
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
7/

20
26

 9
:4

6:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Biosynthesis of s
aState Key Laboratory of Rice Biology, Mini

Biology of Crop Pathogens and Insects,

Agricultural and Biotechnology, Zhejiang U

E-mail: 0618151@zju.edu.cn
bDepartment of Vegetable Diseases Resear

Agriculture Research Centre, Giza, Egypt
cMinistry of Agriculture, Key Lab of Molecu

Pests, Institute of Insect Sciences, Colle

Zhejiang University, Hangzhou, 310058, PR
dDepartment of Field Crop Pests, Plant Pr

Research Centre, Cairo, Egypt
eInstitute of Plant Virology, Ningbo Univ

jpchen2001@126.com

Cite this: RSC Adv., 2019, 9, 29293

Received 5th June 2019
Accepted 11th September 2019

DOI: 10.1039/c9ra04246f

rsc.li/rsc-advances

This journal is © The Royal Society of C
ilver nanoparticles using
endophytic bacteria and their role in inhibition of
rice pathogenic bacteria and plant growth
promotion

Ezzeldin Ibrahim,ab Hatem Fouad,cd Muchen Zhang,a Yang Zhang, *a Wen Qiu,a

Chengqi Yan,e Bin Li,a Jianchu Moc and Jianping Chen*e

The biosynthesis of silver nanoparticles (AgNPs) through the use of endophytic bacteria is a safe replacement

for the chemicalmethod. The study aimed to synthesize AgNPs using endophytic bacterium Bacillus siamensis

strain C1, which was isolated from the medicinal plant Coriandrum sativum. The synthesized AgNPs with the

size of 25 to 50 nm were further confirmed and characterized by UV-visible spectroscopy, Fourier transform

infrared spectroscopy, X-ray diffraction, transmission electronmicroscopy and scanning electron microscopy

with EDS profile. The synthesized AgNPs at 20 mg mL�1 showed a strong antibacterial effect against the

pathogen of rice bacterial leaf blight and bacterial brown stripe, while an inhibition zone of 17.3 and

16.0 mm was observed for Xanthomonas oryzae pv. oryzae (Xoo) strain LND0005 and Acidovorax oryzae

(Ao) strain RS-1, respectively. Furthermore, the synthesized AgNPs significantly inhibited bacterial growth,

biofilm formation and swimming motility of Xoo strain LND0005 and Ao strain RS-1. In addition, the

synthesized AgNPs significantly increased root length, shoot length, fresh weight and dry weight of rice

seedlings compared to the control. Overall, this study suggests that AgNPs have the potential to protect

rice plants from bacterial infection and plant growth promotion.
1. Introduction

Rice (Oryza sativa L), one of the most important staple food
crops, is an essential food for more than 50% of the world
population.1 One of the main obstacles to the production of rice
is the frequent infection with bacterial diseases such as bacte-
rial leaf blight and bacterial brown stripe, which are caused by
Xanthomonas oryzae pv. oryzae (Xoo) and Acidovorax oryzae (Ao),
respectively. The two main rice bacterial diseases have caused
considerable losses in yield.1–5 The current control of rice
bacterial leaf blight and bacterial brown stripe is mainly
dependent on the use of bactericide.6–8 However, more and
more attention has been paid to the risk of the conventional
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chemical bactericides to the human and natural ecosystem.
Therefore, it is very necessary to develop an alternative method
to control the two main rice bacterial diseases.

Many studies have shown that nanoparticles that can be
used to play an important role in the management of plant
disease and promotion of plant growth.9 For example, metallic
nanoparticles such as zinc oxide nanoparticles and MgO nano-
owers showed high antibacterial activity against bacterial leaf
blight disease.3,4 Furthermore, silver nanoparticles (AgNPs)
showed strong inhibition on Gram-positive and Gram-negative
bacteria.8,10,11 Particularly, biological methods have been more
and more applied in synthesize of the nanoparticles, which are
more safe and eco-friendly compared to the traditional physical
and chemical methods.3,4,11

The purpose of this study is to biologically synthesize AgNPs
using culture ltrate of endophytic bacteria isolated from the
medicinal plants and characterize the synthesized AgNPs to
plant growth promotion ability, and antibacterial activity
against two main rice pathogenic bacteria.
2. Materials and methods
2.1 Biosynthesis of silver nanoparticles

The endophytic bacteria Bacillus siamensis (B. siamensis) strain
C1 was isolated from medicinal health plant Coriandrum
RSC Adv., 2019, 9, 29293–29299 | 29293
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sativum (C. sativum), and then stored in the Institute of
Biotechnology, College of Agriculture and Biotechnology, Zhe-
jiang University. The synthesis of AgNPs was carried out
according to the method by Fouad et al.11 with slight modi-
cation. In brief, bacteria were grown in LBmedium at 30 �C for 2
days. Aer centrifugation for 10 000 rpm at 8 min, a 10 mL of
culture ltrates were mixed with 90 mL of 3 mM aqueous silver
nitrate (AgNO3) in 250 mL ask and incubated at 30 �C for 24 h.
The positive synthetic of AgNPs was determined based on the
color change to dark brown. Aer repeated centrifugation and
wash with distilled water, the AgNPs samples were stored at
�80 �C for future use.
2.2 UV-vis spectra analysis

The formation of AgNPs was conrmed according to the
method of Fouad et al.11 by UV-vis spectra analysis. The
absorption was recorded by UV-visible spectrophotometer 2550
(Shimadzu, Japan) at a resolution of 1 nm in the wavelengths
range 200–800 nm.
2.3 Transmission electron microscopic (TEM) observation

The morphology of the biosynthesized AgNPs was determined
according to the method of Ogunyemi et al.3 by TEM observa-
tion using a Transmission Electron Microscopy (JEM-1230,
JEOL, Akishima, Japan). In brief, the sample was prepared
with the copper coated grid for 24 h at room temperature to
make a lm of the sample. The excess liquid was discarded and
kept in a grid box sequentially.
2.4 Scanning electron microscopy (SEM) and energy
dispersive spectrum (EDS) analysis

The structural morphology of the biosynthesized AgNPs had
been watched and recorded according to the method of Fouad
et al.11 by Scanning Electron Microscopy (TM-1000, Hitachi,
Japan). The lm obtained from the sample was xed on
a carbon-coated grid. The instrument was equipped with an
energy dispersive spectrum (EDS) to ensure the presence of
silver metal.
2.5 Fourier transforms infrared spectroscopy (FTIR) analysis

The spectral characterization of the biosynthesized AgNPs were
recorded as described by Fouad et al.11 by Fourier Transform
Infrared Spectroscopy (FTIR spectrometer vector 22, Bruker,
Germany) using the dried powder of the synthesized AgNPs, in
the spectral range of 400–4000 cm�1 at room temperature.
2.6 X-ray diffraction (XRD) analysis

The XRD patterns of the biosynthesized AgNPs were analyzed as
described by Fouad et al.11 using XPert PRO diffractometer
(Holland) with a detector voltage of 45 kV and a current of 40
mA using Cu Ka radiation. The recorded range of 2q was 20–80�

with a scanning speed of 6� min�1.
29294 | RSC Adv., 2019, 9, 29293–29299
2.7 In vitro assay of antibacterial activity

Using the agar well diffusion method the antibacterial activity
of the bio-synthesized AgNPs against Xoo strain LND0005 (ref.
5) and Ao strain RS-1 (ref. 2) was carried out according to
Ogunyemi et al.3 with slight modication. Briey, bacteria were
grown in LB broth and incubated at 30 �C for 24 h. A 200 mL
bacterial suspension (108 CFU mL�1) was mixed with 10 mL of
LB agar medium in a Petri dish. Aer solidication of the
medium, the plate was inoculated with 40 mL of the AgNO3 and
AgNPs at different concentration of 5, 10, 15 and 20 mg mL�1.
Aer incubation at 30 �C for one day, the antibacterial activity
was determined by measuring the diameter of the inhibitory
zone. The experiment was repeated three times.

2.8 Determination of minimum inhibitory concentration
(MIC)

The MIC of the bio-synthesized AgNPs against Xoo strain
LND0005 and Ao strain RS-1 was determined in 96-well micro-
titer plates according to the method of Elshakh et al.12 by
measuring the optical density at 600 nm using a Scanning
Microplate Spectrophotometer (Thermo Fisher Scientic Inc.,
Waltham, MA, USA). In brief, bacteria were incubated in LB
broth at 30 �C for 12 h and adjusted to 108 CFU mL�1. Wells
were lled with 200 mL LB solutions containing 10 mL of
bacterial culture and AgNPs with the nal concentrations of 5,
10, 15 and 20 mg mL�1. The microtiter plates were incubated at
30 �C for 48 h. Wells lled with bacteria alone were served as
a control.

2.9 Effect of AgNPs on swimming motility

Effect of the bio-synthesized AgNPs on the swimmingmotility of
Xoo strain LND0005 and Ao strain RS-1 was carried out
according to the method of Ogunyemi et al.3 Briey, the over-
night bacterial culture was inoculated on LB medium (0.4%, w/
v) agar mixed with AgNPs of 5, 10, 15 and 20 mg mL�1, and then
incubated at 30 �C for one day. Bacterial culture without AgNPs
was served as a control. Swimming motility was determined by
measuring the migration diameter of the bacterial colony.

2.10 Effect of AgNPs on biolm formation

Effect of the bio-synthesized AgNPs on biolm formation of Xoo
strain LND0005 and Ao strain RS-1 was assayed in 96-well plates
(Corning-Costar Corp., Corning, NY, USA) according to Nijland
et al.13 with slight modication. Briey, wells were lled with
200 mL LB broth containing 100 mL overnight bacterial culture
and AgNPs at different nal concentrations of 5, 10, 15 and 20
mg mL�1. Bacterial cultures without AgNPs were served as the
control. Biolm formation was recorded by measuring the
optical density at 570 nm by a Scanning Microplate Spectro-
photometer (Thermo Fisher Scientic Inc., Waltham, MA, USA).

2.11 Effect of AgNPs on cell morphology

Effect of the biosynthesized AgNPs on the morphology of
bacterial cells was determined according to the method of
Ogunyemi et al.3 by TEM observation using a Transmission
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Illustration of synthesis for the AgNPs. (A): C. sativum; (B):
isolation of endophytic bacteria; (C) cell-free supernatant; (D): AgNO3;
(E) the reduction of Ag+ to Ag0 nanoparticles. The synthesis of AgNPs
was confirmed by the change in color and the analysis of UV-vis
absorption spectra.

Fig. 2 Characterization of the biosynthesized AgNPs by the analysis of
(A): transmission electron micrographs; (B): scan electron micro-
graphs; (C): EDS profile.
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Electron Microscopy (JEOL, Tokyo, Japan). Bacterial samples
were prepared by centrifuging the overnight bacterial culture at
a concentration of 108 CFU mL�1, at 11 000 g for 10 min and
then re-suspending the cells in 10 mg mL�1 AgNPs at 30 �C for
2 h.

2.12 Effect of AgNPs on plant growth promotion

Effect of the biosynthesized AgNPs on the growth of rice plants
was assessed according to the method by Verma et al.14 with
slight modication. Briey, following the disinfection with 4%
sodium hypochlorite for 15 min and wash with distilled sterile
water three times, seeds of rice cultivar cv. Xiang Liang 900 were
incubated with bacteria (108 CFU mL�1), AgNPs (10 mg mL�1)
alone, and both of them at 30 �C for 10 h. The negative control
was treated with distilled sterile water. Aer 12 days of sowing
the seeds on 0.4% agarose plates, the root lengths, shoot
lengths, fresh weight and dry weight were recorded.

2.13 Statistical analysis

All experiments were conducted using a complete randomized
design. General linear model (GLM) procedure was used to
check the signicant differences among main treatments and
individual comparisons between mean values were performed
by using the least signicant differences (LSD) test (P < 0.05).
Data were subjected to analysis of variance (ANOVA) test by
using the SPSS soware package 16.0 version (SPSS Inc., Chi-
cago, IL).

3. Results and discussion
3.1. Characterization of the bio-synthesized AgNPs

Result from this study indicated that the AgNPs was successfully
bio-synthesized based on the change of color from light yellow
to dark brown, which has widely been considered as an indi-
cator for the synthesis of nanoparticles. Furthermore, there was
a different absorption peak between the AgNO3 and the AgNPs.
Indeed, a peak at 300 nm was observed for the AgNO3 alone.
However, this peak disappeared in the AgNPs, and a new
absorption peak of 409 nm appeared aer incubation at 30 �C
for 24 h (Fig. 1). In agreement with the result of this study,
previous reports showed that peaks of UV absorption of AgNPs
were mentioned to range from 400 to 450 nm, where it was
watched at 405, 410, 420, and 426 nm in different studies.11,15–17

The results of TEM and SEM indicated that the bio-
synthesized AgNPs were spherical shape with the size from 25 to
50 nm with average 34 � 3 (Fig. 2A and B), which are consistent
with the previous reports.11,16,18 The results of EDS analysis
shows the peak of silver, chlorine and sulfur elements to be
91.8, 7.5, and 0.7%, respectively, in the biosynthesized AgNPs
(Fig. 2C). In agreement with previous studies, the broad peak of
silver ions was formed at 3 keV, which is a guide to the reduc-
tion of Ag+ to Ag0 (Fig. 2C).11,19,20

The XRD analysis showed the diffraction peaks at 2q values
of 27.81�, 32.34�, 46.29�, 57.47�, and 77.69�, corresponding to
(101), (111), (200), (220), and (311) crystal planes, respectively,
in the biosynthesized AgNPs (Fig. 3A). Similar results have
This journal is © The Royal Society of Chemistry 2019
been presented in other studies.11,21,22 The functional groups
in AgNPs were characterized by the FTIR spectra, while
revealed peaks at 3385, 2925, 1732, 1645, 1556, 1359, 1079 and
537 m�1 (Fig. 3B). The peaks at 3385 and 2925 cm�1 may be
due to –OH stretching from polysaccharides23 and C–H
stretching of alkanes,24 respectively. The peaks at 1732 and
1645 cm�1 could be denoted by the carbonyl stretching
vibration,25 while the peaks at 1556 and 1359 cm�1 can be
RSC Adv., 2019, 9, 29293–29299 | 29295
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assigned to (C–N) and (C–C) stretching vibration of aromatic
and aliphatic amines, respectively. The peaks at 1079 and
537 cm�1 could be assigned to (C–O) of an alkoxy group26 and
the CH2 groups,23 respectively.
3.2. In vitro antibacterial activity and mechanism

The results of this study showed that the biosynthesized AgNPs
at different concentrations of 5, 10, 15 and 20 mg mL�1 had
strong antibacterial activity against Xoo strain LND0005 and Ao
strain RS-1 and the inhibitory effect increased with the increase
of its concentration. In the presence of AgNPs at 20 mgmL�1, the
diameter of the inhibition zones was 17.3 mm and 16.0 mm for
Xoo strain LND0005 and Ao strain RS-1, respectively (Fig. 4). In
agreement with our results, previous studies indicated that the
AgNPs was able to suppress many bacterial plant diseases, such
as Pseudomonas syringae pv. tomato DC 3000,27 Clavibacter
michiganensis subspecies michiganensis,28 Ralstonia sol-
anacearum29 and PEC-AgNPs and SDS-AgNPs were able to
inhibit Dickeya spp. and Pectobacterium spp.30
Fig. 3 Characterization of the biosynthesized AgNPs by the analysis of
(A): XRD spectra and (B): Fourier transform infrared spectra.

Fig. 4 Antibacterial activity of the biosynthesized AgNPs against Xoo
strain LND0005 and Ao strain RS-1.

29296 | RSC Adv., 2019, 9, 29293–29299
The results of this study also indicated that AgNPs signi-
cantly inhibited the growth of twomain rice pathogenic bacteria
aer 48 h of incubation. Indeed, AgNPs at the concentrations of
5, 10, 15, and 20 mg mL�1 caused an 18.65, 72.29, 81.23 and
81.53% reduction in the OD600 value of Xoo strain LND0005,
respectively, and 75.00, 90.88, 92.45 and 92.65% reduction in
the OD600 value of Ao strain RS-1, respectively (Fig. 5). The
MICs of AgNPs to inhibit the growth of Xoo strain LND0005 and
Ao were 10 mg mL�1. In agreement with previous reports.3,4,31

The results of this study also showed that the inhibitory effect in
bacterial growth was highly related to the concentrations of
AgNPs.

Results from this study indicated that biolm formation and
the swimming motility were signicantly reduced by all the
concentrations of the AgNPs in this study. Indeed, the AgNPs at
the concentration of 20 mg mL�1 caused an 86.31 and 80.59%
reduction in OD570 value of Xoo strain LND0005 and Ao strain
RS-1, respectively (Fig. 6). The results also indicated that Xoo
strain LND0005 and Ao strain RS-1 were able to swim on the so
LB agar (0.4%) medium with colony diameters of 21 mm and 20
mm, respectively, aer 24 h of incubation. However, AgNPs at
20 mg mL�1 resulted in 70% and 80% reduction in colony
diameters of Xoo strain LND0005 and Ao strain RS-1, respec-
tively (Fig. 7). As previously reported, biolm formation plays
a vital role in protecting bacteria from external inuences and
keeping them alive, while the swimming motility allows the
plant pathogenic bacteria to efficiently invade and colonize in
host plants.2,32,33 Therefore, the antibacterial activity of the
AgNPs may be at least partially attributed to its inhibition on
bacterial biolm formation and the swimming motility.
Fig. 5 Effect of biosynthesized AgNPs on the growth of Xoo strain
LND0005 and Ao strain RS-1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Effect of the biosynthesized AgNPs on biofilm formation of Xoo
strain LND0005 and Ao strain RS-1.

Fig. 7 Effect of the biosynthesized AgNPs on the swimmingmotility of
Xoo strain LND0005 and Ao strain RS-1.

This journal is © The Royal Society of Chemistry 2019
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The results from TEM observation indicated that cell walls
were intact in Xoo strain LND0005 and Ao strain RS-1 in the
absence by the biosynthesized AgNPs. However, cell walls of
Xoo strain LND0005 and Ao strain RS-1 were severely
damaged in the presence of the biosynthesized AgNPs
(Fig. 8). A bacteria cell wall is an essential structure for the
life of bacteria, through the preservation of any environ-
mental inuences harmful to their lives.34,35 In addition,
damage to cell walls was able to cause the loss of DNA and
proteins, resulting in bacterial death.
3.3. Plant growth promotion

The results of this study indicated that the biosynthesized
AgNPs signicantly promoted the growth of rice seedlings
compared to the control. The effects of silver nanoparticles
on root length, shoot lengths, fresh weight and dry weight of
rice were recorded in Fig. 9. The root length, shoot length,
fresh weight and dry weight of rice seedlings which were
treated with AgNPs were about 7.4 cm, 11.6 cm, 0.24 g, and
0.04 g, respectively, while the root length, shoot length,
fresh weight and dry weight of rice seedlings treated with
water were about 5.1 cm, 6.5 cm, 0.12 g and 0.03 g, respec-
tively. In agreement with the result of this study, some
previous studies have reported the positive effect of nano-
particles on the plant growth. For example, Liang et al.36

reported that the Cos–La nanoparticles signicantly
enhanced the growth of rice plants by increasing the root
length and fresh weight in hydroponics experiments.
Byczyńska et al.37 found that the silver nanoparticles stim-
ulated tulips plants growth by increasing leaf greenness
index, stomatal conductance, fresh root weight and root
length. Venkatachalam et al.38 showed that the zinc oxide
nanoparticles were involved in growth promotion of cotton
plants.
Fig. 8 TEM images of Xoo strain LND0005 and Ao strain RS-1 treated
with distilled water (A); and treatment with 10 mg mL�1 of bio-
synthesized AgNPs (B).

RSC Adv., 2019, 9, 29293–29299 | 29297
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Fig. 9 Effect of the biosynthesized AgNPs on the growth of rice
seedlings (A): root length; (B): shoot length; (C): fresh weight; (D): dry
weight.
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4. Conclusions

In this study, the AgNPs were successfully biosynthesized using
endophytic bacteria isolated from medicinal plants C. sativum.
The biosynthesized AgNPs was further conrmed and charac-
terized by analysis of UV-visible spectroscopy, FTIR, XRD, SEM,
TEM and EDS. Bacteriological test showed that the bio-
synthesized AgNPs had strong in vitro antibacterial activity
against rice pathogenic bacteria Xoo strain LND0005 and Ao
strain RS-1. Antibacterial activity of the biosynthesized AgNPs
may be at least partially attributed to their inhibition on
bacterial growth, biolm formation and swimming motility.
Overall, this study indicated that the new biosynthesized AgNPs
had great potential in protecting rice plants from infection of
bacterial leaf blight and bacterial brown stripe and plant growth
promotion.
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