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Abstract

obstacles and guiding agricultural production.

Despite the known influence of continuous cropping on soil microorganisms, little is known about the associ-

ated difference in the effects of continuous cropping on the community compositions of soil bacteria and fungi.
Here, we assessed soil physicochemical property, as well as bacterial and fungal compositions across different years
(Uncropped control, 1,6, 11, 16, and 21 years) and in the watermelon system of a gravel mulch field in the Loess
Plateau of China. Our results showed that long-term continuous cropping led to substantial shifts in soil bacterial
and fungal compositions. The relative abundances of dominant bacterial and fungal genera (average relative abun-
dance > 1.0%) significantly varied among different continuous cropping years (P <0.05). Structural equation models
demonstrated that continuous cropping alter soil bacterial and fungal compositions mainly by causing substantial
variations in soil attributes. Variations in soil pH, nutrient, salinity, and moisture content jointly explained 73% and
64% of the variation in soil bacterial and fungal compositions, respectively. Variations in soil moisture content and
pH caused by continuous cropping drove the shifts in soil bacterial and fungal compositions, respectively (Mantel
R=0.74 and 0.54, P<0.01). Furthermore, the variation in soil bacterial and fungal composition showed significant cor-
relation with watermelon yield reduction (P<0.01). Together, long-term continuous cropping can alter soil microbial
composition, and thereby influencing watermelon yield. Our findings are useful for alleviating continuous cropping
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Introduction

Gravel mulch technology is one of the most crucial
methods for surface coverage in dryland regions, which
can reduce evaporation and runoff in dry farming areas
and thus has become an essential agricultural manage-
ment measure to promote water-use efficiency in dry-
land regions [1-3]. Owing to limiting factors including
economic interests, tillage and climatic conditions,
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continuous cropping of watermelon has been commonly
conducted in gravel mulch fields for a long time [4, 5].
However, long-term continuous cropping of watermelon
may induce soil mineral deficiencies, increase disease
incidences [6, 7]. Afterwards, these abiotic and biotic
changes can lead to a decrease in watermelon fruit yield
and quality [4, 7]. Soil microorganisms play crucial roles
in mediating key ecosystem processes and function [8—
10]. Hence, the shifts in soil microbial composition can
be considered as a sensitive biological indicator for soil
health [11]. Previous studies have demonstrated that con-
tinuous cropping will significantly alter soil microbial
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community structure [12—14]. However, due to the dif-
ference in cropping systems, planting years and research
methodology, no consensus has been reached on the
effects of long-term continuous cropping on soil micro-
bial communities [12, 15]. The present study on the effect
of watermelon continuous cropping on soil microbial
communities in gravel mulch fields is essential for main-
taining watermelon fruit yield and quality.

A great number of previous studies have revealed that
continuous cropping may induce substantial shifts in soil
physicochemical conditions, such as nutrient availability
and enzymatic activities, thereby can significantly alter
the diversity, abundance and composition of soil micro-
organisms [12, 13, 16, 17]. As the two most major taxa
of soil microorganisms, fungi and bacteria have differ-
ent dispersal abilities, metabolic activities, and environ-
mental preferences [18-20]. Importantly, soil bacteria
and fungi need to compete for similar resources [21];
fungi have a stronger capacity to decompose complex
molecules than bacteria [22, 23]. This may lead to the
different responses of soil bacterial and fungal commu-
nities to the same environmental drivers [24]. Previous
studies have reported that different soil physicochemical
factors determine soil bacterial and fungal compositions
[25, 26]. For example, the community structure of soil
bacterial communities is shaped by soil pH [27], but that
of soil fungal communities is strongly influenced by soil
carbon content in the black soil zone of northeast China
[28]. Therefore, soil bacteria and fungi may have different
responses to the variation in each soil physicochemical
factor caused by long-term continuous cropping. Given
that, long-term continuous cropping may have different
effects on soil bacteria and fungi. For example, previous
studies using the plate culture method have found that
soybean continuous cropping would increase the abun-
dance of soil fungi but decrease that of soil bacteria [12].
In past decades, the effect of continuous cropping on soil
microbial communities have been well explored in bar-
ley system [16], soybean system [12], cucumber system
[29], peanut system [30], and cotton system [31]. How-
ever, little is still known about how long-term continuous
cropping of watermelon interacts with soil physicochem-
ical factors to influence soil bacteria and fungi in gravel
mulch fields.

A major objective of our study was to test how long-
term continuous cropping and soil physicochemical fac-
tors jointly alter soil bacterial and fungal composition,
and explore the links between variation in soil microbial
composition and watermelon yield. In this analysis, we
assessed the soil physicochemical properties, as well as
bacterial and fungal compositions under different con-
tinuous years (CK, 1, 6, 11, 16, and 21 years) in the water-
melon (Citrullus lanatus) systems of a gravel mulch field
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in the Loess Plateau of China. Hence, we attempted to
address the following specific questions: (1) Do soil bac-
terial and fungal composition significantly differ among
different continuous years? (2) How do continuous crop-
ping and physicochemical factors jointly drive the vari-
ations in soil bacterial and fungal compositions? (3) Do
the variation in soil bacterial and fungal composition
have significant relationships with watermelon yield?

Materials and methods

Site description and sampling

This study was conducted on a gravel mulch cropland
in Zhongwei City of Ningxia Hui Autonomous Region
(36° 57" N, 105° 18’ E). As a typical dryland ecosystem,
the annual mean precipitation, temperature, and annual
mean evaporation of the study region are 247.4 mm, 7.1
‘C, and 2100-3200 mm, respectively. The zonal soil type
is mostly ash-calcium, and the zonal vegetation is desert
grassland.

Watermelon (Jincheng V) continuous cropping for
1, 6, 11, 16, and 21 years (denoted as 1la, 2a, 11a, 16a,
and 21a, respectively) was selected in this study. These
cropped systems were managed under same-level nutri-
ents input and field management activities. Addition-
ally, a non-cropped control treatment (CK) was also
selected. In total, 18 bulk soil samples (six treatments
x three replicates) were collected at the flowering stage
of watermelon in 2019. In each treatment, 10 soil cores
(20 cm depth) were randomly collected within an area
of approximately 100 m? and then mixed thoroughly to
form a composite sample (a replicate). The composite soil
sample was sieved by a 2 mm mesh and then subdivided
into two parts: one portion was stored in thermal insu-
lated boxes (at 4 °C) for determining soil physicochemical
properties, and the other portion was stored at —20 °C
for DNA extraction.

Soil physicochemical property

The contents of soil organic matter (SOM) and total
nitrogen (STN) were assessed by K,Cr,O, oxidation
method [32] and Kjeldahl procedure [33], respectively.
Soil available nitrogen (SAN) and total phosphorus (STP)
contents were determined by alkali diffusion method
[34] and molybdenum blue method [35], respectively.
Soil available potassium (SAK) extracted with 1 mol/ L
ammonium acetate (NH4OAc) was measured be induc-
tively coupled plasma-atomic emission spectrometry
[36]. Soil pH was determined using a pH meter with a
1:2.5 ratio of fresh soil to deionized water. Soil moisture
content (SM) was measured gravimetrically a er drying
soil in an oven at 105 °C for 48 h. Soil available phospho-
rus (SAP) by the Olsen’s method [37]. Soil water-soluble
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salinity content (SSC), was determined by using an elec-
tric conductometer [38].

Molecular analyses

Genomic DNA was extracted from 0.5 g fresh soil sam-
ples using E.ZN.A. Soil DNA Kits (OMEGA, United
States) following the manufacturer’s instructions. The
V3-V4 hypervariable region of the bacterial 16 S rRNA
gene was amplified using primers 338 F (5'-ACTCCT
ACGGGAGGCAGCAG-3) and 806R (5-GGACTA
CNNGGG TATCTAAT-3’) [39]. Universal primers ITS1F
(5'-CTTGGTCATTTAGAGGAAGTAA-3') and ITS2R
(5’-TGCGTTCTTCATCGATGC-3') [40] were used to
amplify fungal internal transcribed spacer (ITS) region.
These primers contained a set of 8-nucleotide barcode
sequences unique to each sample. The PCR program was
as follows: 95 °C for 5 min, 25 cycles at 95 °C for 30 s,
55 °C for 30 s, and 72 °C for 30 s with a final extension of
72 °C for 10 min. PCR reactions were performed in trip-
licate 25 pL mixture containing 2.5 puL of 10 x Pyrobest
Buffer, 2 pL of 2.5 mM dNTPs, 1 uL of each primer (10
uM), 0.4 U of Pyrobest DNA Polymerase (TaKaRa), and
15 ng of template DNA. Amplicons were extracted from
2% agarose gels and purified using the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA,
U.S.) according to the manufacturer’s instructions and
quantified using QuantiFluor™ -ST (Promega, U.S.). Puri-
fied amplicons were pooled in equimolar amounts and
paired-end sequenced (2 x300) on an Illumina MiSeq
platform according to the standard protocols.

Fungal and bacterial sequences>200 bp with an aver-
age quality score>20 and without ambiguous base calls
were processed using QIIME packages [41]. These high-
quality sequences were clustered into operational taxo-
nomic units (OTUs) based on a 97% similarity threshold
using UPARSE [42]. Fungal and bacterial taxonomies
were assessed against Silva v128 and UNITE v8.0, respec-
tively [43]. A randomly selected subset of 15,777 and
38,564 bacterial and fungal sequences per sample were
used in the subsequent analysis to reduce the effects of
different sequencing depths on the analyses. The soil bac-
terial and fungal raw sequence data used in this study
have been submitted in the NCBI Sequence Read Archive
under BioProject PRINA775053.

Data analysis

Eight soil variables (SOM, STN, STP, SAP, SAN, SAK,
SM, SSC, and pH) were used in our analysis. All explana-
tory variables were standardized to interpret parameter
estimates on a comparable scale. Principal component
analysis (PCA) was conducted within “vegan” package
to reduce soil nutrient data (e.g., SOM, STN, STP, SAP,
and SA, SAK) redundancy. The first two soil principal
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components (SPCs; i.e., SPC1 and SPC2) jointly explained
more than 95% of the total variation, and thus were used
in the following analysis (Table S1). One-way ANOVA
with Tukey’s test was carried out to test the influence of
continuous cropping on soil physicochemical conditions.
To test the differences in bacterial and fungal taxonomic
composition across different continuous years, this study
chose the most 8 dominant bacterial genera and 13 domi-
nant fungal genera based on the taxonomic abundance
data (average relative abundance>10% across all sam-
ples). One-Way ANOVA was then conducted to assess
the significance of group differences among different
treatments.

Pairwise Bray—Curtis distance for bacterial and fungal
communities and standardized environmental Euclidean
distance were calculated within “vegan” package. Permu-
tational analysis of variance (PERMANOVA) was carried
out to test the influence of continuous cropping on bacte-
rial and fungal community compositions. Principal coor-
dinate analysis (PCoA) was used to exhibit the variations
in bacterial and fungal compositions across different
periods. Both PERMANOVA and PCoA were conducted
within “vegan” package in R.

Mantel tests (10,000 permutations) were conducted
in this study to examine the relationships between soil
variables and soil microbial composition. St, structural
equation models (SEMs) were constructed to explore the
direct and indirect influence of continuous cropping and
soil condition on the variation in soil fungal and bacterial
composition. Here, direct influence means that given var-
iables can directly alter the community composition of
bacteria and fungi, while indirect influence indicates that
given variables indirectly alter soil bacterial and fungal
compositions via affecting other variables. x> test, com-
parative fit index (CFI), goodness of fit index (GFI), and
root square mean error of approximation (RMSEA) were
used to test whether the models were fitted [44]. Stand-
ardized direct and indirect effects were added to evaluate
the standardized total effects of each variable. SEM was
performed within “lavaan” package.

Results

Effects of continuous cropping on soil physicochemical
properties and watermelon yield

The ANOVA results showed that all soil physicochemi-
cal variables significantly varied among the different con-
tinuous cropping years (P<0.001, Table 1). Long-time
continuous cropping remarkably decreased the STN,
STP, SAN, SAK and SAP and remarkably increased SM.
SOM initially increased and then decreased with increas-
ing continuous cropping time. By contrast, SSC initially
decreased and then increased with increasing continu-
ous cropping time. Soil pH was the lowest in 1a and the
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Table 1 Difference in soil physicochemical property (mean =+ SE) between different continuous cropping years

Variables CK 1a 6a 11a 16a 21a

SOM (g/kq) 279+031a 47540.18b 558+0.31c 331+0.18a 269+0.18a 1244+031d
STN (g/kg) 0.4840.01a 046+0.01a 04+001b 0.36+0.01c 0.33£0.01d 03+£001e

STP (g/kg) 081+001a 0.75£0.03a 0.56£0.05b 0.4840.06bc 04+£0.04 cd 0.31£0.02d
SAN (mg/kg) 24.284+0.82ab 2569+£041b 2262+071a 20.27 £0.4c 19.84+0.71 cd 17.9141.08d
SAP (mg/kg) 9.88+0.62a 106+£1.07a 7.63+£041b 6.55+0.54b 4.65+0.9c 334+021c
SAK (mg/kg) 23567 +3.06a 203.534+11.03b 179.05+9.55bc 154.56 +4.04 cd 133.14+7.01d 78.04+014.03e
SSC (g/kg) 1.3940.05a 0.68+0.03b 0.3240.01c 0.361+0.03c 0.8240.02d 09340.02e

pH 821+0.02a 7.98+£0.02b 844+0.1c 8514003 cd 8.6£0.04d 8.74+0.04e
SM (%) 52240.26a 8.28+0.21b 9.7+£0.25¢c 10.56 +0.46d 11.344+0.33d 11.26+0.21d

Different lowercase letters indicate a significant difference between two treatments (P <0.05). SOM soil organic matter, STN soil total nitrogen, STP soil total
phosphorus, SAN soil available nitrogen, SAP soil available phosphorus, SAK soil available potassium, SSC soil water-soluble salinity content, SM soil moisture content

highest in 21a. One-Way ANOVA also revealed that
watermelon yield was significantly different among dif-
ferent continuous years, and watermelon yield sharply
decreased with increasing continuous years (Fig. 1).
Therefore, watermelon continuous cropping for 1, 6, 11,
16 and 21 years was selected in this study.

Effects of watermelon continuous cropping on soil
bacterial and fungal compositions

A total of 256,115 and 687,385 high-quality bacterial and
fungal sequences were identified across six treatments,
respectively, and classified into 6,435 and 1,349 bacte-
rial and fungal OTUs, respectively. Across all samples,
the dominant genera (average relative abundance >1.0%)
of soil bacterial communities were MND (4.41%), Rubro-
bacter (1.87%), RB41(1.69%), Metagenome (1.66%), Rosei-
solibacter (1.23%), uncultured_Chloroflexi_bacterium

(1.17%), Solirubrobacter (1.08%) and Sphingomonas
(1.04%). Soil fungal communities were dominated by
Ceratobasidium (8.32%), Fusarium (7.36%), Mortiere-
la (7.16%), Acremonium (3.45%), Aspergillus (3.09%),
Thielavia (2.81%), Stephanospora (1.97%), Glomus
(1.92%), Podospora (1.83%), Stachybotrys (1.76%), Rami-
candelaber (1.58%), Conocybe (1.18%), and Metarhizium
(1.10%). ANOVA results further showed that the relative
abundances of all genera for soil bacteria varied among
different continuous cropping years (P<0.001, Fig. 2).
Except for Acremonium, Glomus and Conocybe, other 10
dominant fungal genera varied among different continu-
ous cropping years (P<0.001, Fig. 3, Fig. S1).
PERMANOVA demonstrated that at the OTU level,
the species compositions of soil bacteria and fungi sig-
nificantly differed among different continuous crop-
ping years (R*=0.717 and 0.682, respectively; P<0.001;
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Fig. 1 The difference in watermelon yield among different continuous cropping years. Different lowercase letters indicate a significant difference
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Fig. 4). Across 6,435 bacterial OTUs, five continuous
cropping years only shared 1,347 OTUs. The unique bac-
terial OTUs detected in a single treatment was 702 for 1a,
327 for 6a, 235 for 11a, 255 for 16a, and 311 for 21a (Fig.
S2). Across 1,349 fungal OTUs, five continuous cropping
years only shared 348 OTUs. The unique bacterial OTUs
detected in a single treatment was 145 for 1a, 48 for 6a,
67 for 11a, 46 for 16a, and 16 for 21a (Fig. S3). These
results indicate that different bacterial and fungal spe-
cies inhabit the soil under different continuous cropping
years. Additionally, we observed that the community
composition of soil bacteria and fungi exhibited differen-
tially gradual shifts along continuous cropping duration
gradients (from CK, la to 16a and 21a).

More importantly, we also observed significant rela-
tionships between watermelon yield and the variation in
species compositions of soil bacteria and fungi (Fig. 5).
For bacteria, the relative abundance of metagenome,
Roseisolibacte and Chloroflexi_bacterium had a remark-
able correlation with watermelon yield (P<0.05, Table
S2). For fungi, the relative abundance of Ceratobasidium,
Stephanospora, Podospora and Conocybe had a remark-
able correlation with watermelon yield (P<0.05, Table
S3).

Direct and indirect influences of continuous cropping

and soil attributes on variations in soil bacterial and fungal
compositions

Mantel tests showed that the compositional dissimilari-
ties of soil bacterial and fungal communities were sig-
nificantly related to the variations in soil nutrient, SSC,
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pH, and SM (all P<0.01, Table 2). Furthermore, we also
found that soil bacterial compositional dissimilarity was
more strongly related to the difference in SM (Mantel
R=0.75), whereas soil fungal compositional dissimilar-
ity had stronger correlation with pH variation (Mantel
R=0.54). Notably, the compositional dissimilarities of
soil bacteria and fungi were significantly related to differ-
ences in continuous cropping (Mantel R=0.57 and 0.51,
respectively).

Fitted SEM further confirmed that soil nutrient, SM,
pH, SSC, and continuous cropping jointly explained 73%
and 64% of the total variations in soil bacterial and fun-
gal community compositions (Fig. 6a and b). Continuous
cropping had no direct influence on soil bacterial and
fungal communities but can indirectly alter their com-
munity composition by affecting soil physicochemical
conditions. Additionally. SSC, SM, pH, and soil nutrient
had remarkable direct influences on soil bacterial and
fungal community compositions.

The standardized total effects derived from the SEM
revealed that variation in soil bacterial community com-
position was predominantly driven by continuous crop-
ping, followed by SM, pH, SPC2, and SSC, whereas soil
fungal community composition was regulated by pH,
continuous cropping, SPC2, SSC, SM and SPC1 (Fig. 7).

Discussion

Long-term continuous cropping alters soil physicochemical
properties

The long-term continuous cropping of a single crop
can induce agricultural ecosystem degeneration,
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Table 2 Correlations between continuous cropping, soil
properties and the species composition of bacteria and fungi

Variables Bacteria Fungi
Mantel R P Mantel R P

SPC1 0.56 P<0.001 0.54 P<0.001
SPC2 049 P<0.001 045 P<0.001
SSC 0.56 P<0.01 0.36 P<0.01
pH 0.55 P<0.01 0.54 P<0.01
SM 0.75 P<0.01 0.36 P<0.01
Crop 0.57 P<0.01 051 P<0.01

SPC1 and SPC2, the first two soil principal components; SM soil moisture
content, Crop continuous cropping years

including crop yield reduction, nutrient imbalance,
and deterioration of soil physicochemical properties
[13, 45]. However, no consensus has been reached on

the impact of continuous cropping on soil physico-
chemical properties across different crop systems [12].
In this study, we observed that soil nutrient, pH, salin-
ity, and moisture content considerably varied across
the different continuous cropping years. Different
from previous reports that long-term continuous crop-
ping can improve soil nutrient contents [12, 14, 46], we
found that soil nutrient contents obviously declined
with the increase in continuous cropping duration.
A previous study reported that the continuous crop-
ping of cropped banana increases soil pH [46]. By con-
trast, we found that soil pH decreased in la and then
increased with the increase in the duration of water-
melon continuous cropping. Liu et al. [12] and Zhong
et al. [46] observed that soil organic carbon is high in
continuous cropping treatment, whereas our results
showed that SOM increased in short-term treat-
ments (la and 6a) and then decreased in long-term
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continuous cropping (11a, 16a, and 21a). In addition,
soil moisture content substantially increased in the
continuous cropping treatment, which may be because
long-term irrigation and crop cover decreased soil
water evaporation (Table 1). Together, these findings

suggest that watermelon continuous cropping will sub-
stantially alter the soil conditions in a gravel mulch
field, but its impact on different soil physicochemical
properties varies remarkably.
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Long-term continuous cropping alters soil bacterial

and fungal compositions by affecting soil physicochemical
properties

A large number of previous studies have reported that
long-term continuous cropping significantly changes
soil microbial composition [16, 17, 45]. In agreement
with previous studies [5], our results demonstrated that
bacterial and fungal community compositions varied
considerably among different durations of watermelon
continuous cropping. We also observed significant vari-
ation in dominant bacterial and fungal genera along the
gradient of continuous cropping year, which is consistent
with previous findings [17, 47]. However, we also found
different responses of fungal and bacterial genera to con-
tinuous cropping years. For instance, the relative abun-
dance of bacterial MND1 and fungal Ceratobasidium
increased with increasing continuous cropping years,
while that of bacterial Rubrobacter and Solirubrobacter,
and fungal Fusarium showed opposite trends, suggest-
ing that although long-term continuous cropping will
alter soil microbial composition, its effect varies between
microbial taxa.

Interestingly, soil bacterial composition was more
strongly altered by continuous cropping rather than soil
fungal composition. Long-term continuous cropping
gradually reduced soil nutrient contents and altered soil
pH, organic carbon and salinity. Functional traits could
mediate species fitness and performance [48, 49]. Soil
bacteria and fungi need to compete for similar resources;
fungi have stronger capacity to decompose complex mol-
ecules than bacteria [22, 23]. Moreover, soil fungi can
maintain community stability by generating multiple
mutualism (e.g., mycorrhizae and rhizobia) with crops
[50-52]. Hence, soil fungi may have greater tolerance and
adaptability to the variation in soil physicochemical prop-
erties than bacteria. As a result, continuous cropping can
have a strong effect on soil bacterial composition. Addi-
tionally, we observed different shifts in soil bacterial and
fungal compositions across different durations of contin-
uous cropping. This result is partly because the major soil
factors that drive soil bacterial and fungal compositions
changed differently across different durations of continu-
ous cropping.

SEM revealed that long-term continuous cropping had
no direct influence on soil bacterial and fungal compo-
sitions, it could alter soil bacterial and fungal species
compositions by affecting soil conditions. Soil factors,
such as soil pH and nutrient, are the major factors that
drive soil microbial community composition [53-55].
However, the relative influence of different soil factors on
microbial composition differed among bacterial and fun-
gal communities [27, 28]. Mantel test and SEM together
confirmed that variation in soil bacterial composition
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mainly driven by soil moisture content, followed by soil
pH, nutrient, and salinity. By contrast, soil fungal com-
position was controlled by soil pH, followed by nutrient,
salinity, and moisture content. Expectedly, soil moisture
content determined the community composition of soil
bacteria because water availability drives biodiversity and
ecosystem functioning [56, 57]. Notably, we found that
soil bacterial composition was more influenced by soil
moisture content than the soil fungal. This may be due to
the fact that fungal hyphae facilitate access to soil water
[58], and their chitinous cell walls increase their resist-
ance to the variation in soil moisture content [59]. More-
over, soil pH also influences soil microbial assembly [55,
60]. Soil pH is a key determinant of soil fungal commu-
nity composition [61]. Therefore, soil pH plays an impor-
tant role in shaping soil fungal composition in gravel
mulch field. We also observed that soil pH and moisture
content influence bacterial and fungal compositions,
respectively. Our result was partly consistent with tra-
ditional viewpoints [55, 62]. Additionally, soil salinity is
considered the key driver of soil microbial communities
[38]. Our findings also showed that soil salinity content
plays a role in altering soil bacterial and fungal composi-
tions. These results indicate that soil fungi and bacteria
have different responses to the variation in each soil fac-
tor caused by long-term continuous cropping. Together,
our study provides empirical evidence that long-term
continuous cropping of watermelon alters soil bacterial
and fungal compositions mainly by affecting soil physico-
chemical properties.

Changing community composition of soil bacteria

and fungi leads to a decline in watermelon yield
Numerous studies have reported that long-term con-
tinuous cropping leads to alterations in soil microbial
composition, and crop yield reduction [17, 31, 46]. How-
ever, little is known about the influence of soil micro-
bial changes on crop yield reduction. In this study, we
observed significant relationships between watermelon
yield reduction and the variation in OTU-level com-
positions of soil bacteria and fungi. More importantly,
we also found that the relative abundance of bacterial
Metagenome was positive related to watermelon yield.
An increase in the relative abundance of fungal Cerato-
basidium and Stephanospora, and a decrease in that of
Podospora led to watermelon yield reduction, indicating
that long-term continuous cropping may decrease water-
melon yield by changing soil microbial composition,
especially by disturbing the balance between beneficial
and pernicious microorganisms [4]. In this study, we only
analysed the taxonomic composition of soil bacteria and
fungi. Future research should explore the key functional
taxa that improve soil quality and increase watermelon
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yield through functional-annotations and phylogenomics,
and take the combination of bio-organic fertilizers, crop
rotation and functional microorganisms into account to
effectively prevent soil degradation and promote crop
growth [4, 12, 63].

Conclusions

This study conducted a comprehensive comparison of
the influence of continuous cropping on soil bacterial
and fungal compositions and summarized the variations
in soil factors caused by continuous cropping that drove
shifts in soil bacterial and fungal compositions. Our
results observed that the community composition of soil
bacteria and fungi were remarkably altered by continu-
ous cropping in gravel mulch field. SEM further demon-
strated that continuous cropping indirectly altered soil
bacterial and fungal compositions by causing remark-
able variations in soil attributes. In addition, soil bacterial
and fungal compositions were driven by variations in soil
moisture content and pH caused by continuous cropping,
respectively. As a result, soil bacterial and fungal commu-
nities exhibited differential compositional shifts across
different years of continuous cropping. Additionally, the
variation in soil bacterial and fungal composition had a
significant correlation with watermelon yield reduction.
Together, our findings provide first-hand evidence that
long-term continuous cropping of watermelon alters soil
bacterial and fungal compositions mainly by affecting soil
physicochemical properties in gravel mulch fields.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512866-022-02601-2.

[ Additional file 1. }

Acknowledgements
Not applicable.

Authors’ contributions

Xin Gu designed the study and developed the methods; all authors performed
the field investigation and collected the data; Xin Gu conducted the analyses
and wrote the paper. The author(s) read and approved the final manuscript.

Funding

This work was supported by grants from the National Natural Science Founda-
tion of China (N0.41761054), the First-Class Discipline of Horticulture Science
of Ningxia University (No. NXYLXK2017B03) and the Key Research and Devel-
opment Project of Ningxia (N0.2018BBF02004; No. 2018BBF02019).

Availability of data and materials

All data generated or analyzed during this study are included in this article
and its supplementary information files. The soil bacterial and fungal raw
sequences used in data analysis have been submitted in the NCBI Sequence
Read Archive under BioProject PRINA775053.

Page 10 of 12

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
There is no conflict of interest.

Received: 25 January 2022 Accepted: 18 July 2022
Published online: 02 August 2022

References

1. Xie Z,Wang, Cheng G, Malhi SS, Vera CL, Guo Z, Zhang Y. Particle-size
effects on soil temperature, evaporation, water use efficiency and water-
melon yield in fields mulched with gravel and sand in semi-arid Loess
Plateau of northwest China. Agricult Water Manag. 2010;97(6):917-23.

2. MaY-J, Li X-Y. Water accumulation in soil by gravel and sand mulches:
Influence of textural composition and thickness of mulch layers. J Arid
Environ. 2011,75(5):432-7.

3. QiuY, Xie Z, Wang Y, Malhi SS, Ren J. Long-term effects of gravel—sand
mulch on soil organic carbon and nitrogen in the Loess Plateau of north-
western China. J Arid Land. 2015;7(1):46-53.

4. LiuF-Y, Zhu Q,Yang H-R, Zhou J, Dai C-C, Wang X-X. An integrated pre-
vention strategy to address problems associated with continuous crop-
ping of watermelon caused by Fusarium oxysporum. Eur J Plant Pathol.
2019;155(1):293-305.

5. WangT, HaoY, Zhu M, Yu S, Ran W, Xue C, Ling N, Shen Q. Characterizing
differences in microbial community composition and function between
Fusarium wilt diseased and healthy soils under watermelon cultivation.
Plant Soil. 2019;438(1):421-33.

6. XuW,LiuD,WuF, Liu S. Root exudates of wheat are involved in suppres-
sion of Fusarium wilt in watermelon in watermelon-wheat companion
cropping. Eur J Plant Pathol. 2015;141(1):209-16.

7. Zhao M, Li M, Wang M, Wang Y, Zhang X. The effect of continuous crop-
ping obstacle of watermelon on soil microorganism and soil enzyme
activity. Microbiology. 2008;35:1251-4.

8. Mooshammer M, Wanek W, Himmerle |, Fuchslueger L, Hofhansl| F,
Knoltsch A, Schnecker J, Takriti M, Watzka M, Wild B. Adjustment of micro-
bial nitrogen use efficiency to carbon: nitrogen imbalances regulates soil
nitrogen cycling. Nat Commun. 2014;5(1):1-7.

9. Handa IT, Aerts R, Berendse F, Berg MP, Bruder A, Butenschoen O, Chauvet
E, Gessner MO, Jabiol J, Makkonen M. Consequences of biodiversity loss
for litter decomposition across biomes. Nature. 2014;509(7499):218-21.

10. Koranda M, Kaiser C, Fuchslueger L, Kitzler B, Sessitsch A, Zechmeister-
Boltenstern S, Richter A. Seasonal variation in functional properties
of microbial communities in beech forest soil. Soil Biol Biochem.
2013;60:95-104.

11. Avidano L, Gamalero E, Cossa GP, Carraro E. Characterization of soil health
in an Italian polluted site by using microorganisms as bioindicators. Appl
Soil Ecol. 2005;30(1):21-33.

12. Liu Z LiuJ,Yu Z,Yao Q, LiY, Liang A, Zhang W, Mi G, Jin J, Liu X. Long-term
continuous cropping of soybean is comparable to crop rotation in medi-
ating microbial abundance, diversity and community composition. Soil
Tillage Res. 2020;197:104503.

13. Chen S, Qi G, LuoT, Zhang H, Jiang Q Wang R, Zhao X. Continuous-
cropping tobacco caused variance of chemical properties and
structure of bacterial network in soils. Land Degradation Develop.
2018;29(11):4106-20.

14. ChenT, LiJ,Wu L, Lin S,Wang J, Li Z, Zhang Z, Lin W. Effects of continu-
ous monoculture of Achyranthes bidentata on microbial community
structure and functional diversity in soil. Allelopathy J. 2015;36(2):197-211.

15. Venter ZS, Jacobs K, Hawkins H-J. The impact of crop rotation on soil
microbial diversity: A meta-analysis. Pedobiologia. 2016;59(4):215-223.


https://doi.org/10.1186/s12866-022-02601-2
https://doi.org/10.1186/s12866-022-02601-2

Gu et al. BMC Microbiology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

(2022) 22:189

Yao'Y,Yao X, An L, Bai Y, Xie D, Wu K. Rhizosphere Bacterial Community
Response to Continuous Cropping of Tibetan Barley. Front Microbiol.
2020;11. https://doi.org/10.3389/fmicb.2020.551444.

Yang L, Tan L, Zhang F, Gale WJ, Cheng Z, Sang W. Duration of continu-
ous cropping with straw return affects the composition and struc-

ture of soil bacterial communities in cotton fields. Can J Microbiol.
2018,64(3):167-81.

Bailey RI, Molleman F, Vasseur C, Woas S, Prinzing A. Large body size con-
strains dispersal assembly of communities even across short distances.
SciRep. 2018;8(1):1-12.

Zinger L, Taberlet P, Schimann H, Bonin A, Boyer F, De Barba M, Gaucher
P, Gielly L, Giguet-Covex C, Iribar A. Body size determines soil community
assembly in a tropical forest. Mol Ecol. 2019;28(3):528-43.

XunW, LiW, Xiong W, Ren Y, Liu Y, Miao Y, Xu Z, Zhang N, Shen Q, Zhang
R. Diversity-triggered deterministic bacterial assembly constrains com-
munity functions. Nat Commun. 2019;10(1):1-10.

Rousk J, Demoling LA, Bahr A, Badth E. Examining the fungal and bacte-
rial niche overlap using selective inhibitors in soil. FEMS Microbiol Ecol.
2008;63(3):350-8.

Romani AM, Fischer H, Mille-Lindblom C, Tranvik LJ. Interactions of bac-
teria and fungi on decomposing litter: differential extracellular enzyme
activities. Ecology. 2006;87(10):2559-69.

Boer Wd, Folman LB, Summerbell RC, Boddy L. Living in a fungal world:

impact of fungi on soil bacterial niche development. FEMS Microbiol Rev.

2005;29(4):795-811.

Wang J, Zhang T, Li L, Li J, Feng Y, Lu Q. The patterns and drivers of bacte-
rial and fungal B-diversity in a typical dryland ecosystem of northwest
China. Front Microbiol. 2017;8:2126.

Zinger L, Lejon DP, Baptist F, Bouasria A, Aubert S, Geremia RA, Choler P.
Contrasting diversity patterns of crenarchaeal, bacterial and fungal soil
communities in an alpine landscape. PLoS One. 2011;6(5):e19950.

Ma B, Dai Z, Wang H, Dsouza M, Liu X, He Y, Wu J, Rodrigues JL, Gilbert JA,
Brookes PC. Distinct biogeographic patterns for archaea, bacteria, and
fungi along the vegetation gradient at the continental scale in Eastern
China. Msystems. 2017;2(1):e00174-00116.

Liu J, SuiY, Yu Z, ShiY, Chu H, Jin J, Liu X, Wang G. High throughput
sequencing analysis of biogeographical distribution of bacterial
communities in the black soils of northeast China. Soil Biol Biochem.
2014;70:113-22.

Liu J, SuiY, Yu Z, ShiY, Chu H, Jin J, Liu X, Wang G. Soil carbon content
drives the biogeographical distribution of fungal communities in the
black soil zone of northeast China. Soil Biol Biochem. 2015;83:29-39.

Ali A, Imran Ghani M, Li Y, Ding H, Meng H, Cheng Z. Hiseq base molecu-
lar characterization of soil microbial community, diversity structure, and
predictive functional profiling in continuous cucumber planted soil
affected by diverse cropping systems in an intensive greenhouse region
of northern China. Int J Mol Sci. 2019;20(11):2619.

Chen M, Li X, Yang Q, Chi X, Pan L, Chen N, Yang Z, Wang T, Wang M, Yu
S. Soil eukaryotic microorganism succession as affected by continuous
cropping of peanut-pathogenic and beneficial fungi were selected. Plos
one. 2012;7(7):e40659.

Wei Z, Yu D. Analysis of the succession of structure of the bacteria com-
munity in soil from long-term continuous cotton cropping in Xinjiang
using high-throughput sequencing. Arch Microbiol. 2018;200(4):653-62.
Walkley A. A critical examination of a rapid method for determining
organic carbon in soils—effect of variations in digestion conditions and
of inorganic soil constituents. Soil Sci. 1947,63(4):251-64.

Michatowski T, Asuero AG, Wybraniec S. The titration in the kjeldahl
method of nitrogen determination: base or acid as titrant? J Chem Educ.
2013;90(2):191-7.

Mulvaney R, Khan S. Diffusion methods to determine different forms of
nitrogen in soil hydrolysates. Soil Sci Soc Am J. 2001;65(4):1284-92.
Rodriguez J, Self J, Soltanpour P. Optimal conditions for phosphorus
analysis by the ascorbic acid-molybdenum blue method. Soil Sci Soc Am
J.1994;58(3):866-70.

Dahlquist R, Knoll J. Inductively coupled plasma-atomic emission spec-
trometry: analysis of biological materials and soils for major, trace, and
ultra-trace elements. Appl Spectroscopy. 1978;32(1):1-30.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 11 of 12

Olsen SR. Estimation of available phosphorus in soils by extraction with
sodium bicarbonate: US Department of Agriculture; 1954.

Zhang K, ShiY, Cui X, Yue P, Li K, Liu X, Tripathi BM, Chu H. Salinity is a

key determinant for soil microbial communities in a desert ecosystem.
Msystems. 2019;4(1):e00225-00218.

Munyaka PM, Eissa N, Bernstein CN, Khafipour E, Ghia J-E. Antepartum
antibiotic treatment increases offspring susceptibility to experimental
colitis: a role of the gut microbiota. PloS one. 2015;10(11):e0142536.
Gardes M, Bruns TD. ITS primers with enhanced specificity for basidiomy-
cetes-application to the identification of mycorrhizae and rusts. Mol Ecol.
1993,2(2):113-8.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N,
Owens SM, Betley J, Fraser L, Bauer M. Ultra-high-throughput microbial
community analysis on the lllumina HiSeq and MiSeq platforms. ISME J.
2012;6(8):1621-4.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME

improves sensitivity and speed of chimera detection. Bioinformatics.
2011,27(16):2194-200.

Jiao S, Yang Y, Xu'Y, Zhang J, Lu Y. Balance between community assembly
processes mediates species coexistence in agricultural soil microbiomes
across eastern China. ISME J. 2020;14(1):202-16.

Hooper D, Coughlan J, Mullen MR. Structural equation modelling:
Guidelines for determining model fit. Electron J Bus Res Methods.
2008;6(1):53-60.

Liu X, LiY,Han B, Zhang Q, Zhou K, Zhang X, Hashemi M. Yield response
of continuous soybean to one-season crop disturbance in a previ-

ous continuous soybean field in Northeast China. Field Crops Res.
2012;138:52-6.

Zhong S, MoY, Guo G, Zeng H, Jin Z. Effect of continuous cropping on
soil chemical properties and crop yield in banana plantation. J Agricult
SciTechnol. 2014;16(1):239-50.

Li X, Rui J, Mao 'Y, Yannarell A, Mackie R. Dynamics of the bacterial com-
munity structure in the rhizosphere of a maize cultivar. Soil Biol Biochem.
2014;68:392-401.

McGill BJ. A renaissance in the study of abundance. Science.
2006;314(5800):770-2.

Webb CT, Hoeting JA, Ames GM, Pyne MI, LeRoy Poff N. A structured and
dynamic framework to advance traits-based theory and prediction in
ecology. Ecol Lett. 2010;13(3):267-83.

Wardle DA, Bardgett RD, Klironomos JN, Setéla H, Van Der Putten WH, Wall
DH. Ecological linkages between aboveground and belowground biota.
Science. 2004,304(5677):1629-33.

Gould IJ, Quinton JN, Weigelt A, De Deyn GB, Bardgett RD. Plant diversity
and root traits benefit physical properties key to soil function in grass-
lands. Ecol Lett. 2016;19(9):1140-9.

Delgado-Baquerizo M, Fry EL, Eldridge DJ, de Vries FT, Manning P,
Hamonts K, Kattge J, Boenisch G, Singh BK, Bardgett RD. Plant attributes
explain the distribution of soil microbial communities in two contrasting
regions of the globe. New Phytol. 2018;219(2):574-87.

Jiao S, Lu Y. Abundant fungi adapt to broader environmental gra-

dients than rare fungi in agricultural fields. Global Change Biol.
2020,26(8):4506-20.

Hou J,Wu L, LiuW, Ge Y, Mu T, Zhou T, Li Z, Zhou J, Sun X, Luo Y. Biogeog-
raphy and diversity patterns of abundant and rare bacterial communities
in rice paddy soils across China. Sci Total Environment. 2020;730:139116.
Jiao S, Lu Y. Soil pH and temperature regulate assembly processes of
abundant and rare bacterial communities in agricultural ecosystems.
Environment Microbiol. 2020;22(3):1052-65.

Maestre FT, Delgado-Baquerizo M, Jeffries TC, Eldridge DJ, Ochoa V,
Gozalo B, Quero JL, Garcia-Gomez M, Gallardo A, Ulrich W. Increasing
aridity reduces soil microbial diversity and abundance in global drylands.
Proceed Natl Acad Sci. 2015;112(51):15684-9.

Delgado-Baquerizo M, Doulcier G, Eldridge DJ, Stouffer DB, Maestre FT,
Wang J, Powell JR, Jeffries TC, Singh BK. Increases in aridity lead to drastic
shifts in the assembly of dryland complex microbial networks. Land
Degradation Develop. 2020;31(3):346-55.

Orwin KH, Dickie 1A, Wood JR, Bonner Kl, Holdaway RJ. Soil microbial
community structure explains the resistance of respiration to a dry—
rewet cycle, but not soil functioning under static conditions. Funct Ecol.
2016;30(8):1430-9.


https://doi.org/10.3389/fmicb.2020.551444

Gu et al. BMC Microbiology

59.

60.

61.

62.

63.

(2022) 22:189

Preece C, Verbruggen E, Liu L, Weedon JT, Pefiuelas J. Effects of past and
current drought on the composition and diversity of soil microbial com-
munities. Soil Biol Biochem. 2019;131:28-39.

NiY,Yang T, Ma Y, Zhang K, Soltis PS, Soltis DE, Gilbert JA, ZhaoY, Fu C,
Chu H. Soil pH determines bacterial distribution and assembly processes
in natural mountain forests of eastern China. Global Ecol Biogeography.
2021,;30:2164-77.

Zhang T, Wang N-F, Liu H-Y, Zhang Y-Q, Yu L-Y. Soil pH is a key determi-
nant of soil fungal community composition in the Ny-Alesund Region,
Svalbard (High Arctic). Front Microbiol. 2016;7:227.

Wang X, Van Nostrand JD, Deng Y, Lu X, Wang C, Zhou J, Han X. Scale-
dependent effects of climate and geographic distance on bacterial
diversity patterns across northern China’s grasslands. FEMS Microbiol
Ecol. 2015;91(12):fiv133.

Zhao J, Liu J, Liang H, Huang J, Chen Z, Nie Y, Wang C, Wang Y. Manipula-
tion of the rhizosphere microbial community through application of a
new bio-organic fertilizer improves watermelon quality and health. PloS
one. 2018;13(2):e0192967.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Long-term watermelon continuous cropping leads to drastic shifts in soil bacterial and fungal community composition across gravel mulch fields
	Abstract 
	Introduction
	Materials and methods
	Site description and sampling
	Soil physicochemical property
	Molecular analyses
	Data analysis

	Results
	Effects of continuous cropping on soil physicochemical properties and watermelon yield
	Effects of watermelon continuous cropping on soil bacterial and fungal compositions
	Direct and indirect influences of continuous cropping and soil attributes on variations in soil bacterial and fungal compositions

	Discussion
	Long-term continuous cropping alters soil physicochemical properties
	Long-term continuous cropping alters soil bacterial and fungal compositions by affecting soil physicochemical properties
	Changing community composition of soil bacteria and fungi leads to a decline in watermelon yield

	Conclusions
	Acknowledgements
	References


