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In the past thirty years, the biosafety of the aboveground part of crops, including horizontal gene transferal through pollen
dispersal and hybridization, has been the focus of research; however, microbial communities in the underground part are
attracting increasing attention. In the present study, the soybean root-associated bacterial communities of the G2-EPSPS plus
GAT transgenic soybean line Z106, its recipient variety ZH10, and Z106 treated with glyphosate (Z106J) were compared at
the seedling, flowering, and seed filling stages by high-throughput sequencing of the V4 hypervariable regions of 16S rRNA
gene amplicons using Illumina MiSeq. The results obtained showed no significant differences in the alpha/beta diversities of
root-associated bacterial communities at the three stages among ZH10, Z106, and Z106J under field growth conditions;
however, the relative abundance of four main nitrogen-fixing bacterial genera significantly differed among ZH10, Z106, and
Z106J. Ternary plot results indicated that in the root compartment, the proportional contributions of rhizobial nitrogen-fixing
Ensifer fredii and Bradyrhizobium elkanii, which exhibit an extremely broad nodulation host range, markedly differed
among the three treatments at the three stages. Thus, the present results indicate that transgenic G2-EPSPS and GAT soybean
may induce different changes in functional bacterial species in soil, such as E. fredii and B. elkanii, from ZH10, which were
compensated for/enriched at the flowering and seed filling stages, respectively, to some extent through as of yet unknown
mechanisms by transgenic soybean treated with glyphosate.
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The world’s first genetically modified (GM) plant was
introduced in 1983, and the United States of America took
the lead in promoting the industrialization of GM crops in
1996 (Brookes and Barfoot, 2013). After entering the 21st
century, the development momentum of this industrializa‐
tion has become increasingly fierce worldwide. Developed
and developing countries are both increasingly focusing on
the application of GM technology in agriculture, including
China. After 20 years of development, China has achieved
advances in the field of biotechnology research and devel‐
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opment (Zhang et al., 2018; Feng and Yang, 2019). While
GM crops bring significant benefits to humans, biosafety
issues, including environmental and biological factors, need
to be considered (Benbrook, 2016; ISAAA, 2017; 2018).
The impact of GM herbicide-resistant crops on the soil
microbial ecosystem has also become the focus of GM
safety assessments (Dale et al., 2002; Babujia et al., 2016),
particularly the importance of and issues associated with the
development of GM soybean in China, which is partly due
to its origin.

Two approaches are currently used to obtain glyphosate-
resistant soybean: the introduction of the glyphosate-tolerant
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
gene into GM soybeans to improving their tolerance as well
as the introduction of a glyphosate-degradable gene, which
degrades glyphosate before it exerts its effects, thereby
reducing damage to soybean (Duke and Powles, 2008; Guo
et al., 2015). Many genes have been found to degrade
glyphosate, and the glyphosate N-acetyltransferase (GAT)
gene exhibits good resistance to glyphosate. Under the
effects of GAT, glyphosate may be converted into N-
acetylglyphosate, which is non-toxic to plants (Castle et al.,
2004).

Three soybean treatments were examined in the present
study: the soybean cultivar Zhonghuang10 (ZH10) as the
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recipient, its G2-EPSPS & GAT dual transgenic soybean
cultivar ZH10-6 (Z106) (Guo et al., 2016), and ZH10-6
treated with glyphosate (Z106J), with the following aims: 1)
to compare and analyze the composition and abundance of
root-associated bacterial communities among three soybean
treatments with three different sampling compartments at
the seedling, flowering and seed filling stages, and 2) to elu‐
cidate the impact on the enrichment/derichment of specific
bacterial species under field growth conditions using the
high-throughput sequencing of 16S rRNA gene (V4 region)
amplicons via the Illumina MiSeq sequencing platform.

Materials and Methods

Plant materials and sampling methods
The recipient soybean cultivar ZH10, the G2-EPSPS and GAT

transgenic herbicide-tolerant soybean line Z106, and Z106 treated
with glyphosate (Z106J) were used as three treatments in this
experiment (Guo et al., 2016). All soybean lines were treated with
diammonium hydrogen phosphate ([NH4]2HPO4) 300 kg hectare–1,
and potassium chloride (KCl) 150 kg hectare–1 before planting,
while no fertilizer was applied during the experiment. Regarding
Z106J, glyphosate was applied at 900 g hectare–1 at the seedling
stage. The experimental field (the Shunyi Experimental Field Sta‐
tion of the Crop Research Institute, CAAS) is located in Shunyi
district, Beijing, China (N 40.237°, E 116.570°). This field was
divided into 36 plots (5×4 m per plot) with a randomized complete
block design for national joint experiments in May 2015, and the
layout and design of the experimental field is shown in Fig. S1 (Lu
et al., 2017), including the above three treatments with three repli‐
cations. The climate conditions of the experimental location were a
sub-humid warm temperate continental monsoon climate. Experi‐
mental samples were collected at the seedling stage on July 5,
flowering stage on July 29, and seed filling stage on August 24 in
2015.

At all three stages, each soybean treatment was sampled from
three different plots with two sampling points per plot, which were
randomly distributed across the field, and composite samples from
two sampling points per plot were made and treated as one repli‐
cate. Regarding the naming of samples, A represents bulk soil, i.e.,
soil before planting, while B, C, and D represent the seedling (V4–
V5), flowering (R1–R2), and seed filling (R5–R6) stages, respec‐
tively. The SO, RH, and RT compartments represent surrounding
soil, rhizospheric soil, and root samples, respectively. Soil loosely
adhering to the roots was shaken off the soybean plant as the
surrounding soil sample (SO). The rhizospheric soil sample (RH)
was collected by brushing off soil that tightly adhered to the root
surface. The root sample (RT) (a mixed sample of the rhizoplane/
endosphere and the layer of endophytes in roots) was collected
after washing with phosphate-buffered saline (PBS) (Lu et al.,
2017). All samples were then stored at 4°C for a basic physico‐
chemical analysis and at –80°C for DNA extraction (Lu et al.,
2018a, 2018b).

Basic physicochemical properties of soils and plants
To analyze the carbon and nitrogen contents of surrounding soil

and dried plant tissues, all samples were sent to the Modern Analy‐
sis Center of Nanjing University. The pH and water content of
samples were also tested for surrounding soil. In the acetylene
reduction assay (ARA) on surrounding soil, 10 g of each sample
was mixed with 1.4 mL of 0.1 mol L–1 glucose in a 65 mL conical
flask, followed by an injection of 7 mL of acetylene instead of air
with a syringe and an incubation at 28°C for 15 hours before meas‐
urements of ethylene production by gas chromatography.

DNA extraction from soil and root samples
In the present study, every biological replicate was a mixture of

total metagenomic DNA extracted using approximately 0.6 g soil
from each sampling point by the Power Soil DNA Isolation Kit
(MoBio Laboratories), following the instructions described by Lu
et al. (2017) with minor modifications. In root sample preparation,
2×0.7 g of root segments from the root tip of every biological rep‐
licate was carefully homogenized with liquid nitrogen using a mor‐
tar and pestle and then subjected to total metagenomic DNA
extraction using the same method described above.

16S rRNA gene amplicon sequencing via the Illumina MiSeq
platform

We used an improved dual-index high-throughput sequencing
approach with paired-end 250 nt. A ‘heterogeneity spacer’ (0 to
7 bp) was introduced into the index sequence, which allowed an
equal proportion of samples to be sequenced (Fadrosh et al., 2014).
In brief, fusion primers included appropriate P5 or P7 Illumina
adapter sequences, an 8-nt index sequence, and gene-specific pri‐
mers for amplifying the V4 region of 16S rRNA gene (Peiffer et
al., 2013), namely, 515F (5′-GTGCCAGCMGCCGCGGTAA-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et
al., 2010). PCR amplification, product purification, and library
quality determinations and quantification were performed as previ‐
ously described by Lu et al. (2017). High-throughput sequencing
of the qualified libraries was performed on the Illumina MiSeq
platform (Illumina) with the MiSeq Reagent Kit by BGI Tech Sol‐
utions. The sequencing clean data of 90 samples have been submit‐
ted to the Sequence Read Archive (SRA) with the SRA accession
number PRJNA613555.

Analysis of 16S rRNA gene amplicon sequencing data
A total of 10,532,365 qualified paired-end clean reads with an

average count per sample of 102,256 (range: 44,754–161,581)
were obtained from all samples at the seedling, flowering, and seed
filling stages. Total qualified paired clean reads at the seedling
stage were 2,933,264 and the average count per sample was
97,775 (range: 44,754–140,183). At the flowering stage, total
qualified paired-end clean reads were 3,361,258 and the average
count per sample was 112,042 (range: 50,930–156,604). At the
seed filling stage, total qualified paired-end clean reads were
2,989,410 and the average count per sample was 87,924 (range:
49,695–145,012) (Table S1). Operational taxonomic units (OTUs)
were selected as previously described (Lu et al., 2018a, 2018b)
with minor modifications. Chimeras were filtered out using
UCHIME (v4.2.40) and connected tags were filtered to eliminate
low quality and short sequences using QIIME (v1.7.0) before clean
tags were obtained (Edgar et al., 2011; Edgar, 2013). As described
previously by Lu et al. (Lu et al., 2018a, 2018b), OTU counts in
each sample’s library were normalized after species annotation and
phylogenetic tree construction, mitochondrion/chloroplast-related
sequences (phylum Cyanobacteria, family Mitochondria) from the
sequence data set were simultaneously removed, and all of the
operations described above were conducted in the I-Sanger plat‐
form (http://www.i-sanger.com). Alpha and beta diversity analyses
were then conducted based on OTUs and species annotation results
(Wen et al., 2019). In addition, the OTU rank abundance curve was
drawn to reflect species richness and evenness (Fig. S2), and the
Pan/Core OTU analysis was used to observe increases in total spe‐
cies and decreases in common species with higher sample numbers
(Fig. S3).

Alpha diversity, beta diversity, and the taxonomic analysis
Alpha diversity is applied to analyses of the complexity of spe‐

cies diversity for a sample, which may be expressed by different
indices, including observed species, Chao1, ACE, Shannon, and
Simpson (Fig. 1 and S4) (Schloss et al., 2009), and a boxplot of
alpha diversity was made by Graphpad Prism. The beta diversity
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Fig. 1. A boxplot of alpha diversity among three treatments. A) Observed OTUs index of the seedling stage; B) Observed OTUs index of the
flowering stage; C) Observed OTUs index of the seed filling stage; D) Shannon index of the seedling stage; E) Shannon index of the flowering
stage; F) Shannon index of the seed filling stage. Z106 and ZH10 represent the transgenic soybean (ZH10-6) and its recipient cultivar
(Zhonghuang 10), respectively. Z106J represents Z106 treated with glyphosate. A represents soil before planting, B, C, and D represent the
seedling, flowering, and seed filling stages, respectively. SO, RH, and RT represent surrounding soil, rhizospheric soil, and root samples,
respectively. The asterisk (*, P<0.05) indicates a significant difference according to the Student’s t-test.

analysis is used to assess differences in species complexity in sam‐
ples through several values, such as Bray-Curtis, weighted UniFrac
(WUF), and unweighted UniFrac (UUF). Beta diversity was calcu‐
lated by QIIME (Caporaso et al., 2010) to evaluate differences in
species complexity in samples among ZH10, Z106, and Z106J. A
principal coordinate analysis (PCoA) based on WUF was also per‐
formed with QIIME (Peiffer et al., 2013; Tian et al., 2019). A Par‐
tial Least Squares Discriminant Analysis (PLS-DA) was performed
with the mix Omics package of software R (Fig. S5) (Rohart et al.,
2017). Taxa clustering was conducted based on the relative abun‐
dance of each taxon; longitudinal clustering indicates the similarity
of all taxa among different samples, while horizontal clustering
indicates the similarity of certain taxa among different samples
(Fig. S6) (Jie et al., 2019). All data were processed in I-Sanger
(Wen et al., 2019). In addition, according to previous studies (Lu et
al., 2017; Wen et al., 2019), the relative abundance of the main
nitrogen-fixing bacterial genera was compared using a one-way
ANOVA, and four genera that showed significant differences
among the three treatments, namely, Bradyrhizobium (Kaneko et
al., 2002; de Souza et al., 2012), Bacillus (Seldin and Dubnau,
1985; Talebi et al., 2013), Cupriavidus (Andam et al., 2007; Liu et
al., 2012), and Ochrobactrum (Ngom et al., 2004; Wackerow-
Kouzova, 2007), were examined in more detail.

Ternary plot analysis
A ternary plot is an equilateral triangle describing the ratio rela‐

tionship of the different attributes of three variables. In the analy‐
sis, the species composition of three groups of samples may be
compared and analyzed according to species classification infor‐
mation. The proportion and relationship of different species in
samples may be visually displayed by a triangle diagram. A ternary
plot was drawn by GGTERN (http://www.ggtern.com/) (Bulgarelli
et al., 2012; Schlaeppi et al., 2014).

Statistical analysis
Our samples belonged to different groups, and the sample num‐

ber per group was 3. The Student’s t-test for alpha diversity was
performed in I-Sanger. An analysis of similarities (ANOSIM) and
permutational MANOVA (PERMANOVA/Adonis) were comple‐
mentary, non-parametric analyses that were performed using the
database Silva128/16S, with/without subsampling, as well as the
vegan package of software R (v3.1.3) in I-Sanger based on the
Bray–Curtis, WUF, and UUF distance metrics (Schloss et al.,
2009; Wen et al., 2019).

Ethics statement
The Ministry of Agriculture of the People’s Republic of China

issued permissions for the locations. Field studies did not involve
endangered species. The experimental field was not protected or
privately owned in any way.

Results

Analysis of basic physicochemical properties of soils and
plants

According to the information obtained from the China
Soil Database (http://vdb3.soil.csdb.cn/), the soil type in
Shunyi district, Beijing city, is Aquic cinnamon soil. As
shown in Table 1, the results of soil pH and water content
showed significant differences among the three soybean
treatments from the seedling to seed filling stages. The soil
nitrogen content did not significantly differ among the three
treatments at the three stages, while a significant difference
was observed in the soil carbon content at the seed filling
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Table 1. Surrounding soil and plant analyses of ZH10, Z106, and Z106J showed significant differences in some traits among three treatments.

Analysis Trait
Seedling Stage (Mean±SD)

ZH10 Z106 Z106J
Flowering Stage (Mean±SD)

ZH10 Z106 Z106J
Seed Filling Stage (Mean±SD)

ZH10 Z106 Z106J

Soil analysis

pH value
Water content (%)

C content (%)
N content (%)

Ethylene production
(nmol [g*h]–1)

8.12±0.04a 7.79±0.14b 7.82±0.05b

10.85±0.01a 12.67±0.01b 11.53±0.01ab

0.95±0.05 1.00±0.03 1.00±0.05
0.10±0.00 0.11±0.01 0.10±0.01

14.91±4.90a 22.53±2.28b 23.64±9.69b

7.95±0.04b 8.01±0.03b 8.11±0.03a

14.65±0.00b 15.54±0.00a 14.70±0.00b

1.03±0.10 0.96±0.06 0.97±0.06
0.10±0.01 0.10±0.01 0.10±0.01

56.64±23.71 63.53±14.98 52.33±14.02

7.92±0.04b 8.00±0.02a 7.96±0.01b

10.58±0.01b 10.98±0.01b 11.48±0.00a

0.99±0.03b 1.12±0.02a 0.97±0.06b

0.10±0.01 0.10±0.01 0.10±0.01

21.06±5.11a 25.30±4.89ab 32.27±5.25b

Plant analysis
C content (%)
N content (%)

38.38±0.20a 39.91±0.41b 39.76±0.63b

4.03±0.11a 4.41±0.16b 4.62±0.11c
40.17±0.81b

2.96±0.17a
37.75±1.15a

3.37±0.13b
39.38±0.55b

3.40±0.15b
38.79±1.36 38.88±0.56 39.51±0.57
2.34±0.18a 2.56±0.26ab 2.85±0.10b

SD represents the standard deviation (n=3). Z106 and ZH10 represent transgenic soybean ZH10-6 and its recipient cultivar Zhonghuang 10. Z106J
represents Z106 treated with glyphosate. C and N contents represent carbon and nitrogen contents, respectively. Statistical analyses were per‐
formed using a one-way ANOVA. The values in bold indicate a significant difference (P<0.05) among the ZH10, Z106, and Z106J groups.

stage only. The soil nitrogenase activities of Z106 and
Z106J were significantly higher than that of ZH10 at the
seedling stage only. Significant differences were observed in
the plant carbon content at the seedling and flowering
stages, while the plant nitrogen content significantly dif‐
fered at all three stages among the three treatments.

Alpha diversity of root-associated bacterial communities
among ZH10, Z106, and Z106J

The mean and standard deviation (SD) were calculated
based on six alpha diversity indices of all replicates of the
surrounding soil, rhizospheric soil, and root samples of
ZH10, Z106 and Z106J, and the Student’s t-test was used
for multigroup comparisons. The results obtained revealed
no significant differences in alpha diversity among the three
treatments at the three stages, except for some comparison
groups in one alpha diversity index (Table S2), such as the
Observed OTUs in the rhizospheric soil samples of ZH10
and Z106 at the seed filling stage, and the Shannon index of
the root samples of ZH10 and Z106 at the flowering stage
(Fig. 1 and S4). In addition, the Observed OTUs and Shan‐
non index of root samples at the seedling, flowering, and
seed filling stages were markedly lower than those of the
surrounding soil and rhizospheric soil samples (Fig. 1).

Beta diversity of root-associated bacterial communities
among ZH10, Z106, and Z106J

The normalized abundance of each OTU in each sample
was calculated based on the OTU table for the biom format,
and a beta diversity analysis was performed by PCoA based
on the WUF distance (Fig. 2) of the root-associated bacterial
communities of ZH10, Z106, and Z106J. The distance
between samples was assessed by composition similarities
among all soil samples. As shown in Fig. 2, bacterial com‐
munities in the surrounding soil, rhizospheric soil, and root
samples of ZH10, Z106, and Z106J were not distinct from
each other at the seedling, flowering, or seed filling stages,
indicating no marked difference among the three treatments.
In addition, the bacterial communities in the root samples of
ZH10, Z106 and Z106J were distinct from those in the
surrounding soil and rhizospheric soil samples at all three
stages. The results of PLS-DA were also consistent with the
above results (Fig. S5).

We then performed statistical ANOSIM and Adonis on
bacterial communities. The results of ANOSIM and Adonis

based on the Bray–Curtis distance both indicated that the
taxonomic beta diversities of bacterial communities among
ZH10, Z106, and Z106J in the same compartment at one
stage were not significantly different (Table S3).

In order to verify the results obtained, we performed
ANOSIM and Adonis based on WUF and UUF (Table S3),
and these results also indicated no significant differences
among the phylogenetic beta diversity of bacterial commun‐
ities among ZH10, Z106, and Z106J in the same compart‐
ment at different stages.

Comparative analysis of taxonomic levels of root-associated
bacterial communities among ZH10, Z106, and Z106J

We used a ternary plot analysis to identify the bacteria
responsible for the observed community differentiation at
the species level and the results obtained showed no marked
differences among the three treatments in the surrounding
soil or rhizospheric soil samples; however, several species
had higher proportions in root samples (Fig. S7C), including
Ensifer (previously described as Sinorhizobium) fredii
belonging to the family Rhizobiaceae, order Rhizobiales,
and class Alphaproteobacteria within the phylum
Proteobacteria. In comparisons with Z106, E. fredii
accounted for a lower proportional contribution in Z106J at
the seedling stage (Fig. S7D) and a higher proportional con‐
tribution in ZH10 and Z106J at the flowering stage (Fig.
S7E). In the seed filling stage, the proportional contribution
of E. fredii among the three treatments appeared to be simi‐
lar (Fig. S7F). Based on these results, we conducted the
same analysis of root samples at the three stages among the
three treatments, and the results obtained were consistent
with the ternary plots shown in Fig. S7D, E, and F (Fig. 3).
Regarding the species Bradyrhizobium elkanii, which
belongs to the family Bradyrhizobiaceae, order Rhizobiales,
and class Alphaproteobacteria within the phylum
Proteobacteria, its proportional contribution in Z106 was
higher than that in ZH10 and Z106J at the seedling and
flowering stages, but was lower at the seed filling stage.

We also compared the relative abundance of major five
bacterial taxa at the phylum, class, order, family, genus, and
species taxonomic levels using a one-way ANOVA (Fig.
S8). The results revealed that the relative abundance of
Betaproteobacteria (Fig. S8D), Burkholderiales (Fig. S8G)
and Comamonadaceae (Fig. S8J) in root samples at the
seedling stage was significantly higher in Z106J than in
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Fig. 2. PCoA based on the weighted UF distance matrix at three stages among three treatments. A) Seedling; B) flowering; C) seed filling. Z106
and ZH10 represent the transgenic soybean (ZH10-6) and its recipient cultivar (Zhonghuang 10), respectively. Z106J represents Z106 treated with
glyphosate. A represents soil before planting, B, C, and D represent the seedling, flowering, and seed filling stages, respectively. SO, RH, and RT
represent the surrounding soil, rhizospheric soil, and root samples, respectively.

Z106, while the relative abundance of Burkholderiales (Fig.
Comparison of the composition of main nitrogen-fixingS8G) and Comamonadaceae (Fig. S8J) was significantly
bacterial genera at different growth stageshigher in ZH10 than in Z106. Regarding root samples at the

flowering stage, the relative abundance of We examined the relative abundance of the main
Alphaproteobacteria (Fig. S8E), Rhizobiales (Fig. S8H), nitrogen-fixing bacterial genera and found that the relative
and Rhizobiaceae (Fig. S8K) was significantly higher in abundance of Cupriavidus was significantly higher in the
ZH10 than in Z106. Z106J root sample than in the Z106 root sample at the

seedling and seed filling stages (Fig. 4A and C). At the
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Fig. 3. Ternary plot of species based on different treatments in root samples at three stages. Different proportional contributions were observed:
A) Seedling; B) flowering; C) seed filling. Z106 and ZH10 represent the transgenic soybean (ZH10-6) and its recipient cultivar (Zhonghuang 10),
respectively. Z106J represents Z106 treated with glyphosate. B, C, and D represent the seedling, flowering, and seed filling stages, respectively.
RT represents the root sample.

flowering stage, the relative abundance of Cupriavidus was
significantly higher in the Z106 root sample than in the
ZH10 and Z106J root samples (Fig. 4B). Regarding root
samples at the seed filling stage, the relative abundance of
Bradyrhizobium was significantly higher in ZH10 than in
Z106, while the relative abundance of Bacillus and
Ochrobactrum was significantly higher in Z106 than in
Z106J, and Ochrobactrum was present at a significantly
higher abundance in Z106 than in ZH10 (Fig. 4C).

Discussion

The general concept of the present study was partly
derived from previous studies (Mendes et al., 2014;
Edwards et al., 2015) that examined the microbial commun‐
ities associated with three rhizo-compartments. In the
present study, we used similar compartments, including the
surrounding soil, rhizospheric soil and associated roots
containing the rhizoplane and endosphere (Bulgarelli et al.,
2012; Edwards et al., 2015; Lu et al., 2018b; Wen et al.,
2019), to effectively compare differences among the three
soybean treatments at the three growth stages and assess the
impact of GM crops on underground microbial communi‐
ties.

In the present study, we selected the glyphosate-resistant

soybean line Z106 with the dual transgenes of G2-EPSPS
and GAT and its recipient cultivar ZH10 as research materi‐
als. In contrast to conventional comparisons, which gener‐
ally focus on the effects of transgenic or only herbicide
application separately (Babujia et al., 2016; Fan et al.,
2017), we evaluated the influence of glyphosate-resistant
transgenes together with the application of glyphosate.
Thus, the impact of the dual transgenic soybean between
Z106 and ZH10 and that of glyphosate between Z106
treated with glyphosate (Z106J) and Z106 with clean water
on soil root-associated microbial communities were effec‐
tively analyzed at the seedling, flowering, and seed filling
stages, which appeared to clearly provide an important ref‐
erence for the evaluation of soil ecological and environmen‐
tal safety (Bulgarelli et al., 2012).

In the alpha diversity analysis, no significant differences
were observed in the surrounding soil, rhizospheric soil, or
root samples of ZH10, Z106, and Z106J at the seedling,
flowering, or seed filling stages (Table S2). Similarly, the
beta diversity analysis failed to detect significant differences
among the three treatments in the same compartment at any
of the three stages (Table S3). These results indicate that
neither the G2-EPSPS & GAT transgenes nor the application
of glyphosate significantly changed the community structure
of soil microbial communities.
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Fig. 4. Relative abundance of main nitrogen-fixing bacterial genera among three treatments at three stages. A) Seedling; B) flowering; C) seed
filling. Z106 and ZH10 represent the transgenic soybean (ZH10-6) and its recipient cultivar (Zhonghuang 10), respectively. Z106J represents Z106
treated with glyphosate. B, C, and D represent the seedling, flowering, and seed filling stages, respectively. SO, RH, and RT represent the
surrounding soil, rhizospheric soil, and root samples, respectively. The asterisk (*, P<0.05) indicates a significant difference according to a one-
way ANOVA.

However, in comparisons of the composition of the major ences among the three treatments (Fig. S8). Ternary plots
bacterial taxa at the three growth stages, the abundance of also revealed differences in the proportional contributions of
some soil bacterial communities showed significant differ‐ several root-associated microbial communities based on dif‐
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ferent compartments, treatments, or stages. As shown in Fig.
3, the proportional contribution of E. fredii was higher in
root samples at the flowering stage of ZH10 and Z106J than
that of Z106, which is reported to be involved in nitrogen-
fixing nodule formation in plants and is a very common
symbiont of soybean (Temprano-Vera et al., 2018) and other
legumes (Rathi et al., 2018) in alkaline soils, in which it
forms determinate nodules in soybean and cowpea
(Krishnan, 2002; Lopez-Baena et al., 2016). Furthermore, E.
fredii is a fast-growing root nodule bacterium with a broad
spectrum of hosts that was initially isolated from Chinese
soil and nodulates the roots of 79 diverse genera of legumes
(Krishnan, 2002; Albareda et al., 2009).

The lower proportional contribution of E. fredii in Z106
than in ZH10 indicated that the glyphosate-resistant trans‐
genes G2-EPSPS & GAT affected root-associated microbial
diversity in the root system of soybean, possibly through
changes in gene expression and root exudation, as reported
previously in GM crops (Tesfaye et al., 2003; Steinauer et
al., 2016). Compared to Z106, the exogenous application of
glyphosate recovered the proportional contribution of E.
fredii in Z106J, which was similar to that of ZH10. A previ‐
ous study reported that a novel class II EPSPS from E. fredii
showed a high level of glyphosate tolerance (Wang et al.,
2014), which reflected the potential ability of E. fredii to
resist glyphosate, suggesting positive feedback through
which glyphosate resistance occurs when Z106 is treated
with glyphosate. GAT may also degrade glyphosate, which
then acts as a nutrient source for E. fredii, thereby
neutralizing its herbicidal effects (Saxton et al., 2011).

The relative abundance of nitrogen-fixing bacterial gen‐
era in soil was also investigated in the present study, and the
results obtained showed that the relative abundance of
Bradyrhizobium was significantly influenced by the G2-
EPSPS & GAT transgenes at the seed filling stage (Fig. 4).
The genus Bradyrhizobium is generally reported to be
related to soybean nitrogen fixation, such as B. elkanii,
which is a nitrogen-fixing bacterium that nodulates soybean
(Barcellos et al., 2007; de Souza et al., 2012; Mason et al.,
2018). In addition, B. elkanii showed different proportional
contributions among the three treatments at the three stages
(Fig. 3), which also demonstrated that the G2-EPSPS &
GAT transgenes and the application of glyphosate may
affect the abundance of nitrogen-fixing bacteria. Notably,
the higher proportional contribution of B. elkanii in ZH10
and Z106J at the seed filling stage was similar to the propor‐
tional contribution of the nitrogen-fixing species E. fredii
among the three treatments at the flowering stage.

In the present study, differences in relative abundance
among the three treatments may also be partly due to varia‐
tions in soil pH (Table 1) caused by transgenic soybean
planting or the application of glyphosate. Soil pH is gener‐
ally regarded as one of the major factors influencing micro‐
bial activity or the community structure (Aciego Pietri and
Brookes, 2009; Cao et al., 2016); however, this needs to be
examined in more detail in order to elucidate the mecha‐
nisms responsible for the different responses.

To clarify the mechanisms by which the crop affected the
rhizosphere diazotrophic community, the relative abundance
of nitrogen-fixing bacteria in root nodule samples and bio‐

logical nitrogen fixation (BNF) by soybean need to be
assessed (Bohm et al., 2009; Hungria et al., 2014; Fan et al.,
2017); however, in the present study, no significant differen‐
ces were observed in the number of nodules among the three
treatments (data not shown). This may be due to the sam‐
pling error of nodules, which ultimately resulted in the ces‐
sation of attempts to extract bacterial genomic DNA from
nodules. However, this issue needs to be examined in future
studies to fully elucidate the relative abundance and
responses of nitrogen-fixing bacteria residing not only in
root-associated compartments, but also in root nodules.

G2-EPSPS & GAT transgenic herbicide-tolerant soybean
treated with or without glyphosate had no significant impact
on rhizosphere microbial communities in soil during a sin‐
gle growth season. However, G2-EPSPS & GAT transgenes
and the application of glyphosate specifically affected the
soil microbial community structure, such as the relative
abundance and proportional contributions of some nitrogen-
fixing bacteria in soybean root-associated bacterial com‐
munities, which may have an impact on rhizosphere
nitrogen fixation efficiency in soybean, particularly those
used for soil remediation under abiotic stresses. For exam‐
ple, in acidic soils lacking efficient phosphorus with alumi‐
num toxicity (Barcelo and Poschenrieder, 2002; Zhao et al.,
2004; Liao et al., 2006), soybean plants with nitrogen fixa‐
tion ability were planted with the expectation of soil
improvement (Cheng et al., 2009; Yang et al., 2012); there‐
fore, there are concerns about the efficiency of soil remedia‐
tion, in addition to assessment of biosafety issues, if
application of these GM soybeans is expanded. In addition,
the present results need to be confirmed in studies using
more biological replicates and field experiments under dif‐
ferent geographical and physiological conditions.
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