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Abstract: Nanoparticles are smaller than nuclei having 
large surface area and more reactivity. Green production 
of metals and metal oxide nanoparticles is a benign 
and sustainable approach. Present work deals with the 
green production and optimization of nanoparticles by 
using indigenous plant growth promoting bacteria. Four 
different methods were used for silver nanoparticles 
(AgNPs) synthesis, i.e. extracellular, intracellular, oven 
assisted and extended incubation period. With extended 
incubation period AgNPs production improved. 
The nanoparticles synthesized were then applied 
to Triticum aestivum L. and their phytostimulatory 
impact was evaluated. The results revealed the growth 
promotional ability of nanoparticles. It is concluded that 
nanoparticles stimulate growth of Triticum aestivum 
L. with significant improvement in shoot length, root 
length, number of leaves and fresh weight. Thus in 
the present work we report environmentally benign 
nanoparticles exhibiting phytostimulatory potential. 
Biosynthesis of AgNPs by bacteria is a safe easy, less 
time consuming and economical approach which can 
be utilized as an alternative method to conventional 
chemical and physical approaches. Biosynthesized 
AgNPs can be effectively utilized as environment friendly 
nanofertilizers for plant growth promotion.
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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.

Keywords: Leonard pair, tridiagonal matrix, self-dual

Classi�cation: 17B37, 15A21

1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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1  Introduction
One of the most dynamic areas of recent research 
is nanotechnology [1]. Nanoparticles are nanoscale 
particles range in size from 1-100 nm which have 
unique chemical and physical properties. Owing to 
their extraordinary properties, they are commonly 
used in science and technology. Various methods are 
used now-a-days for the synthesis of nanoparticles like 
physical, chemical and biological methods. Physical 
methods are highly exothermic reactions with lesser 
yields. Chemical methods have toxic effects because of 
production of large amount of by-products. Biological 
methods of nanoparticle synthesis are comparatively 
economical, ecofriendly and sustainable approach. 
Microbes have unique property of interacting and 
sequestering metal ions into their bodies due to the 
advent of metal binding proteins interaction. AgNPs 
are important metal particles which are commonly 
used in science and technology. In biological process of 
metal nanoparticles synthesis, the principles of green 
chemistry are utilized and microorganisms (bacteria, 
fungi and Actinomycetes) and plants are employed for 
the biosynthesis of AgNPs [2]. Bacteria sequester silver 
ions from the environment and reduced it into useful 
metal nanoparticles. Green synthesis of nanoparticles 
especially noble nanomaterial like silver nanoparticles 
(AgNPs) is more efficient, stable, fast and ecofriendly 
technique [3] Green chemistry reduces pollution  
risk and time required for the removal of toxic 
by-products formed as a result of chemical synthesis of 
nanoparticles (NPs) and is a safe alternative to chemical 
methods [4,5]. Current study deals with the biosynthesis 
of AgNPs by harnessing metal reduction potential 
of bacteria and evaluation of their phytostimulatory 
impact on plant growth. The bacteria utilized in the 
current study, have growth promotional potential and 
are also capable of synthesizing AgNPs which can also 
be utilized as better and effective phytostimulatory 
tool owing to their high surface area to volume ratio. 
Thus bacteria can be ecofriendly nano-factories for the 
application of nanofertilizers to improve plant growth 
organically.
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2  Materials and methods

2.1  �Screening and identification of bacterial 
isolates

Four bacterial isolates, i.e. Bacillus cereus (So3II), 
Brevundimonas diminuta (S5a), Serratia marcescens (S4c1) 
and Bacillus subtilis (Mt3b) were utilized in the current 
study. These bacterial strains were screened on the 
basis of their high auxin production potential following 
Ahmed and Hasnain [6] and identified through 16S rRNA 
sequencing following Ahmed and Hasnain [6]. Sequences 
were submitted to Genbank for accession numbers  
these bacterial strains were used in the current study 
for the synthesis of nanoparticles as a reducing and 
stabilizing agent. 

2.2  �Biosynthesis and characterization of 
bacterial AgNPs

In the present study, four different methods were utilized 
for the synthesis of bacterial AgNPs.

2.2.1  �Extracellular and intracellular biosynthesis of 
bacterial AgNPs

Extracellular and intracellular synthesis of bacterial 
AgNPs (AgNPs) was carried out following Mahmoud et 
al. [7] with slight modification using cell free supernatant 
and bacterial cell pellet for extracellular and intracellular 
synthesis of AgNPs, respectively. The cell supernatant and 
cell pellet was allowed to react with AgNO3 and incubated 
for 24 h. Optical density of the reaction mixture was 
recorded to confirm the synthesis of silver nanoparticles 
(AgNPs) at 320, 400, 500, 600 and 700 nm after 24 h of 
incubation. UV-Visible spectroscopic analysis was also 
carried out to confirm the synthesis of AgNPs after 24 h of 
incubation.

2.2.2  �Biosynthesis of bacterial AgNPs with extended 
incubation 

Bacterial cultures (72 h old) were used for the formation 
of AgNPs following Jeevan et al. [8]. Synthesis of 
nanoparticles was observed by recording optical density 
at 320, 400, 500, 600 and 700 nm at equal intervals of time, 
i.e. 2, 4 and 6 h to study the rate at which nanoparticles 

were synthesized. Synthesis of nanoparticles was also 
observed by UV- Visible spectroscopic analysis to confirm 
the production of AgNPs.

2.2.3  �Oven assisted biosynthesis of bacterial AgNPs

Heat method for the synthesis of AgNPs was carried out 
following Mahmoud et al. [7] with slight modifications. 
Bacterial cultures (24 h old) were used to inoculate L-broth 
and incubated at 37°C for 24 h. Cultures were centrifuged 
at 10,000 rpm for 10 min and supernatant was decanted 
off in another set of test tubes and its pH was adjusted at 
10 then 1 mM AgNO3 solution was added and the mixture 
was incubated at 60°C for 24 h. Results were recorded 
silver nanoparticles were analyzed by recording optical 
density of reaction mixture at 320, 400, 500, 600 and 
700 nm. Results were recorded after 1 h of incubation.

2.3  �Transmission Electron Microscopy (TEM) 
of bacterial AgNPs

Bacterially synthesized AgNPs were examined through 
Transmission Electron Microscopy (TEM) to analyze their 
shape and size range following Oza et al. [9]. The Philips 
Tecnai F20 FEG-S/TEM was used for AgNPs analysis. 

2.4  FTIR analysis of bacterial AgNPs 

The bacterial AgNPs were examined through FTIR analysis 
(400-4000 cm-1) following Thamilselvi and Radha [3]. 
Agilent 630 FTIR machine was used for the FTIR analysis.

2.5  UV-Visible analysis of bacterial AgNPs 

Production of AgNPs through all the four methods was 
analyzed by UV-Visible spectroscopic analysis at 400 nm.

2.6  �Growth promoting potential of bacterial 
AgNPs

Growth experiment with Triticum aestivum was 
conducted under laboratory conditions to evaluate the 
phytostimulatory potential of bacterial AgNPs. Sterilized 
seeds of Triticum aestivum var. Fsd 2008 were procured  
from Punjab Seed Corporation, Lahore, Pakistan and 
surface sterilized using sodium hypochlorite solution 
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following Ahmed and Hasnain [6] and sterilized seeds 
were primed with AgNPs of respective bacterial strains 
(Bacillus cereus (So3II), Brevundimonas diminuta (S5a), 
Serratia marcescens (S4c1) and Bacillus subtilis (Mt3b) 
obtained through extracellular method for half an hour. 
In order to study the overall effect of these bacterially 
produced nanoparticles, three sets of experiments were 
conducted simultaneously. One treatment in which seeds 
were primed with nanoparticles obtained from respective 
strains [Bacillus cereus (So3II), Brevundimonas diminuta 
(S5a), Serratia marcescens (S4c1) and Bacillus subtilis 
(Mt3b) is named as treatment T1 (bacterial AgNPs). 
Second treatment in which bacterial inoculum [Bacillus 
cereus (So3II), Brevundimonas diminuta (S5a), Serratia 
marcescens (S4c1) and Bacillus subtilis (Mt3b)] and 
bacterial AgNPs synthesized by the respective bacterial 
isolates was given simultaneously as a combination is 
named as treatment T2 (bacterial AgNPs+BI) and third 
in which only bacterial inoculum [Bacillus cereus (So3II), 
Brevundimonas diminuta (S5a), Serratia marcescens (S4c1) 
and Bacillus subtilis (Mt3b) was used for treatment is 
named as treatment T3 (BI). Equal number of bacteria and 
AgNPs were used in each treatment to prime the seeds and 
study their impact on plant growth. Six seeds were sown 
in each pot. Seeds treated with distilled water only were 
taken as control. Also the seeds treated with AgNO3 (1 mM) 
were taken as negative control. Experiment was conducted 
in triplicate and pots were kept in light (16 h duration and 
10 K lux) at 25 ± 2°C and watering was done regularly. After 
24-26 days of sowing, plants were harvested and various 
growth parameters of treated and control plants such 
as shoot length, root length, number of leaves and fresh 
weight were recorded and analysed.

2.7  Statistical analysis 

The data was statistically analysed using SPSS V.16 
software through DMR test.

3  Results 

3.1  �Screening and identification of bacterial 
isolates

Four identified rhizobacterial strains [Bacillus cereus 
(So3II), Brevundimonas diminuta (S5a), Serratia 
marcescens (S4c1), Bacillus subtilis (Mt3b)] screened on 
the basis of their high auxin production potential were 

selected for the current study. Isolates have shown auxin 
production potential with Bacillus cereus (So3II) showing 
35.5 µg/mL, Brevundimonas diminuta (S5a) showing  
47 µg/mL, Serratia marcescens (S4c1) showing 46 µg/mL  
and Bacillus subtilis (Mt3b) showing 36.6 µg/mL, 
respectively. The selected strains were identified and the 
sequences were submitted to GenBank. The accession 
numbers of the isolates were obtained [Serratia marcescens 
(S4c1) – KM43801.1, Bacillus cereus (So3II) – KM438011.1, 
Bacillus subtilis (Mt3b) – KT025250.1 and Brevundimonas 
diminuta (S5a) – KT025251.1]. Current study deals with 
the optimization of bacterial synthesis of AgNPs by using 
rhizospheric bacterial isolates collected from indigenous 
plants. Four identified bacterial strains (S4c1, S5a, So3II 
and Mt3b) were used in the present study. Four different 
methods were followed for the synthesis of AgNPs. AgNPs 
were successfully produced by all four methods; however, 
maximum quantity of AgNPs was obtained through 
extended incubation time period (Figure 1). 

3.2  �Biosynthesis and characterization of 
bacterial AgNPs

In the current study, four different methods were followed 
for the synthesis of silver nanoparticles (AgNPs) from 
bacterial cultures.

3.2.1  �Extracellular and intracellular synthesis of 
bacterial AgNPs

 Significant production of AgNPs was recorded by 
following the method of Mahmoud et al. [7], i.e. 
extracellular synthesis of AgNPs. Change in color of 
reaction mixture (blackish brown) was the indication for 
the synthesis of bacterial AgNPs. The isolates Serratia 
marcescens (S4c1) and Brevundimonas diminuta (S5a) 
have shown maximum production of AgNPs (Figure 1). 
Synthesis of AgNPs via intracellular method of AgNPs 
did not exhibit significant production of AgNPs and only 
slight change in the color of the reaction mixture was 
observed which got intense with the passage of time. The 
isolate Serratia marcescens (S4c1) has shown maximum 
production of AgNPs (Figure 1).

3.2.2  �Biosynthesis of AgNPs with extended incubation

This method showed higher production of AgNPs in  
shortest time so proved very effective. With increasing 
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incubation time, the amount of nanoparticles in the 
reaction mixture was improved up to 24 h of incubation. 
But, after 24 h of incubation, gradual decrease in 
the production of AgNPs was observed. Results were 
monitored after every 2 h up to 6 h to record the time 
for the production of AgNPs. After 6 h of incubation, all 
bacterial strains showed production potential for AgNPs.

3.2.3  Oven-assisted AgNPs synthesis

AgNPs synthesis was also carried out by following oven 
assisted method for silver nanoparticle formation. This 
method proved very effective since only after 30 min of 
incubation at 60°C, intense color was produced which is 
indication of AgNPs formation. Maximum production of 
AgNPs was observed with Serratia marcescens (S4c1). The 

rate of reduction of metal ions at ambient temperature 
and pressure is quite fast by living organisms especially 
by bacteria as compared to synthetic method for AgNPs 
production (Figure 1).

3.3  �Transmission Electron Microscopy (TEM) 
of bacterial AgNPs

Bacterially synthesized AgNPs were analyzed through 
Transmission Electron Microscopy (TEM). Most of 
the nanoparticles observed were monodispersed and 
polydispersed whereas some agglomerated AgNPs 
were also found to be present. Agglomeration of AgNPs 
generally results from the destabilizing action of silver 
ions [9]. The size range of AgNPs recorded was from 9.6 nm 
to 32 nm (Figure 2).

AgNo3
Extracellular

Synthesis

S4c1 S5a So3II Mt3b . AgNo3
Oven

assisted
Synthesis

S4c1 S5a So3II Mt3b
0

0.5
1

1.5
2

2.5
3

3.5
4

4.5

320nm 400nm 500nm 600nm 700nm

O
pti

ca
l d

en
sit

y
(3

20
-7

00
 n

m
)

0 0.1 0.2 0.3 0.4 0.5 0.6

AgNo3

S4c1

S5a

So3II

Mt3b

Absorbance 

Ba
ct

er
ia

l A
gN

Ps

a

b

Figure 1: (a) Extra-cellular and oven assisted synthesis of bacterial AgNPs; (b) UV-Visible spectroscopic analysis of bacterial AgNPs.
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3.4  FTIR analysis of bacterial AgNPs 

FTIR spectrum of bacterial AgNPs was examined after 
FTIR analysis to identify the functional groups, possible 
composition and stability of AgNPs and their interaction 
with protein molecules. The IR spectrum of bacterial AgNPs 
showed intense bands at 3466.77 cm−1 which represent the 
stretching vibrations of amines while band at 1637.88 cm−1 

represents phenyl ring substitution and its banding. 
Also band at 1637 cm−1 has shown carbonyl stretch in the 
amide linkages of protein. NO2 group exhibits vibrations 
at 1390  cm−1 (Figure 3). The possible mechanism for the 
reduction of Ag+ to AgNPs is that bacterial proteins react 
and bind with metals particles and caused its reduction to 
AgNPs (Figure 3). 

3.5  UV-Visible analysis of bacterial AgNPs 

Production of AgNPs through all the four methods was 
analyzed by UV-Visible spectroscopic analysis at 400 nm. 
The isolates Serratia marcescens (S4c1) and Brevundimonas 
diminuta (S5a) have shown maximum production of 
AgNPs through extracellular synthesis method (Figure 1).  
The isolate Serratia marcescens (S4c1) has shown 
maximum production of AgNPs through intracellular 
method (0.512 a.u.). Bacterial AgNPs produced through 
oven assisted method have shown variable results. 

Maximum absorbance was recorded from bacterial strain 
Serratia marcescens (S4c1), i.e. 0.612 a.u. Extracellular 
production of AgNPs with extended incubation period 
was considered to be the most suitable method for AgNPs 
production (Figure 1).

3.6  �Growth promoting potential of bacterial 
AgNPs

Growth promotional potential of bacterial AgNPs was 
evaluated using T. aestivum.

3.6.1  Germination percentage 

Significant increase in germination was observed in 
treatment T1 (bacterial AgNPs) with AgNPs obtained from 
Bacillus cereus (So3II), up to 94% as compared to control 
plants. When treatment T2 (bacterial AgNPs+BI) was 
given to the T. aestivum seeds in which synergistic effect 
of both nanoparticles and bacterial isolates was recorded, 
significant improvement in germination percentage was 
observed in case of Bacillus cereus (So3II), Brevundimonas 
diminuta (S5a) and Serratia marcescens (S4c1) treatment 
up to 96% increase was recorded in comparison with 
control plants. While in only bacterial treatment which 
was treatment T3 (BI), Brevundimonas diminuta (S5a) 
treatment significantly improved germination percentage 
(11.1%) was observed in comparison with control plants.

Figure 2: Transmission Electron Microscopic (TEM) analysis of 
bacterial synthesized silver nanoparticles.

Figure 3: FTIR spectrum of bacterial AgNPs.
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3.6.2  Shoot length 

In almost all the three sets of treatments, i.e. treatment 
T1 (bacterial AgNPs), bacterial and AgNPs treatment 
T2 (bacterial AgNPs+BI) and bacterial treatment T3 
(BI), improvement in shoot length of T. aestivum was 
observed. AgNPs that were prepared using bacterial 
strain Brevundimonas diminuta S5a (Treatment T1) 
resulted in significant increase in shoot length up to 
83% as compared to control plants that were only treated 
with distilled water (C1) and AgNO3 (C2), respectively. 
Synergistic effect of both bacterial AgNPs and bacterial 
inoculum showed significant improvement in shoot 
length of T. aestivum. In treatment T2, the isolates 
Bacillus cereus (So3II) and Serratia marcescens (S4c1) 

significantly improved shoot length by 81% and 82%, 
respectively, as compared to control plants. Bacterial 
inoculation in treatment T3 with Brevundimonas 
diminuta (S5a) showed 80% increment in shoot length 
over control plants (Figures 4 and 6).

3.6.3  Root length 

Maximum increment in root length was observed with 
treatment T1 (bacterial AgNPs). The bacterial isolate 
Bacillus cereus (So3II) treated T. aestivum plants 
produced significantly long roots with improvement up 
to 91% as compared to control plants. When treatment 
T2 (bacterial AgNPs+BI) was analysed, Bacillus cereus 

C1 C2 S4C1 S5a So3II Mt3b
0

5

10

15

20

25

AgNPs AgNPs+BI BI

Bacterial isolates

Sh
oo

t l
en

gt
h 

(c
m

)

a ab a

b
a a

ab
bc

a

b bc

a
ab

c

C1 C2 S4C1 S5a So3II Mt3b
0

0.5

1

1.5

2

2.5

AgNPs AgNPs+BI BI

Bacterial isolates

N
um

be
r o

f l
ea

ve
s a a
a

a a
a

a a

a

a a

a
a

a

a

b

Figure 4: (a) Shoot length (cm); (b) Number of leaves after inoculation treatment T1 (bacterial AgNPs).
T2 – bacterial AgNPs+BI; T3 – BI; C1 – Control treatment using water; C2 – Control treatment using AgNO3. Different letters indicate 
significant difference between treatments using Duncan’s multiple range test (P = 0.05).
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(So3II) has shown significant improvement in root 
length up to 92% as compared with control plants (plants 
treated with distilled water and silver nitrate solution 
separately). In treatment T3 (BI), Brevundimonas 
diminuta (S5a) treated plants also improved root length 
significantly up to 92% in comparison with control 
plants (Figure 5).

3.6.4  Number of leaves 

In treatment T1 (bacterial AgNPs), Brevundimonas diminuta 
(S5a) increased number of leaves per plants up to 98% as 
compared to control plants while in treatment T2 (bacterial 
AgNPs+BI), Bacillus cereus (So3II), Brevundimonas 
diminuta (S5a) and Serratia marcescens (S4c1) improved 

number of leaves up to 98% in comparison to control 
plants (plants treated with distilled water and silver nitrate 
solution separately). In treatment T3 (BI), Brevundimonas 
diminuta (S5a), Serratia marcescens (S4c1) and Bacillus 
subtilis (Mt3b) treated plants improved number of leaves 
(98%) as compared to control plants (Figure 6).

3.6.5  Fresh weight

Nanoparticles synthesized from bacterial strain Bacillus 
cereus (So3II) in treatment T1 (bacterial AgNPs), 
significantly improved plant fresh weight up to 99% in 
comparison with control plants. In treatment T2 (bacterial 
AgNPs+BI), Bacillus cereus (So3II), Serratia marcescens 
(S4c1) and Bacillus subtilis (Mt3b) significantly enhanced 

C1 C2 S4C1 S5a So3II Mt3b
0

2

4

6

8

10

12

14

AgNPs AgNPS+BI BI

Bacterial isolates

Ro
ot

 le
ng

th
 (c

m
)

a   a
  b b

a

a

b

 b

ab ab
a ab

ab
a

C1 C2 S4C1 S5a So3II Mt3b
0

0.1

0.2

0.3

0.4

0.5

0.6

AgNPs AgNPs+BI BI

Bacterial isolates

Fr
es

h 
w

ei
gh

t (
g)

a
ab

cd bc
bc

ab
ab

  e

a-d

d
cd

ac

d
d

a

b

Figure 5: (a) Root length (cm); (b) Fresh weight (g) after inoculation treatment.
T1 – bacterial AgNPs; T2 – bacterial AgNPs+BI; T3 – BI; C1 – Control treatment using water, C2 – Control treatment using AgNO3.  
Different letters indicate significant difference between treatments using Duncan’s multiple range test (P = 0.05).
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plant biomass up to 99% as compared to control plants. 
In treatment T3 (BI), treatments with Brevundimonas 
diminuta (S5a) and Bacillus subtilis (Mt3b) significantly 
improved fresh weight as compared to control plants.

4  Discussion
Four identified bacterial strains Bacillus cereus (So3II), 
Brevundimonas diminuta (S5a), Serratia marcescens (S4c1) 
and Bacillus subtilis (Mt3b) were utilized in this study to 
evaluate their nanoparticles production potential and 
impact of these bacterial synthesized AgNPs on growth 
of T.aestivum was studied. The selection criteria for 
the bacterial isolates was their high auxin production 
potential. The isolates have shown auxin production 
potential with Bacillus cereus (So3II) showing 35.8 µg/mL, 
Brevundimonas diminuta (S5a) showing 47 µg/mL, Serratia 
marcescens (S4c1) showing 46 µg/mL and Bacillus subtilis 
(Mt3b) showing 36.6 µg/mL IAA production. 

These selected bacterial isolates were used for 
the biosynthesis of bacterial AgNPs. All the strains 
have potential to reduce silver metal ions into AgNPs. 
These bacterial strains have the potential to sequester 
metals like silver from the soil and convert it into 
usable form such as AgNPs which can be used for plant 
growth improvement. All the four methods used for 
AgNPs synthesis produced AgNPs at varying rate and 

concentrations. The maximum quantity of AgNPs was 
obtained through extended incubation time method in 
which extracellular nanoparticles were incubated for 
extended time (Figure 1). Better production of AgNPs 
by this method might be due maximum activity level of 
bacterial isolates where most of them were at their log 
phase and thereby facilitating maximum nanoparticles 
production with the help of enzymes, e.g. nitrate 
reductase. This enzyme is responsible for the reduction 
of silver ions to AgNPs. Thamilselvi and Radha [3] also 
reported extended incubation method for the synthesis 
of AgNPs. Bacterial production of AgNPs is a defensive 
mechanism against metal toxicity. This defensive 
mechanism of bacteria is employed in the synthesis 
of AgNPs and is advantageous over conventional 
chemical method because this method is sustainable 
and ecofriendly. Bacterial cell wall play a pivotal role 
in the synthesis of AgNPs because bacterial cell wall is 
negatively charged and it interacts electrochemically 
with positively charged metal ions (Ag+) and hence, 
caused bioreduction of metal ions to metal nanoparticles 
(AgNPs) [3]. The chemical and physical methods of AgNPs 
production generate lots of heat and toxic chemicals 
whereas bacterial synthesis of NPs is environmentally 
safe and economic technique.

Maximum optical density was recorded at 320 and 
400 nm wavelength. Das et al. [10] also reported strong 
absorption peaks at 450 nm. UV-Visible spectroscopic 
analysis of AgNPs was also performed for further 
confirmation. Maximum AgNPs synthesis was recorded 
at 400. Most of the findings indicated the production of 
AgNPs at 400 to 500 nm similar to our data. 

Transmission Electron Microscopic (TEM) analysis 
of bacterial AgNPs revealed monodispersed and 
agglomerated AgNPs. Agglomeration of AgNPs generally 
results from the destabilizing action of silver ions [9]. 
TEM analysis of bacterial AgNPs showed of variable size 
ranging from 9.6 nm to 32 nm (Figure 2). The importance 
of variable nanoparticles size and shape is different in 
various fields of science and technology. The current 
study focuses on the phytostimulatory impact of AgNPs so 
all bacterial AgNPs synthesized were applied irrespective 
of their size to evaluate their impact on plant growth. 

FTIR spectra confirmed the stabilization of 
nanoparticles with amines interaction (Figure 3). Bacterial 
proteins develop a coating on AgNPs which results in the 
stabilization of these particles. Surface bound proteins 
of bacteria play an important role in the production and 
stabilization of AgNPs. The proteins were observed to cap 
the nanoparticles using amino acids and amines, hence, 
caused reduction of Ag+ to AgNPs [11]. Silver ions (Ag+) 

Figure 6: Shoot length (cm) of treated plants: A – control; B – T1 
(bacterial AgNPs); C – T3 (BI); D – T2 (bacterial AgNPs+BI).
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bind with AgNPs which prevent disruption of secondary 
structure of proteins [11]. 

Phytostimulatory potential of bacterial AgNPs was 
evaluated using Triticum aestivum L. Treatment T1 
(bacterial AgNPs) with AgNPs obtained from Bacillus 
cereus (So3II) and Treatment T2 (bacterial AgNPs+BI) 
significantly improved germination percentage up to 
94 and 95% as compared to control plants. Significant 
improvement in shoot length was recorded in all the three 
sets of Treatments, i.e. Treatment T1 (bacterial AgNPs), 
Treatment T2 (bacterial AgNPs+BI) and Treatment T3 (BI) 
(Figures 4 and 6). AgNPs produced by bacterial strain 
Bacillus cereus (So3II) when used for treating T. aestivum 
resulted in significantly long roots with improvement 
up to 91% as compared to control plants. In Treatment 
T2 (bacterial AgNPs+BI) Bacillus cereus (So3II) has 
shown significant improvement in root length up to 92% 
as compared with control plants (plants treated with 
distilled water and silver nitrate solution separately). In 
Treatment T3 (BI), Brevundimonas diminuta (S5a) treated 
plants also improved root length significantly up to 92% in 
comparison with control plants (Figure 5). In all three sets 
of experiments (T1, T2, T3) improvement in the number 
of leaves was recorded as compared to control plants. 
In Treatment T2 (bacterial AgNPs+BI), Bacillus cereus 
(So3II), Serratia marcescens (S4c1) and Bacillus subtilis 
(Mt3b) significantly enhanced plant biomass up to 99% as 
compared to control plants. Pallavi et al. [12] also reported 
improvement in seed germination with application of 
nanoparticles. Treatment T2 (bacterial AgNPs+BI) and 
Treatment T3 (BI) improved shoot length but Treatment T1 
(bacterial AgNPs) did not cause much increase in the height 
of plants. Treatment T1 using S5a caused insignificant 
improvement in shoot length over control. So according 
to our findings, Treatment T2 (bacterial AgNPs+BI) using 
bacterial strains Brevundimonas diminuta (S5a), Serratia 
marcescens (S4c1) and Bacillus subtilis (Mt3b) was more 
effective in improving plant height (shoot length) as 
compared to control plants (Figures 4 and 6). Treatment 
T1 using S4c1 significantly improved plant root length 
as compared to control plants. Treatment T2 (Bacillus 
cereus (So3II), Brevundimonas diminuta (S5a) significantly 
enhanced root length as compared to control plants (Figure 
5). Improved root length was due to Jacalin related lactin 
(JAL) gene that improves production of precursor (nitrile) 
of auxin so multiple biochemical pathways are stimulated 
when AgNPs were applied and these ultimately improved 
plant growth [11]. So bacterial nanoparticles separately 
(Treatment T1) and in combination with bacterial inoculum 
(Treatment T2) produced almost similar results in case of 
Mt3b and S5a indicating that both exert similar effects in 

improving number of leaves. Significant improvement in 
fresh weight was observed when Treatment T2 was given 
in case of the isolate So3II while in case of Treatment T3 
improvement was recorded in S5a and Mt3b so among 
the isolates used, AgNPs obtained from the isolate S4cI 
performed as the best sample used showing significant 
growth promotion in comparison with either the T2 or T3 
or control treatments. 

Nanoparticles interact with plant hormones and 
antioxidants, hence, affect plant growth patterns leading 
to plant growth promotion. Improvement in germination 
and biomass due to the application of nanoparticles 
was reported by Mehta et al. [14]. Application of AgNPs 
promotes root exudates production which may facilitate 
plant-microbes interactions and thus play its part to 
improve plant growth. Jasim et al. [13] also reported 
increment in growth parameters when AgNPs were 
applied on Fenugreek (Trigonellafoenum-graecum L.). The 
level of ABA and IAA was changed due to up-regulation of 
their genes. Gruyer et al. [15] also reported positive effect 
of AgNPs in plant growth of green-house grown radish and 
lettuce and the effect varies with the type of species. All 
the bacterial strains used in the present study exhibited 
potential for the synthesis of AgNPs. AgNPs exhibited 
antibacterial activity against pathogenic bacteria. So 
these bacterial AgNPs can act also as potential agents 
to be effectively used in pharmaceutical and medical 
fields. Bacterial AgNPs also exhibited potential to be 
used as biofertilizers. Ahmed et al. [16] also reported the 
environmentally benign production of AgNPs. The growth 
promotional activity of bacterial AgNPs as revealed in the 
current study indicates that these bacterial NPs can be 
employed commercially for the benefit of mankind in an 
economic and ecofriendly manner.

5  Conclusion
Nanoparticles produced in the current study by harnessing 
the potential of bacterial repositories as a sustainable 
green chemistry approach. The biosynthesized AgNPs have 
potential to improve T. aestivum growth both individually 
as well as synergistically along with bacterial inoculation.
the bacterial AgNPs have potential to be used not only 
as bioremediators to extract silver ions but also improve 
plant growth. Hence PGPB can be exploited as for their 
dual mechanism of bioremediation and nanofertilization 
simultaneously through bacterial production of AgNPs 
as a successful alternative strategy for plant growth 
improvement.
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