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HIGHLIGHTS

« Bacterial diversity and community structure
differed among agricultural practices.

» Crop rotation enhanced bacterial commu-
nity succession in rhizosphere.

« Bacterial evenness in root zone was highest
from no-tillage plot.
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We are only beginning to understand the influence of agricultural practices, together with soil
properties and geographic factors, affect bacterial communities and their influence on the soil
processes. Here, we quantify how typical agro-practices, i.e., no-tillage, ridge tillage, continuous corn
cropping, and crop rotation with corn and bean, and the corresponding soil physicochemical
characteristics affect bacterial diversity and community compositions of the rhizosphere and root
zone soils. Results show that species richness in the rhizosphere was significantly higher than that in
the root zone soils (p<0.05), typically with more abundant Crenarchaeota and Firmicutes
populations that are active members for C and N cycling. Specifically, crop rotation compared to
other agro-practices was able to mediate soil pH value and the available P and thereby control the
bacterial diversity pattern in the rhizosphere (p <0.05), while tillage practices regulated the relative
abundance of bacterial populations in root zone soils by varying the soil available N (p<0.05).
Analysis of biomarker patterns suggests that the observed differences in bacterial functional
capabilities (e.g., nutrient cycling) are strongly related to the physicochemical properties of
surrounding soils. Our results highlight the importance of soil-plant interaction in shaping soil
bacterial community structure typically in the rhizosphere and root zone soils and also illustrates the
challenges in linking soil ecosystem function to microbial processes.
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1 Introduction

Soil microorganisms are often considered a key indicator for
soil health and ecosystem stability (Avidano et al., 2005; Lin
and Hu, 2008; Hu et al., 2011; He et al., 2013), owing to
microbial co-occurrence patterns and complex interactions
that drive soil nutrients transformation and cycling (Tedersoo
et al., 2014; Srivastava et al., 2016; James, 2019). However,
agricultural management practices, in addition to natural
factors, including tillage, cropping rotation, land use arrange-
ment and fertilizer application, can significantly alter soil
microbial diversity (Leff et al., 2015; Xu et al., 2018).
Agricultural practices like tillage and crop rotation, as well as
plant types, also influence soil microbial composition and
community structure (Habig and Swanepoel, 2015; Miura,
etal., 2016). Moreover, different plant statuses (e.g., diseased
vs. disease-free) have striking effects on microbial community
composition and structure even when sampled at the same
location (Shanmugam et al., 2011). Intercropping has pro-
duced higher microbial richness diversity when compared to
monocultures or simpler crop rotations (Venter et al., 2016).
Conventional and conservational agricultural managements
express significant difference in bacterial diversity (Herman
et al., 1990; Miura, et al., 2016). This can be attributed to
improved soil structure and the reduced destruction of macro-
aggregates by conservational agricultural practices, thus
promoting soil organic matter (SOM) retention and maintain-
ing the stability of soil microbial diversity and biomass
(Mathew et al., 2012; Rincon-Florez et al., 2016). Despite
progress made in recent years, studies on the effects of tillage
and crop management on microbial biomass (Dogan et al.,
2011; Hu et al., 2011; Huang et al., 2016), singular key-stone
species (Albuquerque et al., 2006), and niche differentiation
associated with the number of species (Zhang et al., 2001;
Hooper et al., 2005) are lacking. Thus, more systematic and
mechanistic investigations are needed to improve our under-
standing of microbial response to multi-agricultural practices
(Garbeva et al., 2004).

Rhizosphere, the unique zone in vicinity of plant roots (Bais
et al., 2006; Albuquerque et al., 2006), is the most active
region where the interactions of root and soil microbes take
place. Microbial activity in the rhizosphere can respond swiftly
to perturbations, particularly diverse agricultural practices
(Habig and Swanepoel, 2015). Root exudation, tissue
exfoliation, and soil organic matter serve as nutrient sources
for soil microbial growth, thus may be beneficial to maintaining
soil microbial diversity and activity (Langmeier et al., 2013).
Moreover, rhizosphere microbial processes and associated
bacterial physiological characters differ from one plant
species to another due to the difference of its total N, total P
and plant litter content (Zhang et., 2001; Zhang et al., 2010;
Zhu, 2020). Hence, the microbial communities harbored in
rhizosphere are more complex than root zone soils and
remain poorly understood (Fan et al.,, 2017). In addition,
bacterial life patterns in rhizosphere and root zone soils and

their responses to long-term agricultural practices remain
largely unknown. In this study, four typical agricultural
practices, including no-tillage, ridge tillage, continuous corn
cropping, and crop rotation with corn and bean were
examined and compared, using an advanced gene sequen-
cing method (Johansson et al., 2004; Tedersoo et al., 2014).
We explored the diversity and functional patterns of bacteria in
the rhizosphere and root zone soils, as well as the mechan-
isms of bacteria and soil-plant interactions.

2 Materials and methods
2.1 Field experiment and soil sampling

The field experiment had been established since 2011 at
Siping, Jilin Province, China (124°26' E, 43°16’ N). This site
has a continental monsoonal climate with annual average
temperature and precipitation of 6.5°C and 577 mm,
respectively. The soil texture of the plough layer (0-20 cm)
is classified as silty clay loam, with clay, silt and sand contents
of 23.9%, 45.2%, and 30.9%, respectively. At the beginning
of the experiment, the soil had a pH value of 7.0, and the
organic matter content was 21.0 g kg ™" with 1.7 g kg™ total N,
60.4 mg kg " available P (Olsen-P) and 88.6 mg kg ' available
K (NH4OAc extractable). Four agriculture treatments (each
with three replicates), namely no-tillage (NT), ridge tillage
(RT), continuous corn cropping (CC) and crop rotation with
corn and bean (CR), were set as a randomized block design
(plot size of 21.6 m x 63.0 m). Rhizosphere (R) and root zone
(Z2) soil samples were collected from each treatment in
triplicates in October 2015 and analyzed. Few millimeters
adhered at plant root is called rhizosphere soil, root zone soil
is collected around plant stem within only 10 cm distance
which is different from bulk soil. Ten corn or bean seedlings
were labeled randomly, and the soil sample of root zone was
taken at a depth of 5-15 cm with 10 cm radius away from
plant. The soil was then transferred immediately into a 4°C
thermal container after mixing. Prior to further analysis, the
collected soil samples from the root zone were put through a
2-mm sieve. Rhizosphere soil samples were collected from
the roots of plants. In brief, ~30 g fresh roots were collected
and then washed gently with 50.0 mL saline (0.75%) in an
aseptic sealing bag. The suspension was collected and
centrifuged (Anting TDL-5-A, Shanghai, China) at 5000 g for
10 min to harvest soil samples (Teixeira et al., 2010). Both
rhizosphere soil samples and root zone samples were then
divided into two aliquots and stored at —20°C for DNA
extraction and physicochemical property analysis.

2.2 Soil physicochemical analysis

Soil samples were heated at 105°C in an oven (BGZ series I,
Boxun, China) for 48 h to determine water content. Soil pH
value (soil to water ratio of 1:2.5) was measured using a pH
meter (UB-7, DENVER, America) (Pierre, 1925). Soil organic
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matter was determined by oxidizing organic matter with a
potassium dichromate (Gautheyrou, 2006), and total N by
using the Kjeldahl method (Bradstreet, 1954). Available
nitrogen (AN) was determined using the continuous alkali-
hydrolyzed reduction diffusion method (Bao, 2000). The
Olsen method (0.5 mol L' NaHCO3) was used to quantify
available P. Additionally, available K was determined by flame
spectrophotometry (FP640, Shanghai, China) after extracted
with NH4OAc.

2.3 DNA extraction and sequencing

A half gram soil sample was used for total DNA extraction
using a Fast DNA SPIN Kit (MP Biomedicals LLC, Ohio, USA).
The extracted DNA was stored at —80°C for further analysis
(Fig. S1A). Amplifications of the V4 and V5 hypervariable
regions of 16S rRNA genes were performed using the
universal primer 515F (5-GTGCCAGCMGCCGCGGTAA-3")
with a 6-bp barcode unique to each sample and the reverse
909R primer (5-CCCCGYCAATTCMTTTRAGT-3') (Linde-
mann et al., 2013; Prest et al., 2014). All PCR reactions
contained a 2.0 yL 50-fold diluted DNA template, 13.0 pL
double distilled water, 25.0 uL Premix Tag DNA polymerase
(TaKaRa Biotech, USA), and 5.0 yL of each primer for a total
volume of 50.0 pL. PCR reactions were performed on a
VeritiTM 96 Thermal Cycler (ABI, Vernon, USA) under the
following conditions: denaturation at 94°C for 5 min (1 cycle),
30 cycles denaturation at 94°C for 40 s, primer annealing at
56°C for 60 s, extension at 72°C for 60 s, and a final extension
period of 10 min at 72°C. The PCR products were purified
using E.Z.N.A Gel Extraction Kit (Omega Bio-tek) (Fig. S1B).
The 16S rRNA gene sequencing was carried out on an
lllumina Miseq platform (lllumina, Inc., San Diego, CA, USA)
using a 2 x 250 paired-end sequencing protocol.

2.4 Bioinformatics and statistical analysis

Based on the lllumina MiSeq platform, sample reads were
assembled and optimized using the QIIME 1.9.0 software
platform on Bio-Linux 5 (adapter, barcode, primer clipping,
chimera removing) with Python scripts. Operational taxo-
nomic unit (OTUs) were picked and species annotated using
de novo OTU picking protocol with a 97% similarity threshold
(Fig S2). According to the OTU results, all samples were
analyzed for a diversity with 500 reads per samples (100
iterations), including Ace, Chao1 (species richness; Chao,
1984), Simpson index (diversity; Hunter and Gaston, 1988),
Pielou’s evenness (Pielou, 1969) and observed species. 3
diversity was used to evaluate differences in community
composition and structure. Bray—Curtis distance matrixes
were calculated and visualized by Principal Coordinate
Analysis (PCoA) and Unweighted Pair-Group Method with
Arithmetic Means (UPGMA). Phylogenetic trees and cluster
analyses were performed based on the taxonomy assignment
of OTUs. In addition, FAPROTAX was used to predict the
functional profiling of microbial communities based on the

normalized contig-based 16S rRNA OTU table annotated
against the greengenes database (collapse_table.py, http://
www.zoology.ubc.ca/louca/FAPROTAX/lib/php/index.php?
section = Home).

Multiple factor analysis was used for the significance test of
a diversity and functional profiles among samples. Analysis of
similarities (ANOSIM) was performed to determine the
significant difference in B diversity between different agricul-
tural practices. RDA ordination based on taxonomy of OTUs
with the envfit function of the Vegan v.2.5-3 package in R was
used to investigate and visualize correlations among different
soil physicochemical properties influencing bacterial commu-
nities at the phylum level. Linear discriminant analysis
coupled with effect size (LEfSe), LDA score (log 10), was
used for identifying the taxa differences among various
systems at the genus or higher levels (Segata et al., 2011).
The R package Vegan v.2.5-3 and ggplot2 v.3.1 were used for
data analysis and plotting.

3 Results and discussion

3.1 Significant changes of bacterial abundance in rhizosphere
and root zone

Four diversity measures, richness (observed OTUs), Chao1,
inverted Simpson and evenness (ACE), were performed
to evaluate the variation of bacterial richness and evenness
(Fig. 1). The bacterial species richness and evenness showed
clear differences between the rhizosphere and root zone soils.
Specifically, the estimated species richness (observed OTUs),
Chao1 and evenness (Ace) index in the rhizosphere soil were
noticeably higher than those in the root zone one, which is
consistent with reported studies by Bing et al. (2013). In terms
of community richness, continuous cropping gave greater
richness and Chao1 than crop rotation treatment in the same
rhizosphere, but no significant difference was found between
no-tilage and ridge tillage scenarios. Results from the
multiple-factor analysis (Table 1) indicate that tillage method
and cropping system showed little effects on a diversity.
However, species richness, Chao1, and evenness index were
all significantly different when comparing soils from the
rhizosphere and root zone (p < 0.01) from the same field plots.

Soil bacterial abundance, expressed at the phylum level, in
the rhizosphere and root zone under various tillage practices
and crop rotation conditions are shown in Fig. 2, while the
results of multiple-factor analysis are listed at Table S1. The 9
most abundant taxa accounted for more than 96% of reads,
and the remaining (~4%) were unknown. Proteobacteria,
Actinobacteria, and Acidobacteria were dominant in both
rhizosphere and root zone soils, with the average relative
abundance of 37.54+4.4%, 18.1+4.8%, and 15.1+2.3%,
respectively. The relative abundances of the most dominant
phyla (Proteobacteria, Acidobacteria, Actinobacteria, Bacter-
oidetes, Chloroflexi, Planctomycetes, Firmicutes, and Gem-
matimonadetes) in rhizosphere were significantly different
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Fig. 1 The a diversity of each treatment. Dark gray is rhizosphere and light gray is root zone. (A) observed species represent
richness of every treatment; (B) and (C) represent richness and evenness of every treatment, also, (D) represent evenness of
every treatment. Note: Tillage methods contained no-tillage (NT) and ridge tillage (RT); Cropping rotation systems contained
continuous cropping with corn (CC) and crop rotation with corn and bean (CR).

Table 1 Multiple factor analysis of a diversity with various agricultural practices in rhizosphere and root zone.
Factors Richness Chao1 Inverted Simpson Evenness

F P-value F P-value F P-value F P-value
NT/RT 0.89 0.36 1.73 0.21 0.00 1.00 1.33 0.27
CC/CR 2.04 0.17 2.05 0.17 0.06 0.81 2.1 0.17
R/Z 46.23 <0.01 78.39 <0.01 6.25 <0.05 73.85 <0.01
NT/RT-CC/CR 0.06 0.81 0.15 0.70 0.10 0.75 0.07 0.79
NT/RT-R/Z 4.60 <0.05 1.34 0.27 3.61 0.08 1.37 0.26
CC/CR-R/Z 4.60 <0.05 3.42 0.08 1.89 0.19 3.62 0.08
NT/RT-CC/CR-R/Z 0.09 0.76 0.41 0.53 0.31 0.59 0.23 0.64

Note: Tillage method, crop system, and location are three factors in our experiment. Tillage method: No-tillage (NT) or ridge tillage (RT). Crop
system: continuous cropping with corn (CC) or crop rotation with corn and bean (CR). Location: Rhizosphere (R) or Root zone (Z). NT/RT, CC/CR,
and R/Z represent the extent of communalities and discrepancies of the individual data set caused by a single factor; NT/RT-CC/CR, NT/RT-R/Z,
and CC/CR-R/Z represent the extent of communalities and discrepancies of the individual data set caused by the interaction of two factors; NT/RT-
CC/CR-R/Z represent the extent of communalities and discrepancies of the individual data set caused by the interaction of three factors.
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Fig. 2 Main bacterial composition of soil with agriculture practices. Each bar represents the average relative abundance of each
bacterial taxon on phylum level. Tillage methods contained no-tillage (NT) and ridge tillage (RT), Cropping rotation systems
contained continuous corn cropping (CC) and crop rotation with corn and bean (CR). The soil samples were collected from the
rhizosphere (R) and root zone (Z) of five years typical continuous agricultural practices farmlands.

from those of root zone soils (p<0.05). For example, the
relative abundance of Proteobacteria at 35.4%-51.5% or
Bacteroidetes at 0.8%-14.1% in rhizosphere were higher
than 30.2%-36.4% and 2.9%-5.7% in root zone soails.
However, Acidobacteria (11.2%-16.3%) and Actinobacteria
(10.8%-17.8%) in rhizosphere were lower than 14.0%-19.7%
and 20.7%-27.3% in root zone soils. The higher species
richness of Proteobacteria in the rhizosphere soils as
compared with that of the root zone soils was likely due to
the availability of '>C but in wheat root (Zhang et al., 2011;
Ai et al., 2015). Moreover, according to the database of
microorganisms (https://microbewiki.kenyon.edu/index.php/
MicrobeWiki), many of the bacterial taxa we identified
(p<0.05) in rhizosphere are already recognized for their
functional capabilities in nutrient cycling or metabolic pro-
cesses (Glockner et al., 2003; Signori et al., 2014; Sun et al.,
2015). Similarly, Nicol and Christa (2006) reported that
Crenarchaeota and Firmicutes were positively affected by
organic matter and available phosphorus and Crenarchaeota
might considerably challenge the accepted view of global
nitrogen cycling. Lindsay et al. (2012) found that Crenarch-
aeota and Firmicutes were active members in C and N cycles
in the subsurface environment of the Witwatersrand Basin.

3.2 Soil bacterial community clustered by agricultural
practices

The variations of soil bacterial community structure were
delineated using PCoA and UPGMA cluster based on
unweighted and weighted Bray-Curtis distance matrix
(Fig. 3A and 3B). The two-dimensional PCoA plot (Fig. 3A)

shows that the first principal coordinate accounted for 43.5%
of total variation and differentiated the populations in rhizo-
sphere from those of root zone soils. The second principal
coordinate (14.1% of total variation) separated rhizosphere
soil populations by different cropping systems (CC and CR),
but overlap in some populations was observed between tillage
method (NT and RT) among root zone soils. Analysis of
similarities (ANOSIM) found significant differences in bacterial
composition between rhizosphere and root zone soils
(ANOSIM; Global R = 0.73, p = 0.001). In addition, there
was a significant difference in community structure in rhizo-
sphere soils between cropping systems (ANOSIM; Global R =
0.38, p<0.05) and in root zone soils between tillage
treatments (ANOSIM; Global R = 0.31, p<0.05). The results
indicate that crop rotation plays a major role in manipulating
bacterial distribution in both the rhizosphere and root zone
soils. In addition, the UPGMA (Fig. 3B) further verifies the
significant differences in bacterial compositions as a result of
varied agricultural practices. In the rhizosphere, plant type and
therefore the root exudate and nodule bacterium, as reported
by Nannipieri et al. (2008) and Dogan et al. (2011), have been
shown to contribute to the functional taxa selection, commu-
nity evolution, and feedbacks. Consistent with results from Liiri
et al. (2012), no-tillage combined with residue application
increased soil organic matter, which led to increased soil
microbial activity.

3.3 Effects of agricultural practices on soil physicochemical
properties

The measured physicochemical properties of rhizosphere
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Fig. 3 A two-dimensional plot of the Principal Coordinate Analysis (PCoA) (A) and UPGMA (B) showing the clustering of
bacterial communities among different agricultural practices. The first and second principal coordinates account for 43.5% and
14.1% of total variation respectively.

and root zone soils after 5-years of continuous agricultural water content (0.56+0.06 g g '), and available P (67.85+
practices are summarized in Tables 2 and 3. Clearly, 18.16 mg kg') than corresponding values of 5.49+0.16,
rhizosphere soils had higher mean pH values (5.86+0.24), 0.244+0.01 g g ' and 40.34+11.48 mg kg ™", respectively, for
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Table 2 The basic physicochemical properties of soil samples with various tillage methods in rhizosphere and root zone.

Soil Tillage Crop pH Water Content oM Total N
Zone methods rotation (9g™ (gkg™) (gkg")
R NT cC 5.48+0.20 0.51+0.06 24.43+6.46 1.754+0.03
NT CR 5.86-0.06 0.64-£0.04 20.18+1.73 1.7240.24
RT cC 5.98+0.14 0.60+0.06 19.70+4.03 1.86+0.28
RT CR 6.124+0.05 0.49+0.12 22.15+0.51 2.03+0.28
VA NT cC 5.724+0.10 0.22+0.01 18.88+1.26 1.784+0.12
NT CR 5.56+0.26 0.24+0.00 18.45+1.33 1.96+0.20
RT cc 5.41+0.21 0.24-+0.02 16.71+2.86 1.99+0.02
RT CR 5.27+0.03 0.25+0.01 23.92+1.20 2.27+0.33
Soil Tillage Crop Total P Available Available Available K
zone methods rotation (g kg™ N (mg kg™) P (mg kg™ (mg kg™
R NT cC 0.63+0.11 18.06+1.40 73.12+9.71 243.33+33.57
NT CR 0.56+0.10 8.23+1.98 39.36+8.30 249.34+11.63
RT cc 0.56+0.17 40.38-0.86 89.72+12.24 252.15+75.38
RT CR 0.56+0.14 10.85+0.63 69.18+19.27 310.69+24.69
z NT cC 0.60+0.07 7.96+£1.73 45.12+13.44 444.33+130.00
NT CR 0.62+0.08 6.15+0.67 56.95+2.82 304.81+149.85
RT cC 0.47+0.05 26.09+3.57 29.65+9.55 353.19+41.96
RT CR 0.59+0.21 11.36+0.85 29.65+16.60 372.83+50.92

Note: No-tillage (NT), ridge tillage (RT), continuous cropping with corn (CC), and crop rotation with corn and bean (CR), rhizosphere (R) and root

zone (Z).

root zone soils (p<0.01), whereas available K in root zone
soils (368.79+50.15 mg kg ') was higher than rhizosphere
soils (263.88+27.21 mg kg ') (p<0.01). RT significantly
increased total N to 2.04+0.15 g kg ', compare to NT
(1.80+0.09 g kg™, p < 0.05) both in rhizosphere and root zone
soils. CC treatment, compared to CR, increased soil organic
matter. Ridge tillage treatment CR measured higher organic
matter than CC both in rhizosphere and root zone soils.
Meanwhile, available N accumulated in CC plot in rhizosphere
soil (p<0.05), as a result of root exudation, tissue exfoliation
and therefore special microbial pattern (Langmeier et al.,
2013). CC increased available P in rhizosphere, but not in root
zone soils (p<0.01), with the average value of 81.42 and
54.27 g kg " in rhizosphere, and 37.39 and 43.30 g kg " in root
zone soils under CC and CR treatments, respectively.
Available K was significantly influenced by agricultural
practices (p<0.05). The higher values of available K in the
root zone soils than rhizosphere soils were because of the
higher absorption rate of K in the rhizosphere (Di Meo et al.,
2003). Total P in soil remained stable across all agriculture
practices, and the lack of a significant correlation between

agricultural practice and total P is because the main driver for
P losses is soil erosion (Bechmann and Stalnacke, 2015).

3.4 The relationship between soil physicochemical properties
and community composition

Redundancy analysis (RDA) was used to sort out the
influences of different agricultural practices on soil bacterial
communities within the context of eight measured sail
physicochemical properties. Results (Fig. 4) show that the
eight physicochemical variables contributed 45.4% of the
bacterial community variation. The first and second axis
accounted for 25.3% and 11.4% of total variation, respectively.
The community structure represented by samples, was
significantly related to available N, P, and pH by Permutation
test (p<0.05). Organic matter, pH, available P, and water
content were positively affected by cropping systems in
rhizosphere soil, while there was a strong negative correlation
between those characteristics and bacterial community with
tillage in root zone soils. Crop rotation with corn and bean, as
compared with continuous corn cropping, increased soil pH
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Table 3 Multiple factor analysis of soil basic physicochemical properties with various tillage methods in rhizosphere and root zone.

Factors pH Water content OM Total N

F p-value F p-value F P-value F p-value
NT/RT 1.20 0.29 0.10 0.75 0.15 0.71 6.36 <0.05
CC/CR 0.33 0.57 0.00 0.95 0.53 0.48 2.69 0.12
R/Z 34.27 <0.01 153.75 <0.01 222 0.16 2.94 0.11
NT/RT-CC/CR 1.11 0.31 6.00 < 0.05 7.62 <0.05 0.54 0.48
NT/RT-R/Z 29.52 <0.01 1.1 0.75 1.65 0.22 0.07 0.79
CC/CR-R/Z 13.17 <0.01 0.00 0.95 275 0.12 0.75 0.40
NT/RT-CC/CR-R/Z 1.1 0.31 4.43 0.05 0.03 0.86 0.06 0.81
Factors Total P Available N Available P Available K

F p-value F p-value F p-value F p-value
NT/RT 0.97 0.33 2.19 0.16 0.36 0.56 0.06 0.80
CC/CR 0.03 0.87 8.44 <0.05 6.40 <0.05 0.11 0.75
R/Z 0.00 0.97 3.24 0.09 23.43 <0.01 9.21 <0.01
NT/RT-CC/CR 0.55 047 6.35 <0.05 0.07 0.80 242 0.14
NT/RT-R/Z 0.19 0.67 11.60 <0.01 17.85 <0.01 0.41 0.53
CC/CR-R/Z 1.03 0.32 4.39 0.05 8.53 <0.05 2.07 0.17
NT/RT-CC/CR-R/Z 0.04 0.85 51.74 <0.01 1.39 0.26 0.60 0.45

Note: Tillage method: NT or RT, Crop system: CC or CR, Location: R or Z. NT/RT, CC/CR, and R/Z represent the extent of communalities and
discrepancies of the individual data set caused by a single factor; NT/RT-CC/CR, NT/RT-R/Z, and CC/CR-R/Z represent the extent of
communalities and discrepancies of the individual data set caused by the interaction of two factors; NT/RT-CC/CR-R/Z represent the extent of

communalities and discrepancies of the individual data set caused by the interaction of three factors.

value and decreased the available P, which could be attributed
to the feedback of bacterial community distribution in rhizo-
sphere soil. Nitrogen was not a limiting factor for community
variation because increasing N did not increase the utilization
of N in continuous corn cropping. The produced N by bean
could be used for the corn growth next year with extended
rotations of corn-bean (Stanger and Lauer, 2008). On the
other hand, soil physicochemical variables including total N,
available N, total P, and available K could be used to indicate
the community variation in root zone soils. Specifically,
available N, available P, total N, and total P were positively
affected by tillage method in root zone soils. He et al. (2010)
reported that ridge tillage was more effective in improving soil
temperature and water use but disturbed the bacterial
biodiversity more than no-tillage. However, no-tillage
increased soil aggregation and therefore nutrient retention
compared to disturbed ridge tillage (Jiao et. al., 2006).

The selected biomarkers response to different agricultural
practices show how the interaction of bacteria and its
surrounding physicochemical conditions affect community
structure. Linear discriminant analysis coupled with effect size
(LEfSe) was performed to identify bacterial taxa that

significantly changed with agricultural practices. Non-para-
metric factorial Kruskal-Wallis (KW) sum-rank test and
Wilcoxon rank-sum test were used to detect features with
significantly different abundance and biological significance in
the rhizosphere and root zone. The distinctly different
bacterial taxa between the rhizosphere and root zone soils
are shown in Fig. 5 and Fig. S3. More than 100 bacterial taxa
were significantly more abundant in rhizosphere soils than
those in root zone soils (Fig. S3). Explicitly, in the rhizosphere
(Fig. 5A), Sphingomonadaceae, Fluciicola, Piellula and
SHA_26 were significantly more abundant with crop rotation
treatment, while Enterobacteriaceae, Microbacteriaceae, and
Streptophyta were most abundant with the continuous
cropping system (p <0.05). Sphingomonadaceae are known
for their ability for remediation in a wide range of biotechno-
logical applications, which include antibiotic therapy of human
disease (Ryan and Adley, 2010). On the other hand, in the root
zone soils (Fig. 5B), several distinct bacterial taxa gathered
with ridge tillage scenario, including Hyphomicrobiaceae,
Turicibacter, Turicibacterales, and Turicibacteraceae, while
Pirellulales were aggregated under no-tillage scenario
(p<0.05). Pirellulales are related to the functions of aerobic
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ammonia-oxidation and ammonia cycle in the meadow
ecosystem (Mohamed et al., 2009; Jiang et al., 2015).
Turicibacter, an unknown new genus with a novel line of
descent within the Gram-positive bacteria had a function on
fermentative metabolism (Bosshard et al., 2002).

Functional profiles extrapolated and built from 16s rRNA
gene sequences by the software of FAPROTAX demonstrate
the process of metabolic activities in rhizosphere and root
zone soils (Fig. 6). Genes related to chemoheterotrophy,
aerobic_chemoheterotrophy, nitrification, denitrification, nitri-

te_respiration, phototrophy and close to 14 marker genes had
significant difference between different agricultural practice
(Table 4). Six out of the 14 selected significantly processes are
visualized in Fig. 6. In the rhizosphere, genes related to
chemoheterotrophy, aerobic_chemoheterotrophy, nitrification
had higher abundance than those genes in root zone soils.
Root zone soils showed an enrichment in genes associated
with denitrification, nitrite_respiration and phototrophy, which
is in agreement with earlier results of selected biomarkers
based on taxonomic microbial community.
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Table 4 Multiple factor analysis of domain functional communities with various tillage methods in rhizosphere and root zone.

Factors Chemohetero- Aerobic_chemohe Nitrification Aerobic_ammoni Nitrate_

trophy terotrophy a_oxidation reduction

F p-value F p-value F p-value F p-value F p-value
NT/RT 0.17 0.69 0.13 0.72 1.13 0.31 0.92 0.35 0.57 0.46
CC/CR 0.83 0.38 0.84 0.37 4.44 0.05 4.61 <0.05 1.61 0.22
R/z 10.92 <0.01 5.71 <0.05 38.70 <0.01 40.12 <0.01 0.00 0.95
NT/RT-CC/CR 0.01 0.91 0.06 0.81 0.15 0.71 0.07 0.79 0.00 1.00
NT/RT-R/Z 0.01 0.93 0.03 0.87 0.18 0.68 0.11 0.74 0.26 0.62
CC/CR-R/Z 1.49 0.24 1.53 0.24 5.24 <0.05 5.40 <0.05 1.97 0.18
NT/RT-CC/CR-R/Z  0.01 0.94 0.03 0.87 0.20 0.66 0.17 0.68 0.18 0.68
Factors Nitrate_ Phototrophy Photoautotrophy Nitrite_ Denitrification

respiration respiration

F p-value F p-value F p-value F p-value
NT/RT 1.25 0.28 2.89 0.1 2.92 0.11 345 0.08 2.86 0.1
CC/CR 1.60 0.23 2.32 0.15 2.51 0.13 7.91 <0.01 9.15 <0.01
R/Z 3.73 0.07 260.87 <0.01 275.76 <0.01 350.66 <0.01 363.52 <0.01
NT/RT-CC/CR 0.05 0.82 0.49 0.49 0.50 0.49 1.14 0.30 1.37 0.26
NT/RT-R/Z 0.03 0.87 0.21 0.65 0.24 0.63 0.27 0.61 0.34 0.57
CCI/CR-R/Z 1.99 0.18 1.61 0.22 1.67 0.22 2.33 0.15 2.88 0.11
NT/RT-CC/CR-R/Z  0.16 0.70 0.29 0.60 0.38 0.55 0.52 0.48 0.77 0.39

Note: Tillage method: NT or RT, Crop system: CC or CR, Location: R or Z. NT/RT, CC/CR, and R/Z represent the extent of communalities and
discrepancies of the individual data set caused by a single factor; NT/RT-CC/CR, NT/RT-R/Z, and CC/CR-R/Z represent the extent of
communalities and discrepancies of the individual data set caused by the interaction of two factors; NT/RT-CC/CR-R/Z represent the extent of
communalities and discrepancies of the individual data set caused by the interaction of three factors.

Many studies have shown that microbial communities
can acclimate to the changing environments over time
(Wallenstein and Evans, 2011). The significant changes of
functional bacteria observed in this study are likely the result
of biological adaptation induced by agricultural practices.
More research is needed to elucidate the specific nature of
biological adaptation and acclimation, which will enable us to
better choose optimal agricultural practices and can assist in
developing strategies to constrain ecosystem response to
global change and manage for preferential outcomes.

4 Conclusion

This study provided great opportunities for the systematic
study of bacterial response to four agricultural practices. The
results revealed significant differences in bacterial community
structure between rhizosphere and root zone soil, were due to
the crop rotation and tillage methods that the soils had

undergone. Soil physicochemical interacted with bacterial
communities and ultimately resulted in a clear community
shifts when comparing bacterial communities from the root
zone under no-tillage. Continuous cropping and crop rotation
significantly distinguished in the rhizosphere soils. The
bacterial diversity of rhizosphere soils was most affected by
cropping methods with pH, and available P, while tillage
methods regulated mainly bacterial species in the root zone
soils through available N. By picking and comparing the
distinct biomarkers we found many of the bacterial taxa were
previously recognized for their functional capabilities in
nutrient cycling or metabolic processes. The significant
difference of predictive genes in rhizosphere and root zone
soils related to nutrient cycling or metabolic processes
demonstrated that soil-plant interaction under different agri-
cultural practices is important in shaping bacterial commu-
nities. It implies that agriculture practices alter soil
physicochemical characteristics and influence the bacterial
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taxa, as well as their functions and activity. While bacterial
community adaptations give strong feedbacks specifying the
surrounding soil microbial niches.

Abbreviations list

LEfSe Linear discriminant analysis coupled
with effect size

NT No-tillage

RT Ridge tillage

CcC Continuous corn cropping

CR Crop rotation with corn and bean

R Rhizosphere

Z Root zone

PCoA Principal coordinate analysis

LDA Linear discriminant analysis

PCA Principal component analysis

UPGMA Unweighted pair-group method
with arithmetic means

RDA Redundancy analysis

N Nitrogen

P Phosphorus

C Carbon

K Potassium
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