exudates, 3)
colonization and multiplication in the environment,
and 4) aggressive competition with other microorgan-
isms (Kloepper et al. 1980; Lemanceau and Alabouvette
1993; Weller 1988). Although no direct antagonistic
activities have been reported, Acidobacteria subgroup
GpS is a promising candidate subdivision for disease
suppression. The subgroup has been detected at higher
abundances in many disease-suppressives compared to
disease-conducive soils (Hunter et al. 2006; Sanguin
et al. 2009). Therefore, our results compounded with
earlier studies suggest that Pseudomonas and the

@ Springer

Acidobacteria subgroups may be important in the natu-
ral disease suppression of banana Fusarium wilt disease.
However, whether this mechanism is through direct
antagonism or resource competition, especially in the
case of GpJ, is currently unknown and a subject for
future research.

Results from Monte-Carlo tests revealed that soil
environmental variables shaped the phylum-level bacte-
rial community composition, in accordance with earlier
studies that demonstrated strong influences of soil envi-
ronmental variables (Acosta-Martinez et al. 2008; Peng
et al. 1999; Dominguez et al. 2001). Overall, the field
site location was the largest effect in determining bacte-
rial composition in the current study, similar to previous
works that illustrated the importance of spatial influ-
ences (Bossio et al. 1998; Girvan et al. 2003; Zhao
et al. 2014). However, within the same field and across
treatments, disease status overcame field site as a prin-
ciple driver, emphasizing the importance of spatial scale
in determining soil environmental variables on bacterial
community structure. Higher soil AP was found in the
two disease-suppressive compared to the disease-
conducive soils within the same field site and a signif-
icant (P<0.05) negative correlation to disease incidence
was also observed. This is similar to previous findings
indicating that higher soil AP associated with lower
wheat Rhizoctonia root rot disease incidence (Davey
et al. 2012) and lower stem rot disease incidence caused
by Rhizoctonia solani (Chauhan et al. 2000). The dis-
ease suppression may be due to that higher AP could
stimulate plant growth then enhance host disease resis-
tance to soil pathogens (Davey et al. 2012). Higher AK
and pH in disease-suppressive versus in disease-
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conducive soils within the same field site was observed,
though no significant correlation to disease incidence
was observed. This finding agrees with a previous report
suggesting that soil AK is higher in banana Fusarium
wilt disease-suppressive soils (Peng et al. 1999) and
higher pH enhanced the Fusarium wilt disease suppres-
sion (Senechkin et al. 2014). Potassium impacts numer-
ous physiological and biochemical processes that have
relevance for plant susceptibility to pathogens, such as
manipulation of specific metabolic enzymes and hor-
monal pathways to help the host against pathogen in-
fection (Amtmann et al. 2008). Soil pH can influence
plant disease suppression directly by effects on the soil-
borne pathogen and microorganisms and indirectly
through soil nutrients availability to the plant host
(Ghorbani et al. 2008).

However, very complex interactions between soil
properties and abundant phyla were exhibited in our
current study, confirming that it is generally difficult to
demonstrate the exact mechanisms of abiotic factors
involved in disease suppression (Hoper and
Alabouvette 1996; Alabouvette 1999). In addition, mi-
crobiological and enzymatic parameters are more indic-
ative of disease suppression than chemical parameters in
general (Bonanomi et al. 2010). Taking together, these
findings suggest that higher pH, AP and AK may en-
hance the suppression ability to banana Fusarium wilt
disease probably by impacting the composition and
activity of the soil microbial communities and/or induce
the resistance of banana itself (Mazzola 2002).

In conclusion, comparisons of soil bacterial commu-
nities from two natural banana Fusarium wilt-
suppressive orchards showed that these disease-
suppressive soils harbored distinctive bacterial commu-
nities, compared to their disease-conducive counter-
parts. Specifically, higher abundances of members with-
in the Acidobacteria phylum, specifically Gp4 and Gp3,
and of the genera Chthonomonas, Pseudomonas, and
Tumebacillus were identified while the Bacteroidetes
were in decreased abundance in the disease-
suppressive soils. Moreover, the enrichment of GpJ5
and Pseudomonas in addition to the soil physicochem-
ical property AP were positively correlated with disease
suppression. Although understanding the exact mecha-
nisms for enhanced disease suppression driven by the
composition of the microbial community or by specific
populations is complex, this study reveals that banana
Fusarium wilt suppressive soils harbor unique commu-
nities with higher richness and diversity and identified

specific populations that may be considered as indica-
tors of the ability of a soil to suppress disease.
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