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Summary

Microbiome plays a key role in determining soil sup-
pressiveness against invading pathogens. Our previ-
ous study revealed that microbial community of bulk
soil could be manipulated by lime and ammonium
bicarbonate fumigation followed by biofertilizer appli-
cation. However, the assembly of microbial commu-
nity suppressive to banana Panama disease in the
rhizosphere is still unclear. In this study, we used
high-throughput sequencing and quantitative PCR to

explore the assembly of rhizosphere microbiome
associated with banana Panama disease suppression
in a two-seasonal pot experiment. We found biofertil-
izer applied to lime and ammonium bicarbonate fumi-
gated soil significantly (P < 0.05) reduced the
abundance of rhizosphere Fusarium oxysporum com-
pared to biofertilizer applied to non-fumigated soil.
Principal coordinate analysis revealed that biofertilizer
applied to lime and ammonium bicarbonate fumigated
soil re-shaped the rhizosphere bacterial community
composition by increasing the phylogenetic related-
ness, and stimulating indigenous microbes, for exam-
ple, Gemmatimonas, Sphingomonas, Pseudomonas,
Lysobacter and Bacillus. Co-occurrence analysis
revealed that potential species involved in disease
suppression were more interrelated in disease-
suppressive soils. Taken together, lime and ammo-
nium bicarbonate fumigation followed by biofertilizer
application could induce banana rhizosphere to
assemble beneficial microbes dominated consortia to
suppress banana Panama disease.

Introduction

Interactions between microbes in bulk and rhizosphere
soil, and plant provide a potential to dynamically affect
plant health and production through complex feedback
mechanisms (Chaparro et al., 2012). Since rhizosphere
microbiota acts as the first line of plant defence against
soil-borne pathogens (Cook et al., 1995; Philippot et al.,
2013), the study of how plant recruits beneficial
microbes from bulk soil to assemble a disease-suppres-
sive microbiome in the rhizosphere could provide an
important understanding of plant–soil–microbe interac-
tions associated with soil-borne disease suppression.
Rhizosphere, known as the narrow region of soil that

adheres to plant roots and influenced by plant exudates,
soil type and agricultural practices (Haichar et al., 2008;
Berg and Smalla, 2009; Lundberg et al., 2012), is an
environment where the beneficial and pathogenic
microorganisms exert significant influences on plant
health and growth (Bais et al., 2006; Philippot et al.,
2013). Given that bacteria is the most diverse and
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abundant group of microorganisms inhabited in the rhizo-
sphere and most antagonistic to Fusarium pathogen
(Raaijmakers et al., 2009), bacterial community in rhizo-
sphere plays a key role in managing soil-borne diseases.
Therefore, it is essential to figure out how roots assem-
ble a disease-suppressive bacterial community in rhizo-
sphere to support sustainable crop production.
It has been widely recognized that microbial commu-

nity assembly is driven by both deterministic and
stochastic processes (Stegen et al., 2012; Evans and
Wallenstein, 2014; Dini-Andreote et al., 2015). Determin-
istic process is defined as the determination of identity
and abundance of species by environmental filtering or
species interaction (Tilman, 2004; Chase, 2007), while
the stochastic process known as microbial community
dynamics is the sum of individual stochastic events, that
is, drift, dispersion and speciation (Nemergut et al.,
2013; Stegen et al., 2013). Due to the relatedness
between the phylogenetic distance of species and their
ecological similarity, phylogenetic community structure
combined with the ecological null model can be used to
infer the relative contributions of deterministic and
stochastic processes to microbial community structure
(Webb, 2000; Webb et al., 2003). In general, when
microbial community is driven by deterministic pro-
cesses, the phylogenetic structure is clustered or over
dispersed while the phylogenetic community structure is
not significantly different from the null model when micro-
bial community is driven by stochastic processes. How-
ever, the phylogenetic response and ecological process
driving the microbial community assembly in banana rhi-
zosphere influenced by agricultural management prac-
tices remains largely unknown (Vellend, 2010; Kembel
et al., 2011).
Banana is the most popular fruit in the world and an

important source of nutrition for people (FAOSTAT,
2017). Virtually more than half of the known banana cul-
tivars belong to the Cavendish subgroup of the species,
which are genetically nearly identical (Ploetz, 2015). The
worldwide monoculturing of genetically identical plants
makes the Cavendish banana cultivation highly vulnera-
ble to disease outbreaks. One of the most prominent
examples is the Panama disease, a soil-borne disease
caused by the fungus Fusarium oxysporum f. sp.
cubense race 4 (Foc4), which can infect the root and
vascular system of plants and persist in the soil for dec-
ades (Ploetz, 2006). The wilt disease is a significant bio-
tic limitation to sustainable production of the Cavendish
banana, especially in China, which is the second largest
banana producer in the world (Butler, 2013; Ordonez
et al., 2015).
Panama disease of banana is difficult to control due to

the survival of Foc4 as chlamydospores in soil or as a
saprophyte of non-host plants (Deltour et al., 2017). In

our previous study, application of a biofertilizer produced
by fermentation of compost and amino acids inoculated
with a Bacillus sp. biocontrol agent into the Foc4
invaded soil, effectively controlled the Panama disease
under banana mono-cropping conditions (Shen et al.,
2015). The controlling effect was more pronounced when
the biofertilizer-amended soil was previously treated by
fumigation, which partly attributed to soil microbiome
manipulation towards a disease-suppressive microbial
community. Microbial community composition in the bulk
soil treated with fumigant and biofertilizer has been pre-
viously reported to be associated with disease suppres-
sion (Shen et al., 2018). However, how this manipulated
microbiota in bulk soil influences the assemblage of
microflora in banana rhizosphere is partially known. Fur-
thermore, the correlations between this assembled rhizo-
sphere microbiome and banana health are also
unexplored.
Considering the changes in soil properties and

reduced microbial biomass and diversity during fumiga-
tion as previously reported (Shen et al., 2018), we
hypothesized that soil microbial community is re-shaped
by fumigation and then re-assembled after amendment
of disease-suppressive compost, resulting in banana
microbiome that can suppress Panama disease. To test
this hypothesis, a two-season pot experiment was per-
formed to investigate how the bacterial community was
assembled in the banana rhizosphere when biofertilizer
was applied to a soil fumigated by lime and ammonium
bicarbonate. The potential disease-suppressive mecha-
nisms were also explored at the whole microbiome level
and the specific indigenous microbes associated with
disease suppression were identified.

Results

Abundance of F. oxysporum in banana rhizosphere

Among the soils sampled at the end of pot experiment
during the second season, the treatment of biofertilizer
applied to lime and ammonium carbonate fumigated soil
(LAB) with lower disease incidence showed a signifi-
cantly lower abundance of F. oxysporum in the rhizo-
sphere soils than that in the treatment of biofertilizer
applied to non-fumigated soil (CKB) (Fig. 1A). The abun-
dance of F. oxysporum in the rhizosphere soils dis-
played a significant and positive correlation with that in
the bulk soils (Fig. 1B).

Overview of the sequencing data

In total, 386 323 high-quality sequences for 16S rRNA
genes were retained after quality filtering and removal of
archaeal sequences (Table S1). Based on the 97% simi-
larity, a total of 5488 OTUs were obtained for the
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bacterial 16S rRNA genes across all the samples. The
most five abundant phyla Proteobacteria, Bacteroidetes,
Firmicutes, Acidobacteria and Actinobacteria accounted
for 78.9% of the total bacterial sequences (Fig. S2). The
bacterial community composition was significantly corre-
lated to the abundance of F. oxysporum (r = 0.648,
P = 0.001) as revealed by the Mantel test. PERMA-
NOVA revealed that both the soil type and fumigation
were significant drivers of the bacterial community com-
position (Table 1).

Soil bacterial community structure

Principal coordinate analysis (PCoA) based on the
weighted UniFrac algorithm clearly revealed that the soil
bacterial community varied across the soil types (rhizo-
sphere vs. bulk soils and fumigated vs. non-fumigated
soils) (Fig. 2). The bulk soils treated with fumigants (LAF

and BLA) separated from the non-fumigated soils (BF,
CK and BCK). The rhizosphere soils treated with fumi-
gants (RLA) also separated distinctly from rhizosphere
soils treated without non-fumigants (RCK). The ANOSIM
and MRPP analysis confirmed that soil type and fumiga-
tion were significant drivers in distinguishing the rhizo-
sphere bacterial community structure (Table 1).

Bacterial community diversity and phylogenetic
relatedness

For soils sampled after fumigation, lime and ammonium
bicarbonate fumigation significantly increased the near-
est taxon index (NTI) compared to the non-fumigated
control (Fig. 3). At the end of pot experiment, the RLA
soil showed a lower NTI compared to the RCK control
while no significant difference was observed between
bulk soil samples. Moreover, the nearest relatedness
index (NRI) was much closer to zero for the rhizosphere
soil samples compared to the non-rhizosphere soil sam-
ples. Spearman correlation analysis revealed that the
NRI was significantly and negatively correlated with the
abundance of F. oxysporum (Fig. S3).

Soil bacterial community composition

Venn diagram showed that 295 OTUs and 441 OTUs
were unique in bulk soils of the BLA and BCK treatments,
respectively, while 226 OTUs and 193 OTUs were unique
in rhizosphere soils of the RLA and RCK respectively
(Fig. 4). Among these unique OTUs in rhizosphere soils,
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Fig. 1. Histogram of log-transformed abundance of F. oxysporum in the rhizosphere soils quantified by the qPCR analysis (A). Pearson correla-
tions between abundance of F. oxysproum in bulk soil and abundance of F. oxysproum in rhizosphere soil (B). Bars above the histogram repre-
sent standard deviation and different letters indicate a significant difference (P < 0.05) according to two independent sample t-test. RCK and
RLA represent rhizosphere soil sample collected at the end of pot experiment of the LAB treatment and CKB control respectively. CKB, treat-
ment of biofertilizer applied to non-fumigated control; LAB, treatment of biofertilizer applied to mixture of lime and ammonium bicarbonate fumi-
gated soil.

Table 1. Microbial community dissimilarity comparison among treat-
ments using three non-parametric statistical methods, including
analysis of similarity(ANOSIM), multi-response permutation proce-
dure (MRPP) and non-parametric multivariate analysis of variance
(PERMANOVA).

Treatments

ANOSIM MRPP PERMANOVA

R P A P F P

Rhizosphere
vs. bulk

0.834 0.001 0.162 0.001 9.720 0.001

Fumigated
vs. non-
fumigated

0.398 0.003 0.118 0.001 9.912 0.001
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58 in RLA and 56 in RCK were also observed as unique
OTUs in bulk soil samples (BCK and BLA). Among those,
more unique OTUs affiliated to Chloroflexi and Firmicutes
were found in RLA compared to that in RCK treatment.
Interestingly, unique potential biocontrol agents of
OTU752, OTU4791, OTU277, OTU3815 and OTU3873 in
BLA soil samples, classified as Bacillus, Bacillus,
Lysobacter, Lysobacter and Rhizobium, respectively,
were also detected in the RLA soil samples.

The relative abundances of bacterial phyla varied
across soil samples collected during the fumigation and
assembly stage (Fig. S2). The relative abundance of
Actinobacteria, Chloroflexi, Firmicutes and Gemmatimon-
adetes was significantly negatively correlated with the
abundance of F. oxysporum as revealed by the Spear-
man correlation analysis (Table S2). At the 97% identity
level, the relative abundances of OTUs also varied with
soil samples collected during the fumigation and assem-
bly stage (Fig. 5). In detail, 725 OTUs in fumigated soils
of LAF showed twofold changes compared to that in CK,
among those, 209 OTUs were enriched after fumigation.
After biofertilizer application and banana plantation, 766
OTUs in the bulk soil and 428 OTUs in the rhizosphere
soil from LAB treatment still showed twofold changes
compared to that in the CKB treatment. Among these
OTUs with twofold changes, 300 OTUs in bulk soil and
223 OTUs in rhizosphere soil were enriched in LAB
treatment.
On the other hand, 265 OTUs from the final OTU table

showed significant negative correlations with the abun-
dance of F. oxysporum. Taken fold changes and correla-
tion analysis together, only 144 OTUs from negatively
correlated OTUs were increased for the LAB treatment.
However, only the following OTUs may be potentially
associated with biocontrol. For example, OTU10 classi-
fied as Rhizobium, OTU120 and OTU436 classified as
Gemmatimonas, OTU2915 and OTU41 classified as
Sphingomonas, OTU130 classified as Flavobacterium,
OTU14 classified as Pseudomonas, OTU277 classified
as Lysobacter, and OTU561 classified as Bacillus were
significantly increased after fumigation and/or further
biofertilizer application in bulk soil and/or rhizosphere
(Fig. S4). But only OTU120 (Gemmatimonas), OTU277
(Lysobacter), OTU2915 (Sphingomonas), OTU41 (Pseu-
domonas), OTU436 (Gemmatimonas) and OTU5161

LAB

CKB

Fig. 2. Principal coordination analysis (PCoA) plots of the bacterial
community based on Bray–Curtis distance matrix. BF, CK and LAF
represent the original soil samples before fumigation; soil samples
were collected from non-fumigation control and immediately after
fumigation with lime and ammonium bicarbonate respectively. BCK
and BLA represent bulk soil sample collected at the end of pot
experiment of the LAB treatment and non-fumigation control respec-
tively. RCK and RLA represent rhizosphere soil sample collected at
the end of pot experiment of the LAB treatment and CKB control
respectively. CKB is treatment of biofertilizer applied to non-fumi-
gated control. LAB is treatment of biofertilizer applied to mixture of
lime and ammonium bicarbonate fumigated soil.
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sphere soil sample collected at the end of pot experiment of the LAB treatment and CKB control respectively. CKB is treatment of biofertilizer
applied to non-fumigated control. LAB is treatment of biofertilizer applied to mixture of lime and ammonium bicarbonate fumigated soil.
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(Bacillus) were significantly negatively correlated with the
abundance of F. oxysporum (Fig. 6).

Co-occurrence patterns of potential biocontrol OTUs

Two distinct groups representing fumigated soil samples
(LAF, BLA and RLA) or non-fumigated soil samples (CK,
BCK and RCK) were significantly different as confirmed
by the ANOSIM (r = 0.398, P = 0.003) and MRPP

(A = 0.118, P = 0.001) analysis (Table 1). The phyloge-
netic molecular ecological networks of 265 OTUs, which
were negatively correlated to the abundance of F. oxys-
porum, were constructed using a random matrix theory-
based approach to explore the organization of these
potential biocontrol agents in fumigated (LAB) or non-
fumigated (CKB) soil samples. After filtering OTUs that
occurred in less than five samples for each treatment,
201 OTUs for fumigated samples (LAB) and 137 OTUs
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for non-fumigated samples (CKB) were used to construct
the networks.
The LAB network contained 170 nodes (OTUs), 932

edges and 12 modules, with an average connectivity
(avgK) of 10.97 and clustering coefficient (avgCC) of
0.43 while the values in the CKB network were 107,
378, 10, 7.07 and 0.37 respectively (Table 2). More
large modules (> 5 nodes) were identified in the LAB
network than that in the CKB network. The module
eigengene network analysis revealed a difference in the
higher-order organization between the two networks
(Fig. 7A). The eigengenes of modules M2 and M5 clus-
tered together as a meta-module in the CKB network,
while the eigengenes of module M1, M3 and M4 clus-
tered together as a meta-module in the LAB network.
Notably, the node composition was substantially differ-
ent between the two networks as the relative abun-
dance of dominant phyla was obviously different among
different modules (Fig. 7B). A higher ratio of OTUs affil-
iated to Bacteroidetes, Firmicutes, Gemmatimonadetes
and Proteobacteria, and a lower ratio of OTUs affiliated
to Acidobacteria and Planctomycetes within the meta-
modules was observed in the LAB versus CKB
network.
Analysis using the threshold values of Zi and Pi

showed that majority of nodes from both networks were
categorized as peripherals that have only a few links
and almost always link to the nodes within their own
modules (Fig. 7C). Two nodes of OTU119 and OTU720,
belonging to Pirellula and Planctomicrobium in Plancto-
mycetes, were categorized as module hubs in the LAB

network but were absent in the CKB network, suggesting
that the hubs may be the key organisms to the commu-
nities. Interestingly, OTU119 was positively correlated
with a common antifungal microorganism of OTU180
(Bacillus).

Discussion

Plant microbiota could provide an accessory genome
and reservoir of important functions to host plant and
contribute to plant health (Sessitsch et al., 2018). Our
previous study reported that biofertilizer applied to the
soil fumigated with lime and ammonium bicarbonate
effectively controlled the outbreak of banana Panama
disease by manipulating the soil microbiome (Shen
et al., 2018). However, plant rhizosphere is the key
place for the invasion, colonization and reproduction of
soil-borne pathogens (Lennon and Jones, 2011). Consid-
ering bulk soil is a microbial seed bank of both patho-
genic and beneficial microorganisms for the rhizosphere,
we further hypothesized that the microbiome in the rhizo-
sphere can also be steered due to the manipulated bulk
soil microbiota. The study of how plant recruits beneficial
microbes from bulk soil to assemble a disease-suppres-
sive microbiome in the rhizosphere during soil fumigation
and biofertilization could help to explore the interactions
between plant and rhizosphere microbiome. Thus, the
changes of the bacterial community in the rhizosphere
between treatments of biofertilizer applied to fumigated
soil and non-fumigated control were investigated during
the second season under greenhouse condition.
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Manipulation of bulk soil microbiome induced a unique
rhizosphere bacterial community

NRI in rhizosphere soils fluctuated near zero compared
to non-rhizosphere soils, indicating that the assembly of
rhizosphere microbiome is driven by both deterministic
and stochastic processes (Stegen et al., 2012, 2013;
Ordonez et al., 2015). A significantly negative correlation
of NRI with the abundance of F. oxysporum was found,
suggesting that the assembled microbiome in

rhizosphere may be involved in disease suppression. On
the contrary, no significant correlation was observed
between NTI and the abundance of F. oxysporum. This
may be due to that NTI is more sensitive to terminal
proximity topological branching, whereas NRI is based
on mean pairwise distance of the terminal nodes across
the whole tree and thus more sensitive to deeper topo-
logical branching (Kembel et al., 2011). However, a
higher NTI was observed in RCK control, possibly due
to a long-term adaptation to mono-cropping stress

Table 2. Major topological properties of phylogenetic molecular ecological networks of soil samples collected from biofertilizer applied to fumi-
gated (LAB) and non-fumigated (CKB) soil treatments.

Network
indexes

Network
size Total links

Average
degree (avgK)

Average clustering
coefficient (avgCC)

Average path
distance (GD)

Modularity (No. of large
modules)

CKB 107 378 7.07 0.37 3.74 0.69 (10)
LAB 170 932 10.97 0.43 3.67 0.77 (12)

CKB is treatment of biofertilizer applied to non-fumigated control. LAB is treatment of biofertilizer applied to mixture of lime and ammonium
bicarbonate fumigated soil.
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resulting in the dominance of closely related taxa (Kem-
bel et al., 2011; Hed�enec et al., 2018). Hence, soil
microbiome manipulation may eliminate this mono-crop-
ping stress and re-assemble the rhizosphere bacterial
community to provide more niches for beneficial
microbes.
The bacterial community composition was clearly sep-

arated between fumigated and non-fumigated treatments
in both bulk and rhizosphere soil. This roughly agrees
with previous results that soil fumigation treated with
rapeseed meal and broccoli residues (Wang et al.,
2014) or ammonium bicarbonate and lime mixture (Liu
et al., 2016) alter soil microbial community. Our results
together with previous report (Shen et al., 2018) illus-
trated that soil fumigation could manipulate the dysbiosis
of soil microbiome due to continuous cropping. Consis-
tent with previous report that microbial community in rhi-
zosphere could be shaped by microbiota in bulk soil (de
Ridder-Duine et al., 2005), our result also revealed that
the variation of soil microbiome in bulk soil could still
exhibit a strong effect on rhizosphere microbial commu-
nity. Unlike previous study that direct application of anti-
fungal biocontrol strain into soil displayed a minor effect
on fungal communities (Antweiler et al., 2017), biofertil-
izer applied to fumigated soil displayed a strong influ-
ence on bacterial community composition both in bulk
and rhizosphere soil even after banana re-planted for
couple of months. Thus, manipulation of the disturbed
microbial community in bulk soil through lime and ammo-
nium carbonate fumigation followed by biofertilizer appli-
cation could assemble a healthy rhizosphere microbiome
suppressive to banana Panama disease.

Rhizosphere bacterial community suppressive to banana
Panama disease was dominated by beneficial microbes

In the present study, lime and ammonium bicarbonate
fumigation displayed a promising role in reducing
F. oxysporum population in soil, which is in accordance
with previous report that lime and ammonium bicarbon-
ate fumigant application significantly decreased the
abundance of F. oxysporum of cucumber by killing its
mycelia (Liu et al., 2016). Moreover, biofertilizer applica-
tion further suppressed the abundance of F. oxysporum
further to a lower level even after banana was re-
planted, which is likely due to the disease-suppressive
capacity of the biofertilizer (Shen et al., 2015). Notewor-
thy, soil microbiome manipulation was effective in reduc-
ing the survival of F. oxysporum in bulk and rhizosphere
soil even after banana replantation. Considering soils
with lower disease incidence usually harboured a lower
abundance of F. oxysporum (Ploetz, 2006), soil patho-
gen was still presented after fumigation and biofertilizer
application indicating that the disease suppression may

be also indirectly induced by the manipulated rhizo-
sphere microbiome in this study.
Analysis of bacterial community composition revealed

that several OTUs belonging to genera of Gemmati-
monas, Sphingomonas, Pseudomonas, Lysobacter and
Bacillus might be involved in disease suppression since
they showed negative correlations to F. oxysporum and
were enriched in bulk and/or rhizosphere soils after
biofertilizer application in this study. This partly agrees
with a common knowledge that disease suppression is
most likely attributed to the complex soil microbial con-
sortia (Mendes et al., 2011; Raaijmakers and Mazzola,
2016). Although the explicit disease-suppressive function
of Gemmatimonas, a widely existent genus in multiple
terrestrial and aquatic habitats, is still unclear (Zhang
et al., 2003), a higher abundance of Gemmatimonas
was frequently detected in the healthy bulk and/or rhizo-
sphere soils with low soil-borne disease incidence (Yin
et al., 2013; She et al., 2017). Sphingomonas is widely
distributed in natural habitats, and recently, Sphin-
gomonas was reported to be involved in disease man-
agement since it is responsible for Fusarium toxin
degrading activity (He et al., 2017). Pseudomonas spp.
has been utilized for banana Panama disease biocontrol
(Saravanan et al., 2004; Kavino et al., 2010) as it could
produce a wide spectrum of bioactive metabolites, colo-
nize and multiply in the environment, and aggressively
compete with other microorganisms (Weller, 1988;
Lemanceau and Alabouvette, 1993). Lysobacter spp.
may play an important role in the suppression of banana
Panama disease since it could produce a wide range of
extracellular enzymes and other metabolites with antago-
nistic activity against many soil-borne pathogens
(Exp�osito et al., 2015). As Bacillus spp. can secrete
many antifungal compounds and form a stable and
extensive biofilm that protect plants against the attack of
soil-borne pathogens (Bais et al., 2004; Yuan et al.,
2012), it was likely to be involved in disease suppression
in this study. Hence, these species may serve as key
indicators of Fusarium wilt disease suppression in
banana cropping systems and our findings suggest that
maybe more attention should be paid about the disease
suppressiveness of these candidate biocontrol consortia
against soil-borne disease.

Beneficial microbes are well organized to suppress the
possible pathogen invasion

Network analysis is a system-level method to explore
interactions within an ecosystem that cannot be directly
observed through co-occurrence analysis (Fath et al.,
2007). Insight into the interactions within and between
potential biocontrol species could improve our under-
standing of the changes in microbial consortia involved
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in disease suppression under banana monoculture.
Overall, the topological properties of the constructed net-
works, including connectivity, average clustering coeffi-
cients, average degree distance and modularity, indicate
that these networks are scale-free, modular and ‘small
world’ (Brown et al., 2004; Newman, 2006). Our compar-
ative network analysis indicated that biofertilizer applica-
tion and soil fumigation could influence microbial co-
occurrence patterns of potential functional species. A
meta-module is usually considered as a group of mod-
ules functionally interrelated (Langfelder and Horvath,
2007), a greater number of meta-modules were identified
in the network constructed from fumigated treatments,
suggesting that a greater number of OTUs in the LAB
network were functionally interrelated than that in the
CKB network. This agrees with a previous report that a
healthy community could be viewed as a better orga-
nized or a better operational community with more func-
tionally interrelated members than a diseased
community (Lu et al., 2013).
A majority of OTUs in the meta-modules were not

shared between LAB and CKB networks, indicating
basal shifts in network architecture after soil microbiome
manipulation. Moreover, Firmicutes and Gemmatimon-
adetes dominated meta-modules were found in the LAB
network, whereas Acidobacteria and Planctomycetes
dominated meta-modules were observed in the CKB net-
work, illustrating a core bacterial community quasi-func-
tional shift (Hartman et al., 2018). Furthermore, more
module hubs were present in disease-suppressive net-
work as revealed by the Zi-Pi relationship of each indi-
vidual OTU, which means that the community works
more efficiently and the social goal is more likely to be
achieved with more cooperation (Lu et al., 2013).
Although module hubs in LAB network affiliated to Planc-
tomycetes showed a negative correlation to pathogen
abundance, there is still a lack in biological evidence to
confirm this direct suppression. However, they could
indirectly engine the common beneficial microorganisms
(such as Bacillus) to directly suppress the pathogen
abundance.

Conclusion

The results from the present study demonstrated that the
microbiome manipulation of bulk soil induced banana
rhizosphere to assemble a bacterial community suppres-
sive to banana Panama disease. The observed disease
suppression may be due to the general suppression
induced by fertilization and fumigation through (i) altering
the soil community structure, (ii) increasing the phylo-
genetic relatedness, (iii) reducing the relative abundance
of F. oxysporum, (iv) stimulating the indigenous bene-
ficial microbial consortia (e.g. Gemmatimonas,

Sphingomonas, Pseudomonas, Lysobacter and Bacil-
lus) and (v) interrelating and better organizing the poten-
tial species involved in disease suppression.

Experimental procedures

Pot experiment description

Two-season pot experiment was conducted in the green-
house of WanZhong Agricultural Company, in Jianfeng,
Hainan province, China, during June–November 2012
and January–May 2013 (Table 3, Fig. S1). The fumiga-
tion and biofertilizer application were performed for each
season. Two treatments were established within each
season including (i) biofertilizer applied to soil fumigated
by lime and ammonium bicarbonate (LAB) and (ii) biofer-
tilizer applied to non-fumigated soil (CKB). The fumigant
and biofertilizer used for each treatment are provided in
Table 3. Topsoils used for the pot experiment were col-
lected from the banana mono-cropped field (18°380N,
108°470E) in WanZhong Agricultural Company. The field
was under continuous banana cultivation for more than
15 years and showed more than 50% of Panama dis-
ease incidence with approximately 105 CFU of F. oxys-
porum per gram soil. The soil has a pH value of 6.15,
organic matter content of 6.25 g kg�1, a total N content
of 0.87 g kg�1 and available P, K contents of 76,
126 mg kg�1 respectively. The soil is classified as loam
sandy which developed from dry red soil. The detail
information regarding experimental settings, fumigation
processing and fertilization regimes was provided in our
previous study (Shen et al., 2018).

Soil sampling and DNA extraction

Soil sampling was performed during the second season
of the greenhouse experiment between January and
May 2013. One kilogram of the original soil before fumi-
gation (BF) was sampled at the beginning of greenhouse
experiment. Bulk soil was sampled and processed
according to our previous study (Shen et al., 2018). For
rhizosphere soil sample collection, five banana plants
without obvious infection symptoms from each replicate
were randomly selected. All roots from each replicate
were pooled together, shaken slightly by hands to
remove the loosely adhered soil and minced approxi-
mately into 5 cm long. After that, about 200 g of roots
was added to a 1 l Erlenmeyer flask containing 250 ml
of sterilized distilled water. Finally, the soil suspension
was centrifuged at 4000 9 g for 5 min after shaking for
30 min at 170 rpm under ambient temperature. The pre-
cipitated soil was collected as rhizosphere samples
related to biofertilizer applied to fumigated soil (RLA) and
applied to non-fumigated soil (RCK). In total, 21 soil
samples from seven treatments were sampled, including
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original soil before fumigation (BF), lime and ammonium
bicarbonate fumigated soil (LAF) and non-fumigated con-
trol (CK) immediately collected after fumigation, bulk soil
for biofertilizer applied to fumigated soil (BLA) or non-
fumigated control (BCK) and rhizosphere soil for biofertil-
izer applied to fumigated soil (RLA) or non-fumigated
control soil (RCK) sampled after banana planted for
4 months. Genomic DNA of each sample was extracted
by the PowerSoil DNA Isolation Kit according to the
manual (MoBio Laboratories, Carlsbad, CA, USA) and
stored at �70°C for further PCR amplification.

Quantification of F. oxysporum

The abundance of F. oxysporum in soil was determined
using the primers FocSc-1/FocSc-2 on the 7500 Real-
Time PCR System (Applied Biosystems, Foster City, CA,
USA) as described by Huang et al. (2015). Standard
curves were constructed using 10-fold serial dilutions of a
plasmid containing a copy of the ITS fragment from Foc4.
Quantitative PCR amplifications were performed in a 20-ll
mixture for each reaction containing 2 ll template DNA,
10 ll SYBR�Premix Ex TaqTM (TaKaRa, Shiga, Japan),
0.4 ll of each primer, 0.4 ll ROX Reference Dye II and
nuclease-free water. Thermal cycling conditions for each
sample with three technical replicates were run according
to a standard procedure, and the results were expressed
as log copy numbers g�1 dry soil.

Illumina library construction and sequencing

Bacterial sequencing libraries were constructed accord-
ing to the procedure described by Caporaso et al.

(2011). Briefly, the V4 region of bacterial 16S rRNA
genes was amplified by the primers 515F/806R using
the ThermoScientific�Phusion High-Fidelity PCR Master
Mix (New England Biolabs, Ipswich, MA, USA). All
amplifications were conducted in a 30 ll mixture includ-
ing 15 ll of 2 9 Master mix, 0.5 lM final concentration
of forward and reverse primers, 10 ng of template DNA
and nuclease-free water. The PCR products were puri-
fied using PCR Purification Kit (QIAGEN, Hilden,
Germany) and quantified using Qubit� 2.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA). The purified amplicons
were employed for library construction with the NEB
Next� UltraTM DNA Library Prep Kit (New England Bio-
labs). The final library was quality-assessed with Agilent
2100 Bioanalyzer Instruments (Agilent Technologies,
Palo Alto, CA, USA) and quantified using KAPA Library
Quantification Kits (Kapa Biosystems, Wilmington, MA,
USA). All constructed libraries were sequenced by Illu-
mina HiSeq 2000 at Novogene Bioinformatics Institute
(Beijing, China).

Sequence data processing

Raw sequences were assigned to individual samples
according to the unique barcode and the adaptor and
primer sequences were trimmed in QIIME (Caporaso
et al., 2010). After removing low-quality sequences, sin-
gle-stranded sequences of forward and reverse direction
were merged. The merged sequences were processed
using the UPARSE pipeline to generate operational tax-
onomic units (OTUs) (Edgar, 2013). A representative
sequence for each OTU was selected and classified
using the RDP classifier against the RDP Bacterial 16S

Table 3. Detail information of the fumigant and fertilizers used for each treatment in the experiment.

Treatment
Soil
sample Description

Amounts of fumigant (g/6 kg soil) Amounts of fertilizer (g/6 kg soil)

Lime
Ammonium
bicarbonate

Base
fertilizer

After
manuring

CKB BF Original soil 120 60
CK Non-fumigated control soil
BCK Bulk soil collected from treatments of

biofertilizer applied to non-fumigated soil
RCK Rhizosphere soil collected from treatments

of biofertilizer applied to non-fumigated soil
LAB LAF Mixture of lime and ammonium

bicarbonate fumigated soil
20 10 120 60

BLA Bulk soil collected from treatments of
biofertilizer applied to fumigated soil

RLA Rhizosphere soil collected from treatments
of biofertilizer applied to fumigated soil

CKB is treatment of biofertilizer application to non-fumigated control. LAB is treatment of biofertilizer application to mixture of lime and ammo-
nium bicarbonate fumigated soil. BF, CK and LAF represent the original soil sample before fumigation; soil sample immediately collected after
fumigation with lime and ammonium bicarbonate, and non-fumigation control respectively. BCK and BLA represent bulk soil sample collected at
the end of pot experiment of the LAB treatment and non-fumigation control respectively. RCK and RLA represent rhizosphere soil sample col-
lected at the end of pot experiment of the LAB treatment and non-fumigation control respectively.
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database (Wang et al., 2007). OTUs affiliated to
archaea were removed from the OTU table. Only OTUs
with abundances higher than 0.01% in at least one
sample were kept for the downstream analysis. The rel-
ative abundance of each OTU was calculated as the
number of sequences affiliated to the target OTU
divided by the total number of sequences in individual
samples. All raw sequences were deposited in NCBI
under the accession number PRJNA493948 and
PRJNA393952.

Statistical analyses

Data were square-root or log-transformed to meet the cri-
teria of normal distribution when necessary. Principal
coordinate analysis (PCoA) based on weighted UniFrac
metric was performed to evaluate the differences in bacte-
rial communities using the ‘vegan’ package in the R plat-
form. To compare the bacterial community composition
among treatments, a Venn diagram was generated based
on the shared OTU table from the subsample after remov-
ing singletons. Fold change (log2 transformed) was also
calculated to evaluate the differences of the bacterial com-
munity composition across different treatments. Co-occur-
rence network of OTUs, which were negatively correlated
to the abundance of F. oxysporum, was determined by
modelling the microbial community using molecular eco-
logical network analysis (http://ieg2.ou.edu/MENA) (Zhou
et al., 2011) for soil samples collected after fumigation
and biofertilization from the LAB and CKB treatments. The
microbial network was constructed using the random
matrix theory at 0.94 similarity threshold and visualized
using Cytoscape 2.8.3 software (http://cytoscape.org/).
Nearest relatedness index (NRI) and nearest taxon index
(NTI), the two most widely used indices, were selected to
evaluate the assembly process of microbial community in
this study. Microbial community phylogenetic structure
was examined with NRI and NTI using the null model ‘in-
dependent swap’ (Gotelli and Entsminger, 2003) with 999
randomization runs with 999 iterations in R using the
‘Picante’ package (Kembel et al., 2010).
To determine significant differences, multiplicity analy-

sis of variance or two-tailed, unpaired t-tests and one-
way ANOVA were performed. Spearman correlations
among diversity indices, individual microbial groups and
the abundance of F. oxysporum were tested in R. Mantel
tests were used to identify correlations between the bac-
terial community composition and the abundance of
F. oxysporum using the ‘vegan’ package in R. Analysis
of similarities among treatments (ANOSIM), multi-
response permutation procedure (MRPP) and non-para-
metric multivariate analysis of variance (PERMANOVA)
were performed to test the significant differences using
the ‘vegan’ package.
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