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A B S T R A C T   

Soil fumigation is an effective method to control soil-borne diseases like Fusarium wilt, however the processes 
and mechanisms driving microbial community reestablishment and pathogen suppression in the rhizosphere 
after fumigation remain poorly understood. In this study, we examined the dynamics of the rhizosphere 
microbiome and microbial network associations across different watermelon development stages and plant 
statuses (i.e. healthy and dead) after soil fumigation and organic fertilizer (OF) application in plastic shelters 
with Fusarium oxysporum f. sp. niveum (FON) heavily infected. Our results showed that fumigation treatments 
significantly reduced Fusarium wilt disease incidence and pathogen abundance, meanwhile, decreased soil mi-
crobial metabolic activity, fungal biomass and diversity. Bacterial community recovered from fumigation sup-
pression in a short period, while fungal suppression was longer lasting, resulting in decreased fungi to 
actinomycetes (F/A) and fungi to bacteria (F/B) ratios in PLFA profiles. We further found some bacterial families, 
such as Actinospicaceae within Actinobacteria, Haliangiaceae, Rhizobiaceae and uncultured Rhodospirillales within 
Proteobacteria, Sporolactobacillaceae and Limnochordaceae within Firmicutes were greatly enriched after fumi-
gation and might potentially contribute to pathogen suppression. The fumigation treatments significantly 
reduced microbial network complexity and the percentage of fungal nodes in comparison to un-fumigated 
control treatment. In contrast, a more complex microbial network was observed in the rhizosphere soil of 
healthy plants than that in the soil surrounding dead plant roots within fumigation treatments. Furthermore, 
healthy plant rhizosphere significantly enriched potential beneficial and nitrogen cycle-related bacterial phyla 
like Gemmatimonadetes, Verrucomicrobia, and Nitrospirae. More interestingly, Fusarium were markedly 
enriched in the rhizosphere soil of healthy plants and mainly represented by non-FON Fusarium like 
F. verticillioides and F. solani, implying a potential niche competition between FON and nonpathogenic Fusarium 
species in the rhizosphere of healthy watermelon. Taken together, our results provide vital information on the 
reconstruction of microbial communities and potential interactions between plant and its beneficial consortium 
after fumigation, which is instructive to develop more systematic strategies through targeting both beneficial and 
pathogen-similar taxa to improve disease control and soil suppression.   

1. Introduction 

The rhizosphere is the interface of plant-microbe interactions in 
which large numbers of microbial cells inhabit and are nourished by root 
exudates (Bakker et al., 2018). The interactions between plants and 

microorganisms within the rhizosphere, shaped by long-term co-evolu-
tion, are intriguingly complex and dynamic (Philippot et al., 2013; 
Zhalnina et al., 2018). Generally, rhizosphere microorganisms are 
known for their mutualistic interactions with plants, as they contribute 
to numerous aspects of the plant growth and health, including 
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promoting nutrient acquisition and protecting plants from abiotic or 
biotic stress (Bakker et al., 2018; Duran et al., 2018). However, disorders 
occur in the rhizosphere after continuous cropping, such as accumula-
tion of autotoxins, soil acidification and secondary salinization under 
high mineral nutrient input, and imbalances of soil microbial composi-
tion and function, which may induce the propagation and invasion of 
opportunistic pathogens and eventually cause disease outbreaks 
(Mendes et al., 2011; Wei et al., 2018). It has been reported that disease 
outbreaks are often associated with large increases in pathogen abun-
dance, a drastic change in the rhizosphere microbial community, and a 
lower microbial diversity (Chapelle et al., 2016; Wei et al., 2018). Given 
the acknowledged importance of rhizosphere microbes, understanding 
the dynamic relationship between microbial community and pathogens 
is therefore critical to reveal the mechanism of soil-borne disease out-
breaks, and thus to harness indigenous microorganisms against them. 

Several members of the fungal genus Fusarium are notorious soil- 
borne pathogens that have caused serious losses in hundreds of 
economically important crops worldwide, including cotton, tomato, 
banana, cucumber, and watermelon (Ma et al., 2013). Among of them, 
Fusarium oxysporum f. sp. niveum (FON) is destructive to watermelon 
plantation via breaking plant water transporting vascular tissue, thus 
triggering massive wilting in aerial parts and quickly killing a plant once 
infected (Ma et al., 2013). Although crop rotation is an effective pre-
cautionary measure for Fusarium wilt and other soil-borne diseases, the 
different plantation and management requirements of watermelon limit 
the frequency of rotation between watermelon and other crops. Partic-
ularly, watermelon plantation in the plastic shelter is greatly welcome in 
order to advance or postpone on-sale date, thus is opt to suffer from 
soil-borne diseases like Fusarium wilt. Due to the high efficiency in 
indiscriminately killing soil microbes and microfauna by emitting toxic 
gas, chemical fumigants are commonly applied in facility agriculture for 
commercially important crops to control Fusarium wilt, root knot nem-
atode disease, etc. (Li et al., 2016; Fang et al., 2019). A number of studies 
have evaluated the disease control efficiency and the influence of soil 
fumigation on soil physiochemical properties, and suggested that 
fumigation is able to suppress Fusarium pathogen but the efficiency 
mainly last during the season of application or within a short term af-
terward (Nicola et al., 2017; Shen et al., 2018; Fang et al., 2019). It is of 
great concern to reveal the underlying mechanisms of pathogen recov-
ery in short period after fumigation. Moreover, organic fertilizer (OF) is 
supposed to be beneficial to the recovery of the microbial community 
and biological activity after soil fumigation, as soil fumigation provides 
a nearly empty environment for microorganisms (Hartmann et al., 
2015). Organic matter amendment is able to alleviate the competition 
among soil microbial taxa to favor cascade effect of multiple trophic 
levels, and thus contribute to soil functional maintenance (Banerjee 
et al., 2016). However, knowledge of the reestablishment processes and 
the stability of microbial community in the rhizosphere after fumigation 
and OF application, particularly under field conditions, is scarce. 

The rhizosphere microbial community is the result of a complex se-
ries of interactions and feedbacks among plant, microbes, and the 
physical and chemical environment of the soils they inhabit (Zhalnina 
et al., 2018). In this context, plants play a key role in shaping rhizo-
sphere microbiota, and healthy plants are supposed to be able to enrich 
more potential antagonists (Shen et al., 2015; Meng et al., 2019). 
Moreover, the stability of microbial communities is greatly determined 
by the interactions among different microbial groups and kingdoms, and 
a highly connected microbial network is usually associated with high 
microbial resistance to environmental disturbance (Xiong et al., 2017). 
It has been reported that the microbial network association changed 
when pathogen was inoculated into the rhizosphere (Faust and Raes, 
2012; Carrión et al., 2019), and that the bacterial network of 
continuous-cropping soil was less complex than in soil that undergoing 
crop rotation (Chen et al., 2018). It was also reported that the keystone 
taxa, i.e. possessing high connectivity in microbial networks, were more 
prevalent in healthy plant rhizopheres than in the rhizosphere of 

infected or dying plants (Huang et al., 2019). However, it is still 
ambiguous on the role of bacterial and fungal communities in shaping 
healthy microbial network associations and their potential functions in 
Fusarium suppression after fumigation. 

Therefore, in this study, the dynamics and assembly of the rhizo-
sphere bacterial and fungal microbiome, and Fusarium wilt pathogen of 
watermelon after fumigation and OF application were investigated in 
watermelon plastic shelters with serious Fusarium wilt disease, using 
next-generation sequencing (NGS) and phospholipid fatty acid (PLFA) 
methods. We aimed to (1) characterize the recovery of bacterial and 
fungal community and identify the keystone taxa in association with 
Fusarium suppression after fumigation and OF application; (2) assess the 
microbial associations in different treatments and plant statuses; and (3) 
characterize the microbial profiles and their potential functions in 
healthy and dead plant rhizospheres. We hypothesized that (1) the 
bacterial and fungal communities would recover over time but with 
different speed and potential function; (2) soil fumigation and OF 
application might simplify the microbial associations while healthy 
plant would induce a more complex network association to sustain their 
growth. 

2. Materials and methods 

2.1. Field site and experiment setup 

The watermelon plantation field was located at Gaoqiao Research 
Station of Hunan Academy of Agricultural Science, Changsha, China. 
This area has subtropical monsoon climate with annual precipitation of 
1368 mm, and the soil type is classified as Ultisol according to the USDA 
taxonomy. The rice field and upland field rotation annually or peren-
nially are commonly adopted in this area. The field used in this study 
was converted to watermelon plantation in 2013 and plastic shelters 
were established with watermelon monoculture since then. Fusarium 
wilt occurred the next year and as conditions continued to deteriorate 
over the next couple years, different practices including dazomet fumi-
gation, liming, and OF application were adopted to prevent and control 
wilt disease since 2015. Only dazomet fumigation and OF application 
after fumigation had 30–70 % control efficiency while other treatments 
showed no consistent effect during the first four years. Therefore, three 
treatments: (1) control, (2) dazomet fumigation, and (3) OF application 
after fumigation were selected for further investigation in this study. For 
each treatment, three plastic shelter replicates were included, and all 
plots were randomly arranged in the field. Each plot occupied 180 m2 (6 
m × 30 m) with a height of 2.75 m. Watermelon were planted with the 
row space of 3 m and the plant spacing of 0.7 m (totally 80 seedlings for 
each plot) in spring, senescent plants were removed in autumn and 
plastic shelters were left unused until next spring. The plastic shelter was 
ventilated in daytime to maintain temperature and humidity during 
watermelon growth stage. For fumigation treatments, the dazomet (98 
% purity, purchased from Beijing QiGao Biologics Co. Ltd., China) was 
thoroughly mixed with soil at a rate of 270 kg ha− 1 and covered with 
plastic mulch for 4 weeks, afterwards the mulch was removed and 
ventilated for one week before fertilization. For all treatments, com-
pound fertilizer was used as basal fertilizer at a rate of 180 kg ha− 1 (N: 
P2O5: K2O = 15:15:15) before transplanting, and top-dressed again at a 
rate of 180 kg ha− 1 in mid-July. For the OF treatment, commercial 
organic fertilizer with a viable microbial cell of 2 × 107 per gram, 20 % 
organic matter and 8 % mineral nutrient content was applied in furrow 
at a depth of 20− 25 cm at a rate of 4.2 t ha− 1 before transplanting. 
Sequencing analysis showed that microbial communities in OF were 
mainly composed of bacterial family Glycomycetaceae, Nocardiaceae, 
Bacillaceae, Flavobacteriaceae, Micrococcaceae and fungal family Micro-
ascaceae, Hypocreales_fam_Incertae_sedis, while these taxa were not 
enriched in the rhizosphere after OF amendment. 
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2.2. Wilt disease inspection and soil sampling 

Once watermelon var. zaojia8424 seedlings were transplanted in late 
April in 2018, wilt disease incidence was recorded weekly. Rhizosphere 
soils were collected by root shaking at days 28, 68, and 108, corre-
sponding to branching, flowering and fruiting stage. For each plot, 
rhizosphere soils from 4 diseased/dead and 4 healthy plants were pooled 
separately to create a conglomerate sample for further analyses. For the 
dead plants, soils near the withered roots (20 cm in depth) were 
collected by hand and considered as “rhizosphere soils”. As very few 
plants survived in the control plots, soils around eight dead plant roots 
were randomly taken from each plot at a depth of 20 cm and mixed as 
one. After thorough mixing, about 50 g soil was frozen on dry ice and 
transferred to laboratory for storage at -40 ℃ until DNA and PLFA 
extraction. The remaining soil was passed through 2 mm diameter sieve 
and stored at 4 ℃ for soil physiochemical and basal respiration analyses. 

2.3. Soil physiochemical properties and basal respiration 

Soil pH and EC were measured with a soil to water ratio of 1:2.5 and 
1:5, respectively. Soil water content was measured by drying in an oven 
at 105 ℃ to constant weight. NH4

+-N and NO3
− -N were extracted with 1 

M KCl solution and measured by the continuous flow analytical system 
(AA3, SEAL analytical, Germany). Soil dissolved organic carbon and 
nitrogen (DOC & DON) were extracted with 0.5 M K2SO4 solution and 
determined by the TOC analyzer (Multi N/C 3100, Analytik Jena, Ger-
many). The total carbon and nitrogen of soil (TC & TN) were measured 
by the elemental analyzer (Vario EL III-Elementer, Germany). Soil 
available and total phosphorus (AP & TP) were extracted by NH4F-HCl 
and NaOH solutions and determined by Mo-Sb colorimetric method 
(Wang et al., 2014). Soil available and total potassium (AK & TK) were 
measured by a flame photometer after extraction by CH3COONH4 so-
lution and digested by HF, respectively (Wang et al., 2014). 

Soil basal respiration (SBR) was measured as previously described 
(Liu et al., 2018). Briefly, 10 g of fresh soil was put in a 120 mL serum 
bottle and adjusted to 60 % of water hold capacity with sterile deionized 
water. The bottles were sealed and incubated at 25 ℃ for 24 h in the 
dark. CO2 concentrations were measured by gas chromatography (Agi-
lent 7890A GC System). Soil basal respiration rates were calculated as 
the net CO2 accumulative rate. 

2.4. Soil phospholipid fatty acid (PLFA) extraction and data analysis 

Soil samples were subjected to PLFA analysis for determination of the 
microbial biomass and active groups. Soil PLFA extraction and data 
analysis were performed according to Bligh and Dyer’s method (Fros-
tegard et al., 1993). Briefly, 1.5 g freeze-dried soil was extracted twice 
with a mixture of citrate buffer (0.15 M), chloroform, and methanol at a 
volume ratio of 0.8:1:2. After overnight stratification, the chloroform 
phase was removed and evaporated with nitrogen gas, the phospholipid 
residues were then separated from neutral and glycolipids on a silicic 
acid column (Gehron. and White., 1983), and methyl nonadecanoate 
fatty acid (19:0) was added as an internal standard. After that, the 
products were methylated using mild alkaline methanolysis by dissolv-
ing them in 2 mL of methanol–toluene and 0.2 M KOH solution at 37 ℃ 
for 15 min (White et al., 1979), then 2 mL of n-hexane-chloroform and 
0.3 mL 1 M acetic acid were added. After centrifugation, the phase 
containing the methyl esters was evaporated with nitrogen gas. Finally, 
fatty acid methyl esters (FAMEs) were dissolved in 150 μl n-hexane and 
stored at -20 ℃ before determination. The FAMEs were separated on gas 
chromatograph equipped with a flame ionization detector (GC-FID, 
Agilent Technologies, USA) and identified using the MIDI Sherlock Mi-
crobial Identification System (MIDI Inc., Newark, DE, USA). The clas-
sification of PLFAs was assigned using the method described by 
Frostegard et al. (1993). 

2.5. Soil DNA extraction and quantitative detection of fungal pathogen 
FON 

Soil microbial DNA was extracted from 0.5 g of soil using QIANGEN 
spin kit following manufacturer’s instructions. The DNA concentration 
and purity were further confirmed by the NanoDrop Spectrophotometer 
(Thermo Scientific, Wilmington, DE), with concentrations varying be-
tween 20− 40 ng μl− 1 and A260/A280 ratio between 1.8 and 2.0. The 
extracted DNA was stored at − 40 ℃ until further analysis. 

The qPCR analysis of FON was conducted on IQ5 RT-PCR system 
(Bio-Rad Lad, LA, United States) by nested PCR using primer sets Fonq- 
F/Fonp1-R and Fonq-F/Fonq-R which specifically targeted the pathogen 
FON (Xiao et al., 2018). Briefly, the pre-amplification was conducted by 
primer set Fonq-F/Fonp1-R. Afterwards, the PCR products generated 
from the first round PCR amplification were subjected to second round 
PCR with primer set Fonq-F/Fonq-R. The amplification thermal cycle 
programs are listed in Table S1. The 20 μl reaction mixture contained 10 
μl TransStart® Tip green qPCR Super Mix, 0.5 μl of each primer with 10 
μM, 2.0 μl of pre-amplified template and 7.0 μl of ddH2O. Standard 
curves were developed through spiking 10-fold diluted FON spores into 
soil and quantifying the extracted DNA to minimize the bias caused by 
DNA extraction process (Xiao et al., 2018), with an efficiency of 93.2 % 
and a R value of 0.988. 

2.6. High-throughput sequencing of soil microbial community and data 
processing 

High-throughput sequencing for bacterial 16S rRNA gene and fungal 
ITS region were conducted on Illumina Miseq PE250 platform using 
primer sets 799 F/1115R (Laforest-Lapointe et al., 2017) and fITS7/ITS4 
(Ihrmark et al., 2012) which targeted the V5-V6 region of bacterial 16S 
rRNA gene and ITS2 region of fungi, respectively. The two primer sets 
were supposed to be able to avoid amplification from host plant tissue. 
Forward primers with unique 7-bp barcode sequences at the 5′ end were 
adopted for sequencing. The 25-μl reaction mixture contained 12.5 μl 
Premix Ex Taq® DNA polymerase (Takara Biotechnology, Dalian, 
China), 0.5 μl of each primer with 10 μM, 2.0 μl of DNA template (about 
1− 10 ng) and 9.5 μl of ddH2O. The thermal cycle programs are listed in 
Table S1. The PCR products were purified by a PCR Purification Kit 
(Axygen Bio, USA). Finally, the paired-end sequencing of bacterial and 
fungal amplicons were pooled in equimolar concentrations and carried 
out at Personal Biotechnology Co., Ltd (Shanghai, China). 

The raw sequences were processed in QIIME 1.9.0 using USEARCH 
(Edgar, 2010). Briefly, the primer nucleotides and the end of reads with 
quality score below 30 were truncated. The trimmed sequences were 
merged, then the sequences with expected error higher than 0.5 were 
removed. Chimeras and singletons in denoised sequences were removed 
using UNOISE3 (Edgar, 2016) to form“zero-radius OTUs” (ZOTUs) at 
100 % identity. Sequences of each sample were rarefied to 27540 for 
bacteria and 32986 for fungi to make the ZOTU table for downstream 
analysis. Representative sequences of each ZOTU were annotated based 
on SILVA 132 and UNITE database in QIIME 1.9.0 (Caporaso et al., 
2010) using blast method for bacteria and fungi, respectively. The mi-
crobial composition at different taxonomic levels was classified using 
script summarize_taxa.py. Alpha diversity indices including richness, 
shannon, simpson, chao1 and phylogenetic diversity were calculated 
using script alpha_diversity.py. Beta diversity was conducted based on 
weighted_unifrac distance using script beta_diversity.py and constrained 
principle coordinates analysis (CPCoA) based on weighted_unifrac dis-
tance was calculated to evaluate phylogenetic dissimilarity using the 
vegan package (Oksanen et al., 2007). 

2.7. Microbial community network visualization 

Co-occurrence network analysis of bacterial and fungal communities 
at the genus level was conducted using CoNet plug-in in Cytoscape 3.7.1 
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(Faust et al., 2012; Faust and Raes, 2016). To avoid possible biases, the 
genera present in more than 80 % of samples were retained for the 
network analysis. The pairwise association scores were calculated 
through Pearson correlation, Spearman correlation, Mutual informa-
tion, Bray-Curtis distance, and Kullback-Leibler distance (Faust et al., 
2012; Faust and Raes, 2016). The network construction composed of 
three main steps, including Permutation, Bootstrapping, and Restore 
network from random files, and the "benjaminihochberg" multiple 
testing correction (p < 0.05) was performed at last two steps (Barberan 
et al., 2012). We combined the p values generated from the five methods 
using the Brown method, and only statistically significant (p < 0.05) 
correlations were kept. The resultant network was visualized in 
Gephi-0.9.2, and the network topological parameters were calculated in 
Gephi (Bastian et al., 2009). The network node with a high closeness 
centrality value was identified as keystone hub in the network (Banerjee 
et al., 2018). 

2.8. Statistical analysis 

Significant differences were assessed using one-way ANOVA based 
on Duncan test in SPSS 24.0. The effect of different factors including 
sampling time, treatment, and plant status on microbial community 
dissimilarity was tested by PERMANOVA using the vegan package in R 
(http://cran.r-project.org/) (Oksanen et al., 2007). The effect of 
different factors on microbial alpha diversity was tested by linear mixed 
models (LMM) using packages lme4 and lmerTest in R (Zhao et al., 2019). 
Redundant and canonical correlation analyses were performed to 
display the relationships between microbial communities and environ-
mental variables using the vegan package (Oksanen et al., 2007). The 
linear discriminant analysis effect size (LEfSe) was conducted to identify 

bacterial and fungal biomarkers of different treatments (Kruskal-Wallis 
test p value < 0.05 and logarithmic LDA score > 2.0, http://huttenhowe 
r.sph.harvard.edu/galaxy). STAMP was used to compare soil microbial 
composition between plant statuses (Parks et al., 2014), and the default 
Tukey-Kramer test was chosen at p level of 0.05. Phylogenic tree of 
Fusarium was constructed based on representative sequences of Fusarium 
ZOTUs and reference sequences from the NCBI database by 
neighbor-joining method with bootstrap value of 1000 using MEGA 7 
(Kumar et al., 2016). 

2.9. Accession numbers 

The raw sequencing reads were deposited in the NCBI Sequence Read 
Archive (SRA) under the accession number PRJNA664653 
(SAMN16229376 - SAMN16229465). 

3. Results 

3.1. Wilt disease incidence and fungal pathogen abundance 

Wilt disease occurred two weeks after transplanting, and progressed 
quickly within 28 days. The control was almost entirely afflicted by 
disease with an incidence rate of 98.8 %, while dazomet fumigation and 
dazomet + OF treatments significantly reduced the disease incidence to 
70.8 % and 74.6 % (p < 0.001) during the branching stage, respectively 
(Fig. 1a). Afterwards, the disease incidence remained relatively stable in 
all treatments (Fig. 1a). The abundance of FON pathogen in the control 
treatment, ranging from 1.98 × 104 to 5.88 × 104 across the growth 
season, was significantly higher than those in fumigation treatments 
(5.77 × 102 - 2.95 × 104 in dazomet and 1.23 × 103 - 1.87 × 104 in 

Fig. 1. Wilt disease incidence of watermelon (a) and the abundance of fungal pathogen F. oxysporum f. sp. niveum (FON) in rhizosphere soil (b) over the time. The 
wilt disease incidence was assessed every week till the disease incidence remained relatively stable. The error bar shows the standard error of three replicate plots. 
The arrows above the curve represent three sampling points at branching, flowering and fruiting stage, respectively (a). The pathogen abundance was log transferred 
and the mean value ± standard error were presented (n = 3) (b). Different letters indicate significant difference (p < 0.05) based on Duncan test. 
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dazomet + OF treatments) (p < 0.05, Fig. 1b). Compared with the soil 
surrounding dead plant roots, the rhizosphere soil from healthy plants 
had a significantly lower FON pathogen number over the time (p < 0.05, 
Fig. 1b). 

3.2. Soil physiochemical and microbial parameters 

Soil physiochemical properties in dazomet and dazomet + OF 
treatments significantly differed from control. Generally, dazomet + OF 
treatment significantly improved NH4

+-N, AP, AK, TP, TN, TC, DON, and 
DOC contents and reduced C/N ratio (p < 0.05), regardless of whether 
soils were from healthy or dead plant roots, whereas dazomet fumiga-
tion alone slightly increased soil NH4

+-N, AP, TN, and TC contents 
(Table S2). Compared with the soils from dead plant roots, rhizosphere 
soil from healthy plants had significantly lower NH4

+-N contents and 
higher DOC contents, particularly at fruiting stage, showing a normal 
nutrient uptake and root exudate release from plant. Soil basal respi-
ration rate was measured to assess the recovery of microbial metabolic 
activity after fumigation. The results showed that soil basal respiration 
rates were significantly lower in the two fumigation treatments (dazo-
met and dazomet + OF) than in control at branching and flowering 
stages, but showed no significant difference among three treatments at 
the fruiting stage (Table S2). 

PLFA analysis showed that microbial PLFA profiles were mainly 
composed of G+/G− bacteria, actinomycetes, fungi, and universal PLFAs 
(Fig. S1). The total PLFA amounts showed no significant difference 
among three treatments though there was a decreasing trend in the 
fumigation treatment (Fig. S1a). As for different PLFA groups, the fungal 
PLFA amounts were significantly lower in the two fumigation treatments 
(5.70–5.76 nmol/g) than in the control (7.40 nmol/g) (p < 0.05). 
Fumigation treatments also significantly decreased the fungi to actino-
mycetes ratio (F/A) and fungi to bacteria ratio (F/B) (p < 0.05, 
Fig. S1bc). Plant growth stage significantly affected soil PLFA amount (p 
< 0.05), with the highest PLFA amount observed at the branching stage 
(Fig. S2a). F/A and F/B ratios also exhibited a decreasing trend in the 
two fumigation treatments across plant growth stages (Fig. S2b). 

3.3. The diversity and composition of fungal and bacterial communities 

After quality filtering, the remaining bacterial and fungal sequences 
were assigned to 6,766 and 1,597 ZOTUs, respectively. Bacterial and 
fungal diversity varied among treatments and growth stages (Table 1, 
Table S3). Fumigation treatments consistently reduced both bacterial 
and fungal alpha diversity in two early stages (p < 0.05), while bacterial 
diversity recovered by the fruiting stage (Table S3). Linear mixed model 
analysis based on ZOTU richness further confirmed that fumigation 
treatments significantly influenced bacterial and fungal diversity (p <
0.05), and plant growth stage had significantly effect on fungal diversity 
(p < 0.01) but only marginal effect on bacterial diversity (p = 0.07), 
while plant status showed no obvious effect on either bacterial or fungal 
diversity (Table 1, Table S3). 

Soil treatment, plant status, and plant growth stage all co-affected 
microbial beta diversity, with the strongest effect being from plant 
growth stage (R2 = 0.326 for bacteria and R2 = 0.181 for fungi) 
(Table 2). Generally, fumigation treatments had significant effect on 
both the bacterial (R2 = 0.068, p = 0.006) and fungal communities (R2 =

0.099, p < 0.001) (Fig. 2, Table 2). The influence of plant status on both 
communities was barely discernible at the branching stage but gradually 
increased over the time, and became the main driver for the bacterial 
and fungal communities at fruiting stage (R2 = 0.339, p = 0.003 for 
bacteria and R2 = 0.144, p = 0.003 for fungi) (Table S4). Moreover, soil 
physiochemical properties had significant influence on microbial com-
munity structure, with the bacterial community significantly correlated 
with soil moisture, pH, NH4

+-N, and NO3
− -N contents and the fungal 

community with soil moisture, pH, NH4
+-N, DOC, TC, AK contents and 

SBR activities (p < 0.05, Table S5). 
The bacterial communities were mainly composed of the phyla 

Proteobacteria, Actinobacteria, Acidobactera, and Bacteroidetes, ac-
counting for 49.4 %, 14.0 %, 12.3 % and 9.9 % of total bacterial se-
quences, respectively (Fig. S3a). The fungal communities were 
predominated by the phyla Ascomycetes and Basidiomycetes, which 
accounted for 47.9 % and 20.3 % of total sequences, respectively 
(Fig. S3b). Both bacterial and fungal communities showed large varia-
tions among the three plant growth stages. Particularly, the relative 
abundance of the bacterial phylum Bacteroidetes was significantly 
higher during the branching stage (10.4 %–23.4 %) than in either 
flowering (6.4 %–7.1 %) or fruiting (5.0 %–9.1 %) stages, while Acid-
obacteria displayed the reverse trend, increasing from branching stage 
(3.2 %–11.6 %) to flowering (10.3 %–18.0 %) and fruiting (12.3 %–17.2 
%) stages (Fig. S3a). The fungal community showed a more obvious shift 
over time. The classes Sordariomycetes and Eurotiomycets within phylum 
Ascomycota and Mortierellomycetes within Mortierellomycota were 
significantly more abundant during the branching stage than in flow-
ering and fruiting stages, while Agaricomycetes within the Basidiomycota 
was significantly enriched in the two later stages (Fig. S3b). 

3.4. Microbial biomarkers in different treatments and plant statuses 

LEfSe analysis based on datasets of all three growth stages revealed 
that bacterial families, such as Actinospicaceae and Haliangiaceae in the 
dazomet treatment, and Rhizobiaceae, uncultured Rhodospirillales, Spor-
olactobacillaceae, and Limnochordaceae in dazomet + OF treatment were 
significantly enriched in comparison to the control (Fig. 3a). In contrast, 
there was no biomarker detected at family level for the control and only 
two bacterial genera, Amycolatopsis and Streptasidiphilus belonging to 
Actinobacteria, were significantly enriched (Fig. 3a). Fungal families, 
including unidentified Argaricales and Cephalothecaceae within Asco-
mycetes, were significantly enriched in the two fumigation treatments, 
while Gnomoniaceae was the only biomarker at the family level in the 
control. At the order level, fungal orders such as Spizellomycetales, Dia-
porthaies, and Hypocreales, were significantly enriched in the control, 
and the genus Fusarium within Hypocreales was also enriched (Fig. 3b). 
LEfSe analysis for each growth stage further showed that the bacterial 
and fungal biomarkers for fumigation and OF application varied across 
three stages (Fig. S4). During flowering stage, the abundance of Acti-
nobacteria and Chloroflexi were significantly enriched in dazomet 
treatment, while Proteobacteria was enriched in dazomet + OF treat-
ment. During fruiting stage, no single group was significantly enriched 
in the dazomet treatment compared with control, suggesting the soil 
microbial community was recovering after dazomet fumigation 
(Fig. S4). 

Though fumigation significantly reduced wilt disease incidence in 

Table 1 
The effects of plant growth stage, treatment, and plant status on the alpha diversity (ZOTU richness) of bacterial and fungal communities based on linear mixed model 
(LMM).    

Stage Treatment Status Stage × Treatment Stage × Status Treatment × Status Stage × Treatment × Status 

Bacterial diversity 
F 2.962 6.337 0.398 1.964 4.380 0.015 0.389 
p 0.070 0.025 0.534 0.132 0.024 0.903 0.682 

Fungal diversity 
F 6.373 7.159 0.255 1.557 7.027 0.026 0.660 
p 0.006 0.021 0.618 0.217 0.004 0.874 0.526  
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comparison to control, over 70 % of plants in dazomet and dazomet +
OF treatments still died at the branching stage. We therefore compared 
the difference of microbial community between healthy plant rhizo-
sphere soil and the soil surrounding dead plant roots (Fig. 4, Fig. S5). It 
was found that bacterial phyla, such as Gemmatimonadetes, Patesci-
bacteria, Verrucomicrobia, and Nitrospirae were more abundant in the 
healthy plant rhizosphere than “dead plant rhizosphere” (Fig. 4a, p <
0.05). At the genus level, Niastella, Nitrospira, Chitinophaga, Caulobacter, 
and Marmoricola were significantly enriched in the healthy plant 
rhizosphere, while Acidothermus, Gaiella, Bradyrhizobium, and Leifsonia 
were more abundant in “dead plant rhizosphere” (Fig. S5, p < 0.05). 

Although no significant difference was observed in fungal commu-
nities between the dead and healthy plant “rhizosphere soils” at the 
phylum level, the genera Fusarium, Emericellopsis, and Cadophara were 
significantly enriched while Remersonia was significantly depleted in the 
rhizosphere of healthy plants (Fig. 4b, p < 0.05). More interestingly, the 
Fusarium was one of the most abundant fungal genera in healthy plant 
rhizosphere soils (accounting for 5.78 % of fungal sequences), and was 
three times more than in “dead plant rhizosphere” soils (1.47 % of fungal 
sequences) (p < 0.05). In phylogenetic tree of representative Fusarium 
ZOTU sequences, the majority of Fusarium-affiliating ZOTUs in healthy 
plant rhizosphere were far from the Fusarium pathogen FON cluster but 
grouped closely to other Fusarium species like F. verticillioides, F. solani 
and F. equiseti (Fig. 4c–e). Particularly, two top abundant Fusarium 
ZOTUs, ZOTU9 and ZOTU36 with high identity to F. verticillioides and 
F. solani respectively, were significantly enriched in healthy plant 
rhizosphere soils at a proportion of 4.13 % and 0.85 %, in comparison to 
in “dead plant rhizosphere” soils (0.45 % and 0.44 %) (Fig. 4d–e). 

3.5. Network associations in different treatments and plant statuses 

Microbial networks were generated to depict the co-occurrence 
patterns of microbial community in different treatments and plant sta-
tuses. The samples collected from the same treatment at different time 
points were merged to compare the microbial network associations 
among treatments. The results showed that fumigation significantly 
simplified microbial associations as compared with the control, with a 

greater effect in the dazoment + OF treatment (Fig. 5). The average 
degrees in networks markedly reduced from 10.453 in the control to 
7.700 and 6.536 in dazomet and dazomet + OF treatments, respectively, 
and the nodes involved in the network were reduced from 459 in the 
control to 327 and 295 in dazomet and dazomet + OF treatments, 
respectively (Table 3). Meanwhile, the percentage of fungal nodes 
decreased from 13.29 % in the control to 6.42 % and 6.10 %, and the 
percentage of mutual exclusion edges decreased from 8.46 % in the 
control to 4.85 % and 1.76 % in dazomet and dazomet + OF treatments, 
respectively. All these suggested that soil fumigation weakened the 
fungal nodes and their associations with bacteria in the soil microbial 
co-occurrence network (Table 3). 

Keystone hubs were detected for each network based on the 
betweenness centrality (BC) and closeness centrality (CC) of each node, 
including module hubs (BC < 0.6 and CC > 0.6) and the network hubs 
(BC > 0.6 and CC > 0.6) (Fig. 5). The results showed that module hubs in 
the networks were mainly represented by Proteobacteria and Actino-
bacteria in the dazomet treatment and Firmicutes in the dazomet + OF 
treatment. On the contrary, module hubs in the control treatment 
mainly belonged to Ascomycota, suggesting fungi played a key role in 
the microbial network of control treatment. 

The network analysis for samples from the dead and healthy plant 
“rhizosphere soils” showed a distinctive co-occurrence pattern of mi-
crobial community between them (Fig. 6, Table 4). Compared with the 
network from dead plants, the numbers of nodes and edges in the 
network from healthy plants increased by 49 and 1101, respectively, 
with the average degree of each node increased by 6.407. Similarly, the 
percentage of fungal nodes decreased by 4.20 % in the healthy plant 
network, while the linkage edges between bacteria and fungi increased 
slightly by 1.51 % in comparison to the network of “dead plant rhizo-
sphere” soils (Table 4). Coinciding with the greatly distinct bacterial 
community composition between two plant statuses (Table 2), keystone 
hub analysis revealed no overlapped taxa between the two networks 
(Fig. 6b). Module hubs in the network of “dead plant rhizosphere” soil 
were mainly composed of Ascomycota and Proteobacteria, while it was 
dominated by Proteobacteria in the network of healthy plant rhizo-
sphere soils (Fig. 6b). 

Table 2 
The effects of plant growth stage, treatment, and plant status on bacterial and fungal beta diversity based on weighted_unifrac distance by PERMANOVA test.    

Stage Treatment Status Stage × Treatment Stage × Status Treatment × Status Stage × Treatment × Status 

Bacterial community R2 0.326 0.068 0.034 0.062 0.089 0.004 0.012 
p <0.001 0.006 0.023 0.286 <0.001 0.974 0.965 

Fungal community 
R2 0.181 0.099 0.021 0.104 0.054 0.014 0.025 
p <0.001 <0.001 0.160 0.007 0.014 0.684 0.897  

Fig. 2. Constrained principal coordinates analysis (CPCoA) of bacterial (a) and fungal (b) communities based on weighted_unifrac distance at ZOTU level. The two 
axes explain the 5.65 % and 7.34 % of variance of bacterial and fungal communities, respectively. The ellipses represent 0.80 of confidence intervals of 
each treatment. 
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4. Discussion 

4.1. Soil fumigation suppressed microbial activity and enriched specific 
antagonistic bacterial taxa 

Dazomet is commonly used for soil disinfestation against pathogenic 
microorganisms and nematodes and generally exhibits high efficiency 
(Nicola et al., 2017; Fang et al., 2018). Consistent with this, our results 
showed that dazomet fumigation significantly reduced wilt disease 
incidence and the abundance of Fusarium pathogen FON compared with 
the control. We further found that fumigation sharply decreased soil 
microbial metabolic activity as indicated by soil respiration and bacte-
rial α-diversity, and altered community composition within a short time, 
while these microbial traits gradually recovered over time, particularly 

at the fruiting stage. In contrast to bacteria, fungal PLFA amounts, 
α-diversity, community composition, and F/B ratios were consistently 
suppressed till fruiting stage, suggesting bacteria recover more quickly 
than fungi after fumigation. Similarly, it was reported that the soil 
bacterial community showed highly resilience to organic vinasse 
application, and recovered within a short period (Lourenco et al., 2018). 
Bacteria are relative small, and quickly reproduce and disperse (Brown 
and Jumpponen, 2014), which well explains the high resiliency of 
bacteria over fungi under stresses such as chemical fumigation. 

Further, significant enrichment of bacterial families like Actino-
spicaceae, Rhizobiaceae, Sporolactobacillaceae, and Limnochordaceaewere 
were observed in two fumigation treatments. Actinobacteria is generally 
recognized as an antagonistic bacteria which are able to produce anti-
fungal compounds or compete for resources through high niche 

Fig. 3. Bacterial (a) and fungal (b) biomarkers in different treatments based on LEfSe analysis. Different colors represent different treatments and the circles from 
inside to outside correspond to phylum to genus. Color-coded one within the cladogram denotes the taxa with significantly higher relative abundance in a treatment 
by Kruskal-Wallis test with p < 0.05 and logarithmic LDA score > 2.0. Genera with a relative abundance of less than 0.1 % are not included. 
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overlapping (Viaene et al., 2016; Essarioui et al., 2017), and the abun-
dance of actinomycetes is generally related to soil suppressiveness 
(Ascencion et al., 2015; Lu et al., 2016). It was also reported that a 
thiopeptide antibiotic produced by Streptomyces sp. S4− 7 was involved 
in soil suppression of F. oxysporum (Cha et al., 2016). All these, together 
with our observation on the decreased F/A ratio and increased actino-
mycetes biomass and relative abundance in fumigation treatments in 
this study, indicate that Actinobacteria plays a key role in pathogen 
suppression after dazomet fumigation. Similarly, the members of Rhi-
zobiaceae are important plant growth promoting bacteria and helpful to 
facilitate plant nutrient uptake and pathogen suppression (Haichar 
et al., 2008; Bressan et al., 2009). High relative abundance of Rhizo-
biaceae in dazomet + OF treatment represents a stabilized mutualistic 
relation in the rhizosphere. Compared to dazomet treatment, dazomet 
combined with OF significantly increased the relative abundance of 
Proteobacteria. This could be attributed to the high nutrient contents in 
OF as Proteobacteria are generally classified as copiotrophic bacteria 
associated with nutrient-rich soil (Zhou et al., 2017). All these well 
explained the obvious suppression of Fusarium pathogen FON after 
fumigation, and suggested that the control efficiency of fumigation 
treatments was benefited from a considerable modification of microbial 
community after fumigation with enriched soil antagonistic or plant 
growth-promoting bacteria. 

4.2. Soil fumigation simplified microbial network while healthy plant 
steered a highly connected association network 

In comparison to the control, fumigation dramatically reduced the 

complexity of microbial associations, and resulted in a higher percent-
age of co-occurrence in the networks of two fumigation treatments, 
indicating a lower potential competition for resources and predators and 
an increased cooperation within the network (Banerjee et al., 2016). 
Similarly, simplified network architecture has been reported in Rhizoc-
tonia solani suppressive soil compared with pathogen containing soil 
(Carrión et al., 2019). Moreover, we found that the amendment of OF 
further reduced microbial competition but increased the cooperation in 
network, which could be attributed to the rich nutrients in OF allevi-
ating the resource competitions among microbes (Banerjee et al., 2016). 
We further found that the dominant keystone taxa in the two fumigation 
treatments were mainly represented by potential plant beneficial or 
antagonistic bacterial taxa like Actinobacteria, Proteobacteria, and Fir-
micutes. All these, together with the reduced percentage of fungal nodes 
in the two fumigation treatments, suggested that the bacterial commu-
nity played a more important role in soil ecological function recovery 
after fumigation, and the simplified networks after fumigation were 
beneficial to the propagation of keystone taxa like Actinobacteria, Pro-
teobacteria, and Firmicutes. In contrast, keystone taxa in the control 
treatment were dominated by the phylum Ascomycota, to which Fusa-
rium belongs, indicating the potential microbial interactions were driven 
by the fungal taxa in the highly diseased control. 

Rhizosphere microbes act as the first line of plant defense, and 
healthy plants are supposed to be able to engineer rhizosphere com-
munities and call special microbes to protect from infection in response 
to pathogen attack via root exudates or immune system (Berendsen 
et al., 2012; Carrión et al., 2019; Huang et al., 2019). Though fumigation 
decreased soil microbial network connections in general, the microbial 

Fig. 4. Discriminations of microbial composition between two plant statuses. The differences in bacterial and fungal composition (a, b) were tested in STAMP. The 
pathogen abundance was estimated by qPCR in healthy plant rhizosphere and “dead plant rhizosphere” soils (c). The relative abundance of all Fusarium–affiliating 
ZOTUs in the two plant statuses was presented (d) and the neighbor-joining tree of Fusarium–affiliating ZOTUs and the Fusarium pathogen FON ITS region sequences 
was constructed in MEGA 7.0 (e). Fusarium reference sequences were downloaded from NCBI by blasting representative ZOTU sequences. 
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community from healthy plant rhizoshere soil exhibited a more complex 
network compared with those from “dead plant rhizosphere” soil in this 
study, suggesting the successful rebuilding of a healthy rhizosphere 
microbial community after collapse in its initial stage (Stelling, 2004). 
Similarly, it was reported that the bacterial co-occurrence pattern was 
more connected after introducing plants than after microbial consortium 
inoculation in the contaminated soil (Jiao et al., 2019). Given the fact 
that rhizosphere bacteria are functionally redundant and essential for 
plant health and survival under stressful conditions (Duran et al., 2018), 
the more connected and higher percentages of bacterial nodes in the 
network of healthy plant rhizosphere would be beneficial to maintain 
microbial functions in healthy plant rhizospheres. Collectively, the 
resilience of a microbial community with more interconnected network 
in the healthy plant rhizosphere is critical to protect plant from path-
ogen invasion. 

4.3. Healthy plant rhizosphere harbored distinct microbial taxa and 
functions 

Our results showed that the bacterial community was significantly 
different between two plant statuses, with Gemmatimonadetes, Pates-
cibacteria, Verrucomicrobia, and Nitrospirae significantly enriched in 
the rhizosphere soil of healthy plants compared with soils from dead 
plant roots. It has been reported that the relative abundance of Gem-
matimonadetes was negatively correlated with banana Fusarium wilt 
disease in a banana mono-cultured orchard (Shen et al., 2014), and 
Verrucomicrobia was greatly enriched in vanilla wilt disease suppressive 
soils (Xiong et al., 2017). Meanwhile, the members of Nitrospirae are 
well-known nitrite-oxidizing or complete ammonia oxidizers (Daims 
et al., 2016). Their enrichment well explained the decreasing NH4

+-N 
amount over the time in healthy plant rhizosphere, suggesting a normal 
nutrient cycling function in healthy plant rhizosphere. Together these 
suggested the phyla Gemmatimonadetes, Verrucomicrobia, and Nitro-
spirae were closely associated with pathogen resistance and nutrient 
cycling functions in healthy plant rhizosphere. Furthermore, our 
keystone taxa analysis revealed that microbial associations under two 
plant statuses were driven by taxonomically different taxa, explaining 
their different performance on plant protection and plant growth pro-
motion (Banerjee et al., 2018). All these further confirmed that plants 
had a profound impact on rhizosphere microbiome and were able to 
recruit beneficial microbes for its own health and growth (Baetz and 
Martinoia, 2014). 

More interestingly, though the abundance of Fusarium pathogen FON 
was significantly lower in healthy plant rhizosphere soils, the proportion 
of genus Fusarium was much higher in healthy plant rhizosphere and 
mainly represented by F. verticillioifes and F. solani. F. verticillioides is 
commonly recognized as the agent of maize ear rot while it is also 

Fig. 5. Visualized networks of microbial co-occurrence patterns (a) and keystone hubs (b) in different treatments. The nodes in blue and orange represent bacterial 
and fungal taxa at genus level, respectively. Node size is proportional to the degree of connection. The edges in green and red represent co-occurrence and mutual 
exclusion patterns among taxa, respectively. Keystone hubs were visualized based on betweenness centrality (BC) and closeness centrality (CC) in the network of 
different treatments, with the module hubs defined as BC < 0.6 and CC > 0.6, the network hubs as BC > 0.6 and CC > 0.6, the connectors as BC > 0.6 and CC < 0.6, 
and peripherals as BC < 0.6 and CC < 0.6. Different node colors denote different phyla. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article). 

Table 3 
Topological indices of microbial co-occurrence network in different treatments.  

Network Control Dazomet Dazomet + OF 

Number of nodes 459 327 295 
Number of edges 2399 1259 964 
Bacterial nodes (%) 86.71 93.58 93.90 
Fungal nodes (%) 13.29 6.42 6.10 
Edges linking bacteria to fungi (%) 7.00 3.89 2.80 
Number of co-presence (%) 91.54 95.15 98.24 
Number of mutual exclusion (%) 8.46 4.85 1.76 
Average degrees 10.453 7.700 6.536 
Network diameter 14 12 16 
Modularity 0.534 0.642 0.607  
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identified as an endophytic beneficial fungi of maize in some cases 
(Yates et al., 2005). Similarly, F. solani is reported as the pathogen 
causing disease to orchids, but it’s pathogenicity is relatively weak 
under normal circumstances (Laurence et al., 2016). All these indicate 
that the pathogenicity of F. verticillioides or F. solani may vary in different 
crops and even under different situations. Consistently, nonpathogenic 
Fusarium isolated from suppressive soil are supposed to be used as 
biocontrol agents against pathogen as their usage can induce systemic 
resistance and competition for nutrients or niche with pathogens (Kaur 
et al., 2010). Similarly, a recent study also showed that the root colo-
nization of Colletotrichum tofieldiae was beneficial to plant fitness under 

low phosphate condition, while the pathogenic species C. incanum only 
triggered plant immune response (Hacquard et al., 2016). Taken 
together, the highly abundant non-FON Fusarium present in healthy 
plant rhizosphere of watermelon may act as commensal fungi competing 
with pathogens for niche and nutrients, and probably induce plant 
systemic resistance, thus prevent the colonization by the pathogen. We 
therefore propose that the pathogen-similar taxa can be considered as 
potential antagonistic microbes for future disease control strategies. 
However, the mechanisms on how these species/subspecies induce 
different response from host plant and how they interact with different 
plants remain to be explored. Moreover, though fumigation had obvious 
suppressive effect on Fusarium wilt, the disease was still serious and 
quickly developed (within 2–3 weeks) in our study site with 6-year 
watermelon monocropping, thus our study might miss some key infor-
mation during the early period. As the disease incidence is the result of 
complex interactions among plant, pathogen, climate and edaphic en-
vironments, more integrated studies taking plant, microbial community 
and environments into account at a finer resolution are needed to guide 
Fusarium wilt disease control. 

5. Conclusions 

In conclusion, our study suggested that soil fumigation and OF 
application distinctly reduced rhizosphere microbial biomass and di-
versity, and altered microbial composition, especially for fungal com-
munity, corresponding to decreasing pathogen abundance and wilt 

Fig. 6. Visualized networks of microbial co- 
occurrence patterns (a) and keystone hub dis-
tributions (b) in soils surrounding dead plant 
roots and healthy plant rhizosphere soils. The 
nodes in blue and orange in the network 
represent bacterial and fungal taxa at genus 
level, respectively, and the edges in green and 
red represent co-occurrence and mutual exclu-
sion patterns among taxa. Node size is propor-
tional to the degree of connection. Keystone 
hubs were defined based on betweenness cen-
trality (BC) and closeness centrality (CC) in the 
network of two plant statuses, with the module 
hubs defined as BC < 0.6 and CC > 0.6, the 
network hubs as BC > 0.6 and CC > 0.6, the 
connectors as BC > 0.6 and CC < 0.6, and pe-
ripherals as BC < 0.6 and CC < 0.6. Venn dia-
gram shows the similarities and differences of 
keystone hubs in networks between two plant 
statuses. (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article).   

Table 4 
Topological indices of microbial co-occurrence network in two plant statuses.  

Network Dead Healthy 

Number of nodes 260 309 
Number of edges 568 1669 
Bacterial nodes (%) 91.92 96.12 
Fungal nodes (%) 8.08 3.88 
Edges linking bacteria to fungi (%) 3.52 5.03 
Number of co-presence (%) 96.48 96.76 
Number of mutual exclusion (%) 3.52 3.24 
Average degrees 4.369 10.803 
Network diameter 11 9 
Modularity 0.698 0.574  
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disease incidence. We further found that bacterial community recovered 
from fumigation suppression more quickly than fungal community, and 
that some potential antagonistic or beneficial bacterial taxa like Rhizo-
biaceae, Actinospicaceae, and Limnochordaceae were significantly 
enriched after fumigation. Fumigation simplified microbial association 
and the keystone taxa were dominated by Actinobacteria, Proteobac-
teria, and Firmicutes, while the dominant keystone taxa in the control 
treatment were belonging to fungal phylum Ascomycota. 

Furthermore, the microbial community in healthy plant rhizosphere 
in fumigation treatments formed a more connected network association 
than that in soil surrounding dead plant roots, and healthy plant 
rhizosphere significantly enriched bacterial phyla like Gemmatimona-
detes, Verrucomicrobia, Nitrospirae and non-FON Fusarium, which 
might be closely associated with pathogen resistance and nutrient 
cycling. High abundant non-FON Fusarium in healthy plant rhizosphere 
might function in pathogenic FON suppression via niche competition or 
inducing plant systemic resistance. These findings suggest that plants 
have a profound effect on regulating rhizosphere microbiome and soil 
borne disease control should consider manipulating soil microbial 
community via both soil amendments and crop itself. Together, our 
study provides critical information on microbial assembly and associa-
tions after fumigation and organic fertilizer (OF) application in water-
melon plastic shelters with serious Fusarium wilt disease, and has 
important implications for developing systematic strategies to improve 
disease control and soil suppressiveness. 
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