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Abstract

Minor grain crops are widely cultivated in northwest China and played important roles in
local economic. Soil microbes play a central role in ecological function and biological stability
and related to soil quality. In order to uncover the soil microbial composition differences and
the factors under 5-year continuous monocropping of three minor crops (Proso millet, Com-
mon bean and Common buckwheat) in Guan-Zhong Plain, six soil nutrimental parameters,
soil pH, soil moisture content, and four soil enzyme activities were analyzed and soil micro-
bial composition were sequenced. The results showed that after 5-years of continuous
monocropping, different cover crops influenced most of soil physicochemical properties,
expect soil moisture content (P < 0.05), the available nutrients were significant higher in
proso millet soil, and the pH was significantly higher in common buckwheat soil. soil ALP,
catalase and urease activities were significantly different between soils (P<0.01), in which
soil catalase activities were significantly lower and soil ALP and urease activities were
significantly higher than that of proso millet and common buckwheat. A total of 171439
sequences, 9468 OTUs and 29 phylum for bacteria, 128920 sequences, 544 OTUs and 27
phylum for fungi were obtained. In addition, no significantly difference obtained in diversity
and richness between soils (P < 0.05). According to relative abundance, Proteobacteria,
Chiloroflexi, Gemmatimonadetes and Acidobacteria were the dominant bacterial phylum

in all samples, moreover, the relative abundance of Caldiserica was significantly different
between soils (P < 0.05). Ascomycota (79.04%-90.21%) was dominant phylum in fungal
community and phylum Phragmoplastophyta (P <0.01) and Glomeromycota (P < 0.05)
were significantly different between soils. Redundancy analysis indicated that available
nutrients Nitrogen and Potassium are the strongest predictors in both bacterial and fungal
community. In conclusion, different cover crops influenced soil nutrient properties, soil

pH and soil microbial composition, and continuous monocropping decreased soil fertility
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condition. Moreover, Common bean and Common buckwheat were more sensitive to mono-
cropping treatment.

Introduction

Proso millet (Panicum miliaceum L.), common bean (Phaseolus vulgaris) and common buck-
wheat (Fagopyrum esculentum Moench) are three important minor grain crops that are benefi-
cial to human health [1]. They are widely cultivated in northwest China and playing important
roles in the development of local agricultural economy [2]. There are multiple cropping sys-
tems in the production of proso millet, common bean and common buckwheat, including
crop rotation and continuous monocropping. According to previous studies, continuous
monocropping has a significant negative impact on crop yield and soil quality [3, 4], and it was
related to soil capacity to suppress the soil borne pathogen in soybean [5], decreased in sensi-
tive soil quality parameters in cotton [6] and yet had been reported to reduce microbial diver-
sity significantly, decreasing the fertility of soil in wheat [7] and lower the genetic diversity
level and simplex community structure in peanut [8]. However, by the end of 2013, China had
130 Mha of arable land, of which about 124 Mha was planted continuously [9], and provided
great potential to increase production.

Soil is the habitat of a diverse and heterogeneous range of microorganisms [10]. Microbes
are particularly important in agricultural soils, due to a central role in ecological function and
biological stability [11, 12], and related to soil quality [13, 14]. The soil microbial composition
respond to agricultural managements [12] and land use [15] and so on, in the meantime, any
change they experience are likely reflecting in the functional integrity of soil [16]. The bacterial
communities differed between rotation and continuous cropping of corn [17], wheat [16], and
peanut [8] and so on. The bacterial community composition was influenced by plant produc-
tion [7], soil pH [18, 19], soil water, soil organic matter and soil C/N [20] and soil enzyme
activities [21] and the community composition of fungi, especially the arbuscular mycorrhiza
fungi, was influenced by rotation of plants [22] and soil parameters more than site [23]. And,
previous studies reported the main factors of soil microbial composition are plot site [24], land
management [16], farming system [7, 17], soil physicochemical parameters [25, 26], and cover
crops [8].

Moreover, soil microbial composition and the main factors under continuous monocrop-
ping of proso millet, common buckwheat and common bean in northwest China are still
unclear. And it is necessary to study the diversity and composition differences of soil microor-
ganisms and the key factors after cropping different type of cover crops. Therefore, the objec-
tive of this study was to: (1) uncover the structure, richness and diversity of soil bacterial and
fungal community under a 5-year continuous cropping of proso millet (MZ), common bean
(YD) and common buckwheat (QM), respectively. (2) compare the soil nutrition content and
enzyme activity differences among three soils. (3) find out the relationship between soil param-
eters and soil microbial community, and find the key factors of soil microbial composition in
our experiment.

Materials and methods
Site description

The experiment site is a trial plot in north campus of the Northwest A & F University, Yan-
gling, Shaanxi, China (108°05E, 34°17'N), which belongs to semi-humid drought-prone
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areas and loam soils which belongs to semi-luvisols soil. The average annual temperature is
12.9 °C. The mean annual precipitation is 551.0 mm of which over 60% received during July to
September, while the average annual evaporation is 1400 mm.

At the very beginning of the experiment in 2010, soil properties were investigated. The
0-20 cm layer soil contained 1.59 x 10° kg'ha’ls and (1-0.05 mm), 2.067x10” kg-ha(1 silt (0.05
~0.001 mm) and 4.24x10° kg-ha’1 clay (<0.001 mm), with a pH (H,O, 1: 2.5) of 8.3. More-
over, soil contained total nitrogen (TN) 3.286x10* kg-ha'l, total phosphorus (TP) 2.7825x10%
kg-ha™, total potassium (TK) 5.353x10° kg-ha™, available nitrogen (AN) 2308.15 kg-ha™, avail-
able phosphorus (AP) 869.2 kg~ha'1, available potassium (AK) 4208.2 kg~ha'1, and soil organic
carbon 322.8 kg-ha™'.

Soil sampling

The experiment carried out from 2010 to 2014 and 3 different species of monocropping as fol-
lows: The proso millet (MZ) variety Neimei-5, common bean (YD) variety Y0503 and com-
mon buckwheat (QM) variety Xinong 9920 were monocropped for 5 years respectively. The
plants were planted in a 10 square meters cell (2mx5m), in a randomized complete block
design, with four replicates. With no fertilization providing and a conventional field manage-
ment during growing seasons.

Soil in the plot is randomly mixed at 3 points (0-20 cm), and the "quadruple method" and
then forms 1.5 kg of soil samples. After the crops was harvested in 2014, the samples were
taken for determining the physical and chemical properties of the soil. The crop rhizosphere
soils samples for measuring soil enzyme activities were collected in 15/7/2014. All soil samples
were decontaminated, naturally air-dried, and divided into two parts, partly ground through
0.8 mm sieves for the testing of soil properties and another part ground through 0.16 mm
sieves for soil enzyme activities. The samples for soil community determination were collected
in 15/7/2014 ground through 0.16 mm sieves and then stored at -80 °C refrigerator for testing.

Soil nutrient contents and soil moisture content analysis

TN was determined by Kjeldahl digestion—continuous flow analyzer; TP was determined by
H,SO, digestion—molybdenum sulfate anti-colorimetric method; TK was determined by
sodium hydroxide melting (450 *C)—flame photometry. The AN was determined by 1.0 mol-L™*
KCl extraction-AA3 continuous flow analyzer. The AP was determined by 0.5 mol-L ™! NaHCO,
extraction—molybdenum sulfate anti-colorimetric method; and the AK was extracted with 1.0
mol-L"' NH4OAc—Determined by flame photometry; pH is determined by leaching-potential
method (soil to water ratio is 1:2.5) [21]. Soil moisture content (SMC) was calculated as below:

smc == Wa oo 1
=y X 100% (1)

d t

Where the Wifor fresh soil weight, W, for drought soil weight, W, for aluminum box weight.

The soil enzyme activity is measured as follows: phenyl phosphonate colorimetric method
for alkaline phosphatase activity (ALP); catalase UV spectrophotometry for catalase activity;
urease colorimetric method for urease activity; 3,5-dinitrosalicylic acid colorimetric method
for sucrose activity [26].

The macro genome sequencing of soil bacteria and fungi

Total genomic DNA from soil samples were extracted with TTANamp Soil DNA Kit (TIAN-
GEN BIOTECH Inc., Beijing, China) following the manufacturer’s instructions. DNA
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concentration and purity was monitored on 1% agarose gels. The universal prokaryotic prim-
ers 338F (5" —~ACTCCTACGGGAGGCAGC A-3")and 806R (5 -GGACTACHVGGGTWTCT
AAT-3") were used to amplify the V3 and V4 regions of bacterial 16S rRNA gene. ITS5 (5'-
GGAAGTAAAAGTCGTAACAAGG-3') and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3" ) of
fungi-specific internal transcribed spacer (ITS1) region [27]. These primer pairs were all bar-
coded. For 16S rRNA gene and ITS region PCR amplification, the PCR reactions were carried
out with the ABI GeneAmp® 9700 (ABI, Carlsbad, CA). The PCR mixture system contained

4 uL of 5 x FastPfu Buffer, 2.5 mM dNTPs, 5 uM of each primer, 0.4 uL of Taq polymerase,
approximately 10 ng of DNA template, add ddH,O to a final volume of 20 uL. For the 16S V3
+V4 rRNA gene, the PCR steps were: an initial denaturation temperature of 95 °C for 2 min,
followed by 28 cycles of denaturation at 95°C for 30 s, annealing at 59.3°C for 30 s, polymeriza-
tion at 72°C for 45 s, and a final elongation at 72°C for 10 min. For ITS gene, the steps were an
initial denaturation at 95°C for 2 min, 34 cycles of denaturation at 95°C for 30 s, annealing
starting at 59.3°C for 30 s, elongation at 72°C for 45 s, and a final extension at 72°C for 10 min.
Then the PCR products were detected by 1% agarose gel electrophoresis, recovered by gel-
recovery using AxyPrepDNA gel recovery kit (AXYGEN, Silicon Valley, CA), and eluted by
Tris-HCl and detected by 2% agarose gel electrophoresis again [21].

According to the initial quantitation of the electrophoresis, quantitative PCR products
quantified using the QuantiFluor™-ST Blue Fluorescence Quantitation System (Promega,
Madison, WI, USA). The products mixed in the appropriate proportions according to the
sequencing requirements of each sample. Miseq libraries were constructed and sequenced.
Sequencing was performed on a genome analyzer Illumina Miseq PE300 (Illumina, Inc., CA,
USA) with two paired-end read cycles of 101 bases each.

Data analysis

The sequencing data filtered by quality and analyzed using Trimmomatic and FLASH soft-
ware. The sequences were clustered into Operational Taxonomic Units (OTUs) using Usearch
(version 7.1 http://drive5.com/uparse/) with 97% similarity. The final tables and histograms
with basic OTUs were generated using biom-format package. The Mothur software [28] (ver-
sion v.1.30.1 http://www.mothur.org/wiki/Schloss_SOP#Alpha_diversity) was used to analysis
a-diversity indexes (Chao, Ace, Simpson, Shannon and coverage) by 97% similarity of OTUs.
The R packages were used to analysis Meta-sequencing data and figures. The taxonomic classi-
fications of bacteria and fungi were performed based on the Silva database [29] (Release119,
http://www.arb-silva.de) and Unite database [30] (Release 6.0, http://unite.ut.ee/index.php),
respectively. SPSS 16.0 for soil physicochemical and enzyme activity data analysis (n = 3),
Canoco 5 for Redundancy analysis (RDA) and Origin 9.5 for figures.

Results
Soil physicochemical characters of different soils

Soil total nitrogen (TN), total phosphorus (TP), total potassium (TK), available nitrogen (AN),
available phosphorus (AP), available potassium (AK), pH and soil moisture content (SMC)
were investigated and analyzed after 5-years of monocropping of different cover crops

(Table 1). All eight indexes were significantly different between samples; except SMC

(P < 0.05). Soil TN (2.313-2.568 x10* kg ha™), AN (497.1-522.3 kgha™"), AP (132.5-197.4 kg
ha™'), and, AK (2625-3321 kg ha™) of MZ were significant higher than that of QM and YD

(P < 0.05). The TP (1.041-1.075x10* kg ha™") of QM was significant higher than that of YD,
however, the TK (1.008-1.043 x10° kg ha™") of YD was significant higher than that of QM

(P < 0.05). The pH (8.73-8.82) of QM was significantly higher than MZ and YD.
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Table 1. Main soil chemical properties in three soils.

Soil * MZ YD QM LSDgo5 °
TN € (kgha™) 2.568x10% £ 238592 ¢ 2.303 x10* + 1.009 x10* b 2311 x10* £ 1272 b S

TP (kg ha™) 1.041 x10* + 874.5 ab 1.012 x10* + 477 b 1.075x10* + 238.5a S

TK (kg ha™) 1.043 x10° + 1590 a 1.044 x10° + 4770 a 1.008 x10° + 3.339 x10* b S

AN (kg ha™) 5223 +8.745a 494.8 + 8.745b 497.1+10.34b S

AP (kgha™) 197.4+27.83a 143.1+33.39b 132.5+0.00 b S

AK (kgha™) 3321+ 104.5a 2626 + 89.83 b 2625+ 10.34b S

pH 8.73+0.42 b 8.74+0.42 b 8.82+0.21 a S

SMC (%) 11.43+1.74 a 11.1620.09 a 11.01+1.18 a NS

*MZ = continuous cropping proso millet for 5 years, YD = continuous cropping common bean for 5 years, QM = continuous cropping common buckwheat for 5 years.

PLSDy g5 = least significant difference at P = 0.05, NS = non-significant, S = significant.

“TN = total nitrogen, TP = total phosphorus, TK = total potassium, AN = available nitrogen, AK = available potassium, AP = available phosphorus, SMC = soil moisture

content.

9Mean + standard deviation (n = 3).

“Different letters indicate significantly different between treatments (P < 0.05) according to Duncan’s multi-range test.

https://doi.org/10.1371/journal.pone.0237164.t001

Four soil enzyme activities of different soils

Four soil enzyme activities were measured at 15/7/2014, and ANOV A analysis of the data was
at the 0.01 level (Fig 1). Soil Alkaline phosphatase (ALP) activity (Fig 1A) in three samples was
between 70-90 pg g' 24h™" and the activity in YD was extremely higher than the other two
soils. Soil catalase activity (Fig 1B) showed stark contrast pattern to ALP, the contents were
between 9.6-11.2 mg g”' H,0,, and the content in YD was significantly lower than the other
two. Soil urease activity (Fig 1C) was between 8.0-9.8 mg g™ h™', and the activity in YD was
extremely higher than the other two soils. Soil sucrose activity (Fig 1D) was no significant dif-
ferences between soils, and raged from 65 to 95 mgg ' h™.

Basic sequencing data of three soil

Soil samples were sequenced by metagenome sequencing technology, in each stage, samples
were analyzed with three replicate. There were 171549 original sequences, 171439 active
sequences generated in bacteria, 142534 original sequences, and 128920 active sequences gen-
erated in fungi. According to 97% similarity, the sequences resulted in 9468 total OTUs for
bacteria and 544 total OTUs for fungi. The rarefaction curve (Amato et al., 2013) (S1 Fig)
proved that the coverage of sequencing was reasonable, and continue sequencing will no lon-
ger produce more new OTUs. In addition, the Shannon index (Table 2) and the Shannon-
Wiener curve (S2 Fig) showed that the amount of sequencing data was large enough to reflect
the vast majority of microbial information in the samples.

There were 1311, 1273 and 1347 total bacterial taxa from MZ, QM and YD soils, and
accounting for 93.9%, 91.2% and 96.5% of the total bacterial taxa, respectively (Fig 2A).
Twenty-one unique taxa (unique taxa were identified as unique that were found in all three
replicates of one treatment but not in any of the triplicates of the other treatment.) in MZ soil,
3 unique taxa in QM soil, and 20 unique taxa in YD soil were detected. In all bacterial species-
level taxa, 1183 (84.7%) were shared together. As for fungi, there were 85, 85 and 95 total fun-
gal taxa from MZ, QM and YD soils, and accounting for 70.8%, 70.8% and 79.2% of the total
fungal taxa, respectively (Fig 2B). Six unique taxa (7.05%) in MZ, 11 unique taxa (12.9%) in
QM, and 17 unique taxa (17.9%) in YD were detected. In all fungal taxa, 59 (49.2%) were
shared together.
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Fig 1. Soil alkaline phosphatase (ALP) activity (A), soil urease activity (B), soil catalase activity (C), and soil sucrose activity (D) of three soils.
MZ = continuous cropping proso millet for 5 years, YD = continuous cropping common bean for 5 years, QM = continuous cropping common
buckwheat for 5 years. Bars within sampling dates topped by the same letter are not significantly different according to Duncan’s test at P<0.05.

https://doi.org/10.1371/journal.pone.0237164.g001

Soil microbial community distribution of three soil

The a-diversity of bacterial and fungal community in three soils. The taxa number, the
richness estimators and the diversity indices of soil samples were showed in Table 2. The taxa

Table 2. Species richness and diversity indices of soil bacterial and fungal community in different soils.

Soil * OTU Ace Chao 1 Shannon Simpson
Bacteria MZ 1311 1225.3+44.0% A€ 1240.4+54.8 A 5.833310.4779 A 0.0105+0.0102 A
YD 1347 1210.6+107.5 A 1217.9£104.4 A 6.0333+£0.2836 A 0.0073£0.0056 A
QM 1273 1197.8+46.9 A 1229.0+64.6 A 6.0000£0.0520 A 0.0056+0.0003 A
Fungi MZ 85 67.0£15.2a 69.3+13.6a 1.5889+0.6919 a 0.4256+0.2336 a
YD 95 71.2+20.4 a 67.9+18.3 a 2.0355+0.0927 a 0.2625+0.0306 a
QM 85 74.6£9.1 a 75.9t14.5a 1.4778+0.5434 a 0.4264+0.1782 a

*MZ = continuous cropping proso millet for 5 years, YD = continuous cropping common bean for 5 years, QM = continuous cropping common buckwheat for 5 years.

"Mean + standard deviation (n = 3).
“Different capital letters indicate significant (P < 0.05) differences between soils in bacterial community, whereas different small letters denote significant (P < 0.05)

differences between soils in fungal community according to Duncan’s multi-range test.

https://doi.org/10.1371/journal.pone.0237164.t002
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A B

Mz QM Mz QM

YD YD

Fig 2. Venn diagram of bacterial (A) and fungal (B) communities in three soils. MZ = continuous cropping proso
millet for 5 years, YD = continuous cropping common bean for 5 years, QM = continuous cropping common
buckwheat for 5 years.

https://doi.org/10.1371/journal.pone.0237164.9002

number, Ace estimator, Chao estimator, the Shannon index, and the Simpson index had no
difference between different soils (Table 2).

Bacterial community distribution of three soils. The bacterial community structure (Fig
3A) varied with different cover crops. The bacterial species obtained from MZ, QM, and YD
field soils were occupied in 29 phyla by phyla level (include bacteria-norank and bacteria-
unclassified). MZ soil contained all 29 phylum, QM soil (lack Candidate_division_BRCI) and
YD soil (lack of Chlamydiae) contained 28 phylum. The 29 phylum were divided into two
parts by relative abundance (RA). The first part is the 10 dominant phylum (RA > 1%) of the
community (occupied 97.69, 97.50 and 97.90% in total) and the second part is the other 19
minor phylum (RA < 1%) of the community (occupied 2.31, 2.50 and 2.10% in total) in MZ,
QM and YD soil, respectively. The top 10 phylum in MZ, QM, and YD soils were identical,
although their RA and distribution were different, and the RA of different phyla was Proteo-
bacteria (24.18, 25.18 and 28.00%), Acidobacteria (23.45, 15.29 and 12.38%), Chloroflexi
(20.08, 19.20 and 18.33%), and Bacteria_norank (13.99, 17.65 and 14.85%), Gemnatimonadetes
(6.79, 9.46 and 14.85%), Bacteroidetes (2.92, 2.76 and 2.06%), Firmicutes (2.06, 1.76 and
5.43%), Nitrospirae (1.68, 2.59 and 3.45%), Planctomycetes (1.63, 1.43 and 1.44%), and, Cyano-
bacteria (0.92, 2.19 and 0.56%), respectively. In addition, there were a-, -, y-, and J-Proteobac-
teria and Proteobacteria_unclassified in phyla Proteobacteria and the RA of a- Proteobacteria
(P<0.01), B-Proteobacteria, and &- Proteobacteria accounted for a significant difference in Pro-
teobacteria phyla level (P<0.05) (Fig 3C, S1 Table) between different soils.

Despite the inconsistent ranking of bacterial communities, the total taxa number of QM
soil was significantly lower than that of MZ and YD. However, ANOVA analysis of RA showed
no significant difference between bacterial phylum between different soils, except, bacteria-
I_unclassified and Caldiserica (S2 Table, P < 0.05).

Fungal community distribution of three soils. The fungal community was classified into
phyla level (Fig 3B). Twenty-seven phylum were obtained in fungi community, MZ obtained
23 phylum, QM obtained 23 phylum and YD obtained 26 phylum. There are quiet many phy-
lum were the same in different soils, though there were quite a few phylum appeared uniquely.
In details, phylum Heterolobosea and Ochrophyta were only obtained in YD soil, phyla Meta-
zoa was only obtained in QM soil, and phylum WIM5 and Amoebozoa_unclassified were did
not occurred in QM soil only (S2 Table). Moreover, there are 4 dominant fungal phylum
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Fig 3. The RA distribution of soil bacterial (A) communities, fungal (B) communities and phyla Proteobacteria
community (C) in three different soils. MZ = continuous cropping proso millet for 5 years, YD = continuous
cropping common bean for 5 years, QM = continuous cropping common buckwheat for 5 years. RA = relative
abundance. * = Significant difference at P <0.05 level, * = Significant difference at P <0.01 level.

https://doi.org/10.1371/journal.pone.0237164.9003

whose RA was over 1%. The ranking of these 4 fungal phylum was inconsistent in three soils.
In MZ, QM and YD soils the RA of different phyla was Ascomycota (90.21%, 79.04%, and
80.43%), Basidiomycota (3.90%, 16.40%, and 12.37%), Zygomycota (1.72%, 1.39%, and 3.55%),
and Ciliophora (2.39%, 0.83%, and 1.48%), respectively. The others were not classified into
specific phyla, including Fungi_unclassified (1.03%, 0.87%, and 0.80%), Fungi_incertae_sedis
(0.06%, 1.04%, and 0.12%), respectively. In addition, the RA of fungal phylum have no signifi-
cant differences between samples, except Phragmoplastophyta (P < 0.01), Glomeromycota

(P < 0.05) and Fungi_incertae_sedis (P< 0.01) (S2 Table).

Cluster analysis of bacterial and fungal communities

As shown in Fig 4, the similarity and abundance exhibited in a heat map. The red color illus-
trated higher abundance, and the blue color expressed lower abundance. In addition, the heat
map describes the clustering analyses of the samples, bacteria (Fig 4A) and fungi (Fig 4B),
which was made at the phyla level. In Fig 4, the three soils were divided into two groups, of
which the soil microbial structure (both bacteria and fungi) of QM and YD was more similar
and was divided into one branch.
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Correlation analysis of abundant phylum with soil physicochemical

parameters, soil enzyme activities and diversity indexes

Redundancy analysis (RDA) was performed to study the effect of environmental variables
(Top eight in 12 soil physicochemical parameters and soil enzyme activities) on abundant
phyla (Fig 5A and 5B) (RA > 1%, and Proteobacteria in order level). The first two axes of RDA
explain 58.26 and 19.06% for bacterial (Fig 5A) and 71.68 and 22.58% or fungal (Fig 5B) of the
total variation in the data, respectively. According to Monte Carlo analysis, abundant bacterial
phyla were more alike and related to AN (p = 0.068), and explained 25.5% variation, however,

abundant fungal phyla were significantly related to AK and AN (p = 0.068 and p = 0.098), and

explained 26.6 and 25.3% variation, respectively. Moreover, pH explained 6.3 and 7.5% of total
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Fig 5. Redundancy analysis showing variation in abundant soil bacterial (A) and fungal (B) phylum explained by
soil physicochemical parameters and soil enzyme activities of three soils. TN = total nitrogen, TP = total

phosphorus, TK = total potassium, AN = available nitrogen, AK = available potassium, AP = available phosphorus,
SMC = soil moisture content, ALP = alkaline phosphatase. Phyla with first 8 initials.

https://doi.org/10.1371/journal.pone.0237164.g005
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Table 3. Spearman’s rank correlations (r) between abundant taxa (RA >1% in all samples combined) and soil properties.

Taxa®
Bacteria Acidobacteria
Bacteria_norank
Bacteroidetes
Chloroflexi
Firmicutes
Gemmatimonadetes
Nitrospirae
Planctomycetes
Proteobacteria
a-Proteobacteria
B-Proteobacteria
d-Proteobacteria
v-Proteobacteria
Fungi Ascomycota
Basidiomycota
Ciliophora
Zygomycota

ALP® Sucrose TN TP AN AK SMC
-0.336 0.033 0.377 0.183 0.51 0.209 0.367
0.168 0.633 0.167 0.35 0.059 -0.243 0.133
-0.176 0.5 0.251 0.267 0.151 0.126 0.633
-0.034 -0.033 0.494 0.067 0.552 -0.084 -0.067
0.16 -0.117 -0.393 -0.533 -0.561 0.218 -0.217
0.412 -0.3 -0.661 -0.35 -0.795 * © -0.427 -0.683 *
0.496 -0.283 -0.653 -0.367 -0.837 ** -0.586 -0.517
0.126 -0.017 0.218 0.2 0.368 -0.251 -0.117
0.143 -0.083 -0.293 -0.167 -0.418 0.025 -0.183
0.034 0.1 0.243 -0.433 0 0.36 0.083
0.218 -0.067 -0.561 0.133 -0.636 -0.435 0
0.412 -0.25 -0.686 * -0.1 -0.753 * -0.519 -0.617
0.252 -0.367 -0.494 -0.4 -0.603 -0.142 -0.717 *
-0.714* -0.683 * 0.226 -0.2 0.31 0.837 ** 0.217
0.681 * 0.65 -0.209 0.167 -0.326 -0.854 ** -0.117
0.328 0.4 0.268 -0.533 -0.05 -0.025 -0.417
0.714 * 0.033 -0.393 -0.667 * -0.603 -0.301 -0.65

“Domination phylum in both bacterial and fungal community, Proteobacteria in class level.

PALP = Alkaline phosphatase, TN = total nitrogen, TP = total phosphorus, AN = available nitrogen, AK = available potassium, SMC = soil moisture content.

“ = the two indexes were significantly correlated at P < 0.05,

** = the two indexes were significantly correlated at P < 0.01.

https://doi.org/10.1371/journal.pone.0237164.t003

variation in bacterial and fungal community (p = 0.5 and p = 0.702), respectively. In Fig 5A,
abundant bacterial phyla were separated by soil characters, in which pH was significantly posi-
tively correlated with Actinobacteria and a-Proteobacteria and -Proteobacteria, and AN, AK
and AP were strongly correlated (positive or negative) to Acidobacteria, Anaerolineae, y-Pro-
teobacteria, 6-Proteobacteria, Nitrospirae and Gemmatimonadetes. As for fungi (Fig 5B), AN,
AK and sucrose activity were significantly related to Ascomycota, otherwise, Ciliophora and
Zygomycota were more related to TP, ALP, urease and catalase activities.

Spearman Correlation were assessed between abundant of bacterial and fungal phylum
(RA > 1%), soil physicochemical parameters, soil activities, and soil microbial community o.-
diversity indexes (Table 3 and S3 and S4 Tables). Both soil bacterial or fungal phylum had no
significant correlation with soil TK, AP and pH (S3 and S4 Tables). Moreover, d-Proteobac-
teria was negatively correlation with TN and AN (r = -0.686 and -0.753, respectively, P <
0.05). Gemmatimonadetes and Nitrospirae were negatively correlation with AN (r = -0.795,

P < 0.05 and r = -0.837, P < 0.01, respectively). As for SMC, fungal phylum had no extremely
correlation with it, however, Gemmatimonadetes and y-Proteobacteria of bacterial phylum

had extremely negative correlation with SMC (r = -0.683 and -0.717, P < 0.05, respectively)
(Table 3). Soil bacteria phylum had no significant correlation with soil enzyme activities (S3
Table), though fungal phyla Ascomycota had significant negative correlation with ALP and
sucrose activities (r = -0.714 and -0.683, P <0.05, respectively), Basidiomycota and Zygomycota
had positively significant correlation with ALP activity (r = 0.681 and 0.714, P < 0.05, respec-
tively) (Table 3).

The soil microbial community a-diversity indexes have no correlation ship with soil type,
soil enzyme activities and soil bacterial and fungal phylum (S3 and S4 Tables). However, both
reads number and coverage has extremely negative correlation with TP (r = -0.883 and -0.917,
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P < 0.01, respectively) and positively correlation with TK (r = 0.720, P < 0.05 and r = 0.803,
P < 0.01, respectively).

Discussion

The objective of this study was to compare the differences of continuous monoculture of cover
crops on soil microbial species composition and other related parameters of soil, and the dif-
ferences in soil functions were better explained using both soil physicochemical test values and
bacterial community structure data than using soil tests alone [18].

Effects of different cover crops on soil physicochemical properties and soil
enzymes activities

Soil physicochemical properties were influenced by many ways, such as fertilization [19], field
management [12, 16], cover crops [31], and rotation system [32] and so on. In this study, after
5 years of monocropping, the soil nutrient content differed in soils, suggested that monocrop-
ping of different cover crops influenced soil nutrient contents, and TN, AN, AP and AK were
significantly higher in MZ soil (Table 1). This was inconsistent with the research which com-
pared monocropping with natural fallow treatment of ten-year fertilized winter wheat, and no
significant difference in TN were observed [33]. The total nutrient differences of three soils
were probably caused by the nutrient uptake efficiency and ratio of different types of cover
crops [34]. The absorption ratio of N: P: K was about 2.2:1:2.9 in Gramineae (Proso millet),
1.6:1:1.9 in Legume (Common bean), and 2.5:1:3.2 in Polygonaceae (Common buckwheat) (2,
35, 36], this suggested that at the same soil fertility level (without fertilization), common bean
consumed P more and common buckwheat consumed K more, and long-term monocropping
without fertilization increases soil nutrient imbalance [19, 31]. Soil pH is mainly related to the
species and root distribution of plants [37]. Legumes lower the soil pH when they fix N2 in the
air [38]. Microorganisms can exhale CO, through respiration and secrete some organic acids
to cause the change of rhizosphere pH [23].

Soil enzyme play a pivotal role in soil biochemical processes, and had been used as indica-
tors in the evaluation of soil recovery conditions in different ecosystem [14], moreover, they
had been reported to be sensitive indicators of changes in soil quality [6]. In this research, the
significant differences of soil enzyme activities (Fig 1A, 1B and 1C) indicated that monocrop-
ping of different cover crops influenced soil enzyme activities. These were consistent with V.
Acosta-Martinez et al.’s research [6], in which they found increases in sensitive soil quality
parameters under alternative management compared with cotton monoculture. Soil catalase
activities indicate the ability to remove hydrogen peroxide toxicity and can also reflect the soil
quality and the total metabolic activity of soil microorganisms from the side [39]. Soil urease is
an obligate enzyme that hydrolyzes urea and produces ammonia and carbonic acid and soil
urease activities reflect the conversion capacity of soil organic nitrogen to available nitrogen
and the supply capacity of soil inorganic nitrogen [40]. Soil ALP can catalyze the hydrolysis
of monophosphate and phosphodiester in soil to form inorganic phosphorus which can be
absorbed by plants, and ALP activities can be used to characterize soil phosphate status [41].
The results (Fig 1A, 1B and 1C) indicated that monocropped YD soil had lower microorgan-
ism metabolic activities and soil quality and had higher capacity to supply AN and AP. How-
ever, the soil AN and AP content of YD were lower than that of MZ. These may cause by YD
had a higher demand for AN and AP, although the capacities of supply were higher, the
remaining content in soil were lower. As for soil sucrose activities (Fig 1D), no significant
difference were obtained, which indicating that monocropping of different crops had no
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significant effect on soil soluble nutrient content. Moreover, root exudates can influence soil
available nutrients content [42].

Effects of different cover crops on soil microbial community composition

The microbial community plays a key role in soil aggregate stability, soil organic matter
formation, and the potential for substrate metabolism from the degradation of plant residues,
organic amendments, and xenobiotic [18, 43]. Study of different tillage system of soybean
showed both fungal and bacterial community were influenced by the tillage system [5] and soil
microbial community and functioning might respond to management and land use [12, 15].
Because most soil microbial taxa are rare [44], it is impossible to detect the full extent of bacte-
rial diversity in a single soil, even if a full pyrosequencing was conducted [45, 46]. Therefore,
the pyrosequencing depth of this study was suitable for the purpose of this research (S1 and S2
Figs).

It is now widely accepted that bacterial communities are composed by assembly resident
taxa, those being slightly affected by environmental variables, and by occasional / fluctuating
taxa, those varying between samples. In Adria L. Fernandez’s [18] research indicated that
bacterial OTU richness was both positively and negatively associated with specific nutrient-
cycling functions. The obtained OTUs found difference in the richness (o.-diversity) indexes
Ace and Chaol as affected by the management and land use evaluated [47]. However, data
analysis did not get any OTU number, Chao 1 and Ace differences between soil samples in our
study, indicated that no significant differences of richness and diversity were obtained [47],
and this was consistent with 10-years winter wheat soil in Loess Plateau [48]. Moreover, the
QM and YD soils were much similar according to heatmap analysis (Fig 4).

The RA of bacterial and fungal phyla reported in this study generally agreed with previously
reported pyrosequencing analysis results of soil microcommunities [21, 23, 49, 50]. Although
the order of the bacterial communities is rare, the first five phyla were the same in different
soils. The top five bacteria were Proteobacteria, Acidobacteria, Chloroflexi, Gemnatimonadetes,
and Bacteroidetes (expect bacterial-norank), and this result was generally agreed with several
results in different studies [21, 49, 50]. Whereas, the relative average abundance of Chloroflexi
and Gemmatimonadetes in our samples was nearly 20 and 10%, which is 4 times and 2 times
higher than those phylum reported in black soils (nearly 5%) [49], 20 times and 10 times
higher than those phylum reported in America soils [50] and 29 soils reported by Chu et al.
(less than 1%) [51], respectively. This might cause by different SMC and soil organic matter in
different soils [20] and land use [52]. In addition, the RA of Planctomycetes (1%) is one fifth of
that in black soil [49] and roughly equal of that in 88 soils across America [50]. This might
cause by different soil ventilation [23] in different soils.

The four dominant fungal phylum was consistent with different fallow system in winter
wheat [48], grass land [31] and black soil [53], however, the RA of Ascomycota in their studies
was about 50-70%, much less than that in our result (about 80-90%). The diversity of fungal
communities and distribution of several abundant fungal taxa were significantly related to the
soil carbon content in black soils, and CCA plots indicated that fungal community composi-
tion was strongly affected by soil carbon content followed by soil pH [53]. This situation may
cause by soil parameter differences [25] and land use (cover crop and management) [54]. In
addition, Glomeromycota is one of the arbuscular mycorrhiza fungus [55], was significantly
higher in YD soil, this situation consistent with the character of legume species.

RDA (P < 0.0001) indicated that SMC and pH were the most strongly predictive of com-
munity composition in both bulk and rhizosphere soil (P < 0.05) [18] and Acidobacteria
showed strong negative relation with pH [22, 56]. However, in our research, RDA indicated
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that AN and AK were the most strongly predictive of community composition (Fig 5), and
Acidobacteria had no relationship with pH (Fig 5A and S3 Table) which was consistent with
study in agricultural black soil in China [53]. These may due to the SMC had no significant dif-
ference among soils and the pH of soils were between 8.7 and 8.8, with no big difference and
no big influence on the community composition, therefore, nutrient factors (AN and AK)
become the strongest predictive factors.

Opverall, the differences may due to different cover crops, and studies suggested that there
are many kinds of root exudates, including sugars, amino acids and vitamins, provide suffi-
cient nutrition for the growth and reproduction of rhizosphere microorganisms, and also
affect the species, quantity and distribution of soil microorganisms in rhizosphere [57, 58]. On
the one hand, long-time monoculture enrich root exudates and provide an environment that
is not suitable for the survival of beneficial microorganisms [59], on the other hand, the abun-
dance of nutrient elements in soil directly affects the composition and quantity of root exu-
dates [35, 36]. Moreover, long-time continuous monocropping results in the accumulation of
the same root exudates, which providing a specific soil environment for the selection of soil
microorganisms [12]. Therefore, the significantly increase of Proteobacteria indicated that
monocropping of plant significantly decrease the soil quality, according to high RA of Proteo-
bacteria in QM and YD soils, indicated that QM and YD are more sensitive to monocropping.

Conclusions

In this study, monocropping of different cover crops (proso millet, common buckwheat and
common bean) resulted in significantly difference in soil total and available nutrient content,
soil pH and soil ALP, soil urease and catalase activities. In the meantime, monocropping of
these three cover crops affected soil bacterial and fungal community compositions and distri-
butions, but not differ the bacterial and fungal richness and diversity. Phylum Proteobacteria,
Acidobacteria, Chloroflexi and Gemnatimonadetes were the most abundant bacterial phylum
and Ascomycota was the domination fungal phyla in all three soils. Furthermore, RDA indi-
cated that soil AN and AK were the strongest factors in both bacterial and fungal communities,
soil nitrogen and water content might be the key factors in bacterial community formation,
and soil phosphorus might be the key factor in fungal community formation. All the results
suggested that monocropping of different cover crops influenced soil physicochemical proper-
ties and further influenced soil microbial composition. Moreover, continuous monocropping
system was not recommended, and certainly not suggested in common bean and common
buckwheat.

Supporting information

S1 Fig. The rarefaction curve of bacterial and fungal OTUs in three soils. MZ: continuous
cropping proso millet for 5 years, YD: continuous cropping common bean for 5 years, QM:
continuous cropping common buckwheat for 5 years. “01”, represent for bacteria, “02” repre-
sent for fungi, A, B and C represent different repetitions.

(TIF)

S2 Fig. The Shannon-Wiener curve of bacterial and fungal OTUs in three soils. MZ: contin-
uous cropping proso millet for 5 years, YD: continuous cropping common bean for 5 years,
QM: continuous cropping common buckwheat for 5 years. “01”, represent for bacteria, “02”
represent for fungi, A, B and C represent different repetitions.

(TTF)
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S1 Table. Significance the relative abundance differences of orders in Proteobacteria. Val-
ues are presented as the mean and standard deviation (n = 3). Significant differences were ana-
lyzed by one-way ANOVA Duncan’s test at P < 0.05 (SPSS 16.0). MZ, YD and QM represent
soil samples collected from the fifth year continuous cropping of proso millet, common bean
and common buckwheat history, respectively.

(PDF)

S2 Table. Significant differences of bacterial and fungal phylum relative abundance. Values
are presented as the mean + standard deviation (n = 3). Means followed by the same letter are
not significantly different as detected by Duncan’s test at P < 0.05 and Capital letters represent
significant difference at P < 0.01. MZ, YD and QM represent soil samples collected from the
fifth year continuous cropping of proso millet, common bean and common buckwheat history,
respectively.

(PDF)

$3 Table. Spearman’s rank correlations (r) between bacteria abundant taxa (RA >1% in all
samples combined) and soil properties. Correlation ship was analyzed by spearman (SPSS
16.0). ALP alkaline phosphatase; TN total nitrogen; TP total phosphorus; TK total potassium;
AN available nitrogen; AK available potassium; AP available phosphorus; SMC soil moisture
content. *represent for significant difference at P < 0.05 level; ** represent for significant dif-
ference at P < 0.01 level. Phylum with 8 initials.

(PDF)

$4 Table. Spearman’s rank correlations (r) between fungi abundant taxa (RA >1% in all
samples combined) and soil properties. Correlation ship was analyzed by spearman (SPSS
16.0). ALP alkaline phosphatase; TN total nitrogen; TP total phosphorus; TK total potassium;
AN available nitrogen; AK available potassium; AP available phosphorus; SMC soil moisture
content. *represent for significant difference at P < 0.05 level; ** represent for significant dif-
ference at P < 0.01 level.

(PDF)

Acknowledgments

This research was supported by the Young Scientists Fund of the National Natural Science
Foundation of China (31501365) and the National Natural Science Foundation of China
(31371529).

Author Contributions

Data curation: Pu Yang, Yan Luo, Yang Gao.
Formal analysis: Yan Luo.

Funding acquisition: Pu Yang, Baili Feng.
Methodology: Yang Gao.

Project administration: Pu Yang, Baili Feng.
Resources: Pu Yang.

Supervision: Baili Feng.

Writing - original draft: Yan Luo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237164  August 24, 2020 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237164.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237164.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237164.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237164.s006
https://doi.org/10.1371/journal.pone.0237164

PLOS ONE

Soil properties, microbial compositions and key factors of three monocropped minor crops

Writing - review & editing: Pu Yang, Yan Luo, Xiaoli Gao, Jinfeng Gao, Pengke Wang, Baili

Feng.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Wu CX, Ding X. The nutritional value of multigrain and the development and application of multigrain
health food. Minor crop. 2001;(05):48-50. (in Chinese)

Chai Y. Nutrition and Production Overview of Proso millet (Panicum miliaceumL.). Grain Processing.
2009; 34:90-91. https://doi.org/10.3969/j.issn.1007-6395.2009.04.028 (in Chinese)

Lim T.K. Fagopyrum esculentum. 2013; 459-493. https://doi.org/10.1007/978-94-007-5653-3_25

Clark M, Boardman L, Staples S. Easterby S, Reinbott TM, Kremer J, et al. Crop Yield and Soil Organic
Carbon in Conventional and No-till Organic Systems on a Claypan Soil. Agronomy Journal. 2017; 109
(2):588-599. https://doi.org/10.2134/agronj2016.06.0367

Perez-Brandan Carolina, Arzeno Jose L., Huidobro Jorgelina et al. Long-term effect of tillage systems
on soil microbiological, chemical and physical parameters and the incidence of charcoal rot by Macro-
phomina phaseolina (Tassi) Goid in soybean. Crop Protection. 2012; 40:73-82. https://doi.org/10.1016/
j.cropro.2012.04.018

Acosta-Martinez V, Burow G, Zobeck TM, Allen VG. Soil Microbial Communities and Function in Alter-
native Systems to Continuous Cotton. Soil Science Society of America Journal. 2010; 74(4):1181.
https://doi.org/10.2136/sss2j2008.0065

Yang ZP, Yang WP, Li SC, Hao JM, Su ZF, Sun M, et al. Variation of Bacterial Community Diversity in
Rhizosphere Soil of Sole-Cropped versus Intercropped Wheat Field after Harvest. PLoS One. 2016; 11
(3):18. https://doi.org/10.1371/journal.pone.0150618 PMID: 26934044

Wu JR, Xu FJ, Cao W, Zhang W, Guan YX, Dai CC. Fungal endophyte Phomopsis liquidambari B3
enriches the diversity of nodular culturable endophytic bacteria associated with continuous cropping of
peanut. Archives of Agronomy and Soil Science. 2019; 65(2):240-252. https://doi.org/10.1080/
03650340.2018.1493198

Kassam A, Li HW, Niino Y, Friedrich T, Jin H, Wang XL. Current status, prospect and policy and institu-
tional support for Conservation Agriculture in the Asia-Pacific region. International Journal of Agricul-
tural and Biological Engineering. 2014; 7(5):1—-13. https://doi.org/10.3965/j.ijabe.20140705.001

Meena K, Sorty A, Bitla U, Choudhary K, Gupta P, Pareek A, et al. Abiotic Stress Responses and
Microbe-Mediated Mitigation in Plants: The Omics Strategies. Frontiers in Plant Science. 2017; 8:25.
https://doi.org/10.3389/fpls.2017.00172 PMID: 28232845

Jiang X, Wright A, Wang J, Li Z. Long-term tillage effects on the distribution patterns of microbial bio-
mass and activities within soil aggregates. Catena. 2011; 87(2): 276-280. https://doi.org/10.1016/j.
catena.2011.06.011

Bissett A, Richardson A, Baker G, Thrall P. Long-term land use effects on soil microbial community
structure and function. Applied Soil Ecology. 2011: 51:66-78. https://doi.org/10.1016/j.apsoil.2011.08.
010

Pandey D, Agrawal M, Bohra J. Effects of conventional tillage and no tillage permutations on extracellu-
lar soil enzyme activities and microbial biomass under rice cultivation. Soil & Tillage Research. 2014;
136:51-60. https://doi.org/10.1016/j.stil.2013.09.013

Ren CJ, Kang D, Wu JP, Zhao FZ, Yang GH, Han XH et al. Temporal variation in soil enzyme activities
after afforestation in the Loess Plateau, China. Geoderma. 2016; 282:103—111. https://doi.org/10.1016/
j.geoderma.2016.07.018

Tsai S, Navarrete A, Pijl A, de Hollander E, Johannes A. Acidobacterial community responses to agri-
cultural management of soybean in Amazon forest soils. FEMS Microbiology Ecology. 2013; 83
(3):607—621. https://doi.org/10.1111/1574-6941.12018 PMID: 23013447

Bissett A, Richardson AE, Baker G, Kirkegaard J, Thrall PH. Bacterial community response to tillage
and nutrient additions in a long-term wheat cropping experiment. Soil Biology & Biochemistry. 2013;
58:281-292. https://doi.org/10.1016/j.s0ilbio.2012.12.002

Navarro-Noya Y, Gomez-Acata S, Montoya-Ciriaco N, Rojas-Valdez A, Suarez-Arriaga M, Valenzuela-
Encinas C, et al., Relative impacts of tillage, residue management and crop-rotation on soil bacterial
communities in a semi-arid agroecosystem. Soil Biology & Biochemistry. 2013; 65:86-95. https://doi.
org/10.1016/j.s0ilbio.2013.05.009

Zhao J, Zhang R, Xue C, Xun W, Sun L, Xu Y, et al. Pyrosequencing reveals contrasting soil bacterial
diversity and community structure of two main winter wheat cropping systems in China. Microbial Ecol-
ogy. 2014; 67(2): 443-53. https://doi.org/10.1007/s00248-013-0322-0 PMID: 24276539

PLOS ONE | https://doi.org/10.1371/journal.pone.0237164  August 24, 2020 15/18


https://doi.org/10.3969/j.issn.1007-6395.2009.04.028
https://doi.org/10.1007/978-94-007-5653-3%5F25
https://doi.org/10.2134/agronj2016.06.0367
https://doi.org/10.1016/j.cropro.2012.04.018
https://doi.org/10.1016/j.cropro.2012.04.018
https://doi.org/10.2136/sssaj2008.0065
https://doi.org/10.1371/journal.pone.0150618
http://www.ncbi.nlm.nih.gov/pubmed/26934044
https://doi.org/10.1080/03650340.2018.1493198
https://doi.org/10.1080/03650340.2018.1493198
https://doi.org/10.3965/j.ijabe.20140705.001
https://doi.org/10.3389/fpls.2017.00172
http://www.ncbi.nlm.nih.gov/pubmed/28232845
https://doi.org/10.1016/j.catena.2011.06.011
https://doi.org/10.1016/j.catena.2011.06.011
https://doi.org/10.1016/j.apsoil.2011.08.010
https://doi.org/10.1016/j.apsoil.2011.08.010
https://doi.org/10.1016/j.still.2013.09.013
https://doi.org/10.1016/j.geoderma.2016.07.018
https://doi.org/10.1016/j.geoderma.2016.07.018
https://doi.org/10.1111/1574-6941.12018
http://www.ncbi.nlm.nih.gov/pubmed/23013447
https://doi.org/10.1016/j.soilbio.2012.12.002
https://doi.org/10.1016/j.soilbio.2013.05.009
https://doi.org/10.1016/j.soilbio.2013.05.009
https://doi.org/10.1007/s00248-013-0322-0
http://www.ncbi.nlm.nih.gov/pubmed/24276539
https://doi.org/10.1371/journal.pone.0237164

PLOS ONE

Soil properties, microbial compositions and key factors of three monocropped minor crops

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Griffiths R, Thomson B, James S. The bacterial biogeography of British soils. Environmental Microbiol-
ogy. 2011; 13(6):1642—-1654. https://doi.org/10.1111/j.1462-2920.2011.02480.x PMID: 21507180

Duran P, Barra P, Jorquera M, Viscardi S, Fernandez C, Paz C, et al., Occurrence of Soil Fungi in Ant-
arctic Pristine Environments. Frontiers in Bioengineering and Biotechnology. 2019; 7. https://doi.org/10.
3389/fbioe.2019.00028 PMID: 30899757

Liu GS. Soil Physical and Chemical Analysis and Description of Soil Profiles. Chinese Standard Press.
1996;123-166. (in Chinese)

Drenovsky R, Vo D, Graham K, Scow K. Soil water content and organic carbon availability are major
determinants of soil microbial community composition. Microbial Ecology. 2004; 48(3):424—430. https://
doi.org/10.1007/s00248-003-1063-2 PMID: 15692862

Zhang BW, Yang YM, Li JL, Chen XY, Zhang XL, Xu ZS, et al., Effects of continuous subsoiling on tem-
perature, water content, enzyme activity and bacterial community in black soil. Journal of ecology.
2018; 37(11):3323-3332. (in Chinese)

ZhangB, LiY, Ren T, Tian Z, Wang G, He X, et al. Short-term effect of tillage and crop rotation on micro-
bial community structure and enzyme activities of a clay loam soil. Biology and Fertility of Soils. 2014;
50(7):1077-1085. https://doi.org/10.1007/s00374-014-0929-4

Fernandez AL, Sheaffer CC, Wyse DL, Staley C, Gould TJ, Sadowsky MJ. Associations between soil
bacterial community structure and nutrient cycling functions in long-term organic farm soils following
cover crop and organic fertilizer amendment. Science of the Total Environment. 2016; 566:949-959.
https://doi.org/10.1016/j.scitotenv.2016.05.073 PMID: 27288977

Six J, Frey SD, Thiet RK, Batten KM. Bacterial and fungal contributions to carbon sequestration in
agroecosystems. Soil Science Society of America Journal. 2006; 70(2): 555-569. https://doi.org/10.
2136/sssaj2004.0347

Dennis K, Wang YW, Blatner R, Wang SY, Saadalla R. Adenomatous polyps are driven by microbe-
instigated focal inflammation and are controlled by IL-10 producing T-cells. Cancer Research. 2013; 73
(19):5905—13. https://doi.org/10.1158/0008-5472.CAN-13-1511 PMID: 23955389

Schloss P, Gevers D, Westcott S. Reducing the Effects of PCR Amplification and Sequencing Artifacts
on 16S rRNA-Based Studies. PLoS ONE. 2011; 6(12):14. https://doi.org/10.1371/journal.pone.
0027310 PMID: 22194782

Christian Q, Elmar P, Pelin Y, Jan G, Timmy S, Pablo Y, et al. The SILVA ribosomal RNA gene data-
base project: improved data processing and web-based tools. Nucleic Acids Research. 2013; 41
(D1):590-596. https://doi.org/10.1093/nar/gks 1219 PMID: 23193283

Koljalg U, Nilsson R, Abarenkov K, Tedersoo L, Taylor A, Bahram M, et al. Towards a unified paradigm
for sequence-based identification of fungi. Molecular Ecology. 2013; 22(21):5271-5277. https://doi.org/
10.1111/mec.12481 PMID: 24112409

Lienhard P, Terrat S, Prevost B, Nicolas C, Nowak V, Regnier T, et al. Pyrosequencing evidences the
impact of cropping on soil bacterial and fungal diversity in Laos tropical grassland. Agronomy for Sus-
tainable Development. 2014; 34(2):525-533. https://doi.org/10.1007/s13593-013-0162-9

Fu X, Wang J, Sainju UM, Liu WZ. Soil nitrogen fractions under long-term crop rotations in the
Loess Plateau of China. Soil & Tillage Research. 2019; 186: 42-51. https://doi.org/10.1016/j.still.2018.
10.004

Chaudhary VP, Gangwar B, Gangwar S. Effect of Long-Term Conservation Tillage on Soil Physical
Properties and Soil Health under Rice-Wheat Cropping System in Sub Tropical India. Ama-Agricultural
Mechanization in Asia Africa and Latin America. 2015; 46(2):61-73.

Talboys J, Heppell J, Roose T, Healey R, Jones L, Withers J, et al. Struvite: a slow-release fertiliser for
sustainable phosphorus management? Plant and Soil. 2016; 401(1-2):109-123. https://doi.org/10.
1007/s11104-015-2747-3 PMID: 27429478

Li HX, Mollier A, Ziadi N, Shi YC, Parent L, Morel C, et al., Soybean root traits after 24 years of different
soil tillage and mineral phosphorus fertilization management. Soil & Tillage Research. 2017; 165:258—
267. https://doi.org/10.1016/j.still.2016.09.002

Thwe A, Arasu V, Li XH, Park CH, Kim SJ, Al-Dhabi NA, et al. Effect of Different Agrobacterium rhizo-
genes Strains on Hairy Root Induction and Phenylpropanoid Biosynthesis in Tartary Buckwheat (Fago-
pyrum tataricum Gaertn). Frontiers in Microbiology. 2016; 7. https://doi.org/10.3389/fmicb.2016.00318
PMID: 27014239

Jacomina F, Gerhardus T, Hendrik s. Biological nitrogen fixation in resource-poor agriculture in South
Africa. Symbiosis. 2009; 48:18-24. https://doi.org/10.1007/978-1-4020-8252-8_7

Zheng W, Zhao ZY, Gong QL, Zhai BNA, Li ZY. Effects of cover crop in an apple orchard on micro-
bial community composition, networks, and potential genes involved with degradation of crop

PLOS ONE | https://doi.org/10.1371/journal.pone.0237164  August 24, 2020 16/18


https://doi.org/10.1111/j.1462-2920.2011.02480.x
http://www.ncbi.nlm.nih.gov/pubmed/21507180
https://doi.org/10.3389/fbioe.2019.00028
https://doi.org/10.3389/fbioe.2019.00028
http://www.ncbi.nlm.nih.gov/pubmed/30899757
https://doi.org/10.1007/s00248-003-1063-2
https://doi.org/10.1007/s00248-003-1063-2
http://www.ncbi.nlm.nih.gov/pubmed/15692862
https://doi.org/10.1007/s00374-014-0929-4
https://doi.org/10.1016/j.scitotenv.2016.05.073
http://www.ncbi.nlm.nih.gov/pubmed/27288977
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.1158/0008-5472.CAN-13-1511
http://www.ncbi.nlm.nih.gov/pubmed/23955389
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1371/journal.pone.0027310
http://www.ncbi.nlm.nih.gov/pubmed/22194782
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/mec.12481
http://www.ncbi.nlm.nih.gov/pubmed/24112409
https://doi.org/10.1007/s13593-013-0162-9
https://doi.org/10.1016/j.still.2018.10.004
https://doi.org/10.1016/j.still.2018.10.004
https://doi.org/10.1007/s11104-015-2747-3
https://doi.org/10.1007/s11104-015-2747-3
http://www.ncbi.nlm.nih.gov/pubmed/27429478
https://doi.org/10.1016/j.still.2016.09.002
https://doi.org/10.3389/fmicb.2016.00318
http://www.ncbi.nlm.nih.gov/pubmed/27014239
https://doi.org/10.1007/978-1-4020-8252-8%5F7
https://doi.org/10.1371/journal.pone.0237164

PLOS ONE

Soil properties, microbial compositions and key factors of three monocropped minor crops

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

residues in soil. Biology and Fertility of Soils. 2018; 54(6):743-759. https://doi.org/10.1007/s00374-
018-1298-1

Zhang PP, Feng BL, Wang PK, Dai HP, Song H, Gao XL, et al., Leaf senescence and activities of anti-
oxidant enzymes in different broomcorn millet (Panicum miliaceum L.) cultivars under simulated drought
condition. Journal of Food Agriculture & Environment. 2012; 10(2):438—-444.

Tawaraya K, Horie R, Saito S, Wagatsuma T, Saito K, Oikawa A. Metabolite Profiling of Root Exudates
of Common Bean under Phosphorus Deficiency. Metabolites. 2014; 4(3):599-611. https://doi.org/10.
3390/metabo4030599 PMID: 25032978

Hu JL, Yang AN, Zhu AN, Wang JH, Dai J, Wong MH, et al. Arbuscular mycorrhizal fungal diversity,
root colonization, and soil alkaline phosphatase activity in response to maize-wheat rotation and no-till-
age in North China. Journal of Microbiology. 2015; 53(7): 454—461. https://doi.org/10.1007/s12275-
015-5108-2 PMID: 26115994

Castro-Guerrero N, Isidra-Arellano M, Mendoza-Cozatl, Valdes-Lopez O. Common Bean: A Legume
Model on the Rise for Unraveling Responses and Adaptations to Iron, Zinc, and Phosphate Deficien-
cies. Frontiers in Plant Science. 2016; 7:7.

Liu YL, Wang P, Pan GX, Crowley D, Li LQ, Zheng JW, et al. Functional and structural responses of
bacterial and fungal communities from paddy fields following long-term rice cultivation. Journal of Soils
and Sediments. 2016; 16(5):1460-1471. https://doi.org/10.1007/s11368-015-1343-8

Elshahed S, Youssef H, Spain M, Sheik Z, Sukharnikov O, Roe A. Novelty and uniqueness patterns of
rare members of the soil biosphere. Applied and Environmental Microbiology. 2008; 74(17):5422-5428.
https://doi.org/10.1128/AEM.00410-08 PMID: 18606799

Fulthorpe RR, Roesch LFW, Riva A, Triplett EW. Distantly sampled soils carry few species in common.
Isme Journal. 2008; 2(9):901-910. https://doi.org/10.1038/ismej.2008.55 PMID: 18528413

Roesch L, Fulthorpe R, Riva A, Casella G, Hadwin KM, Kent D, et al. Pyrosequencing enumerates and
contrasts soil microbial diversity. Isme Journal. 2007; 1(4):283-290. https://doi.org/10.1038/ismej.2007.
53 PMID: 18043639

Acosta-Martinez V, Dowd S, Sun Y, Allen V. Tag-encoded pyrosequencing analysis of bacterial diver-
sity in a single soil type as affected by management and land use. Soil Biology & Biochemistry. 2008; 40
(11):2762-2770. https://doi.org/10.1016/j.s0ilbio.2008.07.022

Tian H, Wang H, Hui X, Wang Z, Drijber RA, Liu J. Changes in soil microbial communities after 10 years
of winter wheat cultivation versus fallow in an organic-poor soil in the Loess Plateau of China. PLoS
ONE. 2017; 12(9):e0184223. https://doi.org/10.1371/journal.pone.0184223 PMID: 28880897

LiuJJ, Sui YY, Yu ZH, Shi Y, Chu HY, Jin J, et al. High throughput sequencing analysis of biogeographi-
cal distribution of bacterial communities in the black soils of northeast China. Soil Biology and Biochem-
istry. 2014; 70:113-122. https://doi.org/10.1016/}.s0ilbio.2013.12.014

Lauber CL, Hamady M, Knight R, Fierer N. Pyrosequencing-Based Assessment of Soil pH as a Predic-
tor of Soil Bacterial Community Structure at the Continental Scale. Applied and Environmental Microbi-
ology. 2009; 75(15):5111-5120. https://doi.org/10.1128/AEM.00335-09 PMID: 19502440

Chu H, Noah F, Christian L, Lauber JG, Caporaso G, Rob K, et al. Soil bacterial diversity in the Arctic is
not fundamentally different from that found in other biomes. Environmental Microbiology. 2010; 12
(11):2998-3006. https://doi.org/10.1111/j.1462-2920.2010.02277.x PMID: 20561020

Wang Y, Sheng HF, He Y, Wu JY, Jiang YX, Tam NFY, et al. Comparison of the Levels of Bacterial
Diversity in Freshwater, Intertidal Wetland, and Marine Sediments by Using Millions of lllumina Tags.
Applied and Environmental Microbiology. 2012; 78(23):8264—8271. https://doi.org/10.1128/AEM.
01821-12 PMID: 23001654

Liu JJ, Sui YY, Yu ZH, ShiY, Chu HY, Jin J, et al., Soil carbon content drives the biogeographical distri-
bution of fungal communities in the black soil zone of northeast China. Soil Biology and Biochemistry.
2015; 83:29-39. https://doi.org/10.1016/j.s0ilbio.2015.01.009

Buyer S, Roberts P, and Russek-Cohen E. Soil and plant effects on microbial community structure.
Canadian Journal of Microbiology. 2002; 48(11):955-964. https://doi.org/10.1139/w02-095 PMID:
12556123

Cavalier-Smith T. A revised six-kingdom system of life. Biological Reviews of the Cambridge Philosoph-
ical Society. 2010; 73(3):203-266. https://doi.org/10.1111/j.1469-185x.1998.tb00030.x

Fierer N, Bradford A, Jackson B. TOWARD AN ECOLOGICAL CLASSIFICATION OF SOIL BACTE-
RIA. Ecology. 2007;(6). https://doi.org/10.1890/05-1839 PMID: 17601128

Saj S, Mikola J, Ekelund F. Root-induced decomposer growth and plant N uptake are not positively
associated among a set of grassland plants. Applied Soil Ecology. 2007; 37(3):215-222. https://doi.org/
10.1016/j.aps0il.2007.06.008

PLOS ONE | https://doi.org/10.1371/journal.pone.0237164  August 24, 2020 17/18


https://doi.org/10.1007/s00374-018-1298-1
https://doi.org/10.1007/s00374-018-1298-1
https://doi.org/10.3390/metabo4030599
https://doi.org/10.3390/metabo4030599
http://www.ncbi.nlm.nih.gov/pubmed/25032978
https://doi.org/10.1007/s12275-015-5108-2
https://doi.org/10.1007/s12275-015-5108-2
http://www.ncbi.nlm.nih.gov/pubmed/26115994
https://doi.org/10.1007/s11368-015-1343-8
https://doi.org/10.1128/AEM.00410-08
http://www.ncbi.nlm.nih.gov/pubmed/18606799
https://doi.org/10.1038/ismej.2008.55
http://www.ncbi.nlm.nih.gov/pubmed/18528413
https://doi.org/10.1038/ismej.2007.53
https://doi.org/10.1038/ismej.2007.53
http://www.ncbi.nlm.nih.gov/pubmed/18043639
https://doi.org/10.1016/j.soilbio.2008.07.022
https://doi.org/10.1371/journal.pone.0184223
http://www.ncbi.nlm.nih.gov/pubmed/28880897
https://doi.org/10.1016/j.soilbio.2013.12.014
https://doi.org/10.1128/AEM.00335-09
http://www.ncbi.nlm.nih.gov/pubmed/19502440
https://doi.org/10.1111/j.1462-2920.2010.02277.x
http://www.ncbi.nlm.nih.gov/pubmed/20561020
https://doi.org/10.1128/AEM.01821-12
https://doi.org/10.1128/AEM.01821-12
http://www.ncbi.nlm.nih.gov/pubmed/23001654
https://doi.org/10.1016/j.soilbio.2015.01.009
https://doi.org/10.1139/w02-095
http://www.ncbi.nlm.nih.gov/pubmed/12556123
https://doi.org/10.1111/j.1469-185x.1998.tb00030.x
https://doi.org/10.1890/05-1839
http://www.ncbi.nlm.nih.gov/pubmed/17601128
https://doi.org/10.1016/j.apsoil.2007.06.008
https://doi.org/10.1016/j.apsoil.2007.06.008
https://doi.org/10.1371/journal.pone.0237164

PLOS ONE Soil properties, microbial compositions and key factors of three monocropped minor crops

58. Acosta-Martinez V, Mikha M, Vigil MF. Microbial communities and enzyme activities in soils under alter-
native crop rotations compared to wheat-fallow for the Central Great Plains. Applied Soil Ecology. 2007;
37(1-2): p. 41-52. https://doi.org/10.1016/j.aps0il.2007.03.009

59. ChengZ, Hu X, Sun Z. Microbial community distribution and dominant bacterial species analysis in the
bio-electrochemical system treating low concentration cefuroxime. Chemical Engineering Journal.
2016; 303:137—-144. https://doi.org/10.1016/j.cej.2016.05.131

PLOS ONE | https://doi.org/10.1371/journal.pone.0237164  August 24, 2020 18/18


https://doi.org/10.1016/j.apsoil.2007.03.009
https://doi.org/10.1016/j.cej.2016.05.131
https://doi.org/10.1371/journal.pone.0237164

