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A B S T R A C T

Alfalfa is a perennial herbaceous forage legume that is remarkably and negatively affected by
monocropping. However, the contribution of the changes in bacterial communities to soil sickness in
alfalfa have not been elucidated. Therefore, we investigated bacterial community structures in
response to monocropped alfalfa along the chronosequence. Continuous cropping remarkably
reduced bacterial alpha diversity and altered community structures, and soil pH, total P and available
P were strongly associated with the changes of bacterial diversity and community structures.
Intriguingly, 10 years of monocropped alfalfa might be a demarcation point separating soil bacterial
community structures into two obvious groups that containing soil samples collected in less and
more than 10 years. The relative abundances of copiotrophic bacteria of Actinobacteria and
Gammaproteobacteria significantly increased with the extension of continuous cropping years, while
the oligotrophic bacteria of Armatimonadetes, Chloroflexi, Firmicutes and Gemmatimonadetes
showed the opposite changing patterns. Among those altered phyla, Actinobacteria, Chloroflexi,
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H I G H L I G H T S

• 10 years of CC was a cut-off point in
separating soil bacterial community struc-
tures.

• Soil pH and P were well associated with
changes of diversity and community struc-
tures.

• N fixation bacteria were increased with
successive year, but P, K solubilizing bacteria
decreased.

•Monocropped alfalfa simplified the complex-
ity of the cooccurrence networks.

G R A P H I C A L A B S T R A C T



1 Introduction

Continuous cropping of one kind of crop has frequently been
shown to be an unsustainable agricultural practice, because it
causes soil sickness and reduces crop yielding and quality
(Liu et al., 2012; Xuan et al., 2012). Although the advantages
of crop rotation and intercropping in improving soil nutrients
and enhancing crop yields are well known, continuous
cropping is still common in modern agricultural systems due
to several factors, such as limited arable land, economic
interests and climatic constraints (Liu et al., 2012). Numerous
studies have revealed that continuous cropping leads to soil
sickness involving the deterioration of soil physicochemical
properties, a decline in soil enzyme activity, the enrichment of
soil-borne plant pathogens, and the accumulation of autotoxic
substances; these phenomena are considered to be soil
sickness (Huang et al., 2013; Zhou et al., 2014). Studies
focusing on these aspects have revealed that the above-
mentioned soil abiotic and biotic factors are closely asso-
ciated with soil sickness, and these interrelated factors lead to
the mechanisms underlying this decrease in yield being very
complex (Li et al., 2010). Recently, studies focusing on
revealing the mechanisms of soil sickness in grain crops, such
as rice (Oryza sativa L.) (Xuan et al., 2012), soybean (Glycine
max L.) (Liu et al., 2019), and corn (Zea mays L.) (Gentry
et al., 2013) have been widely reported. However, research on
the negative effects of continuous cropping systems on the
feed crops is still rudimentary.

Alfalfa (Medicago sativa L.), a perennial herbaceous forage
legume with high economic value, is widely cropped in the
semiarid and arid regions of northern China (Zhang et al.,
2016; Yao et al., 2019). It is often intercropped with different
crops in the global scale to make a great contribution to
maintaining soil organic carbon and accumulating nitrogen in
soil (Bagavathiannan et al., 2011). In China, alfalfa has been
cultivated annually for more than 4 � 106 hectares. To meet
the forage, continuous cropping of alfalfa is a very common
agricultural practice in northern China (Zhang et al., 2016).
However, previous studies have revealed that alfalfa yield was
reduced very seriously after eight to ten years of continuous
cropping (Jiang et al., 2007; Li and Huang, 2008), and this
decline was directly or indirectly associated with the changes
in soil physical, chemical and biological properties (Ren et al.,
2011). Thus, it becomes very important to reveal the
mechanisms of how and to what extent continuous cropping
of alfalfa affects its growth and health in terms of biotic factors,

since previous research on this aspect has focused on the
variation in soil physicochemical properties and its potential
effect on alfalfa yield.

Soil microorganisms play a crucial role in biogeochemical
cycling, which is closely related to soil fertility as well as plant
health (Prosser, 2019). Multiple studies have revealed that
several factors, including soil physicochemical properties, the
abundance of plant species and diversity and different
cropping systems (continuous cropping, intercropping and
no-tillage etc.), significantly contribute to regulating microbial
community structures (Rosenzweig et al., 2012; Zhou et al.,
2014). For instance, previous studies have shown that the
abundance and diversity of both the bacterial and fungal
communities were significantly changed in response to
continuous cropping, which led to a decrease in bacterial
abundance but increased fungal abundances in both bulk and
rhizospheric soils (Liu et al., 2017; 2019). The results were
consistent with a large body of literature supporting the view
that continuous cropping breaks the balance of original soil
microorganisms, and this phenomenon can be described as
the change from “a high nutrient bacterial type soil” to “a low
nutrient fungal type soil” (Xuan et al., 2012; Xiong et al., 2015).
Among the shifts in fungal communities, the relative abun-
dance of soil-borne plant pathogens, especially Fusarium sp.
was significantly increased in continuous cropping systems,
which has been widely reported in many previous studies (Li
and Liu, 2019). However, the variation of bacterial taxa in
response to continuous cropping varied among studies due to
the variety of research methods, soil types and the mono-
cropping years based on a meta-analysis (Venter et al., 2016).
In addition, whether the shifts of soil bacterial community
structures responds to continuous cropping is consistent
between annual plants and perennial crops has not been
documented.

A comprehensive study to evaluate the effect of soil
microbial communities in influencing crop productivity had
documented that the impacts on plant height, biomass and
yield in response to continuous cropping were mainly due to
biological characteristics rather than nonbiological factors
(Wei et al., 2015). Therefore, a study focusing on the changes
in biological factors in response to continuous cropping, can
provide insight into the mechanisms of how bacterial commu-
nities are influenced and the potential connections between
these impacts and continuous cropping systems. In our
previous study, we investigated the effects of different years
of continuously cropped alfalfa on the fungal communities in
north east China using a high-throughput sequencing method,

Alphaproteobacteria and Acidobacteria were the most important bacteria which contributed 50.86%
of the community variations. Additionally, the relative abundances of nitrogen fixation bacteria of
Bradyrhizobium and Mesorhizobium obviously increased with continuous cropping years, while the
abundances of Arthrobacter, Bacillus, Burkholderiaceae andMicrobacterium with potential functions
of solubilizing phosphorus and potassium remarkably decreased after long-term continuous
cropping. Furthermore, bacterial cooccurrence patterns were significantly influenced by continuous
cropping years, with long-term monocropped alfalfa simplifying the complexity of the cooccurrence
networks. These findings enhanced our understandings and provided references for forecasting how
soil bacterial communities responds to monocropped alfalfa.
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and we observed that the increase in the relative abundances
of several soil-borne plant pathogens, such as Cyphellophora
sp. and Haematonectria hematococca were associated with
continuous cropping sickness after monocropped alfalfa (Yao
et al., 2019). Nevertheless, studies related to shifts in bacterial
communities in alfalfa fields are limited (Zhong et al., 2012;
Luo et al., 2018). In this study, the diversity, structure and
ecological network characteristics of bacterial communities in
continuously cropped alfalfa along the chronosequence were
examined. The aims of this research were (1) to evaluate the
dynamic changes in soil bacterial diversity, components and
structures with different continuous cropping years; (2) to
reveal the relative contributions of soil factors in shaping
bacterial communities to estimate the biotic barrier mechan-
isms for continuous cropping of alfalfa; and (3) to examine
bacterial network structures and putative keystone species in
response to short-term and long-term continuous cropping
years.

2 Materials and methods

2.1 Study site and soil sampling

The field experiment was established in 1979 to assess the
impacts of continuously cropped alfalfa in the Heilongjiang
Institute of Animal Husbandry in Qiqihar city (47°15′N,
123°41′E), China. The mean annual temperature is 3°C, and
the mean annual precipitation is 450 mm. The soils used in
this study are aeolian sandy soils in the semiarid regions with
a mean soil pH is above 7.0, and the salinity of approximately
0.24%.

The widely planted varieties of Medicago sativa L. cv.
Longmu801 were seeded for each treatment that covered
more than 900 m2 in area. The compound chemical fertilizer
containing N 16%, P2O5 16% and K2O 16%, which was
annually applied at 280 kg ha–1 in each plot in May. The
management of the alfalfa fields was conducted to the
conventional tillage practice without grazing. Alfalfa was
mowed from soil surface twice a year in June and August
and removed from the field. The soils were collected from
alfalfa fields with continuously cropped alfalfa for 1, 2, 6, 9, 12,
13 and 35 years (encoded as ACC1y, 2y, 6y, 9y, 12y, 13y and
35y) on June 25, 2015. Specifically, no less than 8 individual
soil cores (0–15 cm soil depth) were randomly collected and
merged into a repeated soil sample to minimize the within-plot
variations. Overall, 21 soil samples were obtained from seven
continuous cropping alfalfa fields with three replicates in each
treatment. Each soil sample was put into a 50 mL centrifuge
tube and kept in a –80°C freezer for the extraction of soil total
DNA. The other soil samples were air-dried for measuring soil
chemical properties, and the results are shown in Table S1.

2.2 Soil DNA extraction and Illumina MiSeq sequencing

The soil DNA used in this study was in line with our previous

studies, and was extracted with the Fast DNA® SPIN Kit for
Soil (MP Biomedicals, USA) (Yao et al., 2019).

The bacterial 16S rRNA gene of the V4-V5 hypervariable
regions was amplified using F515/R907 (Biddle et al., 2008).
A modification of adding a unique 8-nt barcode sequence to
the forward and reversed primers to distinguish the amplified
products. PCRs were conducted using a 25 μL mixture
containing 1.0 μL of template DNA, 0.5 μL (10 μM) of each
primer, and 23 μL of Platinum PCR SuperMix (TransGen
Biotech Co. Ltd., Beijing, China). PCR amplification cycling
was initial denaturation at 95°C for 5 min, followed by 30
cycles (95°C for 1 min, 63°C for 1 min, 72°C for 1 min) with a
final extension at 72°C for 5 min. Each PCR product was
purified and pooled in equimolar amounts, and then prepared
for sequencing using an Illumina MiSeq platform (Majorbio
BioPharm Technology Co., Ltd. Shanghai, China).

2.3 Sequence data analysis

The raw FASTQ data were demultiplexed and quality-filtered
using QIIME Pipeline Version 1.9.0. FLASH software was
used to join the paired reads (Magoč and Salzberg, 2011).
Then, the low-quality sequences were removed from further
analysis if they did not meet the following criteria: sequences
were shorter than 200 bp, and/or the score of average base
quality was less than 30. The trimmed sequences were
chimera-detected and removed with the Uchime algorithm
(Edgar et al., 2011). The sequences of high quality were
clustered into operational taxonomic units (OTUs) with 97%
similarity using the UPARSE pipeline. A representative
sequence of each phylotype was selected and aligned using
a Python Nearest Alignment Space Termination (PyNAST)
tool, and then a phylogenetic tree was built using Fast Tree
after the alignment of each phylotype (Price et al., 2009). The
taxonomic information of each OTU was obtained by RDP
Classifier at a confidence threshold of 0.80. The OTUs that
was not assigned as bacteria were filtered out for further
analysis. The raw 16S rRNA sequences have been submitted
to the NCBI Sequence Read Archive with accession number
of SRP234494.

2.4 Network construction and analysis

The phylogenetic Molecular Ecological Networks (pMENs)
method was employed to construct bacterial networks based
on the Random Matrix Theory (RMT) methods (http://ieg2.ou.
edu/MENA/main.cgi). In brief, a prepared OTU file with the
relative abundance of each OTU was higher than 0.01%, and
only those occurring in more than half of all soil samples were
uploaded to create each network. Two individual bacterial
networks within the samples from less (L10) or more (M10)
than 10 years of continuous cropping were obtained with
automatically generated cutoff values (similarity threshold, St).
A node represents the OTU, and a link between the pair of
each OTU was determined if the correlation between their
abundance exceeded the Stwith a p value lower than 0.01 in a
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network. For information on the algorithms, the network
theories and operational procedures, refer to Deng et al.
(2012). A standard t test was then performed to assess the
significance of network indices between L10 and M10 of
continuous cropping of alfalfa (Deng et al. 2012). The network
graphs were visualized with Cytoscape 2.8.2 software.

2.5 Statistical analysis

To compare the relative variation among samples, a subset of
20 000 sequences in each soil sample was randomly selected
and performed for alpha- and beta-diversity analyses. The
indices of alpha-diversity such as Chao1, Shannon, Simpson,
and phylogenetic diversity (Faith’s PD) were performed in
QIIME and were used to compare the differences between
samples. One-way analysis of variance (ANOVA) was used to
analyze the significant differences in alpha-diversity and the
relative abundances of different taxonomic levels at the
phylum, genus and OTUs levels of bacterial communities. In
addition, SPSS software was used to analyze Spearman’s
correlation coefficient to reveal the possible correlations
between the number of continuous cropping years, the
relative abundances of bacterial communities at different
taxonomic levels, alpha-diversity and soil chemical properties.
Principal coordinate analysis (PCoA) and clustering analysis
of soil bacterial community structures based on UniFrac
metrics and Bray–Curtis distance, respectively, were used to
identify the differences in bacterial community structures
among soil samples. Mantel tests was performed to assess
the links between soil factors and bacterial communities. The
soil factors associated with bacterial communities were used
to construct the soil property matrix for canonical correspon-
dence analysis (CCA) and variation partitioning analysis
(VPA). To identify which bacterial phyla make a great
contribute to bacterial community dissimilarity between
samples, SIMPER analysis was used to uncover the relative
contribution of bacteria at each phylum/class level to the total
community variation between-treatment variations. Mantel
tests, CCA, VPA and SIMFER analysis were conducted using
the “vegan” package in the R environment (R Development
Core Team, 2010).

3 Results

3.1 Soil chemical properties

Most of the soil chemical properties were remarkably changed
with different years of continuous cropping with the exception
of NH4

+-N (Table S1). A simple linear regression analysis
showed that soil H2O% (r = 0.445, P = 0.043), and AK
(r = 0.665, P = 0.001) were significantly and positively related
to the continuous cropping year, while C:N (r = –0.552,
P = 0.009), TP (r = –0.740, P<0.0001) and AP (r = –0.518,
P = 0.016) were negatively correlated. In addition, soil pH, TC,
TN, TK and AN fluctuated with the continuous cropping year,

with soil pH (8.60) and TK (21.46 g kg–1) reaching a peak in
ACC9y, whereas TC (24.01 g kg–1), TN (1.44 g kg–1), and AN
(109.23 mg kg–1) contents were the lowest in ACC9y.

3.2 Bacterial diversity and structures

In total, 667 287 high quality sequences were obtained from
21 soil samples, and 20 056–36 369 sequences per soil
sample (mean = 27 813). Of these obtained sequences, 4227
different OTUs were detected across all samples, ranging
from 1994 in ACC12y to 2134 in ACC1y. The coverage
index in each sample was estimated to be up to 95%.
The Shannon and Chao 1 indices were remarkably higher in
the initial cropping years of ACC1y and ACC2y (Table S2).
Regression analysis revealed that OTU richness (r = –0.502,
P = 0.020) and phylogenetic diversity (r = –0.487, P = 0.025)
were significantly and negatively correlated with cropping
year. In addition, pairwise analysis showed that OTU richness
(r = –0.556, P = 0.009) and phylogenetic diversity (r = –0.492,
P = 0.023) were significantly and negatively correlated
with soil pH; furthermore, phylogenetic diversity (r = 0.519,
P = 0.016) was positively correlated with soil TP content
(Fig. 1). Other soil parameters had no significant correlation
with bacterial richness and diversity (Table S3).

Principal coordinate analysis (PCoA) showed that all soil
samples were well divided from each other, indicating that
bacterial community structures were significantly different
among treatments (Fig. 2A). Although the ACC12y and
ACC13y treatments had no relatively distinguishing bound-
aries, the perMANOVA tests (p = 0.028) showed that the
community structure was significantly different between these
two treatments. Overall, all soil samples in the plot were
clearly separated into two major groups, which containing the
soil samples collected in less and more than 10 years of
continuous cropping, respectively (perMANOVA tests,
p < 0.001) (Fig. 2A). This grouping pattern was further
confirmed by hierarchical clustering based on the Bray–Curtis
matrix (Fig. 2B).

SIMPER analysis was used to evaluate the relative
contribution of each bacterial phylum/class level to the total
community variation. Based on the bacterial communities
being clustered into two major groups, here, the relative
abundance of bacteria in the less or more than 10 years were
calculated together. The results revealed that Actinobacteria,
Chloroflexi, Acidobacteria and Alphaproteobacteria contribu-
ted 50.86% of the bacterial community variations, among
these changed phyla, Actinobacteria contributed 21.34%
which was the primary member in shaping the variation. In
addition, although the relative abundance of Alphaproteobac-
teria was higher than Chloroflexi, it made a relatively smaller
contribution to the community variation than Chloroflexi
(Fig. 3).

3.3 Bacterial community compositions

Thirty-six bacterial phyla were observed across all the
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Fig. 1 Spearman’s correlation coefficient between soil bacterial phylotype richness, phylogenetic diversity and soil pH and TP.

Fig. 2 Principal coordination analysis (A) and clustering analysis (B) of soil bacterial community structures based on UniFrac

metrics and Bray–Curtis distance. The trajectory succession of bacterial communities along with cropping years is shown with

arrows in Fig. 2A.
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samples, among which the dominant bacterial phyla with
relative abundances higher than 5% were Actinobacteria
(28.16%), Proteobacteria (25.17%), Acidobacteria (16.23%),
Chloroflexi (10.52%) and Gemmatimonadetes (5.34%), which
accounted for 85.42% of the total obtained sequences. The
phyla of Armatimonadetes, Bacteroidetes, Chlorobi, Cyano-
bacteria, Firmicutes, Latescibacteria, Nitrospirae, Planctomy-
cetes, Thaumarchaeota and Verrucomicrobia were detected
in all of the soil samples, with the relative abundances were
higher than 1%. In addition, 21 rare phyla were sporadically
identified in most of the soil samples (Table S4).

One-way ANOVA revealed that the relative abundance of
some bacterial phyla was significantly shifted among soil
samples. Overall, the relative abundances of Actinobacteria
and Gammaproteobacteria were significantly positively corre-
lated with cropping year, while Armatimonadetes, Chloroflexi,
Firmicutes and Gemmatimonadetes were negatively corre-
lated (Fig S1). Additionally, several soil properties were also
significantly positively and/or negatively correlated with the
relative abundance of the main bacterial groups (Table S5).

More than 540 bacterial genera were detected, and 149
and 74 genera were obtained with average relative abun-
dance greater than 0.1% and/or 0.3%, respectively. Among
them, Acidobacteria_subgroup 6, Gaiellales, Gemmatimona-
daceae, JG30-KF-CM45, Actinobacteria_norank, Nitrospira
and Arthrobacter were the most abundant genera across all of
the soil samples, with average relative abundances of
9.74±0.58%, 4.21±0.82%, 3.89±0.37%, 2.72±0.41%,
2.45±0.40%, 2.28±0.20% and 1.98±0.72%, respectively

(Table S4). The relative abundance of Bradyrhizobium,
Gaiella, Mesorhizobium, Xanthobacteraceae, etc., 20 bacter-
ial genera was significantly increased with continuous
cropping years, while 11 bacterial genera, including Arthro-
bacter, Bacillus, Blastococcus,Microbacterium,Nocardioides,
Rhodospirillales, etc., decreased with the extension of
cropping years (P<0.05). In addition, those genera men-
tioned above were also significantly positively or negatively
correlated with the soil properties (Table S5).

3.4 Bacterial community structures related to soil factors

The Mantel test results revealed that the community struc-
tures were significantly affected by soil pH, TP, AP, NO3

–-N
and C:N (Table 1). These correlative soil properties were
selected and analyzed by CCA and VPA. Similar to the PCoA
plot, the CCA analysis showed that bacterial community was
significantly affected by successional cropping year. Soil pH
was positively related to soil samples collected within 10
years, while TP and AP were positively related to soil samples
collected after more than 10 years of continuous cropping
(Fig. 4A). In addition, a VPA analysis showed that these soil
properties together explained 54.83% of the bacterial com-
munity variations, leaving 45.17% of the unexplained varia-
tion. Among these related soil parameters, soil pH, TP, AP,
NO3

–-N and C:N explained 13.54%, 8.46%, 4.61%, 4.41%
and 3.78% of the bacterial community variations, respectively
(Fig. 4B).

Fig. 3 The relative abundance and contribution of the bacterial phyla and/or classes, which generated the community variations

between less (L10) and more than 10 years (M10) of continuously cropped alfalfa, respectively.
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3.5 Network analysis of bacterial communities

The network structure of pMENs was constructed to reveal the
interactions of bacterial community cooccurrence within the
samples from less (L10) or more (M10) than 10 years of
continuous cropping (Fig. 5). In general, the values of
connectivity were well-fitted to the power-law patterns, with
R2 value of 0.81 and 0.91 in L10 and M10, respectively. The
average geodesic distance (GD) and the average clustering

coefficient (avgCC) in empirical networks were significantly
higher than those in the corresponding random networks,
suggesting that the overall networks fit for the typical small-
world and/or the modular characteristics. The values of the
total nodes, links and the average connectivity (avgK) were
remarkably increased in L10, and the average geodesic
distance was significantly lower in M10 than in L10 (Table 2).

The topological roles of the individual node identified
between two networks are shown as within module con-
nectivity (Zi) and among-module connectivity (Pi) plots
(Fig. S2). The majority of the nodes with 97.6% of the L10
and M10 treatments were peripherals, making their links
mostly inside their corresponding modules. Two (OTU1404
and OTU4163) of the six module hubs under L10 belonged to
Chloroflexi which are closely related to Ktedonobacteria and
uncultured bacteria, respectively, while the others belonged to
different major taxa including Microlunatus, Myxococcales
bacterium, Ohtaekwangia and Tumebacillus. In contrast, two
(OTU 293 and OTU2265) of the five module hubs under M10
belonged to Acidobacteria, which had higher identity with
subgroup 6 and Actinomycetales, while two module hubs
(OTU3570 and OTU1580) were assigned as Proteobacteria
phyla and belonged to Acetobacteraceae and Nannocystis. In
addition, five OTUs belonging to Micromonosporaceae,
Planctomyces, Roseiflexus, Gemmatimonadaceae and
Planctomycetales playing as connectors were found in the
L10 treatment. Interestingly, four of the eight connector OTUs
(OTU756, OTU2289, OTU293 and OTU135) were derived
from Actinobacteria, which are close to Nocardioides,
Blastococcus, Actinomycetales and Amycolatopsis in the
M10 treatment. Meanwhile, two connector OTUs (OTU3774
and OTU1168) belonging to Chloroflexi that are closely
related to P2-11E and Anaerolineales, with the Gemmatimo-
nadaceae and Planctomycetaceae genera, were categorized
as connectors under M10 treatment. Furthermore, no over-
lapping genera of the module hub genes or connectors were
found between the two treatments (Table S6).

Fig. 4 Canonical correspondence analysis (CCA) (A), and the variation partition analysis (VPA) (B) of soil variables to explain

the variations in bacterial community structures.

Table 1 Mantel test results show the correlation between bacterial
community structures and soil variables.

Variable a R P

pH 0.441 0.001

TP 0.364 0.002

AP 0.253 0.005

NO3
–-N 0.216 0.028

C:N 0.189 0.038

H2O% 0.173 0.051

AK 0.169 0.063

TN 0.163 0.064

AN 0.133 0.093

NH4
+-N -0.106 0.167

TK -0.059 0.532

TC 0.010 0.433

a TC, TN, TP and TK indicate soil total carbon, nitrogen, phosphorus

and potassium, respectively; AN, AP and AK indicate soil available

nitrogen, phosphorus and potassium, respectively; NH4
+-N, ammo-

nium nitrogen, NO3
–-N, nitrate nitrogen. Values in bold indicate

significant correlation (P< 0.05).
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Fig. 5 Bacterial ecological networks displayed at the OTU level in less (L10) and more than 10 years (M10) of continuously

cropped alfalfa, respectively. The blue and red lines represent negative and positive interactions between two relevant nodes. The

letters of L and M indicate the soil samples that were collected in less and more than 10 years of continuous cropping of alfalfa.

The numbers after the letters of L and M represent the different network modules.

Table 2 Topological properties of the Molecular Ecological Networks (MENs) of bacterial communities in less (L10) and more than 10 years
(M10) of continuously cropped alfalfa, and their associated with random pMENs.

Treatments M10 L10

Empirical networks

No. of original OTUs 670 670

Similarity threshold(St) 0.91 0.91

Network size a (n) 633 670

Links 741 787

Avg. connectivity(avgK) 2.24 c 2.50 c

Avg. geodesic distance (GD) 9.14 c 8.85 c

Avg. clustering coefficient (avgCC) 0.14 c 0.17 c

Modularity (M) 0.87 0.88

R2 of power-law 0.81 0.91

Random networks b

Avg. geodesic distance (GD)±SD 7.210±0.167 6.923±0.147

Avg clustering coefficient (avgCC)±SD 0.003±0.002 0.004±0.003

Modularity (M)±SD 0.569±0.007 0.569±0.005

a Number of OTUs (e.g., nodes) in a network. b Random networks generated by rewiring of the links of a MEN into identical numbers of nodes and

links to their corresponding empirical MEN. c Significant difference (P<0.001) between M10 and L10 bacterial networks.
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4 Discussion

4.1 Long-term continuous cropping of alfalfa reduced bacterial
diversity

Mounting evidence has revealed that continuous cropping has
an adverse effect onmicrobial community diversity (Liu et al.,
2014; Tsiafouli et al., 2015). However, the decreased soil
microbial diversity was found between continuous cropping
and rotation systems, and the changing patterns of microbial
diversity along with different continuous cropping years had
no consistent rules. For example, it was found that soil
bacterial diversity significantly decreased (Liu et al., 2014),
had no change (Zhou et al., 2014), and fluctuated as soil
bacterial diversity increased after 20 years (Zhu et al., 2014)
for monocropped potato (Solanum tuberosum L.), cucumber
(Cucumis sativus L.) and soybean (Glycine max L.) under
successional continuous cropping years, respectively. It
should be noted that the crops mentioned above are annual
crops. In this study, we found that both OTU richness and
phylogenetic diversity were remarkably and negatively corre-
lated with alfalfa continuous cropping years, which was in line
with other perennial crops such as Jerusalem artichoke
(Helianthus tuberosus L.) (Zhou et al., 2018), coffee (Zhao
et al., 2018) and Panax notoginseng (Tan et al., 2017).
Therefore, the bacterial community in monocropped perennial
crops exposed to root exudates of the same crop is more
susceptible to successive cropping obstacles than annual
plants, which leads to a continuously decrease in bacterial
diversity with continuous cropping years (Xiong et al., 2015;
Chen et al., 2018).

The results of soil bacterial phylogenetic diversity and
phylotype richness were negatively correlated with soil pH,
which is consistent with Chu et al. (2010), and Fierer and
Jackson (2006), who reported that the correlation between
bacterial alpha-diversity and soil pH is unimodal, while it was
highest at neutral pH at the continental scale. Thus, the
increas in soil pH caused by continuous cropping in alkaline
soil may have negative roles in regulating soil bacterial
diversity. Intriguingly, our previous study revealed that soil
fungal phylogenetic diversity and phylotype richness were
remarkably increased with the extension of continuous
cropping years (Yao et al., 2019), which suggested that the
response of soil bacterial and fungal diversity to continuous
cropping years are fundamentally different (Bai et al., 2015;
Liu et al., 2019). In addition, we observed that bacterial
phylogenetic diversity was significantly positively correlated
with soil TP, and thus, the decrease in soil TP content after
long-term continuous cropping of alfalfa could inhibit microbial
diversity and activity (Cleveland and Liptzin, 2007).

4.2 Changes in bacterial community structures induced by
long-term continuous cropping

In this study, we observed that there were significant

variations in soil bacterial community structures between
each soil sample with different cropping years (perMANOVA
tests, p<0.05). Intriguingly, both the PCoA and clustering
analysis showed that bacterial communities were remarkably
separated into two major groups, including soil samples
collected in less and more than 10 years of continuously
cropped alfalfa (Fig. 2). These changing patterns of bacterial
community structures were in line with fungal communities
under the same soil samples in our previous study (Yao et al.,
2019), which reconfirmed that 10 years might be a demarca-
tion point in the separation of both bacterial and fungal
community structures under continuous cropping of alfalfa.
Similarly, Zhang et al. (2013) found that the bacterial
community subjected to 10 years of continuously cropped
cotton formed new stable community structures under long-
term stress from the external environment. Although alfalfa
biomass and yield have not been determined in the current
study, other studies have demonstrated that the intensive
cultivation of alfalfa caused severe soil degradation and
significantly limited production after 8 to 10 years in dryland
and semiarid regions of north-western China and the Loess
Plateau of China, respectively (Jiang et al., 2007; Li and
Huang, 2008). Thus, the combination of the evidence with
yield changes in previous reports, and the extent of correlation
between the changes in soil properties, bacterial diversity and
structures and the length of the alfalfa growth phase in this
study, illustrate the roles of plant–microbe interactions in
regulating the compositions of the bacterial communities by
root turnover and root secretion of perennials (Strickland et al.,
2009).

Soil pH and TP, AP contents were the key soil factors in
shifting bacterial community structures in continuously
cropped alfalfa fields (Table 1), whereas the soil pH, TP and
AP were positively related to soil samples collected in less and
more than 10 years of continuously cropped systems,
respectively (Fig. 4A). In general, the narrow soil pH range
even at a small variance is still the principal factor in
determining bacterial communities, which have been widely
reported at the regional-scale culture systems (Degrune et al.,
2015; Liu et al., 2017). Since bacteria play an essential role
in soil P dynamics, P was reported to exert the obvious effects
on bacterial community structures during continuous cropping
(Udom and Ogunwole, 2015; Liu et al., 2019). In addition, soil
TP and AP were reported as limiting factors in the production
of perennial alfalfa in long-term continuous cropping systems
(Jiang et al., 2007; Li and Huang, 2008). Thus, we speculated
that soil bacterial communities may play a central role in soil P
dynamics to increase P availability, especially after 10 years of
successive cropping of alfalfa.

4.3 Variation in soil bacterial community compositions under
long-term continuous cropping of alfalfa

Soil sickness induced by consecutive cropping can be
partially caused by the changes in microbial community
diversity and/or structures (Huang et al., 2018). However, the
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diversity may play less consequential roles than the specific
and functional bacterial groups (Banerjee et al., 2016). In this
study, the relative abundances of some copiotrophic bacteria
of Actinobacteria and Gammaproteobacteria significantly
increased with continuous cropping years and were positively
correlated with TN content, while some oligotrophic bacteria
including Armatimonadetes, Chloroflexi, Firmicutes and
Gemmatimonadetes showed the opposite changing patterns
(Table S4). These findings indicated that those specific
bacterial taxa response patterns were in line with general
life-history strategies, and it was proposed that copiotrophic
bacteria would exhibit higher growth rates than oligotrophic
taxa when the N resources are increased after long-term
continuous cropped alfalfa in this study. In addition, we
observed that Actinobacteria, Chloroflexi, Acidobacteria and
Alphaproteobacteria comprised 67.94% of the total
sequences and those bacterial phyla could explain 50.86%
of the bacterial community variations in response to the
consecutive cropping. Intriguingly, among these changed
phyla, the relative abundance of Chloroflexi was less than that
of Alphaproteobacteria and Acidobacteria, but the contribution
in shaping the variation conducted by Chloroflexi was 20.88%
and 95.87% higher than that of Alphaproteobacteria and
Acidobacteria, respectively. This finding inferred that a
relatively lower abundance of the specific bacterial taxa
could serve a high contribution in shifting the bacterial
community responds to the continuous cropping.

In addition, we observed that the relative abundances of
Arthrobacter, Bacillus, Burkholderiaceae and Microbacterium
showed a successively decreasing tendency with continuous
cropping years. Given that several bacterial species within
those genera have been demonstrated to be beneficial
bacteria that have the ability to solubilize phosphorus (Sharma
et al., 2013; Panhwar et al., 2014) and potassium (Sheng and
He 2006; Sugumaran and Janarthanam, 2007). In addition,
many species within Bacillus have been confirmed to have the
ability to improve plant growth and/or to suppress the growth
of soil-borne pathogens (Zhang et al., 2011; Islam et al.,
2016). Thus, the decline in the abundance of these potential
beneficial bacteria might be associated with soil sickness after
long-term continuous cropping. Furthermore, we detected that
the abundance of some nitrogen fixation bacteria including
Bradyrhizobium and Mesorhizobium obviously increased with
successive continuous cropping years. Similar changing
patterns of the relative abundance of Bradyrhizobium were
also found in another leguminous crop of soybean after 10
years of continuous cropping (Liu et al., 2019). However, the
numbers of relative abundance of Bradyrhizobium and the
degree of increase after long-term continuous cropping in
alfalfa were much lower than those of soybean in north-east
China (Liu et al., 2019), inferring that the responses of specific
functional guilds of Bradyrhizobiummay differ among different
leguminous crops.

4.4 Long-term continuous cropping of alfalfa simplified
bacterial cooccurrence network

Microorganisms coexisting in complex networks provide an in-
depth comprehension of the underlying the properties of the
microbial network structures and their putative keystone
species to reflect their ecological processes (Barberan et al.,
2012; Chow et al., 2014). We observed that continuous
cropping of alfalfa exerted a remarkable impact on bacterial
networks regarding network size, number of links, average
clustering coefficient (avgCC), geodesic distance (GD) and
connectivity (avgK), but not on the modularity between less
(L10) and more (M10) than 10 years of continuously cropped
alfalfa (Table 2). Specifically, the decrease in the number of
the nodes and links in M10, which suggests that long-term
continuous cropping treatment reduced the complexity of the
bacterial networks. The decrease in stability of M10 was likely
attributed to bacterial diversity loss and community structure
simplifications caused by long-term continuous cropping (Shi
et al., 2016; Hu et al., 2020). In addition, the higher
connectivity and lower geodesic distance in L10 indicated
that the bacterial network of the nodes affected with each
other could be more efficient or intense in short-term
continuous cropping when the external environment was
perturbed (Deng et al., 2012; He et al., 2017).

The nodes of those putative keystone species were defined
as generalists with module hubs and connectors, respectively,
which are usually considered as gatekeepers to maintain
ecosystem functions and play important roles in biogeochem-
ical cycling (Lynch and Neufeld, 2015; Jiang et al., 2016). We
observed that most of the bacterial keystone species including
Actinomycetales, Nocardioides, Blastococcus and Amycola-
topsis were classified as Actinobacteria in M10, which broadly
colonized in the agriculture soils, and had the ability to
decompose an extensive range of substrates as a carbon
source (Aislabie et al., 2006). Since Banerjee et al. (2016) has
recently documented that the decomposition of soil organic
matter is mainly and well associated with keystone taxa but
not with microbial diversity, we supposed that such bacteria
annotated as keystone species in long-term continuous
cropping might be associated with allelochemical decomposi-
tion that was generated in continuous cropping systems
(Kong et al., 2008; Guo et al., 2011). In contrast, several
species closely related to Chloroflexi were defined as module
hubs and connectors in L10 and M10, respectively, which
belonged to slower-growing bacteria with lower carbon
availability preferred to oligotrophic conditions. These kinds
of oligotrophic populations serve as keystone species,
inferring that these bacteria might be recruited to resist the
relative deficiencies in available nutrients caused by contin-
uous cropping (Wang et al., 2020). Intriguingly, the nodes
annotated as generalists in M10 were present as specialists in
L10 treatment (Table S6), which indicated that the sameOTUs
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exhibited different roles in response to the continuous
cropping chronosequence. These results indicated that
monocropping of alfalfa remarkably altered the bacterial
network structures, key populations as well as the topological
roles of individual OTUs.

5 Conclusions

In summary, our results revealed that continuous cropping
exerted substantial impacts on the bacterial diversity and
structure and complex cooccurrence networks. Specifically,
10 years of continuous cropping of alfalfa may be a cutoff point
in regulating the shifts in soil bacterial community structures,
and these variations were mainly associated with soil pH, TP
and AP contents. Long-term continuous cropping significantly
decreased the relative abundance of copiotrophic bacteria of
Actinobacteria and Gammaproteobacteria, but increased the
relative abundances of those oligotrophic bacteria including
Armatimonadetes, Chloroflexi, Firmicutes and Gemmatimo-
nadetes, suggesting that these changing patterns were in line
with general r- and K-selected life-history strategies, with
copiotrophic bacteria exhibiting higher growth rates than the
oligotrophic taxa when the N resources were increased after
long-term continuously cropped alfalfa. Furthermore, the
decline in the abundance of beneficial bacteria such as
Arthrobacter, Bacillus, Burkholderiaceae and Microbacterium
was involved in the process of phosphate and potassium
cycling, indicating that they might be associated with the
continuous cropping obstacles. Overall, our results demon-
strated that long-term continuous cropping diminished the
stability and complexity of the bacterial community structures
through the reduction in bacterial species diversity and its
interaction.
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