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Abstract. A field experiment involving Hvsusiba2 transgenic rice (SUSIBA) and its wild type Nipponbare rice (NIPP) has
been on-going in Fujian Province China since 2017. The composition of bacterial communities and functional genes in
paddy soil were investigated at the full heading stage of rice in the third year of the experiment. The results showed that
the bacterial communities or microbial functional structures in the paddy soil with SUSIBA clearly separated from those
of NIPP. According to ADONIS and ANOSIM analysis, separations of bacterial communities or microbial functional
structures between SUSIBA and NIPP were significant (P < 0.05). The relative abundance of Acidobacteria significantly
(P < 0.05) decreased in the paddy soil with SUSIBA, while increased in Proteobacteria. Otherwise, the planting of line
SUSIBA markedly (P < 0.05) reduced the intensity of functional genes such as carbon cycling, organic remediation,
virulence and other, especially genes of carbon fixation and degradation. In summary, the planting of Hvsusiba2
transgenic rice changed the composition of bacterial communities and intensity of functional genes in paddy soil at
heading stage of the third year.

Keywords: Hvsusiba2 transgenic rice, bacterial community composition, microbial functional gene, lllumina MiSeq,
GeoChip.

INTRODUCTION

In 2018, twenty-six countries planted 191.7 million vulgare L.), acts as a sugar-inducible genes regulator and

hectares of biotech crops according to the published of
ISAAA (International Service for the Acquisition of Agri-
biotech Applications) (James, 2018). Planting transgenic
crop has brought many economic benefits but also raised
some concern over the potential impact on the
environment, such the soil microbial community (Lu et al.,
2017). According to previous studies, releasing many
transgenic plants affect soil microbial communities such
as diversity, abundance of indigenous soil bacteria and
fungi in Bt (Bacillus-thuringiensis) transgenic cotton
(Donegan et al.,, 1995) and Bt transgenic maize
(Castaldini et al., 2005) soil.
Hvsusiba2, a transcriptional factor in barley (Hordeum

mediates carbon partitions between aboveground parts
and roots (Sun et al., 2003; Sun et al., 2005). The
synthetic Hvsusiba2 gene was built in the downstream of
the specific promoter SBEIIb for starch synthesis, and
transformed into rice by the Agrobacterium method (Su et
al., 2015). The Hvsusiba2 transgenic rice with high-starch
in grains because of the advantage to expression of
SBEIIb in the grain regulated the distribution of
carbohydrate in rice plant, and then could reduce the
methane emissions of the paddy (Su et al., 2015).

Paddy field is the main agricultural emission source of
the second largest greenhouse gas CHa4, and it was
estimated that it can emit 50 to 60 Tg of methane into the



atmosphere every year (Yvon et al., 2014). Developing
rice varieties with low methane emission and high yield is
one of the key measures to reduce greenhouse effect
and realize low carbon production of rice. The Hvsusiba2
transgenic rice just meets the dual requirements of low
methane emission and high yield, and becomes an ideal
rice material which is helpful to meet the urgent needs of
global sustainable food production (Bodelier, 2015).
Therefore, it is necessary to further develop and utilize
Hvsusiba2 transgenic rice, however the safety of genetic
modified crops should be evaluated firstly, and the impact
on the soil microbial communities is one of the important
contents in evaluating the ecological safety of genetically
modified crops.

The Hvsusiba2 transgenic rice promotes carbon
transport to plant aboveground and reduces the
transportation of carbon to underground part, which
would reduce the accumulation of carbon in rhizosphere
and soil (Su et al., 2015). Therefore planting Hvsusiba2
transgenic rice may affect the survival of soll
microorganism, such as to change the diversity of
microbial communities and functional structures in the
paddy soil. Diversity and function of the microbial
communities are directly relevant the soil material energy
cycle, and the stability and sustainable of soil ecosystem.
It is worth attention on the influence of planting
Hvsusiba2 transgenic rice on soil microbial communities.

At present, high throughput sequencing of microbial
has been used, such as, the study that found the
abundance in soil microbial of rotation cropping was far
higher than that of continuous cropping by 16S rRNA-
based lllumina MiSeq sequencing (Zhang et al., 2014). In
addition, a high-throughput gene chip technology of
GeoChip was developed for detecting microbial functional
groups. GeoChip has been used in research on
environmental microbial functional structures, such as
global climate change, oil field, heavy metal pollution,
acidic mining waste water, sediment, human intestinal
(Yang et al., 2018; Xue et al., 2016; Xue et al., 2018; Li et
al., 2017; Kuang et al., 2016; Wu et al., 2018; Chen et al.,
2014; Li et al., 2014).

In this study, 16S rRNA-based Illumina MiSeq and
GeoChip were used to reveal the effect of planting
Hvsusiba2 transgenic rice on bacterial communities and
functional groups of microbial in the paddy soil.

MATERIALS AND METHODS
Field experiment and sampling

A field experiment has been performed at Shoushan
(26°11'N, 119°16'E) located in Fujian Province China
since 2017. The experiment was approved by the
Ministry of Agriculture and Rural Affairs of the People's
Republic of China. Two rice varieties were planted at the
experimental site. The varieties were Hvsusiba2
transgenic rice (Oryza sativa L. ssp. Japonica) SUSIBA2-
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77 (SUSIBA) and a corresponding wild type non-
Hvsusiba2 rice Nipponbare (NIPP). A double T-DNA
vector pCDMARUBb-Hyg of the synthetic Hvsusiba2
gene was constructed and transformed to rice
Nipponbare by the Agrobacterium method. The non-
marked (with the hygromycin gene removed) Hvsusiba2
gene homozygous rice strain SUSIBA2-77 was obtained
through the detection and selection of multi-generation
self-crossing.

The soil at the experiment site contained total N 1.19 g
kg1, P 0.25 g kgtand K 18.26 g kg, organic C 19.50 g
kg?, and pH 5.78. Each treatment was carried out in 35
m? per plot randomly distributed in the field, where
replication was carried out four times. The field
experiment has been carried out for three years, with the
management of water and fertilizer according to the
conventional methods in the area.

The soil adhering to the roots, at about 0-20 cm depth,
was collected as the root zone sail in the third year of the
experiment at heading stage of rice. In each field
replicate, soil of five sites were excavated randomly and
pooled to give one sample per field plot. Soil samples
were stored at -70 °C until molecular analysis or air-dried
for chemistry analysis, respectively.

Soil DNA extraction and molecular analysis

Soil DNA was extracted using the FastDNA®SPIN Kit for
Soil (QBIOgene, USA) according to the manufacturer’s
instructions. The concentration of DNA samples was
determined by a Nanodrop® ND-1000 UV-Vis
Spectrophotometer (NanoDrop Technologies, USA), and
were sent to MAGIGENE Co., Ltd (China) for analysis of
high-throughput sequencing (16S rRNA-based lllumina
MiSeq) and functional gene arrays (GeoChip 5.0 60K).

Illumina MiSeq sequencing of 16S rRNA

The V3-V4 region of 16S rRNA was amplified with the
primers 338F (5-ACTCCTACGGGAGGCAGCAG- 3))
and 806R (5-GGACTACHVGGGTWTCTAAT- 3)
(Walters et al., 2011). PCR reactions, containing 25 yL 2
x Premix Taq (Takara Biotechnology, Dalian Co. Ltd.,
China), 1 pl each primer (10 pmol-uL1) and 3 uL DNA (20
ng-uL?) template in a volume of 50 pL, was amplified by
thermocycling: 5 min at 94°C, 30 cycles of 30 s at 94°C,
30 s at 52°C, and 30 s at 72°C; followed by 10 min at
72°C. PCR products were mixed and purified with EZNA
Gel Extraction Kit (Omega, USA). Sequencing libraries
were generated using NEBNext® Ultra™ DNA Library
Prep Kit for lllumina® (New England Biolabs, MA, USA)
and sequenced on an lllumina Miseq platform
(Guangdong Magigene Biotechnology Co., Ltd.
Guangzhou, China) (Schloss et al., 2009; Caporaso et
al., 2010a).

Sequences analysis was performed by Usearch software
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(V10, http://www.drive5.com/usearch/). Sequences with
> 97% similarity were assigned to the same OTU
(operational taxonomic unit) (Caporaso et al., 2010b).
Principal coordinate analysis (PCoA) and non-metric
multidimensional scaling (NMDS) analysis was performed
by R software based on the weighted and unweighted
UniFrac distance matrix (Lozupone and Knight, 2005).
Analysis of ADONIS (non-parametric multivariate
analysis of variance) and ANOSIM (analysis of
similarities) was performed by R software based on the
bray-curtis distance, the weighted and unweighted
UniFrac distance to display the extent of differences
between groups and whether the differences were
significant.

GeoChip analysis

GeoChip 5.0 60K contains 57, 603 probes targeting
sequences from 373 functional gene families involved
carbon cycling, nitrogen metabolism, sulfur cycling,
phosphorus cycling, metal homeostasis, organic
remediation, secondary metabolism, virulence activity
and other. The purified DNA was labeled with the Cy3
dye by random primers and the Klenow fragment of DNA
polymerase |. Labeled DNA was purified with a QIA quick
purification kit (Qiagen, Valencia, CA, USA) and then
dried down in a Labconco Centrivap Concentrator
(Labconco Corp., Kansas City, MO) at 50°C for 45 min.
Dried DNA was diluted to the same concentration, then
incubated at 95°C for 5 min and maintained at 42°C until
hybridization. Subsequently, labeled DNA was placed
onto the array, and then, the array preheated to 42°C on
a hybridization station (MAUI, BioMicro Systems, Salt
Lake City, UT, USA) for at least 5 min, samples were
loaded onto the array surface and hybridized
approximately 16 h. Finally, microarray was scanned by
NimbleGen MS200 scanner (Roche, Madison, WI, USA)
to obtain the optical signals.

ImaGene 6.0 (Biodiscovery Inc., El Segundo, CA, USA)
software was used to convert optical signals to digital
signals to obtain probe signal intensity. Dimensionality
reduction analyses such as PCA (Principal Component
Analysis), DCA (Detrended Correspondence Analysis),
PCoA and NMDS were performed according to the probe
intensity. Two non-parametric analysis of ADONIS and
ANOSIM were performed by three kinds of distance
matrix: Jaccard, Bray Curtis and Euelidean, and the gene
intensity was compared by T-test.

Soil chemical properties and RDA analysis

Soil chemical properties including organic C, pH (1: 2.5
H20), alkali-hydrolyzable N, Olsen-P and NH4OAc-K
were analyzed by standard procedures (Bao, 2007), and
as environmental factors for redundancy correspondence

analysis (RDA) of lllumina MiSeq data or GeoChip data
were calculated by R software. Statistical significance of
differences in soil chemical properties between the two
rice lines was assessed by analysis of variance (ANOVA)
and LSD (least significant difference) using SPSS,
version 17.0.

RESULTS
Bacterial community composition in the paddy soils

A total of 13,352 OTUs with an average of 1,669 + 85
OTUs per soil replicate was identified, which based on
the total of 549,261 pairs of clean reads obtained from
lllumina MiSeq. There was a clear separation between
the paddy soil replicates in bacterial community of
SUSIBA and those of NIPP by NMDS or PCoA analysis
based on the weight UniFrac distance, respectively
(Figure 1A and B). For the analysis of NMDS or PCoA
based on the unweighted UniFrac distance (Figure 1C
and D) also showed a clear separation between SUSIBA
and NIPP. The analysis of ADONIS and ANOSIM
differences based on the distances of bray-curtis,
unweighted and weighted UniFrac all suggested that the
separation of bacterial communities in paddy soil for
SUSIBA was statistically significant (P < 0.05) in
comparison with NIPP (Table 1).

The most abundant phylum was Proteobacteria in the
paddy soil of the two variety rice, which was followed by
Acidobacteria and Chloroflexi, and then by Nitrospirae,
Bacteroidetes, Planctomycetes, Verrucomicrobia,
Firmicutes, Patescibacteria and Actinobacteria, and so
on. These major bacterial phyla accounted for over 96%
of total abundance in the bacterial communities in the
paddy soil of both NIPP and SUSIBA. The relative
abundance of Proteobacteria, Nitrospirae, Bacteroidetes
or Patescibacteria was significantly higher (P < 0.05) in
the paddy soil with SUSIBA compared with NIPP (Figure
2A), but the relative abundance of Acidobacteria was
significantly lower (P < 0.01) in the paddy soil with
SUSIBA than that of NIPP (Figure 2A). The most ten
bacterial genus in the relatively abundance showed that
three genus of Candidatus_Solibacter,
Candidatus_Koribacter and Bryobacter all classify as
Acidobacteria were significantly decreased (P < 0.01) in
the paddy field with SUSIBA, while the relative
abundance of Methylocysts (P < 0.01) and
Rhodomicrobium (P < 0.05) all classify as Proteobacteria
were markedly increased in the paddy field with SUSIBA
(Figure 2B).

In addition, bacteria biomarkers in the paddy soil with
NIPP or SUSIBA were shown by LDA Effect Size (LEfSe)
(Figure 3), which suggested that Acidobacteria (including
Acidobacteriia, Acidobacteria and Acidobacteriales) was
significant enrichment of specie in the paddy soil with
NIPP, while Proteobacteria was significant enrichment of
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Figure 1. NMDS (non-metric multidimensional scaling) and PCoA (principal coordinate
analysis) of bacterial communities in the paddy soil with different rice lines. A and B were
NMDS and PCoA plots based on weighted UniFrac distance, C and D were NMDS and
PCoA plots based on unweighted UniFrac distance. Square and dot indicated NIPP and

SUSIBA,
SUSIBA2-77.

specie in the paddy soil with SUSIBA (Figure 3). The
enrichment of Proteobacteria or Acidobacteria in the
paddy soil with SUSIBA or NIPP should have a degree
impact on the difference in soil bacterial communities
between SUSIBA and NIPP, respectively.

Microbial functional genes in the paddy soils

The microbial functional genes in the paddy soil were
examined by GeoChip 5.0. A total of 315,312 gene probe
was detected with an average of 39,414 gene probes per
soil replicated. The Venn diagram showed that there
were 34,084 overlap probes in soil replicates of SUSIBA
and NIPP.

respectively. NIPP: Nipponbare rice, SUSIBA: Hvsusiba2 transgenic rice

The dimensionality reduction analysis of microbial
functional structures based on GeoChip data was shown
in Figure 4. The plots of PCoA, PCA and DCA suggested
that the microbial functional structure was separated
based on rice variety (Fig. 4 B, 4 C, 4 D), although the
four soil replicates of SUSIBA were not clearly separated
from the four replicates of NIPP in the NMDS plot (Fig. 4
A). The analysis of ADONIS and ANOSIM differences
based on Bray-curtis, Jaccard and Euclidean all
suggested that the separation in the paddy soil microbial
functional structures of SUSIBA from those of NIPP was
statistically significant (P < 0.05) (Table 1).

Differences of microbial functional genes intensity in the
paddy soil between planting NIPP and SUSIBA were
analyzed by T-test. There were twenty functional genes
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Table 1. ADONIS and ANOSIM difference in soil bacterial communities or functional genes between NIPP and SUSIBA based on lllumina

MiSeq or GeoChip.

ADONIS ANOSIM
Group Method = ) Pr R- P-
df SumsOfSgs MeanSqgs Model R >F) value value
SUSIBAVSNIPPpray.cutis 1 00624 00624 41491 04088 0031* 100 0.025*
lllumina g5 1gavs Nipp  UNWeighted 1 01172 01172 15497 02053 0.032*  1.00 0.031*
MiSeq UniFrac
SUSIBA.vs.NIPP \l’JVrﬁ'Fg::fd 1 0.0273 0.0273  6.4578 0.5184 0.038* 1.00  0.028*
SUSIBA.vs.NIPP  Bray-Cutis 1 0.0019 0.0019 1.8496 0.2356 0.022* 0.23  0.022*
GeoChip SUSIBA.vs.NIPP  Jaccard 1 0.0044 0.0044 2.0949 0.2587 0.038* 0.33 0.026*
SUSIBA.vs.NIPP  Euclidean 1 1, 950.87 1,950.87 1.6672 0.2174 0.027* 0.33 0.027*
SumsOfSgs: total variance; MeanSqs: mean square error namely SumsOfSgs/df; F.Model: F test value.
" P <0.05.
¥ : NIPP: Nipponbare rice, SUSIBA: Hvsusiba2 transgenic rice SUSIBA2-77.
A
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Figure 2. Relative abundance of bacterial at phyla (A) or genus (B) level in the
paddy soil with different rice lines. NIPP: Nipponbare rice, SUSIBA: Hvsusiba2
transgenic rice SUSIBA2-77. *: P < 0.05, **: P < 0.01.

in the paddy soil were significant differences (P<0.05) in
gene intensity between NIPP and SUSIBA, and all of its
intensity in the paddy soil with SUSIBA were significantly

lower (P<0.05) than those of NIPP (Table 2). More than
50% of the twenty genes classify as the gene category of
carbon cycling, including eight genes of carbon fixation
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Figure 4. Dimensionality reduction analyses of microbial functional structures in the
paddy soil with different rice lines. A, B, C and D were NMDS (Non-metric
multidimensional scaling), PCoA (principal coordinate analysis), PCA (Principal
component analysis) and DCA (detrended correspondence analysis) plots. Square and
dot indicated NIPP and SUSIBA, respectively. NIPP: Nipponbare rice, SUSIBA:
Hvsusiba2 transgenic rice SUSIBA2-77.

and three genes of carbon degradation. About 30% of the remediation and each one gene of pesticides and
twenty genes classify as gene category of organic herbicides remediation. On the other hand, there were
remediation, including four genes of aromatics two genes belonging to the other of phylogentic and one
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Table 2. Analysis of differences in intensity of soil microbial functional genes between NIPP and SUSIBA by T-test.

Significance

Gene Freedom T-value (P < 0.05) Gene category Subcategoryl Subcategory?2
sdhA 6 -4.7199 0.0033 Carbon cycling Carbon fixation 3-hydroxypropionate bicycle
mch 6 -4.6061 0.0037 Carbon cycling Carbon fixation 3-hydroxypropionate bicycle
mct 6 -3.9276 0.0077 Carbon cycling Carbon fixation 3-hydroxypropionate bicycle
C_CoA_hydratase 6 -2.5293 0.0447 Carbon cycling Carbon fixation 3-hydroxypropionate/4-hydroxybutyrate cycle
3HP_CoAs 6 -2.4957 0.0468 Carbon cycling Carbon fixation 3-hydroxypropionate/4-hydroxybutyrate cycle
mdh 6 -2.4906 0.0471 Carbon cycling Carbon fixation Reductive tricarboxylic acid cycle
AcnhA 6 -3.5921 0.0115 Carbon cycling Carbon fixation Reductive tricarboxylic acid cycle
ccmM 6 -3.7115 0.0100 Carbon cycling Carbon fixation Bacterial microcompartments
cdh 6 -3.4762 0.0132 Carbon cycling Carbon degradation Terpenes
Glucose_oxidase_fungi 6 -3.0451 0.0227 Carbon cycling Carbon degradation Glucose
hyaluronidase 6 -2.9470 0.0257 Carbon cycling Carbon degradation Hyaluronic acid
linc 6 -2.5981 0.0408 Organic remediation  Pesticides related compound NA
trzn 6 -3.7903 0.0091 Organic remediation  Herbicides related compound NA
dbdd 6 -3.4346 0.0139 Organic remediation  Aromatics Heterocyclic aromatics
cumc 6 -2.8951 0.0275 Organic remediation  Aromatics Other aromatics
tmoabe 6 -2.6406 0.0385 Organic remediation Aromatics BTEX and related aromatics
bphc 6 -2.4967 0.0467 Organic remediation  Aromatics Polycyclic aromatics
EFla_Oxymonads 6 -5.7763 0.0012 Other Phylogenetic NA
cox1_Viridiplantae 6 -2.9432 0.0258 Other Phylogenetic NA
fosx 6 -2.7684 0.0325 Virulence Antibiotic resistance Degradation

gene of antibiotic resistance degradation had NIPP (Table 3). Soil availability N and P were DISCUSSION

significant differences (P < 0.05) in intensity
between NIPP and SUSIBA.

Soil chemical properties in the paddy soils

In this study, soil chemical properties were
measured and as environmental factors for
redundancy correspondence analysis (RDA) of
bacterial communities or microbial functional
structures. Soil organic C and pH in the paddy
field cultivated with Hvsusiba2 transgenic rice
SUSIBA were similar to those of its wild type rice

lower (P < 0.05) in the paddy field with SUSIBA
than those of NIPP, while soil availability K
increased in the paddy field with SUSIBA (Table
3). So, planting Hvsusiba2 transgenic rice had
effect on the efficiency of nitrogen, phosphorus
and potassium in the paddy soil.

The results of RDA indicted that there were
significant (P = 0.022, 0.027) correlation between
availability P or availabilty K and bacterial
communities in the paddy fields. At the same time,
soil availability N, availability P and availability K
had significant (P = 0.001, 0.013, 0.012)
correlation with the microbial functional structures.

The release of transgenic crop varieties may alter
soil microbial community through root exudates
and plant residues, over both short and long term
(Song et al., 2014). In the experimental field site,
Hvsusiba2 transgenic rice SUSIBA2-77 (SUSIBA)
and their wild type Nipponbare rice (NIPP) had
been planted for three years. The results of the
current study showed that here was a clear
separation in soil bacterial community between
SUSIBA and NIPP, by using NMDS or PCoA
based on weighted and unweighted UniFrac
distance. At the same time, the dimensionality
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Table 3. Chemical characters in the paddy soil with different rice lines.

Availability N Availability P Availability K

Riceline® (Alkali-hydrolyzable N)  (Olsen-P)  (NHiOAc-k)  organicC pH (H:0)
mg-kg*D. W.? mg.kgtD.W. mg.kglD. W. g-kglD. W.

NIPP 92.40£5.94° 34.03+1.78° 5025:472° 2255:127° 531+001°

SUSIBA 78.40 £7.92° 2563+054° 72.65+419° 2450+3.06° 533%0052

@: D.W.: dry weight. Values are mean = SD (n = 4). Values in the same column followed by different letters are significantly

different (P < 0.05).

®: NIPP: Nipponbare rice, SUSIBA: Hvsusiba2 transgenic rice SUSIBA2-77.

reduction analysis of GeoChip data also showed that the
microbial functional structure in the paddy soil with
SUSIBA clearly separated from that of NIPP. The above
separation between SUSIBA and NIPP was -certified
statistically significant (P < 0.05) by the test of ADONIS or
ANOSIM. Moreover, the relative abundance of
Acidobacteria decreased in the paddy soil with SUSIBA
while that of Proteobacteria increased. It was worthy
attention that the enhancement in the relative abundance
of Methylocystis in the paddy soil with SUSIBA compared
with NIPP, what is more it may have a contribution to the
low methane emissions of the paddy with Hvsusiba2
transgenic rice.

Based on the GeoChip data, we found that planting of
Hvsusiba2 transgenic rice reduced some microbial
functional genes intensity for carbon cycling, such as
sdhA, mch and mct of 3-hydroxypropionate bicycle,
C_CoA hydratase and 3HP_CoAs3HP_CoAs of 3-
hydroxypropionate/4-hydroxybutyrate cycle, mdh and
AcnA of reductive tricarboxylic acid cycle. Carbon cycle is
one of the most important biogeochemical cycles in
ecosystems, and 3-hydroxypropionate bicycle, 3-
hydroxypropionate/4-hydroxybutyrate cycle and reductive
tricarboxylic acid cycle was three main pathways of
microbial carbon fixation (Liu et al.,, 2017; Yuan et al.,

carbon fixation or degradation gene intensity means that
the potential of carbon cycling in the paddy with
Hvsusiba2 transgenic rice will be affected. So a deep
study is necessary on the abundance and activity of
microbial functional genes of carbon cycling, and the
influence on transformation and utilization of microbial
carbon in paddy field with Hvsusiba2 transgenic rice, by a
long-term field experiment.

CONCLUSIONS

Results of this study demonstrated that Hvsusiba2
transgenic rice could make a change in the composition
of soil bacterial communities and functional gene groups
at least under heading period of rice in the experiment for
three years. At the same time, the planting of Hvsusiba2
transgenic rice could reduce the intensity of microbial
function genes on carbon cycling in the paddy soil.
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