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Abstract Soil microbes are essential links between

above- and below-ground ecosystems and play an

important role in regulating ecological functions in the

soil. Dynamic interactions within the soil-microbial

community in a cereal-legume intercropping ecosys-

tem influence the composition and structure of N-cy-

cling microbial groups (e.g. nitrogen-fixing bacteria).

However, these effects have not been extensively

studied in some intercropping patterns or in response

to varying nitrogen fertilization levels. In the present

study, we evaluated the effects of reduced and

conventional nitrogen application in a sweet maize

(Zea may L.)/soybean (Glycine max L.) strip inter-

cropping system under three cropping patterns over a

3-year time period. High-throughput sequencing and

quantitative PCR techniques were used to investigate

changes to both the microbial community structure

and the expression of key nitrogen-cycling genes in

the rhizosphere. Our results indicate that reduced

nitrogen application affected the microbial commu-

nity structure in the rhizosphere, but microbial diver-

sity in the sweet maize rhizosphere was relatively

stable. Both the abundance and activity of functional

marker genes for microbial nitrogen fixation (nifH),

nitrification (amoA), denitrification (nirS, nirK, nosZ),

and decomposition (chiA) increased significantly from

2013 to 2016. Taken together, these data demonstrate

that the quantified shifts in the soil microbial commu-

nity and the observed increases in the expression of

key functional genes involved in N-cycling were the

result of reduced nitrogen application in this strip

intercropping system. This study, therefore, provides

essential insight into the potential relationships

between functional nitrogen-cycling genes and miti-

gation of nitrogen-loss and N2O emissions in a cereal-

legume strip intercropping system.
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Introduction

Cereal-legume strip intercropping systems are com-

posed of two or more crops species that coexist on the

same field at the same time, it is a potential practise for

crop intensification in both time and space dimensions

by complementary resource utilization among cereals

and legumes species (Brooker et al. 2015; Zhu et al.

2015). In this environment, the dynamic interactions

between the roots and rhizosphere (e.g. sensing,

signalling, and acquisition of nutrients) will influence

the physiology of the whole plant (Li et al. 2016) and

will also influence the composition, structure, and

activity of soil microorganisms (Cong et al. 2015;

Duchene et al. 2017). These microorganisms are

known to play an important role in nutrient transfor-

mation and cycling in strip intercropping ecosystems

(Li et al. 2014). Furthermore, the diversity of the

microbial community structure in the rhizosphere soil

of strip intercropping systems is generally higher than

that found in monocropping systems (Bainard et al.

2013). Moreover, cereal-legume strip intercropping

has been shown to further alter the composition and

structure of the functional microbial community,

especially with regards to the organisms involved in

soil nitrogen transformation processes in the rhizo-

sphere, such as nitrogen (N) fixation, ammonia-

oxidation, (de)nitrification, nitrous oxide reduction,

and organic N decomposition (Hai et al. 2009). It was

also recently demonstrated that strip intercropping

systems contribute to soil N sequestration by increas-

ing biological N fixation and/or reducing greenhouse

gaseous N loss. For instance, root exudates frommaize

stimulate nodulation and symbiotic N2 fixation in the

rhizosphere of faba bean (Vicia faba L.) when they are

intercropped with maize (Zea may L.) (Li et al. 2016).

Further, in a wheat (Triticum aestium L.)/soybean

(Glycine max L.) intercropping system, it was shown

that intercropping changed the dominant species of

ammonia-oxidizing bacteria, affected the composition

and structure of the soil microorganisms, and

increased functional genes expression (e.g. amoA,

nirK, nirS, and nosZ) in the rhizosphere (Wallenstein

et al. 2006). Intercropping, however, is not the only

factor affecting the rhizosphere.

The amount of N fertiliser applied to the plants is

another known factor that affects microbial commu-

nities involved in N-cycling and transformation. For

instance, the abundance of Proteobacteria and

Bacteroidetes increased, while that of Acidobacteria

decreased, in the high-N plots in long-term N-appli-

cation experiments (Fierer et al. 2012). High and low

rates of ammonium fertiliser applied in agricultural

fields were also observed to change the composition

and functional traits of ammonia-oxidizing bacteria

(AOB) and archaea (AOA). At a continuously low N

fertiliser level, AOA become more dominant in

ammonium oxidation processes and yield less N2O

emission compared to AOB (Hink et al. 2018). Our

previous study demonstrated that sweet maize/soy-

bean strip intercropping with reduced N fertiliser

could lower soil mineral N loss and mitigate cumu-

lative soil N2O emissions in tropical and subtropical

regions (Tang et al. 2017). Thus, the integration of soil

microbial community and cropping management can

provide insights into N-cycling and transformation in

agricultural ecosystems and further link the soil

microbial community and environmental changes

(Xue et al. 2013). However, the mechanisms under-

lying the effects of strip intercropping with reduced N

fertiliser on the soil microbial community and N-cy-

cling in intensive farming system are not well

understood.

In this study, high-throughput sequencing (Illumina

MiSeq) and quantitative PCR techniques were applied

to reveal the effects of N fertiliser reduction and

intercropping patterns on the soil bacterial community

structure and on functional microbial groups involved

in key processes of nitrogen transformation. Experi-

ments were conducted using varying cropping patterns

and two N fertiliser application rates in a sweet

maize/soybean strip intercropping system and the

structure and composition of the soil microbial

community was evaluated. Furthermore, the expres-

sion of key functional genes involved in N-cycling

were also investigated in an intercropping system with

soybean over the course of 3-years of reduced nitrogen

application. To our knowledge, this is the first time the

changes in composition, structure, and functional gene

abundance of soil microbial communities under dif-

ferent cropping patterns and N application rates have

been evaluated.

123

36 Nutr Cycl Agroecosyst (2019) 113:35–49



Materials and methods

Experimental site and design

A long-term field experiment, initiated in 2013 and

continued to 2016, was carried out at South China

Agricultural University (23�80N, 113�150E). Detailed
information concerning the experimental site and crop

management in the sweet maize field are described in

Tang et al. (2017). The experimental design was a two-

factor randomized complete block. Factor A was

cropping system and factor B was N fertilization rate.

Briefly, two different N fertiliser rates were applied to

the sweet maize field at a reduced rate

(300 kg N ha-1, designated N1) and a conventional

rate (360 kg N ha-1, designated N2). The cropping

patterns were sweet maize in solo-culture (SS) as well

as sweet maize-soybean intercropping with crop line

ratios of 2:3 (S2B3) and 2:4 (S2B4). S2B3 indicates

two rows of sweet maize intercropping with three rows

of soybean, while S2B4 indicates two rows of sweet

maize with four rows of soybean. In total, there were

six cropping pattern combinations and fertiliser rates

investigated in this study: SS-N1, SS-N2, S2B3-N1,

S2B3-N2, S2B4-N1, and S2B4-N2. Each treatment

arranged one plot in three blocks [repeated three times,

(n = 3)], and therefore generating 18 plots in total.

Soil sample collection and chemical analyses

Soil samples were collected by auger (0.08 m in

diameter) at a soil depth of 0–0.2 m when the crops

were ripe. In the intercrop plots, two cores were

collected from sweet maize rows and two cores from

soybean rows mixed thoroughly to represent one

replicate for one treatment. In the sole crops, four soil

cores were collected from each plot and mixed

thoroughly to represent one replicate. Totally, 18

mixed soil samples per year (three replicates per

treatment) were used for soil chemical property and

nutrient content determination. The following analy-

ses were conducted according to the methods estab-

lished by Bao (2013): soil organic matter (SOM) was

detected with an oil bath-heated potassium dichromate

oxidation reaction, total nitrogen (TN) was detected by

semi-micro Kjeldahl, total phosphorus (TP) was

detected by molybdenum-antimony colorimetry, total

potassium (TK) was detected by flame photometry,

available N (AN) was detected by steam distillation,

available P (AP) was detected by colorimetry, and

available K (AK) was detected by the atomic absorp-

tion spectrometry. Soil nitrate nitrogen (NO3
-) and

ammonium nitrogen (NH4
?) were detected by cad-

mium reduction via a continuous flow analyzer

(AA3HR, SEAL, Germany).

Rhizosphere soil sampling was carried out from six

treatments in the autumn of 2013 and 2016 when the

sweet maize was ripe. In the sole plots, the sweet

maize was sampled randomly, whereas in the inter-

cropping plots, only sweet maize neighbouring soy-

bean plants were sampled. In each plot, five plants

were excavated, and the loosely adhering soil was

shaken off. The tightly adhered rhizosphere soil was

collected from the roots and pooled into one mixed

rhizosphere soil sample per plot. In total, 36 rhizo-

sphere soil samples were collected and stored imme-

diately at 4 �C, followed by transfer to - 20 �C until

further analysis.

Soil DNA preparation and microbial diversity

analysis

Soil DNA was extracted from the rhizosphere soil

samples using a Fast DNA SPIN KIT (Q�BIOgene)
according to manufacturer’s protocol. DNA concen-

tration and purity were determined with a NanoDrop

2000 UV–Vis spectrophotometer (Thermo Scientific,

Wilmington, USA), and DNA quality was checked by

1% agarose gel electrophoresis.

The V3–V4 hypervariable regions of the bacteria

16S rRNA gene were amplified with primers (338F:

50-ACTCCTACGGGAGGCAGCAG-30 and 806R: 50-
GGACTACHVGGGTWTCTAAT-30) using a ther-

mocycler PCR system (GeneAmp 9700, ABI, USA).

The PCR reactions were conducted using the follow-

ing program: 3 min of denaturation at 95 �C, followed
by 27 cycles of 30 s at 95 �C, 30 s at 55 �C, and 45 s at

72 �C, and a final extension at 72 �C for 10 min. PCR

reactions were performed in triplicate using 20 lL
mixtures containing 4 lL of 5X FastPfu Buffer, 2 lL
of 2.5 mM dNTPs, 0.8 lL of each primer (5 lM),

0.4 lL of FastPfu Polymerase, and 10 ng of template

DNA. The PCR products were extracted from a 2%

agarose gel and further purified using an AxyPrep

DNA Gel Extraction Kit (Axygen Biosciences, Union

City, CA, USA). The products were quantified using

QuantiFluorTM-ST (Promega, USA) according to the

manufacturer’s protocol.
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Sequencing was performed byMajorbio Bio-Pharm

Technology Co., Ltd. (Shanghai, China). The raw

reads were deposited into the NCBI Sequence Read

Archive (SRA) database (No. SRP148714). The

purified amplicons were pooled using equimolar

amounts and paired-end sequenced (2 9 300) on an

Illumina MiSeq platform (Illumina, San Diego, USA)

according to standard protocols. Forward and reverse

sequences were merged by overlapping paired-end

reads using FLASH with a required overlap length of

10–100 bp. For all 36 samples, the average merged

read length was 463 bp, and then the sequence reads

were further quality filtered using software Trimmo-

matic. Briefly, the index sequences contained in the

first 12 bp of each paired-end read were extracted and

concatenated to form a 24 bp dual-index barcode

specific for each paired read and sample. Additional

sequence reads pre-processing included: (1) removal

of primer sequence; (2) sequence reads were truncated

at any site or received an average quality score\ 20

over a 50 bp sliding window and (3) removal of

trimmed reads having less than 75% of their original

length, as well as its paired read (Fadrosh et al. 2014).

Operational taxonomic units (OTUs) were clustered at

a 97% similarity cut-off using UPARSE (version 7.1

http://drive5.com/uparse/). The taxonomy of each 16S

rRNA gene sequence was analysed by RDP Classifier

algorithm (http://rdp.cme.msu.edu/) against the Silva

(SSU123) 16S rRNA database using a confidence

threshold of 70%.

Real-time quantitative PCR assay

Real-time quantitative PCR (qPCR) was conducted on

a 7500 real time PCR system (Applied Biosystems,

Germany) to quantify the expression of nitrogen fixing

(nifH), ammonia-oxidizing (amoA), denitrifying (nirK

and nirS), nitrous oxide reducing (nosZ), and organic

nitrogen decomposing (chiA) genes in the rhizosphere

soil samples, primer sets for each gene listed in

Supplementary Table 2. The SYBR Premix PCR kit

(TaKaRa Biotechnology, Otsu, Shiga, Japan) used to

determine the amount of target DNA in the initial

sample. Each reaction was performed in a 20 lL
volume containing 1 lL of a tenfold dilution of DNA

template (1–10 ng), 10 lL of SYBR Premix Ex Taq,

0.4 lL of each primer (10 lmol L-1), and 8.2 lL of

sterile double distilled water (Williamson et al. 2000).

Melting curve analysis was performed at the end of

each real-time PCR run to check the amplification

product specificity before confirmation by standard

agarose gel electrophoresis. The program used for

melting curve generation was: 95 �C for 15 s, 60 �C
for 15 s, and 95 �C for 15 s. Standard curves of known

copy numbers of each gene were generated by

following procedures. The reference amplicon was

generated from purified PCR products, which ampli-

fied from genomic DNA extracted from soil samples

using each primer pair. The PCR products and then

cloned into the pMD19-T cloning vector. Plasmids

containing the correct insert (determined by sequenc-

ing) were then expressed and harvested from recom-

binant Escherichia coli. Plasmid DNA was extracted,

and its concentration (ng lL-1) was measured spec-

trophotometrically using a NanoDrop� ND-1000

spectrophotometer (NanoDrop Technologies). Using

a tenfold serial dilution of each plasmid DNA, a

standard curve for each target gene was constructed by

plotting Ct as a log-based function of the copy number

using the following formula: logT0 = –logE 9 Ct ?

logK, where E is the PCR efficiency, T0 is the initial

amount of DNA, and K is the calculated initial amount

of DNA for a Ct value of 0.

Statistical analysis

An a-diversity analysis of the microbial community

for each treatment was conducted using the Chao and

Shannon indices based on the Illumina MiSeq

sequencing data. Comparisons between treatments

were performed by a one-way ANOVA using the

SPSS 19.0 software package. Mean values (n = 3)

among treatments and years were compared with the

least significant difference (LSD) by Duncan’s mul-

tiple range tests at a 5% significance level.

The relationships between the relative abundance

of specific microbial taxa and soil chemical properties

were examined by redundancy analysis (RDA). Non-

metric multidimensional scaling (NMDS) was also

conducted to visualize patterns in the soil microbial

community composition and crop management

parameters. Additionally, dissimilarity test, analysis

of similarity (ANOSIM), and multiple response per-

mutation procedure (MRPP) algorithms were used to

test the significant differences among different treat-

ments. All statistical analyses were performed in R

v.3.3.1 using the ‘‘vegan’’ package.
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Results

Effects of intercropping and N fertiliser treatment

on soil chemical properties

Our analysis shows that many of the chemical

properties and fertility parameters of the soil, includ-

ing SOM, TN, TP, TK, AN, NH4
?, and NO3

- levels,

were similar for all six treatments within the first

growing season in both 2013 and 2016 (Table 1).

However, we did observe that the pH, available P, and

available K were affected over the course of the 3-year

experiment. Indeed, the pH was significantly lower for

the SS-N12, SS-N2, S2B3-N1, S2B4-N1, and S2B4-

N2 treatments in 2016 than it was for these treatments

in 2013. Further, available P was significantly

increased in the S2B4-N1 and S2B4-N2 treatments

in 2016 compared to the levels observed for these

treatments in 2013. Available K was also significantly

increased in the S2B4-N2 treatment in 2016 compared

to the levels observed in 2013.

a-Diversity distribution of microbial communities

in the sweet maize rhizosphere

Soil DNA samples from the sweet maize rhizosphere

(18 from 2013, 18 from 2016) were analysed by two-

terminal sequencing. In total, 4,089,810 raw sequences

were generated that contained 1,353,289 effective

sequences. The average sequence length was

436.47 bp and accounted for 99.98% of the total

sequences. According to the similarity of the sequences,

the effective sequences were classified into 3253OTUs.

Soil microbial diversity and species classification were

determined for the OTUs using the Silva (Release115)

16S rRNA database at a 97% nucleotide sequence

identity threshold. The results of this sequence analysis

indicate that the 3253 OTUs include 34 phyla, 664

families, and 1304 species. The rarefaction curves were

based on evenly rarefiedOTUs abundance and observed

richness as Sobs index (Supplementary Fig. 1) shows

that the 36 DNA samples tended to reach the plateau

stage, indicating that the sequencing data are reasonable

and reliable.

A species Venn diagram analysis revealed 33 and 89

uniqueOTUs in 2013 and 2016, respectively, indicated

that about 96.2% (3131 out of 3253) of the OTUs were

shared by both growing seasons. Furthermore, bacte-

rial community analysis of the 36 soil samples

indicated no significant differences in microbial rich-

ness and diversity for the Chao, Shannon, and Even-

ness indices with regards to cropping or planting

duration (Table 2). However, the Chao index was

significantly lower in the high fertilization (conven-

tional) treatments SS-N2 and S2B3-N2 and higher in

the reduced fertilization treatment S2B3-N1 in 2013

compared to that calculated for these treatments in

2016. Therewere no significant differences in the Chao

index among the other treatments between 2013 and

2016. The Shannon index was significantly higher for

the reduced fertilization treatments S2B3-N1 and

S2B4-N1 than that of the conventional fertilization

treatment S2B3-N2 in 2016, but there was no signif-

icant difference among all treatments in 2013 com-

pared to the equivalent treatment in 2016. The

Evenness’s index was significantly higher for the

S2B4-N1 treatment in 2016 than that calculated for this

treatment in 2013, but no significant differences were

observed among the other treatments. Thus, this

analysis indicates that while the mode of cropping

and planting duration had no significant effect on the

microbial a-diversity in the sweet maize rhizosphere

soil in the mature stage, there were no apparent trends

inmicrobial richness and diversity under the two levels

of nitrogen fertiliser in all six treatments. In general,

microbial diversity in the sweet maize rhizosphere was

relatively stable over our 3-year experiment.

Soil microbial diversity and community

composition at the phylum and family levels

in the sweet maize rhizosphere

The relative abundance of the five most dominant

bacterial groups at the phylum level are shown in

Table 3. The distribution of the bacterial groups in the

sweet maize rhizosphere was similar in 2013 and

2016. The community was composed of 12 phyla and

the five most abundant across all six treatments, which

account for 80% of the total sequences, were Pro-

teobacteria, Actinobacteria, Chloroflexi, Acidobacte-

ria, and Bacteroidetes. There were no significant

differences in the Proteobacteria, Actinobacteria,

Chloroflexi, or Bacteroidetes classes among the treat-

ments in 2013, but there were significant (P\ 0.05)

treatment-dependent differences in Acidobacteria

(Table 3). In 2016, there were no significant differ-

ences among the six treatments for Actinobacteria,

Chloroflexi, or Acidobacteria, but the abundance of
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Proteobacteria and Bacteroidetes did vary depending

on treatment (P\ 0.05). A three-way ANOVA

revealed that while the cropping patterns and fertiliser

rates did not affect the relative abundance of the five

most abundant bacterial communities at phylum level,

the abundance of Actinomycetes and Chloroflexi

varied significantly over the course of the 3-year

experiment (P\ 0.05) (data not shown).

At family level, the dominant bacterial groups were

identical between 2013 and 2016 (Fig. 1a). The most

abundant bacterial group was Sphingomonadaceae,

followed by Xanthomonadaceae, Burkholderiaceae,

Chitinophagaceae, Streptomycesceae, No-

rank_p_Saccharibacterial,Gemmatimonaceae, Bacil-

laceae, and Rhizobiaceae. In 2013, the relative

abundance of Sphingomonadaceae varied depending

on the fertiliser rate in the S2B3 cropping pattern, with

a significantly higher amount being observed for the

reduced fertilization treatment than for the conven-

tional fertilization treatment. Similarly, the relative

abundance of Bacillaceae and Rhizobiaceae in the

2016 S2B3 cropping pattern was also dependent on

fertiliser rate. Indeed, several of the other bacterial

groups varied with cropping pattern and fertiliser rate

as shown in Fig. 1b. For example, Xanthomonadaceae

was higher in the conventionally fertilized SS and

S2B3 cropping patterns, but Chitinophagaceae and

Bacillaceae were higher in the reduced fertiliser

treatment of the SS cropping pattern. Further,

Burkholderiaceae also changed significantly in the

S2B3 cropping pattern, being more abundant in the

reduced fertilization treatment than it was in the

conventional fertilization treatment.

Distribution of microbial community b-diversity
in the sweet maize rhizosphere

A non-parametric multivariate ANOVA test and an

NMDS were conducted to evaluate the variation in the

microbial communities caused by cropping patterns

and fertilization levels (Fig. 2). The NMDS analysis of

bacterial community structure in 2016 and the non-

parametric multivariate ANOVA showed that nitrogen

application rate had a significant effect on the bacterial

community structure. Furthermore, there were signif-

icant differences between 2013 and 2016, indicating

that the time of planting also had an important effect on

the bacterial community structure. In 2016, 18 soil

samples were also observed to bemore similar than theT
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samples collected in 2013. Notably, the results of these

analyses were verified using the ANOSIM and MRPP

algorithms.

Linking soil microbial community structure

and soil chemical properties

The relationships between the relative abundance of

specific microbial taxa and the soil chemical proper-

ties were examined by detrended correspondence

analysis (DCA) of the sequencing data. The maximum

value of the first four axes was 1.45, and a linear model

RDA was used to evaluate the interrelationships.

Cumulatively, the known environmental variables

explained 35.87% of the variation in microbial

communities among samples (Fig. 3). Their order of

influence was: pH[NH4
?[AP[TK[NO3

--

[ SOM[AK[TN[AN[TP. Based on the

RDA model, the first axis explained 28.89% of the

variations in bacterial community environmental

parameters, while the second axis explained only

6.98% (Fig. 3). The bacterial communities in 2013

and 2016 were then tested separately and, according to

the RDA analysis (Supplementary Table 1), soil pH

(P\ 0.01, r = 0.61), NH4
? concentration (P\ 0.01,

r = 0.5), available P (P\ 0.01, r = 0.37), and total K

(P\ 0.05, r = 0.22) were the four most important

contributors to the variation in bacterial communities.

Thus, soil with similar pH, NH4
? concentration,

available P, or total K tended to harbour similar

bacterial communities.

qPCR analysis of key functional genes associated

with nitrogen cycling bacteria

In contrast to 2013, the expression levels of six

N-cycling functional marker genes were significantly

increased in 2016 (Table 4). The abundance of AOB

was quantified based on amoA gene copy number,

which increased by 4.16-fold/g of dry soil in all six

treatments from 2013 to 2016. However, no significant

differences were observed for the six treatments

within the same year. The abundance of N-fixing

bacteria was determined based on nifH gene copy

number. nifH expression increased by at least 29.1-

fold (in S2B4-N2) and up to 70-fold (in S2B3-N1)

from 2013 to 2016. Furthermore, while fertilization

level did not influence nifH copy number in 2013,

Fig. 1 a, b Relative abundance of dominant bacterial groups in

six different treatments of 2013 and 2016 (%). Values are

mean ± SE; Asterisk above the values of autumn of 2016

indicated a significant difference (*P\ 0.05, **P\ 0.01) of

relative abundance in the same treatment but in different

growing year (t test)

c

Table 3 Relative abundance of dominant bacterial groups at phylum level in six different treatments in sweet maize/soybean

intercropping field in 2013 and 2016, respectively (%)

Treatment Protecobacteria Actinobacteria Chloroflexi Acidobacteria Bacteroidetes

2013

SS-N1 42.60 ± 4.60a 13.43 ± 0.85a 12.90 ± 4.90a 10.10 ± 1.63a 5.33 ± 1.45a

SS-N2 46.80 ± 3.15a 16.33 ± 2.13a 8.17 ± 2.24a 5.00 ± 0.58b 8.33 ± 0.88a

S2B3-N1 46.57 ± 2.49a 13.90 ± 0.57a 9.77 ± 2.28a 7.00 ± 0.58ab 7.67 ± 1.45a

S2B3-N2 37.93 ± 5.02a 17.20 ± 6.26a 13.10 ± 3.52a 9.00 ± 0.58ab 6.00 ± 2.08a

S2B4-N1 37.10 ± 5.65a 18.60 ± 5.51a 7.43 ± 6.63a 7.83 ± 1.83ab 5.60 ± 3.39a

S2B4-N2 41.83 ± 2.60a 17.13 ± 0.41a 8.80 ± 4.00a 9.27 ± 1.71ab 5.00 ± 1.15a

2016

SS-N1 47.00 ± 2.34ab 14.73 ± 2.03a 7.33 ± 1.20a 8.43 ± 2.69a 8.00 ± 1.00ab

SS-N2 47.80 ± 3.17ab 15.33 ± 1.88a 8.70 ± 1.80a 8.33 ± 1.20a 5.67 ± 0.88b

S2B3-N1 44.53 ± 2.53ab 11.87 ± 0.92a 8.33 ± 0.67a 9.93 ± 1.46a 7.33 ± 0.33ab

S2B3-N2 51.77 ± 3.53b 12.07 ± 0.84a 5.67 ± 0.88a 7.37 ± 2.06a 8.00 ± 0.58ab

S2B4-N1 41.83 ± 1.04a 12.23 ± 1.48a 8.37 ± 0.91a 10.23 ± 0.62a 8.00 ± 0.58ab

S2B4-N2 44.53 ± 2.60ab 12.40 ± 1.24a 7.33 ± 0.33a 9.17 ± .37a 9.33 ± 1.20a

Values are mean ± SE; the different lowercase letters in the same column indicated a significant difference (P\ 0.05) of relative

abundance of dominant bacterial groups at phylum level in the same planting year (Duncan’s multiple range test)
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expression was significantly lower in the conventional

fertilization treatments (S2B3-N2 and S2B4-N2) than

it was for the reduced fertilization treatments (S2B3-

N1 and S2B4-N1) in 2016. Nitrite-reducing bacteria

were quantified by determining the copy numbers of

nirK and nirS. nirK copy number/g dry soil increased

over the course of the experiment, ranging from 7.5-

(S2B3-N2) to 55.9-fold (S2B3-N1), but no significant

differences were observed among the six treatments

within 2013 or 2016. nirS expression also increased

from 2013 to 2016 (maximum: 6.9-fold in S2B4-N1,

minimum: 1.6-fold in SS-N2). Similar to nifH, the N

fertilization rates appear to play a significant role in

determining nirS copy number in the S2B3 and S2B4

cropping patterns, with the reduced fertilization treat-

ments having higher nirS expression than the conven-

tional fertilized treatments. Moreover, nosZ gene copy

number was used to evaluate the abundance of nitrous

Fig. 2 NMDS analysis of soil bacteria community structure in sweet maize rhizosphere in 2013 and 2016. Similarities or differences

among sampling times and treatments are indicated by symbols and letters, respectively, as described in the legend

Fig. 3 The RDA of sequence data under three cropping

patterns and two nitrogen rates with selected environmental

variables for soil bacterial community structure in sweet maize

rhizosphere. Similarities and differences among sampling times

and treatments are indicated by symbols and letters above

symbols, respectively, as described in the legend. The selected

variables included soil organic matter (SOM), total nitrogen

(TN), total phosphorus (TP), total potassium (TK), available N

(AN), available P (AP), available K (AK), nitrate nitrogen

(NO3
-), ammonium nitrogen (NH4

?)
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oxide-reducing bacteria. nosZ expression initially

increased, ranging from 12.8-fold in S2B3-N1 to

25.7-fold in S2B4-N1. While there was no significant

differences in expression among the six treatments

within the same year, nosZ gene copy number was

significantly increased in 2016 compared to that

observed in 2013. Finally, the chiA gene is often used

as a molecular marker of organic nitrogen regulation

in soil. In this study, there was no significant

difference in the expression of this gene among the

six treatments in 2013 or 2016. However, gene copy

number varied greatly, ranging from 19.1-fold in SS-

N2 to 51.3-fold in S2B4-N1, over the course of the

experiment.

A three-way ANOVA of the expression of all six

functional N-cycling genes in the sweet maize rhizo-

sphere showed that cropping system and N fertiliser

rate had no remarkable effect on amoA, nirK, nirS,

nosZ, and chiA genes, but the cropping year signifi-

cantly affected the expression of all of these genes

(P\ 0.01, Table 5). Notably, expression of the N

fixing gene nifH was affected by cropping system and

N fertilization as well as the cropping year (P\ 0.01).

An RDA of functional gene expression and the soil

bacterial community structure showed that 25.3% of

the total variance in the soil bacteria community was

covered by axes I and II (21.12% and 3.91%,

respectively; Supplementary Fig. 2). Correlation anal-

ysis also showed that bacterial community structure

was closely related to amoA (P\ 0.01), nirK

(P\ 0.01), nirS (P\ 0.05), and nosZ (P\ 0.01)

expression, indicating that bacterial community struc-

ture would likely have a significant effect on the

nitrification, denitrification, and N fixation processes

in the soil.

Discussion

Understanding changes to the composition and struc-

ture of soil microorganisms in response to fertilization

rate over time is important for maintaining a sustain-

able intercropping system (Martin-Guay et al. 2018;

Gaba et al. 2015; Philippot et al. 2013). In the present

study, we evaluated the changes occurring in the

microbial community structure and in the expression

Table 4 The copy number of N-cycling functional genes in six treatments in sweet maize/soybean intercropping system in 2013 and

2016 (copies/g dry soil)

Treatment amoA (9 106) nifH (9 106) chiA (9 106)

2013 2016 2013 2016 2013 2016

SS-N1 0.35 ± 0.04a 1.50 ± 0.46a** 0.21 ± 0.08a 12.10 ± 1.60c** 0.31 ± 0.01a 10.03 ± 4.18a**

SS-N2 0.41 ± 0.07a 1.66 ± 0.28a** 0.40 ± 0.08a 9.69 ± 0.65c** 0.47 ± 0.03a 9.00 ± 2.66a**

S2B3-N1 0.41 ± 0.07a 1.30 ± 0.40a** 0.34 ± 0.05a 23.80 ± 3.44a** 0.41 ± 0.08a 9.17 ± 3.65a**

S2B3-N2 0.35 ± 0.02a 1.73 ± 0.31a** 0.32 ± 0.06a 13.47 ± 1.79b** 0.33 ± 0.02a 8.50 ± 0.56a**

S2B4-N1 0.30 ± 0.12a 2.12 ± 0.16a** 0.32 ± 0.07a 20.60 ± 3.43ab** 0.33 ± 0.05a 16.93 ± 5.50a**

S2B4-N2 0.47 ± 0.05a 1.18 ± 0.32a** 0.36 ± 0.10a 10.49 ± 1.63c** 0.34 ± 0.03a 9.92 ± 2.16a**

Treatment nirK (9 106) nirS (9 106) nosZ (9 106)

2013 2016 2013 2016 2013 2016

SS-N1 0.66 ± 0.26a 5.95 ± 2.36a** 0.73 ± 0.29a 2.69 ± 0.87ab** 0.22 ± 0.03b 4.99 ± 2.02a**

SS-N2 0.85 ± 0.07a 7.40 ± 2.01a** 0.94 ± 0.76a 1.46 ± 0.44b** 0.51 ± 0.16a 6.92 ± 1.84a**

S2B3-N1 0.10 ± 0.01a 5.59 ± 1.36a** 1.09 ± 0.15a 5.39 ± 2.13a** 0.46 ± 0.08ab 5.90 ± 1.05a**

S2B3-N2 0.90 ± 0.92a 6.78 ± 1.19a** 1.00 ± 0.10a 2.56 ± 10.17ab** 0.33 ± 0.03ab 5.49 ± 1.42a**

S2B4-N1 0.67 ± 0.08a 7.37 ± 0.83a** 0.74 ± 0.09a 5.11 ± 1.17a** 0.29 ± 0.01ab 7.44 ± 1.70a**

S2B4-N2 0.78 ± 0.04a 5.89 ± 1.37a** 0.87 ± 0.05a 2.24 ± 0.51ab** 0.37 ± 0.10ab 5.04 ± 1.40a**

Values are mean ± SE; the different lowercase letters in the same column indicated a significant difference (P\ 0.05) of gene

abundance in the same season (Duncan’s multiple range test). Asterisks after the values of 2016 indicated a significant difference

(*P\ 0.05, **P\ 0.01) of index in the same treatment between 2013 and 2016 (t test)
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of six key functional N-cycling genes in the rhizo-

sphere of sweet maize under different strip intercrop-

ping combinations and different N application rates.

Our results showed that the composition and structure

of the microbial community were markedly modified

over the course of this 3-year experiment, and the six

key functional genes involved in N-cycling were also

highly enriched during this time. To our knowledge,

this is the first time these changes in composition,

structure, and functional gene abundance have been

evaluated for sweet maize grown in tropical and

subtropical regions under these particular conditions.

Notably, the a-diversity indices show that there was

no significant effect of cropping pattern or N appli-

cation rate on bacterial community composition and

structure, suggesting that the geographical character-

istics and soil bacterial community composition and

structure were relatively stable. This may be due to the

short duration of the field trial (3 years) which may not

fully demonstrate the effects of these on the bacterial

community (Fan et al. 2012). Furthermore, previous

research also indicates that soil bacteria may be more

influenced by the geographical characteristics of the

soil (e.g. forest land vs. grassland vs. farmland) than

they are by crop management in an agriculture

ecosystem (Lauber et al. 2008).

In our analysis, Proteobacteria, Actinobacteria,

Chloroflexi, Acidobacteria, and Bacteroidetes were

the most dominant phyla in the rhizosphere of sweet

maize, which was similar to the results of a previous

study investigating bacterial diversity in the maize

rhizosphere (Correa-Galeote et al. 2016). Interest-

ingly, Actinomycetes is known to promote the decay

of plant and animal residues in the soil and plays an

important role in the decomposition of organic matter

after straw returning, highlighting its involvement in

the N cycle of the soil ecosystem (Lauber et al. 2008).

Compared to 2013, the relative abundance of both

Actinobacteria and Chloroflexi decreased in 2016,

which may be explained by changes in the soil

chemical properties due to continuous fertilization

(Shi et al. 2015).

At the family level, there were no changes in the

abundance of Chitinophagaceae, Xanthomonadaceae,

Bacillaceae, Norank_p_Saccharibacterial, Strepto-

mycetaceae, or Gemmatimonadaceae among the dif-

ferent cropping patterns or fertiliser rates. It has been

suggested that these taxa might be more common

colonizers than Sphingomonadaceae, Burkholderi-

aceae, and Rhizobiaceae in the sweet maize/soybean

intercropping rhizosphere (Hargreaves et al. 2015).

However, the abundance of soil bacterial groups at

phylum- or family-level do not always reveal that

functional features in sites, more research work should

operate at species level in situ in future.

It is important to note that soil microbial commu-

nity composition is significantly correlated with

changes in soil chemical properties (Lauber et al.

2008; Campbell et al. 2010). Indeed, the pH of the soil

significantly decreased in all treatments over the

3-year experiment, which may be due to continued

N fertilization (especially NH4) of the soil and/or the

release of H? into the soil by nitrification. Our results

are similar to those of previous studies showing that

continuous application of fertiliser reduces soil pH

(Shen et al. 2010; Berthrong et al. 2014). Thus, it is

likely that the different fertilization rates applied to the

sweet maize/soybean strip intercropping system

shaped the bacterial community structure via changes

in the chemical properties of the soil. This conclusion

Table 5 Three-way analysis of variance for the copy numbers of six nitrogen-cycling functional genes in sweet corn/soybean

intercropping field over the course of 3-year experiment

Year (Y) Cropping system (C) Nitrogen rate (N) Sa 9 C S 9 N C 9 N S 9 C 9 N

amoA 74.11** 0.08 0.04 0.08 0.37 1.62 2.98

nirK 75.26* 0.02 0.12 0.11 0.06 0.50 0.53

nirS 27.19** 1.97 6.10 1.52 7.07 0.45 0.28

nosZ 72.86** 0.05 0.03 0.07 0.08 0.12 0.82

nifH 239.70** 5.64** 15.80** 5.58* 16.29** 1.97 1.80

chiA 23.07** 0.79 0.82 1.19 1.21 0.60 0.52

aS season

*Significant differences at P\ 0.05, **Significant differences at P\ 0.01

123

46 Nutr Cycl Agroecosyst (2019) 113:35–49



is consistent with previous studies showing that

microbial community structure shifts according to

the N fertiliser applied (Fierer et al. 2012; Zhou et al.

2015). To further evaluate the major environmental

factors shaping the microbial community structure in

our soil samples, an RDA was performed based on all

of the detected OTUs and the measured soil properties.

The results of this analysis indicate that the microbial

community composition and structure of our sweet

maize/soybean strip intercropping system with two

different fertiliser rates was closely correlated with

selected variables, namely pH, NH4
?, available P, and

total K. Taken together, it appears that differences in

the chemical properties of the soil can be caused by

many factors, such as N fertiliser application and crop

management, and subsequently shape the soil micro-

bial community and structure in the root-rhizosphere

ecosystem (Ribbons et al. 2016).

In addition to the effects of strip intercropping, N

fertilization rate, and duration on the general charac-

teristics of the microbial community, we also analysed

the changes in the functional soil microbial groups

involved in processes related to N-cycling. We

observed that the copy numbers of six key functional

genes involved in N-cycling were altered over the

course of this 3-year experiment. This result is in

accordance to previous studies showing that N-cycling

genes were changed by N application (Kong et al.

2010; Tatti et al. 2014). These data further infer that

the cropping patterns and N fertilization rates altered

the environmental conditions, which subsequently

influenced the abundance of functional N-cycling

genes. Notably, the amoA gene was largely unchanged

over the 3-year planting and fertilization period. This

is consistent with previous research indicating that

amoA genes are stable and is not as sensitive to

environmental influence as other genes (Prosser and

Nicol 2012).

The functionally redundant groups involved in

nitrite reduction were analysed using the expression of

nirS, nirK, and nosZ, which had a similar response

patterns to all of the treatments. This further confirmed

that N fertilization promotes denitrification in agri-

culture soils (Xu et al. 2014; Coskun et al. 2017) and

increases the denitrifier population. Notably, the

abundance of nirS was greater in the reduced fertil-

ization treatment than it was in the conventional

fertilization treatment. This phenomenon can largely

be explained by the restriction of denitrification in

agriculture soils by N application (Kong et al. 2010).

The present study also showed that the abundance of

the nirK groups significantly increased with N fer-

tiliser, while nirK groups appear to be more related

with TN, indicating distinct differences between nirK

and nirS denitrifiers in the rhizosphere (Philippot et al.

2007).

In addition, nifH expression was also significantly

influenced by cropping pattern and N fertilization rate,

indicating that the number of nitrogen-fixing microor-

ganisms increased in the sweet maize/soybean inter-

cropping system. These data suggest that

intercropping with reduced N fertilization might

increase biological nitrogen fixation. nifH gene abun-

dance has been positively correlated with cropping

system and nitrogen rates, it was a consequently result

of a combined influence by strip intercropping with

soybean and reducing N fertilizer application over

time. Moreover, chiA expression was increased in the

reduced N application treatments compared to that in

the conventional application treatments, as decompo-

sition of chitin contributes to both the labile carbon

and nitrogen pools in the soil, it indicating that the

potential of N transformation from organic nitrogen

into inorganic nitrogen (more available by plants) was

higher in the reduced nitrogen application (Lindsay

et al. 2010). However, the abundance of nifH gene

increased significantly do not mean they are always

functionally involved in soil nitrogen fixation.

Although we do not determine all of functional

N-cycling genes in this study, the six functional genes

represent the major processes of N-cycling in strip

intercropping system and provide an insight into

factors that relate to bacterial community turnover in

the nitrogen cycle under different cropping manage-

ment practices. In this case, the abundance of N fixer

increased while that is negated with higher N fertilizer.

This is an interesting response that shows a potential

plant-soil-microbial interaction that regulates rates of

biological N fixation based on system N demand. In

cereal-legume strip intercropping system, increased N

fertilization is usually benefit to the cereal through

their efficiency complementary usage of the available

N in the soil. Whereas, the legume also be affected by

high N input in strip intercropping system because the

biological N fixation may inhibit by the higher mineral

N available in the soil. In accordance with many

previous studies, which showing that the amount of the

biological N fixation is higher in low N fertilizer
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addition than in high N fertilizer addition systems (Li

et al. 2003; Corre-Hellou et al. 2007; Chu et al. 2004).

Conclusions

In this study, we utilized high-throughput sequencing

to reveal the effects of N fertiliser reduction and strip

intercropping patterns on the bacterial community

structure of the soil and on gene expression related to

N transformation in sweet maize fields. Although

microbial diversity in the sweet maize rhizosphere was

relatively stable over 3-year experiment, the compo-

sition and structure of the microbial community were

markedly modified over time. The expression of six

functional genes involved in N transformation

increased significantly over the 3-year experimental

period, and this increased expressionmight explain the

lower N2O emissions and lower mineral N loss in this

study, the previous study conducted in the same field

by Tang et al. (2017) showed that this intercrop system

could lower soil mineral nitrogen and yield-scaled soil

N2O emissions, as the dynamic interactions between

roots and rhizosphere might have stimulated the

N-involved microbial groups and promoted N trans-

formation processes in the field (Li et al. 2016;

Brooker et al. 2015). Therefore, the soil microbial

community might benefit from reduced N application

via enhanced biological nitrogen fixation in the sweet

maize field. Accordingly, legume-cereal strip inter-

cropping may sustain the yield of both crops under low

N inputs (Hauggaard-Nielsen et al. 2008) and further

improve benefits for agro-environmental systems

(Martin-Guay et al. 2018).
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