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Abstract

Aims Continuous cropping of watermelon is known to
result in the disruption of the rhizospheric bacteria and
fungi that contribute to the occurrence of Fusarium wilt
disease. However, the underlying changes in microbial
composition and function as a response to mono-
cropping are less studied.

Methods In this study, differences in composition and
potential function of the microbiome between healthy
and diseased soils were investigated using MiSeq
targeted sequencing and the functional GeoChip array,
respectively.

Results Twenty years of continuous watermelon mono-
culture was found to significantly alter the soil microbial
communities by increasing bacterial diversity but de-
creasing fungal diversity. Compare to bacterial network,
fungal co-occurrence networks were less robust and less
connected in the monoculture diseased soil. Identified
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keystone species, belonging to the Proteobacteria,
Bacteroidetesand Acidobacteria, were present in both
the diseased and healthy soils. Key fungal species from
the healthy soil belonged solely within the Ascomycete,
while in the diseased soil Basidiomycota were dominant.
As such, overall variations in the composition of the soil
microbiome are accompanied by changes in the identities
of the keystone species when comparing healthy versus
diseased soils, further suggesting that soil function may
also be altered. Relative abundances of genes associated
with the degradation of hemicelluloses and chitin, the
Calvin circle, ammonification, stress responses, iron up-
take, and nitrogen fixation were significantly higher un-
der long-term monoculture. Particularly, Fusarium spp.
relative abundance was positively correlated with the
relative abundances of genes involved in adherence,
cellular metabolism, and immune evasion which may
facilitate pathogen infection of plant roots.

Conclusions In conclusion, these results highlight the
significant compositional and functional differences in
microbial communities between Fusarium wilt diseased
soils and healthy soils under watermelon cultivation.
This provides insight into the complex array of micro-
organisms in soils that suffer from Fusarium disease and
illustrates potential directions towards the manipulation
of the soil microbiome for suppression of this disease.

Keywords Fusarium wilt of watermelon - Microbial
composition - Microbial function - Continuous
monocropping - GeoChip
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Introduction

Watermelon is a globally cultivated cash crop though
continuous mono-cropping can lead to severe infections
by Fusarium wilt caused by the fungal pathogen F.
oxysporum f. sp. niveum. This pathogen has resulted in
the disruption of watermelon production in many areas of
the world (An et al. 2011). In general, continuous mono-
cropping can lead to alterations in soil properties. Horst
and Hardter (1994) found that nutrient accumulation was
much lower in mono-cropping system. Clermont-Dauphin
et al. (2010) found that tillage decreased soil organic matter
as well as microbial respiration in banana mono-cropping.
The variation in soil properties can induce changes in
microbial composition and declines in the abundances of
soil microbes (Utkhede 2006). Fusarium wilt disease inci-
dence rises when this disruption influence the rhizosphere
environment. As such, understanding the response dynam-
ics of the soil microbial community to continuous water-
melon cropping is paramount in the control of this disease.

Recently, studies have hypothesized that continuous
cropping resulted in changes to the soil microbial com-
munity composition (Li etal. 2014; Lu etal. 2013a). For
example, the bacterial and fungal community structures
altered significantly after banana long-term monoculture
(Shen et al. 2018). The assessment of the status of soil
microbial community was critical to the identification of
the impact of management practices on microbial pop-
ulations (Mazzola 2004). Therefore, there is a continu-
ing interest in assessing the composition and function of
the fungi and bacteria associated with healthy and dis-
eased soils in order to parse the characteristics of the
microbiome that may be manipulated for disease sup-
pression (Agnelli et al. 2004; Salles et al. 2004).

Soil microbes are of a fundamental significance in
nutrient cycling and energy flow (Kennedy and Smith
1995; Yao et al. 2000). Changes in microbial community
composition are usually accompanied by alterations in
microbial functional properties, such as biogeochemical
cycling, such as C, N and S cycling, phosphorus utiliza-
tion (Yao et al. 2006; He et al. 2007). Key soil ecological
functions such as organic matter decomposition, nutrient
mineralization, virulence, stress resistance, and heavy
metal resistance are mediated by the soil microbiome
and are of prime interest in the assessment of impacts
due to long-term continuous mono-cropping. Previous
studies have demonstrated that continuous cropping can
influence specific soil functions, however, changes in the
functional diversity of the soil microbial community due
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to mono-cropping remains unclear. For example, differ-
ent watermelon cropping systems has been shown to lead
to significant differences in the production of carboxylic
acids, amino acids, and polymers as well as changes in
amine utilization efficiencies (Zhang et al. 2015). How-
ever, detailed effects of continuous cropping on the soil
microbiome composition and linkages between compo-
sition and variations in soil functions remain unclear.

In this study, the soil microbial community composi-
tion and function of a diseased soil after long-term con-
tinuous watermelon monoculture was compared to that
of a healthy soil using targeted Miseq sequencing and
functional Geochip microarrays. The overall aim was to
unravel how the soil microbial community composition
and function responds to long-term continuous monocul-
ture in order to provide insight on potential bio-
remediation for the suppression of Fusarium wilt disease.

Materials and methods
Site description, management and sampling

Soil samples were collected from watermelon Fusarium
wilt resistant cultivar breeding experiment fields (800 m?)
in Huaian, Jiangsu, China (N33°11’, E119°21’) in
May 2014 (Fig. 1). Diseased soil were collected from a
field that was continuously planted with watermelon for
more than 20 years. This resulted in a Fusarium-infested
soil that prevented survival of all watermelon varieties.
Soil from the adjacent field (1.5 m far away from diseased
soil), which has been randomly cultivated with Oryza
sativa, pepper, soybean and tomato, free from Fusarium
wilt disease, served as the control (healthy soil). Both
soils which belonged to Inceptisols exhibited similar
edaphic properties and fertilization regimes. The pH,
organic carbon, and total N of the diseased soil were
6.64,16.99 g kg ' and 1.94 g kg™, respectively. While
the pH, organic carbon, and total N of the healthy soil
were 6.27, 13.43 g kg " and 1.23 g kg, respectively.

Both the healthy and diseased soils were collected
from 9 replicated plots (80 m? for each). For each
sample, 10 random soil cores (0-20 cm in depth) from
each plot were collected and mixed to form one com-
posite sample. The 18 soil samples were placed into
separate sterile plastic bags and transported to the labo-
ratory on ice. Each soil sample was sieved through a 2-
mm sieve, thoroughly homogenized, and stored at
—80 °C for subsequent DNA extraction.
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Diseased Soil

Healthy Soil

Fig. 1 Photos showing the experiment field for the diseased and healthy soils

DNA extraction and sequencing

Total soil DNA was extracted from 0.25 g of freeze-dried
soil using the PowerLyzer™ PowerSoil® DNA Isolation
Kit (MOBIO Laboratories, Inc. Carlsbad, CA), according
to the manufacturer’s directions. The extracted DNA was
quantified using a Nanodrop ND-2000 spectrophotometer
(Nanodrop Technologies, Wilmington DE).

The barcoded primers 341F/805R (5'-CCTA
CGGGNGGCWGCA-3'/5-GACTACHVGGGTATCT
AATCC-3') (Klindworth et al. 2013) and ITS3/ITS4R
(5’-GCATCGATGAAGAACGCAGC-3"/5"-
TCCTCCGCTTATTGATATGC-3') (Mello et al. 2011)
were used to amplify the V3-V4 region of the 16S rRNA
gene and the fungal ITS2 region, respectively. A 20 ul
mixture was prepared for each reaction and included 1x
reaction buffer (TAKARA), 2 mM Mg2+, 0.2 mM
dNTP, 0.1 uM of each primer, 1 U HotStarTaq poly-
merase (takara) and 2 pl template DNA. The cycling
program was 95 °C for 2 min; 35 cycles of 94 °C for
20's, 55 °C for 40 s, 72 °C for 1mins; 72 °C for 2 min.
Amplicon libraries were pooled and sequenced using
the 2 x 250 base paired Illumina MiSeq platform.

Geochip

GeoChip 5.0 was employed to profile potential func-
tions of the soil microbiome. GeoChip 5.0 contains

167,044 distinct probes, covering 395,894 coding se-
quences (CDS) from ~1500 functional gene families
involved in microbial carbon (degradation, fixation,
methane), nitrogen, sulfur, and phosphorus cycling, en-
ergy metabolism, metal homeostasis, organic remedia-
tion, “Other” (phylogenetic genes and CRISPR system),
secondary metabolism (e.g. antibiotic metabolism, pig-
ments), stress responses, viruses (both bacteriophages
and ecukaryotic viruses), and virulence (Zhou et al.
2008). DNA extracts were sent to the Institute for En-
vironmental Genomics at the University of Oklahoma
for GeoChip analysis.

Sequence analysis

Raw reads were processed using the open source bioin-
formatic software package UPARSE following the
MiSeq SOP protocol (Schloss et al. 2009). Briefly,
paired-end raw sequences were assembled and short
(<300 bp) and low quality (mismatched with two bases
and the total base error rate > 1) reads were removed.
Chimera reads were removed using Uchime (Edgar
et al. 2011). Primers were removed before clustering.
Both bacterial and fungal sequences were clustered at
97% similarity. Singletons, one sequence present in only
one sample were removed and all samples were rarefied
to the same number of reads as the sample with the
lowest reads (31,000 16S rRNA and 37,000 ITS reads
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per sample). Each representative sequence was assigned
with a RDP classifier for taxonomical identification with
a threshold of 0.8 for bacteria and 0.7 for fungi. All
sequences were deposited in the NCBI Sequence Read
Archive (SRA) database (Accession number:
SRP151181 for bacteria and SRP151184 for fungi).

Data analysis and statistics

Shannon diversity, Chaol richness and rarefaction
curves were calculated and ordinations of community
patterns of both bacteria and fungi illustrated using PCA
(Principal Component Analysis). Co-occurrence net-
works were constructed in order to explicate interactions
within the microbiome by calculating all possible Pear-
son rank correlations between bacterial or fungal genera
using the script from Mothur v.1.30.2. Correlation data
was filtered with a cut-off at an absolute r value of 0.6—
0.93 (Steinhauser et al. 2007). After applying
Benjamini-Hochberg’s (Benjamini and Hochberg
1995) false discovery rate correction, edges with merged
P-values below 0.05 were retained in order to improve
network precision. Network OTUs were grouped at the
genus level and only those genera with more than five
sequences were considered in the following analyses. To
describe the topology of the resulting networks, a set of
parameters (average clustering coefficient, average path
length, and modularity) were calculated (Newman
2006). The network structure was explored and visual-
ized with the interactive platform gephi (Bastian et al.
2009) using the Fruchterman—Reingold layout.

To compare the differences in the potential function
between healthy and diseased soils, we conducted an
analysis in which we assessed separately the read counts
based on functional gene-category, sub-category 1 and
sub-category 2 levels. Volcano plots were utilized to
graphically represent the results of the moderated t-
tests using the R package ggplot2 (v.2.0.0). To graphi-
cally represent the results obtained at gene-category and
sub-category level, a script was utilized (Bulgarelli et al.
2015), in which the relative abundances of read counts
per million was used, as well as box plot representations
using the R package ggplot2. Taxa above 5%o relative
abundance were plotted for sub-category 1 level analy-
ses. Treemap (v.3.7.3) was used to visualize the signif-
icantly abundant functions, the adjusted P value, and per
mil relative abundance in bubble graphs, in which the
size of the bubbles indicates the relative abundance per
mil of the raw read counts. Correlation between key
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species and function were calculated using mothur (ver-
sion 1.29.2), and the visualization of these correlations
was implemented by gephi. Key genera were selected
by the relative abundance at or above 0.005 and the
functions were aggregated at the sub-category 1 level.
This workflow was implemented for both the bacterial
and fungal data.

Results

Diversity of bacterial and fungal communities in healthy
and diseased soil

The bacterial «-diversity (Shannon index, Chao 1 in-
dex) of the healthy soil was significantly lower than that
of the diseased soil (Fig. 2C, E) while the x-diversity of
fungal community exhibited an opposite relationship
(Fig. 2D, F). Principal component analysis showed a
clear separation between healthy soil and diseased soil
bacterial and fungal communities (ANOSIM for bacte-
ria, P=0.001; for fungi, P=0.001) (Fig. 3A, B). The
principal component axes explained a total of 89% and
95% of the variation in the bacterial and fungal commu-
nities, respectively. The relative abundance of bacterial
phylum showed that Bacteroidetes and Actinobacteria
were much higher in diseased soil (Fig. SIA). And the
relative abundance of Ascomycota increased obviously
in diseased soil (Fig. S1B).

Differential co-occurrence networks of bacteria
and fungi between healthy and diseased soil

Biodiversity encompasses not just the presence of spe-
cies but also interactions among species. The healthy
and diseased soils exhibited markedly different bacterial
and fungal co-occurrence patterns. The bacterial net-
works in the healthy and diseased soil had a similar
number of nodes meanwhile the number of links be-
tween nodes in the diseased soil was close to the number
of links in the healthy soil. The topology of healthy
bacterial networks, for instance, clustering coefficient
and average path length were very similar to the topol-
ogy of diseased bacterial networks. For fungi, the num-
ber of nodes and links were lower in the diseased than
the healthy soil (Fig. 4, Table S1). We defined the nodes
in the top ten degree (the number of links belonging to
specific OTU) as keystone species potentially active in
the mediation of microbial community interactions.



Plant Soil (2019) 438:421-433

425

Fig. 2 The rarefaction curves (a a . b .
bacteria, b fungi) and Shannon 8 Bacteria 8 Fungi
index (¢ bacteria, d fungi) and 2 Diseased © Healthy
Chaol (E bacteria, F fungi) alpha- a - oil a S Soil
diversity of the healthy and 23 Qo A
i i £ o <
diseased soils. For each panel, the SR H ealthy S o
results of a Tukey HSD post hoc = Soil = O A .
comparison for the overall 5 o ol 5 < Diseased
treatment effect is also presented. 5 8 5 o oil
Treatments with different letters - 8
indicate significant differences at
P<0.05 e T i e T T
0 20000 40000 0 20000 40000
c d
b - b
- — o | ===
<
— = _ !
C o ! c
O 0 a _—t o
co | —— € !
© L o N
= 1 = e
wv — wv ——
" , _
M - Q- [
© -
e f
b . b
B O -
S| E—— 37| m=—=
©
2 & -
© T S
< -y <
[SI— a o
g | — a
] —_ o_| —
A P l ] | |
Healthy  Diseased Healthy  Diseased
Soil Soil Soil Soil
a b
1.0-{ANOSIM ; A @ ANOSIM
Statistic R:1 : Statistic R:1
. .. ! '
s 0.5—Significance: 0.001 A 205|® Significance: 0.001
2 - 5 |@ '
<t : <'>. :
o 00— ------------ : ------------ ‘ A 0 0_ ____________ : ___________
A ! . (S g ! .
O ealthy ' Diseased O Healthy ' Dlsease’
0-0.57  soil ! Soil o Soil : Soil
- -0.5 '
| 1
-1.0- ! 1
d | | d | |
-04 -0.2 0.0 0.2 0.4 -04 -02 0.0 0.4

PC1 88.77%

Fig. 3 Principal component analysis (PCA) of bacterial (a) and fungal (b) community beta-diversity based on Bray-Curtis dissimilarity
between all samples of the healthy and diseased soils

. . 0.2
PC1 94.09%

@ Springer



426 Plant Soil (2019) 438:421-433

Sphingomonas

0OTU482 Nitrosomonadaceae Module )
Devosia

® 1 S [ J 1 OTU224  Steroidobacter
OTU108 Blastocatella - -

® 2 OTUS9  Xanthobacteraceae ® 2 OTU2551 ryseolinea
OTU131 Phycisphaerae oTuBs7 Xanthorqonadales

e 3 OTU57  Telmatobacter e 3 0OTU1002  Hyphomicrobium

® 4 OTUB4  Clostridiaceae OTU1393  Chloroflexi

OTU1429 Actinomadura
OTU597  Streptomyces
OTU2738 Blastocatella

OTU124 Subgroup_6
OTU249 Blastocatella
0OTU322 Bryobacter

Bacteria-Healthy soil Bacteria-Diseased soil
d .
L4 -e
E ° Y
L ]
1 “owret
e . . .
/ J /| \\/m e
. o7 f : 7
\ : °
omwree - x
J S
. OTU249 . & PEy -
| il ==/ { ’e »
OTW574 oTus21
\
® A ©
Toe V. o omu13
ortus Unclassified OTU288  Aspergillus
Module OTU142  Unclassified Module OTU73  Ascobolaceae
® 1 oTUS9 Unclassfied o 1 oTUB4 Unclassified
e OTU102  Unclassified ® 2 OTU574  Unclassified
oTu7 Ascomycota oTU13 Unclassified
® 3 OTU40 Unclassified e 3 OTU796  Agaricomycetes
e 4 oTue? Unclassified ® 4 OTUB03  Microascaceae
0oTU129 Unclassified oTus21 Conocybe
@ 5 oTUs4 Unclassified oTu191 Unclassified
OTU178  Ascomycota OTU249  Unclassified
Fungi-Healthy soil Fungi-Diseased soil

Fig. 4 Co-occurrence patterns of the bacterial and fungal community in the healthy and diseased soils. The top ten abundant key species
(OTUs) in each network were labeled in black

@ Springer



Plant Soil (2019) 438:421-433

427

Keystone species belonging to Proteobacteria,
Bacteroidetes and Acidobacteria were commonly pres-
ent in both the diseased and healthy soils although there
were subtle differences in the order or family levels. For
fungi, the healthy soil community was dominated by
key species belonging to Ascomycete, while those of the
diseased soil were affiliated with Basidiomycota, such
as OTU796 (Basidiomycota|Agaricomycetes) and
OTUS21 (Basidiomycota]Agaricomycetes|Conocybe).

Variation of functions between healthy and diseased
soils

In addition to the alterations in microbiome composi-
tion, significant variations were detected with respect to

potential microbial functions. Functional composition
was distinct between the healthy and diseased soils
(Fig. 5A, B). The relative abundances of carbon cycling
genes involved in hemicellulose and chitin degradation
and the Calvin cycle in the diseased soil were signifi-
cantly higher than those of the healthy soil. In contrast,
the relative abundances of starch degradation and
glyoxylate cycle genes were more abundant at the
healthy soil, with the exception of pathways for cellu-
lose degradation, which did not differ between soils.
Fewer genes associated with organic remediation were
detected in the healthy soil and abundances of genes
involved in the degradation of aromatics and herbicide-
related compounds were much lower in the healthy soil
as well.
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With respect to nitrogen cycling, the relative abun-
dances of ammonification and nitrogen fixation genes
were significantly higher in the diseased soil while the
relative abundances of denitrification genes were lower
in the diseased soil though not significant. For the stress
related genes, relative abundance of the oxidative stress,
osmotic stress, oxygen limitation, and envelope stress
were significantly higher in diseased soil while genes
associated with heat shock and nitrogen limitation were
more abundant in the healthy soil. For metal homeosta-
sis, ion (cadmium, zinc, copper) transporters were more
prevalent in diseased soil while nickel and tellurium
detoxication were more abundant in the healthy soil.

Linking microbial community composition
with functions

We determined if the composition of the bacterial or
fungal community was correlated with the GeoChip-
derived potential function of the community. When
links between community and function were taken into
consideration, OTUs with relative abundances greater
than 0.001 and sub-categoryl functions were subjected
to Pearson correlations and subsequently visualized as
networks (Fig. 6A, B).

For bacteria, OTUS (Acidobacteria|Acidobacteriaceae),
OTU38 (AcidobacterialRB41), OTU218
(Acidobacteria|Blastocatella), and OTU357
(AcidobacteriaRB41) were significantly positive correlat-
ed with nitrogen and sulfur cycling such as nitrification,
sulfide oxidation, sulfite reduction, and DMSP degrada-
tion (Table S2). These OTUs were also significantly pos-
itive correlated with genes associated with metal homeo-
stasis, such as potassium, and virulence, such as immune
invasion, cellular survival, and adherence. OTU183
(Proteobacterial|Devosia), OTU224
(Proteobacteria|Steroidobacter), OTU351
(Proteobacteria|Xanthobacteraceae), OTU1018
(Gemmatimonadetes|Gemmatimonadaceae), and
OTU2530 (Proteobacteria|Rhodospirillaceae) were signif-
icantly negative correlated with the genes associated with
nitrification, sulfide oxidation, DMSP degradation, glu-
cose limitation, immune evasion, cell adherence, and the
multiple metals homeostasis. OTU183
(Proteobacteria|lDevosia) and OTU224
(Proteobacteria|Steroidobacter) were significantly nega-
tive correlated with the genes involved in the Calvin cycle
and denitrification.
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For fungi, OTU29 (Ascomycota|Chaetomiaceae),
OTU358 (Ascomycota|Chaetomium), and OTU584
(AscomycotalSordariales) were significantly negative
correlated with genes associated with multiple metals
homeostasis, potassium homeostasis, nitrification, sul-
fide oxidation, and immune invasion (Table S3). Signif-
icant positive correlations were observed between these
OTUs and carbon cycling genes, such as chitin synthe-
sis. OTU1 (Ascomycota|Fusarium), OTU23 (Unclassi-
fied), OTU37 (Ascomycota|Pleosporaceae), OTU38
(Ascomycota|Chaetomiaceae), and OTU41
(Ascomycota|Nectriaceae) were significant positive cor-
related with genes associated with adherence (coloniza-
tion), cellular metabolism, immune evasion, glucose
limitation, iron homeostasis, DMSP degradation, nitri-
fication, iron and sodium homeostasis, and sulfide oxi-
dation and reduction. These OTUs, except for OTU1,
were significantly positive correlated with genes associ-
ated with sulfite reduction. Lastly, OTU23 was also
significantly positive correlated with multiple metals
homeostasis, denitrification and drought tolerance.

Discussion

Soil microbial community composition change due
to long-term continuous monoculture of watermelon

After long-term continuous monoculture, microbial
community composition shifted as its surrounding soil
environment was altered by management (Zeglin et al.
2013). Sequencing outcomes demonstrated that long-
term continuous monoculture of watermelon increased
bacterial diversity while decreasing fungal diversity.
The results were consistent with the previous study that
more diverse bacterial diversity communities were
existed in potato suppressive soil (Rosenzweig et al.
2012), in keeping with that a decrease fungal diversity
of silva mono-cropping (Tang et al. 2014). The in-
creased bacterial diversity in soils disturbed by inten-
sively continuous mono-cropping may be linked with
high nutrient input caused by intensive tillage and
fertilizer use that may have favored bacterial taxa.

Fig. 6 The pearson correlation between microbial key species and P>
functions. The green color nodes represent the relative abundance
exceed 0.1%. The red nodes are functions at the sub-catogoryl
level correlated with the abundant microbes that presented as the
green nodes. Green lines indicate positive correlations, and red
lines indicate negative correlations
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Hartman et al. (2018) found that intensive tillage soil
supported higher bacterial richness and some cropping
sensitive bacteria (such as Firmicutes) were responsive
to tillage intensities so that they had higher abundances.
Thus, selection may be towards those OTUs that are
more resistant to environmental perturbation (Sessitsch
et al. 2001). In contrast to bacteria, fungi are strongly
reduced in abundance and richness following physical
destruction of soil structure with hyphal networks re-
quiring a longer time for re-establishment and recovery
(Rousk and Baath 2007; Sun et al. 2017). Network
analysis showed that long-term continuous monoculture
of watermelon resulted in extremely simplified fungal
community (Fig. 3C, D). This was in line with a previ-
ous report in which the fungal network structure in a
diseased soil induced by prolonged potato monoculture
exhibited a poorly organized community compared to
the healthy soil (Lu et al. 2013b). Indeed, variations in
microbial community diversity and their interactions
have implied that microbial composition and variation
were significantly modified after a long-term continuous
monoculture (Li et al. 2016).

Soil microbial function composition change due
to long-term continuous monoculture of watermelon

Changes in the microbiome composition can influence the
functional capacity of the microbial community. Recent
analyses have indicated that microbial diversity positively
contributes to microbial functional diversity (Balvanera
et al. 2006; Cardinale et al. 2007). The variation of com-
munity composition can influence ecosystem functioning
(Armitage 2017), highlighting the connection between
variations in the community and functional processes.
Long-term continuous cropping can induce changes in soil
primary physicochemical properties thereby influencing a
generalized shift in functional potential. For carbon cy-
cling, the long-term continuous monoculture of watermel-
on increased the abundances of recalcitrant C degradation
genes, which is supported by a previous study in which the
increase of bacterial diversity had a positive effect on the
rate of recalcitrant carbon decomposition (Loreau 2001).
Furthermore, it has been found that an increase in the
availability of specific types of dissolved organic carbon
alters the activity of the microbial community in ways that
increase the emergence and abundance of pathogens
(Cardenas et al. 2018). These rhizosphere microbial com-
munities subjected to pathogen proliferation shift away
from utilizing labile carbon substrates towards more
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recalcitrant forms. This could be due to the restricted
availability of readily available carbon in the soil due to
the disruption of root exudation (Trivedi et al. 2012).

Anthropogenic N inputs are known to alter the inter-
actions between plants, soil organisms, and ecosystem
function (Chung et al. 2007; Eisenhauer et al. 2012). In
the diseased soil, nitrogen fixation and ammonification
gene abundances significantly increased while denitrifica-
tion genes were relatively lower. This alteration in poten-
tial denitrification is similar to the results obtained for
huanglongbing (citrus disease) diseased soils, whereas
variations in abundances for the nitrogen fixation and
ammonification genes were not consistent with previous
results (Trivedi et al. 2012). It has been demonstrated that
the Fusarium strain could take advantage of ammnioum
and nitrate simultaneously while antagonistic fungi used
these two sources of nitrogen sequentially (Celar 2003) so
that Fusarium had the relative advantage of nutrition
uptake. These differential responses are perhaps attributed
to the different pathogen and plant type, which results in
varying responses to the disease.

Long-term monoculture increased the relative abun-
dance of genes involved in stress responses, such as
oxidative stress, osmotic stress, oxygen limitation and
envelope stress, thus reflecting a critical microbial strat-
egy of stress adaptation during long-term monoculture.
This elevated potential stress response has been previ-
ously shown to also be higher in disease-associated
compared to healthy soils (Zhang et al. 2017). Ion
transporter acquisition genes were more prevalent in
the diseased soil while genes related to ion detoxication
were more abundant in the healthy soil. Some pathogens
are known to produce carrier protein that sequestered
ions (such as iron) from the host to support their own
growth (Amin et al. 2009). In particular, the herbicide
and aromatics degradation gene was more exposed to
the diseased associated soil. Sorensen et al. (2002)
found that Sphingomonas sp. could degrade phenylurea
herbicides. Sphingomonas sp. also was a keystone spe-
cies in diseased bacterial co-occurrence networks so that
it contributed to the herbicide degradation. The fungi
able to partly degrade herbicides cover Aspergillus
which was a keystone species in diseased fungal co-
occurrence networks (Berger 1999).

Above all, the carbon cycling of diseased soil has
shifted from available carbon to recalcitrant forms so
that did favor for the growth of pathogenic fungi. In
addition, the nitrogen cycling of diseased soil tended to
fix nitrogen and transformed to ammonium forms to
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support the Fusaium. Continuous cropping induces al-
terations in nutrient acquisition that potentially promote
pathogen proliferation and subsequent plant disease.

Correlations between microbial key species
and functions

It is important to link microbial community composition
with the microbial functional genes involved in major
biogeochemical processes (Trivedi et al. 2013). In our
analysis, we found that microbial richness may influ-
ence functional turnover though species identity may be
as important as species richness in determining micro-
bial ecosystem function (Covich et al. 2004). Previous
studies have identified that Betaproteobacteria and
Gammaproteobacteria were negatively correlated with
the function of nitrification (Kimes et al. 2010). The
Devosia and Steroidobacter were significantly negative
correlated with the genes associated with immune inva-
sion (Fig. 6A). Proteobacteria have been identified as
the dominant bacterial genera in the rhizosphere of
various plant species due, in part, to their relatively rapid
growth rates (DeAngelis et al. 2009; Fierer et al. 2007).
In addition, Zhao et al. (2018) found that Pseudomonas
in Proteobacteria harbored more non-ribosomal peptides
genes to supress the fusarium wilt disease. Previous
study have clarified that continous tomato crroping soil
treated with Jerusalem artichoke which used to reducing
the occurrence of soil-borne diseases significantly in-
creased the abundance of Proteobacteria (Shiwen et al.
2018). In turn it demonstrated that Fusaium wilt
supressed the portion of Proteobcteria. Karpouzas et al.
(2011) found that Fusarium strain had a negtive impact
on the abundance of alpha-Proteobacteria and Pseudo-
monads. Long-term watermelon monoculture, served to
suppress the abundance of some putatively beneficial
microbes, such as a part of sensitive Proteobacteria.
Consequently, their role within the rhizosphere as path-
ogen antagonists was weakened (Wei et al. 2018).

The fungi Chaetomium was negatively correlated
with genes associated with immune invasion and it has
been demonstrated that Chaetomium genera were asso-
ciated with reduced disease and reduced F. oxysporum
abundance (Siegel-Hertz et al. 2018). The fungi Fusar-
ium, Pleosporaceae and Nectriaceae were positively
correlated with adherence, cellular metabolism, immune
evasion, and glucose limitation (Fig.6B). This suggests
that saprotrophic ascomycete fungi are the primary de-
graders of plant cell wall polymers, which is supported

by previous studies (Frankland 1998). Functional genes
involved in adherence, invasion, and colonization have
been shown to be significantly enhanced in diseased
soils. These virulent genes appear necessary for patho-
gen infection and survival in plants (Zhang et al. 2017).
The opportunistic (pathogenic fungi, for instance, Fu-
sarium and Pleosporaceae) fungi express pathogenic
factors allowing adherence to the host tissues or evasion
to the host immune response. According to the relation-
ship between the potential function and micro-organism,
we could provide some clues to structure a beneficial
microbial consortium combined with organic fertilizer
so that it could reduce wilt disease (Zhao et al. 2014).

Conclusion

Long-term continuous monoculture of watermelon
caused significant alterations in the soil bacterial and
fungal community diversity, composition, and potential
function. It did not lead to higher connected bacterial
community whereas exhibiting a higher diversity, though
the fungal community became less diverse with a less
connected network. Genes associated with the degrada-
tion of hemicelluloses and chitin, the Calvin circle, am-
monification, nitrogen fixation, iron uptake, and stress
responses (including oxidative stress, oxygen limitation
and envelope stress) significantly increased after long-
term monoculture. This resulted in higher concentrations
of dissolved organic carbon and nitrogen, which was
positively correlated to pathogen proliferation. The rela-
tive abundance of Fusarium was positively correlated
with genes associated with adherence, cellular metabo-
lism, and immune evasion, which potentially promoted
plant infection. These results provide insights into the
complexity of changes in soil microbiome composition
and function in soils suffering from Fusarium disease and
provide some clues into potential methods of disease
control through microbial community manipulation.

Acknowledgements This study was supported by the National
Nature Science Foundation of China (31772398), Special Fund for
Agro-scientific Research in the public Interest (201503110), China
Science and Technology Ministry (2015CB150500), the Jiangsu
Science and Technology Department (BK20160730), and the
China Postdoctoral Science Foundation (2017 M621761 and
2018 T110510), the Fundamental Research Funds for the Central
Universities (KYZ201720).

@ Springer



432

Plant Soil (2019) 438:421-433

References

Agnelli A, Ascher J, Corti G, Ceccherini MT, Nannipieri P,
Pietramellara G (2004) Distribution of microbial communi-
ties in a forest soil profile investigated by microbial biomass,
soil respiration and DGGE of total and extracellular DNA.
Soil Biol Biochem 36:859-868

Amin SA, Green DH, Kiipper FC, Carrano CJ (2009) Vibrioferrin,
an unusual marine siderophore: iron binding, photochemis-
try, and biological implications. Inorg Chem 48:11451—
11458

An M, Zhou X, Wu F, Ma Y, Yang P (2011) Rhizosphere soil
microorganism populations and community structures of dif-
ferent watermelon cultivars with differing resistance to
Fusarium oxysporum f. Sp. niveum. Can J Microbiol 57:
355-365

Armitage DW (2017) Linking the development and functioning of
a carnivorous pitcher plant's microbial digestive community.
ISME J 11:2439-2451. https://doi.org/10.1038
/ismej.2017.99

Balvanera P, Pfisterer AB, Buchmann N, He J-S, Nakashizuka T,
Raffaelli D, Schmid B (2006) Quantifying the evidence for
biodiversity effects on ecosystem functioning and services.
Ecol Lett 9:1146-1156

Bastian M, Heymann S, Jacomy M (2009) Gephi: an open source
software for exploring and manipulating networks. Icwsm 8:
361-362

Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J
Roy Stat Soc B (Methodological) 57:289-300

Berger BM (1999) Factors influencing transformation rates and
formation of products of phenylurea herbicides in soil. J Agr
Food Chem 47:3389-3396

Bulgarelli D, Garrido-Oter R, Miinch PC, Weiman A, Droge J, Pan
Y, McHardy AC, Schulze-Lefert P (2015) Structure and
function of the bacterial root microbiota in wild and domes-
ticated barley. Cell Host Microbe 17:392-403

Cardenas A, Neave MJ, Haroon MF, Pogoreutz C, Radecker N,
Wild C, Gardes A, Voolstra CR (2018) Excess labile carbon
promotes the expression of virulence factors in coral reef
bacterioplankton. ISME J 12:59-76

Cardinale BJ, Wright JP, Cadotte MW, Carroll IT, Hector A,
Srivastava DS, Loreau M, Weis JJ (2007) Impacts of plant
diversity on biomass production increase through time be-
cause of species complementarity. Proc Natl Acad Sci U S A
104:18123-18128

Chung H, Zak DR, Reich PB, Ellsworth DS (2007) Plant species
richness, elevated CO2, and atmospheric nitrogen deposition
alter soil microbial community composition and function.
Glob Chang Biol 13:980-989

Celar F (2003) Competition for ammonium and nitrate forms of
nitrogen between some phytopathogenic and antagonistic
soil fungi. Biol Control 28:19-24. https://doi.org/10.1016
/31049-9644(03)00049-5

Clermont-Dauphin C, Cabidoche YM, Meynard JM (2010)
Effects of intensive monocropping of bananas on properties
of volcanic soils in the uplands of the French West Indies.
Soil Use & Manage 20:105-113

@ Springer

Covich AP, Austen MC, Barlocher F, Chauvet E, Cardinale BJ,
Biles CL, Inchausti P, Dangles O, Solan M, Gessner MO,
Statzner B, Moss B (2004) The role of biodiversity in the
functioning of freshwater and marine benthic ecosystems.
Bioscience 54:767-775

DeAngelis KM, Brodie EL, DeSantis TZ, Andersen GL, Lindow
SE, Firestone MK (2009) Selective progressive response of
soil microbial community to wild oat roots. ISME J 3:168—
178

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R (2011)
UCHIME improves sensitivity and speed of chimera detec-
tion. Bioinformatics 27:2194-2200

Eisenhauer N, Cesarz S, Koller R, Worm K, Reich PB (2012)
Global change belowground: impacts of elevated CO2, ni-
trogen, and summer drought on soil food webs and biodiver-
sity. Glob Chang Biol 18:435-447

Fierer N, Bradford MA, Jackson RB (2007) Toward an ecological
classification of soil bacteria. Ecology 88:1354—-1364

Frankland JC (1998) Fungal succession — unravelling the unpre-
dictable. Mycol Res 102:1-15

Hartman K, van der Heijden MGA, Wittwer RA, Banerjee S,
Walser J-C, Schlaeppi K (2018) Cropping practices manipu-
late abundance patterns of root and soil microbiome members
paving the way to smart farming. Microbiome 6:14.
https://doi.org/10.1186/s40168-017-0389-9

He Z, Gentry TJ, Schadt CW, Wu L, Liebich J, Chong SC, Huang
Z, Wu W, Gu B, Jardine P, Criddle C, Zhou J (2007)
GeoChip: a comprehensive microarray for investigating bio-
geochemical, ecological and environmental processes. ISME
J 1:67-77. https://doi.org/10.1038/isme;j.2007.2

Horst WJ, Héardter R (1994) Rotation of maize with cowpea
improves yield and nutrient use of maize compared to maize
monocropping in an alfisol in the northern Guinea savanna of
Ghana. Plant Soil 160:171-183

Karpouzas DG, Karatasas A, Spiridaki E, Rousidou C, Bekris F,
Omirou M, Ehaliotis C, Papadopoulou KK (2011) Impact of
a beneficial and of a pathogenic Fusarium strain on the
fingerprinting-based structure of microbial communities in
tomato (Lycopersicon esculentum Milll.) rhizosphere. Eur J
Soil Biol 47:400—-408. https://doi.org/10.1016/j.
€jsobi.2011.07.011

Kennedy AC, Smith K (1995) Soil microbial diversity and the
sustainability of agricultural soils. Plant Soil 170:75-86

Kimes NE, Van Nostrand JD, Weil E, Zhou J, Morris PJ (2010)
Microbial functional structure of Montastraea faveolata, an
important Caribbean reef-building coral, differs between
healthy and yellow-band diseased colonies. Environ
Microbiol 12:541-556

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Hom M,
Glockner FO (2013) Evaluation of general 16S ribosomal
RNA gene PCR primers for classical and next-generation
sequencing-based diversity studies. Nucleic Acids Res 41:
el—el

Li YC, Li Z, Li ZW, Jiang YH, Weng BQ, Lin WX (2016)
Variations of rhizosphere bacterial communities in tea
(Camellia sinensis L.) continuous cropping soil by high-
throughput pyrosequencing approach. J Appl Microbiol
121:787-799. https://doi.org/10.1111/jam.13225

Li X-g, C-fD, T-1 Z, X-x W (2014) Fungal pathogen accumulation at
the expense of plant-beneficial fungi as a consequence of con-
secutive peanut monoculturing. Soil Biol Biochem 72:11-18


https://doi.org/10.1038/ismej.2017.99
https://doi.org/10.1038/ismej.2017.99
https://doi.org/10.1016/s1049-9644(03)00049-5
https://doi.org/10.1016/s1049-9644(03)00049-5
https://doi.org/10.1186/s40168-017-0389-9
https://doi.org/10.1038/ismej.2007.2
https://doi.org/10.1016/j.ejsobi.2011.07.011
https://doi.org/10.1016/j.ejsobi.2011.07.011
https://doi.org/10.1111/jam.13225

Plant Soil (2019) 438:421-433

433

Lu L, Yin S, Liu X, Zhang W, Gu T, Shen Q, Qiu H (2013a)
Fungal networks in yield-invigorating and-debilitating soils
induced by prolonged potato monoculture. Soil Biol
Biochem 65:186-194

Lu L, Yin S, Liu X, Zhang W, Gu T, Shen Q, Qiu H (2013b)
Fungal networks in yield-invigorating and -debilitating soils
induced by prolonged potato monoculture. Soil Biol
Biochem 65:186-194

Loreau M (2001) Microbial diversity, producer-decomposer inter-
actions and ecosystem processes: a theoretical model. Proc
Biol Sci 268:303-309

Mazzola M (2004) Assessment and management of soil microbial
community structure for disease suppression. Annu Rev
Phytopathol 42:35-59

Mello A, Napoli C, Murat C, Morin E, Marceddu G, Bonfante P
(2011) ITS-1 versus ITS-2 pyrosequencing: a comparison of
fungal populations in truffle grounds. Mycologia 103:1184-1193

Newman ME (2006) Modularity and community structure in
networks. Proc Natl Acad Sci U S A 103:8577-8582

Rousk J, Baath E (2007) Fungal biomass production and turnover
in soil estimated using the acetate-in-ergosterol technique.
Soil Biol Biochem 39:2173-2177

Rosenzweig N, Tiedje JM, Quensen JF III, Meng Q, Hao JJ (2012)
Microbial communities associated with potato common scab-
suppressive soil determined by pyrosequencing analyses.
Plant Dis 96:718-725

Salles JF, Van Veen JA, Van Elsas JD (2004) Multivariate analyses
of Burkholderia species in soil: effect of crop and land use
history. Appl Environ Microbiol 70:4012-4020

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M,
Hollister EB, Lesniewski RA, Oakley BB, Parks DH,
Robinson CJ (2009) Introducing mothur: open-source, plat-
form-independent, community-supported software for de-
scribing and comparing microbial communities. Appl
Environ Microbiol 75:7537-7541

Sessitsch A, Weilharter A, Gerzabek MH, Kirchmann H, Kandeler
E (2001) Microbial population structures in soil particle size
fractions of a long-term fertilizer field experiment. Appl
Environ Microbiol 67:4215-4224

Shen Z, Penton CR, Lv N, Xue C, Yuan X, Ruan Y, Li R, Shen Q
(2018) Banana Fusarium wilt disease incidence is influenced
by shifts of soil microbial communities under different mono-
culture spans. Microb Ecol 75:739-750

Shiwen W, Jing R, Ting H, Guanru Q, haihui H, Wenhui L, Wu F,
Kai P (2018) Evaluation of soil enzyme activities and microbial
communities in tomato continuous cropping soil treated with
Jerusalem artichoke residues. Commun Soil Sci Pl An 49:
2727-2740. https://doi.org/10.1080/00103624.2018.1538370

Siegel-Hertz K, Edel-Hermann V, Chapelle E, Terrat S,
Raaijmakers JM, Steinberg C (2018) Comparative
microbiome analysis of a Fusarium wilt suppressive soil
and a Fusarium wilt conducive soil from the Chateaurenard
region. Front Microbiol 9:568. https://doi.org/10.3389
/fmicb.2018.00568

Sorensen SR, Ronen Z, Aamand J (2002) Growth in coculture
stimulates metabolism of the phenylurea herbicide
isoproturon by Sphingomonas sp. strain SRS2. Appl
Environ Microb 68:3478-3485. https://doi.org/10.1128
/aem.68.7.3478-3485.2002

Steinhauser D, Krall L, Miissig C, Biissis D, Usadel B (2007)
Correlation networks. In: Junker BH, Schreiber F (eds)

Analysis of biological networks. John Wiley & Sons, Inc.,
New Jersey, pp 305-333

Sun S, Li S, Avera BN, Strahm BD, Badgley BD (2017) Soil
bacterial and fungal communities show distinct recovery pat-
terns during forest ecosystem restoration. Appl Environ
Microbiol 83

Tang J, Xue Z, Daroch M, Ma J (2014) Impact of continuous
Salvia miltiorrhiza cropping on rhizosphere actinomycetes
and fungi communities. Anna Microbiol 65:1267-1275.
https://doi.org/10.1007/s13213-014-0964-2

Trivedi P, Anderson IC, Singh BK (2013) Microbial modulators of
soil carbon storage: integrating genomic and metabolic knowl-
edge for global prediction. Trends Microbiol 21:641-651

Trivedi P, He Z, Van Nostrand JD, Albrigo G, Zhou J, Wang N
(2012) Huanglongbing alters the structure and functional
diversity of microbial communities associated with citrus
rhizosphere. ISME J 6:363-383

Utkhede R (2006) Soil sickness, replant problem or replant disease
and its integrated control. Allelopathy J 18:23-38

Wei W, Yang M, Liu Y, Huang H, Ye C, Zheng J, Guo C, Hao M,
He X, Zhu S (2018) Fertilizer N application rate impacts
plant-soil feedback in a sanqi production system. Sci Total
Environ 633:796-807

Yao H, He Z, Wilson M, Campbell C (2000) Microbial biomass
and community structure in a sequence of soils with increas-
ing fertility and changing land use. Microb Ecol 40:223-237

Yao H, Jiao X, Wu F (2006) Effects of continuous cucumber
cropping and alternative rotations under protected cultivation
on soil microbial community diversity. Plant Soil 284:195-203

Zeglin L, Bottomley PJ, Jumpponen A, Rice C, Arango M,
Lindsley A, McGowan A, Mfombep P, Myrold D (2013)
Altered precipitation regime affects the function and compo-
sition of soil microbial communities on multiple time scales.
Ecology 94:2334-2345

Zhao M, Yuan J, Zhang R, Dong M, Deng X, Zhu C, Li R, Shen Q
(2018) Microflora that harbor the NRPS gene are responsible
for Fusarium wilt disease-suppressive soil. Appl Soil Ecol
132:83-90. https://doi.org/10.1016/j.aps0il.2018.08.022

Zhao S, Liu D, Ling N, Chen F, Fang W, Shen Q (2014) Bio-
organic fertilizer application significantly reduces the
Fusarium oxysporum population and alters the composition
of fungi communities of watermelon Fusarium wilt rhizo-
sphere soil. Biol Fert Soils 50:765-774. https://doi.
0rg/10.1007/s00374-014-0898-7

Zhang H, Jiang Z, Liu L, Zheng X, Li S, Zhang J, Wang J, He Q,
Lv W (2015) Effects of intercropping on microbial commu-
nity function and diversity in continuous watermelon
cropping soil. Fresenius Environ Bull 24:3288-3294

Zhang H, Wang R, Chen S, Qi G, He Z, Zhao X (2017) Microbial
taxa and functional genes shift in degraded soil with bacterial
wilt. Sci Rep 7:39911

Zhou J, Kang S, Schadt CW, Garten CT, Jr. (2008) Spatial scaling
of functional gene diversity across various microbial taxa.
Proc Natl Acad Sci U S A 105: 7768-7773

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1080/00103624.2018.1538370
https://doi.org/10.3389/fmicb.2018.00568
https://doi.org/10.3389/fmicb.2018.00568
https://doi.org/10.1128/aem.68.7.3478-3485.2002
https://doi.org/10.1128/aem.68.7.3478-3485.2002
https://doi.org/10.1007/s13213-014-0964-2
https://doi.org/10.1016/j.apsoil.2018.08.022
https://doi.org/10.1007/s00374-014-0898-7
https://doi.org/10.1007/s00374-014-0898-7

	Characterizing...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Site description, management and sampling
	DNA extraction and sequencing
	Geochip
	Sequence analysis
	Data analysis and statistics

	Results
	Diversity of bacterial and fungal communities in healthy and diseased soil
	Differential co-occurrence networks of bacteria and fungi between healthy and diseased soil
	Variation of functions between healthy and diseased soils
	Linking microbial community composition with functions

	Discussion
	Soil microbial community composition change due to long-term continuous monoculture of watermelon
	Soil microbial function composition change due to long-term continuous monoculture of watermelon
	Correlations between microbial key species and functions

	Conclusion
	References


