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Abstract
Endophytic bacterial communities play a key role in promoting plant growth and com-
bating plant diseases. However, little is known about their population dynamics in 
plant tissues and bulk soil, especially in transgenic crops. This study investigated the 
colonization of transgenic maize harboring the Bacillus thuringiensis (Bt) cry1Ah gene 
by Bacillus subtilis strain B916-gfp present in plant tissues and soil. Bt and nontrans-
genic maize were inoculated with B916-gfp by seed soaking, or root irrigation under 
both laboratory greenhouse and field conditions. During the growing season, B916-
gfp colonized transgenic as well as nontransgenic plants by both inoculation methods. 
No differences were observed in B916-gfp population size between transgenic and 
nontransgenic plants, except at one or two time points in the roots and stems that did 
not persist over the examination period. Furthermore, planting transgenic maize did 
not affect the number of B916-gfp in bulk soil in either laboratory or field trials. These 
results indicate that transgenic modification of maize with the cry1Ah gene has no in-
fluence on colonization by the endophytic bacteria B916-gfp present in the plant and 
in bulk soil.
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1  | INTRODUCTION

Genetically modified (GM) crops planted from 1996 to 2014 cover 
181.5 billion hectares globally (James, 2015). These crops, modified 
with Bacillus thuringiensis (Bt) proteins, reduce pesticide use by 500 
million kilograms of active ingredient, and had a market value of $15.7 
billion in 2014. Currently, 93% of maize planted worldwide is genet-
ically modified (James, 2015). Despite huge economic benefits, GM 
crops – especially Bt maize – still trigger controversial debates over 
biosafety and ecological compatibility, including their effects on soil 
microbial community structure.

Rhizospheric soil microbia play an important role in plant growth, 
nutrient accumulation, and resistance to biotic and abiotic stressors 
(de Zelicourt, Al-Yousif, & Hirt, 2013; Prischl, Hackl, Pastar, Pfeiffer, 
& Sessitsch, 2012). Some microbial communities in the rhizosphere 
might move into roots of plant and become root endophytes which 
were mainly defined by soil type (Bulgarelli et al., 2012). Microbial 
communities in the rhizosphere have been investigated in terms of the 
effects of root exudation changes caused by transgenic modification. 
Bt crops that release Cry protein into field soil have no obvious impact 
on soil ecology or the diversity of rhizospheric fungi (Miethling-Graff, 
Dockhorn, & Tebbe, 2010), and AMF colonization has not been sig-
nificantly affected by cultivation of Bt maize during the current sea-
son (Cheeke, Darby, Rosenstiel, Bever, & Cruzan, 2014) or in previous 
years (Cheeke, Pace, Rosenstiel, & Cruzan, 2011; Zeng et al., 2014). aThese authors contributed equally to this work.
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However, minor effects on AMF infection capacity have been observed 
in field-grown Bt 11 and Bt 176 (Castaldini et al., 2005; Turrini, Sbrana, 
Nuti, Pietrangeli, & Giovannetti, 2005). These minor differences in 
AMF community composition are more likely due to soil texture and 
environmental and seasonal factors than to the inserted transgene 
(Val, Marín, & Mellado, 2009; Xue, Serohijos, Devare, & Thies, 2011). 
Although the effects of GM crops on fungal diversity and density have 
been well studied, few reports have focused on the effects on the en-
dophytic community. Recent studies reported that plants of different 
species or even different genotypes assembled specific endophytic 
community (Cotta et al., 2013; Donn, Kirkegaard, Perera, Richardson, 
& Watt, 2014; Gaiero, McCall, Thompson, Day, & Dunfield, 2013). Two 
studies have investigated the influence of crops transformed with Bt 
genes on endophytic bacterial communities, and reported no signifi-
cant effects (da Silva et al., 2014; Prischl et al., 2012).

Bacillus subtilis (Bs) promotes plant growth (Bai, D’Aoust, Smith, & 
Driscoll, 2002; Zaidi, Usmani, Singh, & Musarrat, 2006) and controls 
plant diseases (Gajbhiye, Rai, Meshram, & Dongre, 2010; Zeriouh et al., 
2011) by secreting various metabolites. Bs strain B-916 was success-
fully used to control false smut and sheath blight in rice in the Jiangsu 
province of China (Liu et al., 2007). As a rhizosphere bacterium, Bs 
strain B-916 might expose to Bt toxin secreted by roots of Bt crops. 
This study investigated the effects of transgenic maize 33–7 harboring 
the cry1Ah gene on the population size of Bs strain B-916. Bt maize 
33–7 is effective in controlling the growth of Ostrinia furnacalis lar-
vae under both laboratory and field conditions (Wang et al., 2008). A 
previous study found no obvious adverse effects on microorganisms 
in rhizosphere soil (Cui, Shu, Song, Gao, & Zhang, 2011), midgut bac-
terial structure, or the development of honey bees fed with Bt-cry1Ah 
maize in our laboratory (Dai et al., 2012, 2012; Geng et al., 2013; Jiang 
et al., 2013); however, its effects on endophytic bacteria is unknown.

2  | EXPERIMENTAL PROCEDURES

2.1 | Maize cultivars and endophytic bacterial strain

Two maize varieties, 33–7 (transgenic line harboring the cry1Ah gene 
driven by constitutive promoter) and inbred lines X090 (nontransgenic 
parental line), were provided by the Biotechnology Research Institute 
of the Chinese Academy of Agricultural Sciences (CAAS). Field ex-
periments were carried out at the Langfang Experiment Station of 
CAAS, Hebei, China in 2012. B. subtilis strain B916-gfp (Yao, Chen, 
Zheng, Zhang, & Huang, 2003) was provided by the Institute of Plant 
Protection of Jiangsu Academy of Agricultural Science.

2.2 | Cry1Ah protein purification

Cry1Ah protein was extracted from B. thuringiensis strain Biot1Ah by 
alkaline solubilization method and purified as described in Xue et al. 
(2008). Protoxin was dissolved in 50 mmol/L Na2CO3 (pH 9.6), and 
then purified by anion-exchange chromatography using an AKTA 
FPLC system. To evaluate the effects of Cry1Ah protein, a growth 
curve of strain B916-gfp was investigated by monitoring the OD600 

of samples at different time points for 24 hr. This procedure was re-
peated three times.

2.3 | Inoculation methods and sampling strategy

For inoculation by seed soaking, X090 and 33–7 maize seeds (n = 80 
each) were surface-sterilized by treatment with 2% sodium hypochlo-
rite for 5 min. The seeds were soaked in 30 ml B916-gfp suspension 
(1011 CFU/ml) on a shaker (120 rpm) at 28°C for 8 hr, then transferred 
to glass tubes (diameter × height, 5 × 40 cm; three seeds per tube) 
that were covered with sterilized film, and cultured in a greenhouse. 
Seedlings were collected at 3, 7, 10, 14, and 17 days after germination.

For inoculation by root irrigation, X090 and 33–7 maize seeds 
(n = 60 each) were grown in plastic pots (80 × 60 × 30 cm). Seedlings 
were irrigated with a B916-gfp suspension (1011 CFU/ml) 7 days after 
germination in the greenhouse or 11 days after sowing for the field 
trial on roots. Seedlings and soil samples were collected 7, 14, 21, 28, 
and 35 days after inoculation.

2.4 | Colonization assessment

About 500 mg of roots, stems, and leaves collected from three sam-
ples were sterilized for 10 min in 0.2% mercuric chloride, then washed 
four times with sterile water. Surface-sterilized tissue was ground 
after adding 1 ml of phosphate-buffered saline (pH 7.4). Tissue fluids 
were diluted 10-, 100-, and 1000-fold and spread on Luria Bertani 
medium agar plates supplemented with 5 μg/ml chloromycetin, which 
were cultured at 30°C for 72 hr. The number of clones exhibiting 
green fluorescence was counted under UV light (366 nm). Plasmids 
were extracted from the cells and the gfp gene was amplified by PCR 
using the following primers: gfpF, 5′-TAA GGG GGA AAT CAC ATG 
AGT AAA GGA GAA GAA-3′ and gfpR, 5′-GGG GTA CCA TTA TTT 
TTG ACA CCA GA-3′ under the conditions: 94°C for 10 min, followed 
by 30 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 2 min. 
The plasmids were also digested with the restriction enzymes KpnI 
and SphI.

Genomic DNA was isolated from plant roots, stems, and leaves. 
The gfp gene was amplified using the primers 640F (5′-GAC ACA ATC 
TGC CCT TTC GA-3′) and 702R (5′-AAT CCC AGC AGC AGA TAC AGA 
C-3′) under same conditions of primer gfpF/gfpR. Reactions were per-
formed in triplicate.

Tissue samples were embedded in tissue-freezing medium and cut 
into sections at a thickness of 10 μm on a CM 1850 freezing-stage mi-
crotome (Leica, Jena, Germany). Sections were visualized using a Leica 
TCS DM IRE2 laser scanning confocal microscope.

2.5 | Quantitative real-time PCR

Quantitative real-time PCR analysis was carried out using a 7500 Real-
Time PCR System (Applied Biosystems) with SYBR Premix Dimer Eraser 
(Perfect Real Time; Takara Bio, Otsu, Japan) and genomic DNA isolated 
from maize plant roots, stems, and leaves as the template. The reaction 
conditions were as follows: 95°C for 15 min, followed by 40 cycles of 
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95°C for 10 s, 56°C for 20 s, and 72°C for 32 s. Reactions were per-
formed in triplicate. Primers 640F and 702R were used to amplify the 
gfp gene. A five-step dilution series of the gfp gene (ranging from 104 to 
108 copies) was used as a template to generate a standard curve.

2.6 | Data analysis

Quantitative real-time PCR data were analyzed with the least signifi-
cant difference multiple comparisons test using SPSS v.13.0 software 
(SPSS Inc., Chicago, IL).

3  | RESULTS

3.1 | Colonization of transgenic maize by Bs strain 
B916-green fluorescent protein (gfp) inoculated by 
seed soaking under greenhouse conditions

We first investigated the effects of Cry1Ah protein on the growth 
of Bs strain B916-gfp. There were no differences in growth curves 
of strain B916-gfp without or with 15, 150, and 300 μg/ml Cry1Ah 
protein supplementation (Fig. S1). To compare the ability of Bs strain 
B916-gfp to colonize transgenic (33–7, harboring the cry1Ah gene 
from Bt) and nontransgenic (X090) maize plants, surface-sterilized 
seeds were soaked in a B916-gfp cell suspension (1011 CFU/ml) 

for 8 hr before they were grown in a greenhouse. Colonization was 
verified by confocal microscopy detection of GFP expression and 
molecular analysis of strain B916-gfp DNA in the roots, stems, and 
leaves of each plant. Green fluorescence was observed in all ex-
amined parts of transgenic and nontransgenic plants (Fig. 1). After 
surface sterilization, endophytic bacteria were isolated from maize 
roots, stems, and leaves and cultured by conventional methods; 
plasmids were extracted from green fluorescent clones detected 
under ultraviolet (UV) light (366 nm) (Fig. S2). An 800-bp fragment 
was amplified from these clones using gfp-specific primers (Fig. 
S3A), and 5900- and 2300-bp fragments were obtained by digestion 
with KpnI and SphI restriction enzymes, as for the positive control 
plasmid (Fig. S3B).

The number of B916-gfp cells colonizing roots, stems, and leaves 
over 17 days’ cultivation (Fig. 2A) was counted under UV light (Fig. 
S2B). B916-gfp population dynamics were similar in the three tissues 
in both transgenic and nontransgenic maize, with the number of col-
onies reaching a peak at 10 days (range: 1.96–2.62 log10 CFU/g) be-
fore decreasing thereafter (p > .05) (Fig. 2B–D). The concentration of 
the gfp gene in the roots, stems, and leaves was comparable for trans-
genic and nontransgenic maize at 5 days, as determined by quan-
titative PCR analysis (p > .05) (Fig. 3A). Hence, the ability of strain 
B916-gfp to colonize maize plants was unaffected by the presence 
of the transgene.

F IGURE  1 Green fluorescence in 
Bs B916-gfp cells. Fluorescent signals 
(yellow arrows) were detected by confocal 
microscopy in (A) cells; (B, C) roots; (D, E) 
stems; and (F, G) leaves of nontransgenic 
(B, D, F) and transgenic (C, E, G) maize. Left: 
GFP image. Right: GFP/bright-field overlay

(A)

(B)

(D) (E)

(F) (G)

(C)
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3.2 | Colonization of transgenic maize by Bs 
strain B916-gfp inoculated by root irrigation under 
greenhouse and field conditions

Transgenic and nontransgenic maize were root-irrigated 7 days after 
seed germination with Bs strain B916-gfp. Roots, stems, and leaves were 
collected for analysis every 7 days after inoculation. Under greenhouse 
conditions, the B916-gfp population in the roots of transgenic maize 
reached a maximum value of 2.59 log10 CFU/g on day 21 after inocula-
tion (Table 1). In the other tissues of both transgenic and nontransgenic 
maize, the number of B916-gfp cells peaked at 2.05–3.17 log10 CFU/g 
on day 14 after inoculation (Table 1). There were no differences in 

colony numbers in leaves between transgenic and nontransgenic plants 
from 7 to 35 days after root irrigation (Table 1). The number of B916-
gfp colonies differed significantly in root samples collected on day 14 
and stem samples collected on days 14 and 21, but this difference did 
not endure for the duration of the examination period (Table 1). Under 
field conditions, the B916-gfp population in leaves reached the high-
est values (2.01 log10 CFU/g for transgenic and 2.04 log10 CFU g−1 for 
nontransgenic maize) 14 or 21 days after inoculation (Table 1) before 
decreasing, similar to the trend observed under greenhouse conditions. 
There were no differences in the number of colonies in leaves between 
transgenic and nontransgenic plants from 7 to 35 days after root ir-
rigation (Table 1), nor were there differences in B916-gfp population 
dynamics in the rhizospheres of transgenic and nontransgenic plants 
under greenhouse and field conditions (Fig. S4A and B).

4  | DISCUSSION

This laboratory and field study investigated the impact of cry1Ah 
maize on the colonization ability and population size of B916-gfp en-
dophytic bacteria. We found that planting transgenic cry1Ah maize 
did not affect the size of B916-gfp populations in the rhizosphere soil, 
and that the cells could colonize transgenic and nontransgenic maize 
with equal efficiency by seed-soaking and root-irrigation inoculation 
methods. Moreover, there were no significant differences observed 
in terms of colony number between transgenic and nontransgenic 
plants, except for one or two time points in roots and stems that did 
not persist over the period of examination.

Soil bacteria are exposed to Bt toxins released into rhizosphere soil 
through root exudates from Bt crops (Gruber, Paul, Meyer, & Müller, 
2012; Wang et al., 2013; Xue, Diaz, & Thies, 2014). A recent study re-
ported that desorbed Bt protein was quickly mineralized by microbial 

F IGURE  2  (A) Cultivation of maize by 
seed-soaking treatment in a greenhouse. 
(B–D) Number of B916-gfp colonies in 
roots (B), stems (C), and leaves (D) of 
transgenic and nontransgenic maize plants 
(n = 5)

F IGURE  3 Concentration of the gfp gene in roots of transgenic 
and nontransgenic maize, as determined by quantitative PCR analysis. 
X090 and 33–7 maize seeds soaked in a B916-gfp suspension were 
grown under greenhouse conditions; 150 mg of tissue from each 
seedling were collected at 5 days (n = 5), and total genomic DNA was 
extracted for quantitative PCR analysis
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degradation (Valldor, Miethling-Graff, Martens, & Tebbe, 2015). Several 
studies have investigated the effect of growing Bt maize on the diver-
sity and population size of microbial rhizosphere communities, espe-
cially AMF (Castaldini et al., 2005; Cheeke et al., 2011, 2014; Turrini 
et al., 2005; Zeng et al., 2014); only two examined endophytic bacte-
rial communities, which were not significantly affected by transforma-
tion of maize with cry1Ab (da Silva et al., 2014), cry3Bb1, cry1A105, 
or cry1Ab2 genes (Prischl et al., 2012). Here, we used Bs strain B916 
expressing the GFP marker to monitor the population dynamics and 
colonization of Bt maize and its parental line. Bs strain B916 was con-
firmed as an endophytic bacteria based on the green fluorescence 
detected in the roots, stems, and leaves of plants and by PCR am-
plification of the gfp gene. B916-gfp cells were transferred from the 
outside to the inside of maize plant tissues by inoculation of seeds 
and roots; they also moved from the inoculated parts of the plant to 
other parts such as the leaves and stem following root irrigation. So, 
Bs strain B916 was exposed to Cry1Ah protein in the tissues of maize 
as well as in the soil. There were no significant differences in the popu-
lation dynamics of B916-gfp colonies in transgenic and nontransgenic 
maize under laboratory or field conditions. This was consistent with 
the colonization of AMF (Cheeke et al., 2011, 2014; Zeng et al., 2014) 
and endophytic bacterial communities (da Silva et al., 2014; Prischl 
et al., 2012) in Bt maize. After inoculation, the growth curve of B916-
gfp followed the same trend of first increasing then subsequently de-
clining in tissues of cry1Ah maize and isogenic lines. In leaves collected 
14 days after root-irrigation treatment, the number of B916-gfp cells 
was about 2.5 log10 CFU/g in the laboratory trial as compared to 2.0 
log10 CFU/g in the field trial. This difference was likely due to tempera-
ture, humidity, light intensity, and soil texture.

In conclusion, we found that B916 is an endophytic bacteria that 
is translocated from the roots of maize plants to the stem and leaves. 
There were no significant differences in population size or dynamics 
between B916-gfp colonies in transgenic and nontransgenic plants 
in either laboratory or field conditions. Since endophytic bacteria can 
hasten growth of plants, improve resistance to diseases and environ-
mental stress, this study will provide a new insight into biosafety anal-
ysis of GM crops.
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