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Abstract
Microbes play a crucial role for us and are present everywhere, such as in human and plant microbiota,  
and in each ecosystem, they have various medicinal and industrial applications to ease our livelihood. 
The microbes act as catalyst to enhance useful content of plants such as secondary metabolites 
and also ameliorate the health, growth and development of the plant. Microbes are eco-friendly in 
nature, they are effective and low-cost in production of valuable things. Several studies revealed that 
microbes induced plants are excellent modulator of secondary metabolites of human interest. In this 
review article, the authors try to compile various microorganisms which are key enhancer of natural 
antioxidant compounds in plants. This study based on beneficial plant microbes that enhance the 
plant’s growth and also enhance the content of biologically active compounds in the host plants. Among 
the microbes, some bacteria, actinobacteria, cyanobacteria and fungi were excellent modulator of 
secondary metabolites present in the plant. Additionally, they improve plant health and development 
and also protect from various infections and stresses. This study concluded that among the microbes, 
bacteria and fungi showed enhancement in flavonoids, phenolics and carotenoid content and how 
they modulate their metabolite content after microbial inoculation in plants; and also increase their 
immunity against biotic and abiotic stresses, whereas actinobacteria enhanced growth factors which 
increase the defence mechanism of plants against various infections.
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INTRODUCTION

 Nowadays, we are frequently using 
chemical fertilizers and harmful synthetic chemicals 
for crop productivity that causes deforestation, 
damage agricultural resources degrading land, 
salinizing irrigated fields, and leading to over-
extraction of groundwater. This study introduces 
some beneficial plant microbes that enhance 
growth and productivity of plant and also increase 
the content of plant secondary metabolites and 
higher biologically active compounds content to 
improve the quality of life. Microorganisms are 
at the top in attention by researchers because of 
their high caliber to synthesize novel secondary 
metabolites which are helpful in plant disease 
management and human beings.1-3

 Microbial inoculation is a low-cost 
commercial, agricultural input and it also helps 
to decrease environmental pollution.4,5 The major 
microbes-mediated defense mechanism acquired 
by plants include the activation of antioxidants 
of the plant by the catalyst like defense-related 
enzymes.5 It seems that microbes are frequently 
used in the form of bio-fertilizers and bio-
pesticides to improve the quality and quantity of 
useful content.6 Inoculation of microbes in soil 
used as bio-fertilizer to decrease the consumption 
of chemical fertilization, these bio-fertilizers 
are more effective and cost-saving.7 The hiring 
of biological solutions for crop production and 
protection is necessary due to the rising costs 
and detrimental effects of chemical fertilizers 
and pesticides for agricultural production. These 
pesticides affect our immune system and reduced 
consumption of unrenewable resources. The PGP 
microbes inoculation in plants frequently used 
to improve plant health. This method has been 
emerged as one of the most alluring methods 
for creating sustainable agricultural practices.8 
Now days to improve the cost efficiency of plants, 
PGP microbes are used as biological nutrients 
to enhance nutrients content in plants and also 
increase the crop productivity, physiological 
immunity, and defense capacity of plants.6,9

 Microbes are present everywhere in the 
biosphere, and their presence always affects the 
environment in which they grow. Among the all 
microbes, the ability of bacteria to recycle the 
basic components that comprise biosphere such 

as carbon, oxygen, and nitrogen, is their most 
significant impact on the planet. Bacteria are 
small single-celled organisms, and they support 
many forms of life such as plant and animal, in 
which they can rapidly grow.10 In the plant species 
bacteria are present into two types on the basis of 
niche, one is as an endophyte, which are residing 
in the inner part of the plant species. Another is 
rhizobacteria or root-associated bacteria, which 
are present in the rhizospheric region, and in the 
adhered soil of the plant. Both types of bacteria 
are beneficial for plant.11 Besides these microbes, 
fungi also play a crucial role in the plant health 
management. Fungi belong to eukaryotes and 
they are heterotrophic organisms that derive 
their food from non-living organic sources.12 
They are incredibly diverse and have a variety 
of functions in the environment. They act as 
decomposers, mutualists, and predators.13 They 
are also chemoorganotrophs that grow aerobically 
on simple carbohydrates and amino acids when 
oxygen is present.14

 The roots of plants secrete a variety 
of exudates in their rhizosphere that are well 
off in monomers. These exudates affect the 
actively microbial populations in the plant 
root which either directly or indirectly aid 
in the promotion of growth and disease or 
stress management.15 Among the microbes,  
cyanobacteria also play a crucial role in the plant 
health management and secondary metabolite 
enhancement. Cyanobacteria are present in 
the water ecosystem and also photosynthetic 
in nature.16 Usually, water serves as an electron 
donor during photosynthesis, which causes 
oxygen to evolve. The cyanobacteria are strong 
fixer of atmospheric N2, decompose organic 
wastes, detoxify pesticides and heavy metals, 
catalyze the nutrients cycling, inhibit the growth 
of microbial pathogens in aquatic ecosystem, and 
also synthesize some biological substances such 
as vitamins, hormones, and enzymes that support 
plant health and development.17,18

 Among the secondary metabolites 
antioxidants are key components, they serve as 
immunity boosters for us. An antioxidant is a 
biological compound that inhibits oxidation.19,20 
These antioxidants may play a crucial role 
in preventing carcinogens and heart disease 
and enough level of antioxidants enhance 
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immunological processes and increase defensive 
abilities.21,22

 These antioxidants are crucial in 
scavenging ROS (reactive oxygen species) and 
preventing the harmful effects of oxidative stress 
on most sensitive molecules like proteins, lipids, 
and nucleic acids.23 Recently increased interest 
of researchers in antioxidants because of their 
high capacity against various diseases, nutritional 
properties, and therapeutic effects. Antioxidants 
are mostly found in medicinal plants and dietary 
products that may help in less effect of oxidative 
damage and provide many health benefits to 
us.22,24

 Ant ioxidants  l ike  polyphenol ics , 
ascorbic acid, carotenoids, terpenoids, and 
tocopherol compounds are found in plants. 
Among all antioxidants, carotenoids have essential 
molecules for light harvesting and also give 
photo-protection and pigmentation to the plants 
and their products.25 These carotenoids are 
responsible for the colour of leaves, flowers, and 
food.26 The conjugated series of C=C bonds is 
the core structure of carotenoids and also it can 
interact with singlet oxygen species and it also 

act as a strong antioxidant.27 Carotenes serve 
as a precursor molecule for vitamin A synthesis. 
Vitamin is an antioxidant that is only available in 
food and is believed to help prevent some diseases 
such as night blindness.28 Plants, fungi, algae, 
and bacteria can synthesize carotenoids. Intake 
of carotenoids decreases the risk of cancer, and 
cardiovascular or ophthalmological diseases and 
also protecting cells and tissues from oxidative 
damage.26 Among the carotenoids, lycopene act 
as major antioxidants and anti-carcinogenic 
compound found in the Solanum lycopersicum L. 
fruits. In a study some endophytic bacterial strains 
such as Bacillus cereus, B. flexus, Pseudomonas 
aeruginosa, Methylophillus flavus and Rhizobium 
pusense inoculated in the Solanum lycopersicum 
L. plants, the content of lycopene and some 
secondary metabolites such as phenol, flavonoid 
increased many folds after inoculation with tomato 
seed and seedling when compared with control.29 
In another study inoculation of two bacterial gene 
viz. CrtB gene (phytoene synthase) and CrtI gene 
(carotene desaturase) enhanced the vitamin A 
content in wheat (Triticum aestivum L.).30

Figure 1. Graphical representation of the microbial role in plants to enhance their metabolite content, which can 
act as an antioxidant



  www.microbiologyjournal.org963Journal of Pure and Applied Microbiology

Rana et al | J Pure Appl Microbiol. 2025;19(2):960-973. https://doi.org/10.22207/JPAM.19.2.29
Ta

bl
e.

 S
om

e 
m

ic
ro

be
-in

du
ce

d 
pl

an
ts

 a
nd

 th
e 

en
ha

nc
em

en
t o

f a
nti

ox
id

an
ts

 a
fte

r i
no

cu
la

tio
n

N
o.

 
M

ic
ro

be
 

St
ra

in
 

Sp
ec

ie
s 

En
ha

nc
ed

 c
om

po
un

ds
 

Re
f.

1.
 

Ba
ct

er
ia

 
Ac

tin
om

yc
et

es
 

Da
te

 p
al

m
 (P

ho
en

ix
 d

ac
ty

lif
er

a 
L.

) 
An

tio
xi

da
nt

 a
cti

vi
ty

 
[3

5]
2.

 
Ba

ct
er

ia
 

Pa
ra

bu
rk

ho
ld

er
ia

 fu
ng

or
um

 B
RR

h-
4,

  
st

ra
w

be
rr

y 
fr

ui
t (

Fr
ag

ar
ia

 x
 a

na
na

ss
a)

 
An

tio
xi

da
nt

s 
[3

2]
 

 
Ba

ci
llu

s a
m

yl
ol

eq
ue

fa
ci

en
s B

Ch
i1

 
3.

 
Ba

ct
er

ia
 

Rh
izo

ba
ct

er
ia

, P
se

ud
om

on
as

   
Pe

pp
er

m
in

t (
M

en
th

a 
pi

pe
rit

a)
 

An
tio

xi
da

nt
 e

nz
ym

es
 i.

e.
 p

er
ox

id
as

e 
(P

X)
  

[3
6]

 
 

flu
or

es
ce

ns
 sp

., 
an

d 
Ba

ci
llu

s  
 

an
d 

su
pe

ro
xi

de
 d

ism
ut

as
e 

(S
O

D)
 

 
am

yl
ol

iq
ue

fa
ci

en
s s

p.
, 

 
   

4.
 

Ba
ct

er
ia

 
Ps

eu
do

m
on

as
 sp

., 
Rh

izo
bi

um
 sp

., 
 

Ri
ce

 (O
ry

za
 sa

tiv
a 

L.
) 

Ac
tiv

ati
ng

 a
nti

ox
id

an
t d

ef
en

se
 sy

st
em

 
[3

7]
 

 
Ba

ci
llu

s s
p.

 
 

5.
 

Ba
ct

er
ia

 
Ba

ci
llu

s s
ub

til
is 

BC
RC

 
Bl

ac
k 

so
yb

ea
ns

 (G
ly

ci
ne

 m
ax

) 
an

tio
xi

da
nt

 a
cti

vi
ty

, t
ot

al
 p

he
no

lic
 a

nd
 

[2
1]

 
 

 
 

fla
vo

no
id

6.
 

Ba
ct

er
ia

 
Ps

eu
do

m
on

as
  a

er
ug

in
os

a 
De

vi
l's

 H
or

se
w

hi
p 

(A
ch

yr
an

th
es

 a
sp

er
a 

L.
) 

An
tio

xi
da

nt
 A

cti
vi

ty
 

[3
8]

7.
 

Ba
ct

er
ia

 
Ps

eu
do

m
on

as
 sp

., 
Az

ot
ob

ac
te

r s
p.

  
To

m
at

o 
(S

ol
an

um
 ly

co
pe

rs
ic

um
)

 
 

an
d 

Ar
bu

sc
ul

ar
 M

yc
or

rh
iza

l F
un

gi
  

 
Ca

ro
te

no
id

s c
on

sti
tu

en
ts

 (l
yc

op
en

e)
 A

nti
- 

[3
9]

8.
 

Ba
ct

er
ia

 
Az

os
pi

ril
lu

m
 li

po
fe

ru
m

, A
zo

to
ba

ct
er

 
M

ai
ze

 (Z
ea

 m
ay

s)
 

ox
id

ati
ve

 e
nz

ym
e 

ac
tiv

iti
es

, c
ar

ot
en

oi
ds

, 
[4

0]
 

 
ch

ro
oc

oc
cu

m
  

 
pe

ro
xi

da
se

 (P
O

D)
 a

nd
 c

at
al

as
e 

(C
AT

). 
9.

 
Ba

ct
er

ia
 

Ps
eu

do
m

on
as

 a
er

ug
in

os
a 

an
d 

M
ai

ze
 (Z

ea
 m

ay
s)

 
Se

co
nd

ar
y 

m
et

ab
ol

ite
s 

[3
]

 
 

Ba
ci

llu
s m

eg
at

er
iu

m
  

 
10

. 
Ba

ct
er

ia
  

Ac
tin

om
yc

et
es

 
Le

gu
m

in
ou

s s
ee

ds
 (P

ea
, c

hi
ck

pe
a 

Bo
os

tin
g 

N
itr

og
en

, m
et

ab
ol

ism
, p

rim
ar

y 
[3

5]
 

 
 

so
yb

ea
n,

 k
id

ne
y 

be
an

, l
en

til
) 

an
d 

se
co

nd
ar

y 
m

et
ab

ol
ite

s
11

. 
Cy

an
ob

ac
te

ria
 

De
sm

on
os

to
c 

m
us

co
ru

m
, A

na
ba

en
a 

Pe
pp

er
 (P

ip
er

 n
ig

ru
m

) 
Ph

en
ol

ic
 c

om
po

un
ds

 
[1

6]
 

 
or

yz
ae

, a
nd

 A
rt

hr
os

pi
ra

 p
la

te
ns

is
12

. 
Cy

an
ob

ac
te

ria
 

M
ic

ro
al

ga
e 

po
ly

sa
cc

ha
rid

es
 

To
m

at
o 

(S
ol

an
um

 ly
co

pe
rs

ic
um

 L
.) 

Ca
ro

te
no

id
 

[4
1]

 
 

(A
rt

hr
os

pi
ra

 p
la

te
ns

is,
 D

un
al

ie
lla

 
 

 
sa

lin
a,

 P
or

ph
yr

id
iu

m
 sp

.)
13

. 
Ar

eh
ae

ba
ct

er
ia

 
Ha

lo
ar

ch
ae

al
 sp

ec
ie

s s
tr

ai
n 

M
ai

ze
 (Z

ea
 m

ay
s)

 
Ph

en
ol

ic
s a

nd
 to

co
ph

er
ol

s 
[4

2]
14

. 
Fu

ng
i 

Ar
bu

sc
ul

ar
 m

yc
or

rh
iza

l f
un

gi
 

Eg
yp

tia
n 

Pe
a 

(S
es

ba
ni

a 
se

sb
an

 L
.) 

Ca
ta

la
se

, S
up

er
ox

id
e 

di
sm

ut
as

e 
(S

O
D)

, 
[2

3]
 

 
 

 
 

as
co

rb
at

e 
pe

ro
xi

da
se

 (A
PX

),
15

. 
Fu

ng
i 

Ar
bu

sc
ul

ar
 m

yc
or

rh
iza

l f
un

gi
 

Su
nfl

ow
er

 (H
el

ia
nt

hu
s A

nn
uu

s L
.) 

In
hi

bi
tio

n 
of

 to
xi

c 
RO

S 
( R

ea
cti

ve
 o

xy
ge

n 
[4

3]
 

 
 

 
 

sp
ec

ie
s)

16
. 

Fu
ng

i 
As

pe
rg

ill
us

 fl
av

us
, A

sp
er

gi
llu

s n
ig

er
,  

 
To

m
at

o 
(S

ol
an

um
 ly

co
pe

rs
ic

um
 L

.) 
Ca

ro
te

no
id

, p
he

no
lic

 c
on

te
nt

 
[4

4]
 

 
M

uc
or

 c
irc

in
el

lo
id

es
17

. 
Fu

ng
i 

Ar
bu

sc
ul

ar
 m

yc
or

rh
iza

l f
un

gi
 

Gr
ee

n 
an

d 
re

d 
le

af
 le

tt
uc

es
 

Ca
ro

te
no

id
s,

 c
hl

or
op

hy
lls

 a
nd

 to
co

ph
er

ol
 

[4
5]

 
 

 
(L

ac
tu

ca
 sa

tiv
a)

  
 



  www.microbiologyjournal.org964Journal of Pure and Applied Microbiology

Rana et al | J Pure Appl Microbiol. 2025;19(2):960-973. https://doi.org/10.22207/JPAM.19.2.29

Ta
bl

e.
 C

on
t..

.

N
o.

 
M

ic
ro

be
 

St
ra

in
 

Sp
ec

ie
s 

En
ha

nc
ed

 c
om

po
un

ds
 

Re
f.

18
. 

Fu
ng

i 
Ar

bu
sc

ul
ar

 m
yc

or
rh

iza
l F

un
gi

 
Le

tt
uc

es
 (L

ac
tu

ca
 sa

tiv
a)

 
Ca

ro
te

no
id

s,
 v

ita
m

in
 E

 a
nd

 C
 

[4
6]

19
. 

Fu
ng

i 
Ar

bu
sc

ul
ar

 m
yc

or
rh

iza
l f

un
gi

 
M

ar
ig

ol
d 

(C
al

en
du

la
 o

ffi
ci

na
lis

) 
Ph

en
ol

s,
 fl

av
on

oi
ds

, c
ar

ot
en

oi
ds

 a
nd

 
[4

7]
 

 
 

 
β-

ca
ro

te
ne

20
. 

Fu
ng

i 
Sc

le
ro

tin
ia

 sc
le

ro
tio

ru
m

 
Pe

a 
(P

isu
m

 sa
tiv

um
) 

Ph
en

ol
s 

[9
]

21
. 

Fu
ng

i 
Ar

bu
sc

ul
ar

 m
yc

or
rh

iza
l f

un
gi

 (A
M

F)
 

Gr
ap

e 
(V

iti
s v

in
ife

ra
 L

.) 
Ca

ro
te

no
id

  
[4

8]
22

. 
Fu

ng
i 

Fi
la

m
en

to
us

 fu
ng

i (
As

pe
rg

ill
us

 o
ry

za
e)

 
So

yb
ea

n 
ko

ji 
 

An
tio

xi
da

nt
 c

ap
ac

ity
 

[1
9]

23
. 

Fu
ng

i 
Ye

as
t g

lu
ca

n 
(a

s f
un

ga
l e

lic
ito

rs
) 

M
un

gb
ea

n 
(V

ig
na

 R
ad

ia
ta

) 
Po

te
nti

al
 p

he
no

lic
 

[4
9]

24
. 

Fu
ng

i 
Fu

ng
al

 e
lic

ito
r 

 T
ip

to
n 

W
ee

d 
(H

yp
er

ic
um

 p
er

fo
ra

tu
m

 L
.) 

 
Ph

en
yl

pr
op

an
oi

d 
an

d 
na

ph
to

di
an

th
ro

ne
 

[5
0]

25
. 

Fu
ng

i 
Tr

ic
ho

de
rm

a 
lo

ng
ib

ra
ch

ia
tu

m
 T

6 
W

he
at

 (T
riti

cu
m

 a
sti

va
m

) 
An

tio
xi

da
tiv

e 
De

fe
ns

e 
Sy

st
em

 
[5

1]
26

. 
Al

ga
e 

Cy
lin

dr
os

pe
rm

um
 sp

. 
Gr

ea
t p

la
nt

ai
n 

(P
la

nt
ag

o 
m

aj
or

 L
.) 

To
ta

l F
la

vo
no

id
 a

nd
 P

he
no

lic
 

[5
2]

27
. 

Al
ga

e 
Ch

lo
re

lla
 zo

fin
gi

en
sis

 
Gr

ee
n 

Al
ag

ae
 (C

hl
am

yd
om

on
as

 re
in

ha
rd

tii
) 

Ca
ro

te
no

id
s,

 lu
te

in
 

[5
3]

 In plants, the phenolic compound also 
acts as an antioxidant by donating electrons 
to highly reactive oxygen species, i.e. guaiacol 
peroxidase for detoxification of peroxide produced 
under stress phase and also influences host plant 
growth. Phenolic compounds have caliber to 
inhibit several enzymes which are associated with 
the development of human diseases, including 
hypertension, and neurodegenerative diseases. 
It also has anti-inflammatory properties to treat 
various skin diseases.31,32 Materials like spices, 
herbs, cereals, seeds, fruit or vegetable products 
are rich in phenolic compounds.22

 Besides this, selenium is an antioxidant; 
it has capability to breakdown peroxides which 
can damage tissue and DNA. It is a strong element 
in terms of antioxidant enhancement. In a 
study influencing plant metabolism, particularly 
antioxidant activity, simultaneous usage of 
Selenium or micronutrients can reduce the 
detrimental effects of biotic stress on corn 
output.33 In another study, Brassica juncea L. plants 
were inoculated with rhizospheric bacteria, had 
five times higher Selenium content in roots when 
compared with control, it seems that this selenium 
content might play's crucial role as an antioxidant34 
(Figure 1).

Role of various microbes to enhance the content 
of plant’s antioxidants
Antioxidant enhancement in plants via bacteria
 Bacteria are excellent modulator 
of bioactive compounds in the plants. Some 
beneficial microbes can enhance crop productivity 
and also protect the host plant from various 
stresses via a variety of mechanisms. Microbial 
inoculation in the plants modulates the 
biologically active compounds synthesis such 
as antioxidants with high medicinal properties, 
several microorganisms enhanced the content of 
bioactive compounds after microbial inoculation, 
which are discussed in Table.54,55 In a study 
results revealed that the effect of two bacterial 
strains (Pseudomonas fluorescens WCS417r and 
Bacillus amyloliquefaciens GB03) inoculated in 
peppermint plant enhanced the bioactivity of 
antioxidative enzymes like peroxidase (PX) and 
superoxide dismutase (SOD) and total phenolic 
content (TPC).36 In another study the impact of two 
bacterial strains Bacillus amylolequefaciens BChi1 
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and Paraburkholderia fungorum BRRh-4 when 
inoculated with strawberries, results revealed that 
bacterized plant have increased fruit quality and 
yield, and also enhance the antioxidant capacity 
in comparison with control.32 In many plants 
species such as rice, inoculation with few bacterial 
strains such as Pseudomonas, Rhizobium, Bacillus, 
Serratia, and Azospirillum sp. enhanced the crop 
productivity of plants and enhanced the enzymes 
which play key role to reduce salinity stress.40

 In a study, to obtain healthier and 
antioxidant-rich Achyranthes aspera L. plants 
were inoculated with Pseudomonas aeruginosa 
AL2-14B strain, resulted showed that the content 
of antioxidant increased also showed antifungal 
properties against Rhizoctonia solani pathogen.38

 In a study paddy plants were inoculated 
with Curtobacterium albidum SRV4 strain, results 
showed that the content of antioxidantive 
enzymes viz. peroxidase, ascorbate peroxidase 
and catalase were enhanced significantly.56 
Beneficial bacterial strains Azospirillum lipoferum 
and Azotobacter chroococcum increased the 
plant physiological activity and also antioxidant 
activity in maize by enhancing the ROS scavenging 
mechanism and increasing the selectivity of 
sodium and potassium ions absorption by the 
plant, authors were able to reduced stress brought 
on by the saline circumstances and boost K+ uptake 
while restricting Na+ absorption.40 Pseudomonas 
fluorescence is a rhizobacterial strain inoculated 
in rice (Oryza sativa L.), it activated an antioxidant 
defence system and the majority of antioxidant 
enzymes such as ascorbate peroxidase, superoxide 
dismutase and catalase, content enhanced after 
inoculation.37

Inoculation of fungi in plants for the enhancement 
of phenolic and carotenoid content
 S o m e  f u n g i  a r e  s i n g l e - c e l l e d 
microorganisms which are beneficial for the 
crops and vegetables, due to their unique 
medicinal and economical features. Some PGP 
fungi such as Fusarium have several mechanisms 
to control plant mycopathogens via antioxidant 
compounds synthesis that recover the oxidative 
burst to ameliorate plant defence, combat the 
mycotoxin synthesis. In a study, Inonotus obliquus 
(Chaga), the medicinal fungus produces a phenolic 
compound that is hispidin and melanin analogues. 

This hispidin analogues shows the defence 
response of plants and boost the stress tolerance 
capacity.57 Inoculation of some fungal strains 
such as (Alternaria alternata) in certain plants 
increases the productivity of useful secondary 
metabolites in plant cells, and also enhance 
the content of phenolic compounds and their 
mechanism of action.44 Carotenoid compounds 
are key components of our human body; they 
provide essential vitamins to the body to catalyze 
the proper functions of cells. In a study arbuscular 
mycorrhizal fungi (AMF) was inoculated in tomato 
plants the phenolic content was increased many 
folds.45 In another study Arbuscular mycorrhizal 
fungi induced in lettuce (Lactuca sativa) to activate 
their antioxidant compounds like carotenoids, 
vitamins E, and C to enhance (ROS) reactive 
oxygen species and immunity of the plant.46 
Arbuscular mycorrhizal fungus was inoculated with 
Calendula officinalis L. (Marigold) after inoculation 
it increases its antioxidant activity, and it exhibits 
the highest vitamin A value (β-carotene). Because 
of the linear link between antioxidant activity and 
phenolic content. Phenolic compounds may have 
a significant role in the production of antioxidant 
activity.47 Symbiotic relationships between plants 
and AM fungus can encourage the production of 
significant secondary metabolites in herbs and 
increase their potential for antioxidants.46 Besides 
the fungus, yeasts are single-celled microorganisms 
and play significant role in the antioxidant 
accumulation. In a study mung bean (Vigna  
radiata) plants were treated with yeast glucan (as 
fungal elicitors), xanthan gum, and yeast extract, 
and microbial polysaccharide inoculation observed 
that the enhancement of phenolic content and 
antioxidant activity.49 In a pot experiment of 
marigold flowers, AM fungus encouraged the 
production of significant secondary metabolites 
(phenols, flavonoids, and carotenoids), which 
improved the flower's antioxidant potential. The 
primary specified elements of the mycorrhizal 
plant’ carotenoid profiles differed significantly 
from one another (lutein, lycopene, β-carotene). 
The marigold inoculated with Funneliformis 
mosseae contained the highest levels of β-carotene 
(vitamin A) and lycopene.47 In a study the 
enhancement of carotenoid in grapes obtained 
due to inoculation of Arbuscular mycorrhizal fungi, 
which is responsible for photosynthesis, and also 
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they contributed as antioxidants by scavenging 
the free radicals in plant systems and protecting 
them from being damaged by oxidative stress and 
diseases.48  Carotenoids are pigments that serve as 
light-harvesting pigments and aid in the process 
of photosynthesis. By scavenging free radicals in 
plant systems and defending them from oxidative 
stress and diseases, they act as antioxidants. When 
mycorrhizal fungal strains were inoculated into 
grape (Vitis vinifera L.) plantlets, the carotenoid 
content increased many folds.48

 Inoculation of arbuscular mycorrhizal 
fungi (AMF) in sunflower (Helianthus annuus L.) 
plants showed an increase in their antioxidant 
activity which helps in the quick scavenging 
of toxic ROS therefore avoiding the oxidative 
stress and enhances the productivity of plants.43 
Treatment with fungal elicitors Botrytis cinerea, 
Phoma exigua, and Fusarium oxysporum enhanced 
the enzymatic and non-enzymatic antioxidants 
which help in scavenging of ROS and maintain 
physiological redox status of plant cells and 
provide protection of plant.50

 Arbuscular mycorrhizal fungus also 
showed significant modification with salinity 
treatment in terms of antioxidant enzymes, as 
well as non-enzymatic antioxidants (ascorbic 
acid and glutathione). Solanum lycopersicum L. 
has previously reported that inoculating with 
AMF caused an increase in the production of 
chlorophyll pigments. AMF vaccination boosted 
the antioxidant’s activity. Increased antioxidant 
activity aids plants in removing harmful ROS 
quickly to maintain steady metabolism and 
increased antioxidant enzyme activity in AMF 
inoculated plants.44 Zhang et al., stated that when 
Trichoderma longibrachiatum T6 inoculated in 
wheat it showed improvement of the antioxidant 
defence system and enzymes as well as content i.e 
peroxidase (POD), and catalase (CAT), superoxide 
dismutase (SOD) were increased in wheat 
seedlings.51

Inoculation of microalgae and cyanobacteria for 
antioxidants enhancement in plant
 Microalgae and cyanobacteria are 
considered as natural sources of biologically 
and pharmacologically active compounds.58 
Cyanobacteria liberate many kinds of biologically 
active substances like vitamins which help in 

the growth of plants and stimulate antioxidant 
activity which enhances their immunity against 
biotic and abiotic stress.59 Spirulina is nutrient 
rich cyanobacteria. Spirulina platensis showed 
enhancement or induction of biologically active 
compounds.58 Bell pepper plant treated with 
cyanobacteria Roholtiella sp. enhanced the 
antioxidant activity (CAT).60

 Additionally, MEF5% (microalgae-
cyanobacteria extract) extracts improved SOD, 
POD, and CAT ROS scavenging enzyme activities. 
Plants activate their ROS-scavenging systems 
to lessen the oxidative damage outcome of 
by excessive ROS buildup.61 The capacity of 
these antioxidant mechanisms to maintain ROS 
equilibrium boosts plant’s resistance to salt 
stress. Previous research has shown that the 
detoxification of ROS by antioxidant enzymes 
including CAT, SOD, and POD reduces oxidative 
damage.62 In the hybrids of maize show enhanced 
peroxidase activity and yield by inoculation of 
consortia such as A4 (Anabaena-Azotobacter 
biofilm) and A1 (Anabaena sp.-Providencia sp., 
CW1 + PW5).63

 Luteins are carotenoid compounds 
which protect plants from photo induced free 
radicals damages. In a study, Chlamydomonas 
reinhardtii isolated from green microalgae 
Chlorella zofingiensis (CzPSY) increases the 
content of carotenoids, violaxanthin and lutein 
after inoculation.64,53 The commercial value of 
carotenoids is very high due to their antioxidant 
property.65 Tomato plants (Solanum lycopersicum 
L.) treated with extract from Arthrospira platensis, 
Dunaliella salina,and Porphyridium sp., and 
showed enhanced carotenoid content in tomato. 
Another cyanobacterial strain viz. Anabaena spp. 
inoculated in tomato plant, after inoculation it 
showed better plant growth and increased its 
antioxidant (b-carotene ) content.66,41

 The phenolic compounds and flavonoids 
are effective antioxidant sources. The use of 
cyanobacterial extract on way bread (Plantago 
major) medicinal plant showed significant 
results such as enhanced content of secondary 
metabolites, and bioactive compounds and also 
increased the plant growth.52 Cyanobacteria 
(Desmonostoc muscorum, Anabaena oryzae, 
and Arthrospira platensis) induced in pepper 
plants showed an active immune response 
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against Fusarium wilt.16 In a study wheat was 
treated with microalgae Spirulina maxima and 
Chlorella ellipsoida results showed that increase 
in antioxidant and protein content.67 Inoculation 
of two cyanobacterial species (Nostoc entophytum 
and Oscillatoria angustissima) in pea plants 
increased photosynthetic pigments such as 
carotene which resulted in increased yield and 
quality of products.7

Archaea and actinobacteria inoculation in plants 
to enhance its antioxidant potential
 Among the microbes actinobacteria 
are the strong PGPR, which enhance the plant’s 
growth, crop productivity, and soil fertility and also 
decrease pathogens interaction.68 Streptomyces 
sp. belong to the genus Actinomycetes and it is 
most occurring actinobacteria genus in soil, it 
is also used as biopesticides and biofertilizers 
for sustainable agriculture.20,35 Actinomycetes’s 
ability to support plant growth and defend against 
illnesses has been discovered; it to be correlated 
with their antioxidant capacities as well as their 
concentration of physiologically active chemicals 
such as phenols and flavonoids. Secondary 
metabolites aid in defending plants from microbial 
infections. Streptomycetes that are associated with 
mycorrhizae have been found to create bioactive 
compounds, including the antibiotics, which 
may have inhibitory effects on various bacterial 
and fungal plant diseases. The increase in soil 
fertility and better soil health were a result of the 
antioxidant capacity.35 In a study, the  plant growth-
promoting actinobacteria enhance the secondary 
metabolites production, increase flavonoid 
content, photosynthetic rate, and create a higher 
level of molecular antioxidant (total ascorbate, 
glutathione, tocopherols, phenolic acids, and 
flavonoids) in maize (Zea mays L.).69

 In addition, the volatile oils like steroids, 
tannins and pyrocatechols present in plant 
extracts and essential oils of Summer savory 
(Satureja hortensis) used to treat various severe 
diseases such as carcinoma, heart diseases, 
diabetes mellitus. In this prospects, enhancing 
the growth and yield of secondary metabolites 
present in Satureja hortensis would improve its 
medicinal and nutritional values. To increase the 
secondary metabolite content of S. hortensis, 

researchers used actinobacteria Ac9 inoculation 
on summer savory (Satureja hortensis) plant to 
enhance the antioxidant activity, results revealed 
that antioxidant increased under water deficit 
condition.70 Streptomyces sp. playing key roles 
in the enhancement of secondary metabolites 
in several crops. Secondary metabolites, such as 
total ascorbate, glutathione, and tocophenols 
increased due to inoculation of Streptomyces sp. in 
maize plants. Whereas Streptomyces griseoluteus 
inceased the carotenoid content in bean plants 
(Phaseolus vulgaris L.).71,72

 In a study bacterization was done with 
Pseudomonas putida, Azotobacter chroococcumin 
tomato plants which increased the antioxidant 
content, and also increased the yield and regulated 
defence mechanism.39 In another study through 
the stimulation of several antioxidative enzymes 
and phenolics in chickpeas, the Streptomyces sp. 
was also able to generate host-plant resistance.73 

Endophytic bacteria strain Streptomyces sp. DBT34 
isolated from 4 O’ clock (Mirabilis jalapa) plant 
inoculated in chickpea seedlings, it enhanced the 
content of antioxidant enzymes like superoxide 
dismutase (SOD) which have property to the 
detoxification of Reactive oxygen species, which 
provides a defense mechanism in plants.74 
Enhancement in antioxidant enzymes like 
superoxide dismutase, ascorbate peroxidase, 
phenyla lanine ammonia- lyase,  guaiacol 
peroxidase, glutathione reductase, and polyphenol 
oxidase, and some phenolic compounds, present 
in leaves of chick peas which was treated with 
endophytic actinobacteria Streptomyces sp., 
it also act as host-plant resistance inducers 
against Botrytis cinerea in chickpea.73

 In a study plant Date palm (Phoenix 
dactylifera L.) was treated with Actinobacteria, after 
inoculation of actinobacteria the biological activity 
like antioxidant which showed improvement 
in growth of fruits. Higher antioxidant levels 
limit the build-up of free radicals that could 
cause cell harm.75 In watermelon (Citrullus 
lanatus) plant authors induced salicylic acid 
which activates the antioxidant capacity and 
enhanced the cold tolerance capacity also.20 
Two endophytic actinobacterial strains viz. 
Streptomyces zaomyceticus Oc-5 and Streptomyces 
pseudogriseolus isolated from medicinal plant 
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Yellow Wood Sorrel. It shows anti-microbial 
potential against strains - Aspergillus niger, 
Pythium ultimum, Alternaria alternate, and 
Fusarium oxysporum and also showed strong free 
radical and scavenging activity.76

 A Haloarchaeal species strain, belonging to 
the Haloferax genus inoculated in maize, its leaves 
showed an increased production of antioxidant 
metabolism (phenolics and tocopherols) and ROS 
scavenging enzyme capacity42  (Figure 2).

Major medicinal plants that enhanced their 
antioxidant activity via microbes
 The world’s most traditional kind of 
medicine has been secondary metabolites since 
ancient times. Medicinal plants have been 
employed since ancient times in many different 
traditional medical systems. The secondary 
metabolites are natural compounds, and a key 
source of natural drugs. Many modern therapeutic 
techniques that are developed from conventional 

medicinal plants are presently used in modern 
pharmacotherapy. Several medicinal plants 
bioactive compounds are currently using to cure 
serious diseases such as cancer. Microbes are key 
enhancer of these metabolites in medicinal plants. 
In a study Lemongrass (Cymbopogon citratus) 
treated with Pseudomonas and Azotobacter sp., 
plant growth promoting rhizobacterial strains. 
After bacterization the antioxidaive enzymes 
enhanced and their catalase (CAT), superoxide 
dismutase (SOD) activity, total flavonoid content 
(TFC) production were also enhanced.77 Using 
arbuscular mycorrhiza fungal species (Rhizoglomus 
irregular and Funneliformis mosseae) combined 
with Trichoderma atroviride biostimulants 
inoculated in tomato plant which increases its 
carotenoid compounds- b-carotene, z-carotene, 
total phenolic content, and total antioxidant 
activity.78 In another study some microbial 
strains Bacillus lentus, Azospirillum brasilens, 
Pseudomonas sp., and a consortia of these 

Figure 2. Schematic representation of mechanism of antioxidant synthesis in plants after microbial inoculation
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three bacterial strains used as PGPR, these were 
inoculated in basil (Ocimum basilicum L.) plant, 
after bacterization the plant health, antioxidant 
activity and chlorophyll content were increased 
several folds.79

Role of flavonoid in plants and their enhancement 
via microbial mechanism
 A diverse family of plant polyphenolic 
compounds known as flavonoids are secondary 
metabolites and there are currently more than 
8000 flavonoid compounds known and isolated 
from plants. Flavonoids have drawn a lot of 
attention recently in plant metabolite research 
because of their significant bioactivity linked to 
anti-cancer, antioxidant, anti-inflammatory, and 
anti-microbial activities.80,81 To maintain plant 
development and health, flavonoids, play diverse 
functions for plant homeostasis and these are 
also involved in coping with biotic and abiotic 
challenges. More specifically, flavonoids play a 
role in stress-induced morphogenic responses 
in plants under several abiotic circumstances, 
such as salinity, drought, heat, cold, metal 
toxicity, the presence of xenobiotics, and UV 
radiation.82 Flavonoids influencing plant growth 
and development as well as defense mechanisms 
against biotic and abiotic stimuli, by controlling 
auxin polar transportation and male fertility in 
plants like rice (Oryza sativa), petunias (Petunia 
hybrid), tomatoes (Solanum lycopersicum L.), 
and maize (Zea mays).83 Flavonoids can be 
adsorbed to cation binding sites in soil, their 
solubility, structure, microbial availability, and 
binding sites may all affect how long they persist 
and move around in the rhizosphere. Flavonoid 
glycosides are the core form of flavonoids present 
in the plant. They are sparsely aqueous soluble and 
are anticipated to be less adsorbed to binding sites, 
improving mobility and availability. Additionally, 
environmental stresses, such as the availability 
of nutrients (nitrogen and phosphorus) in the 
soil, may affect the secretion of flavonoids.84 
Flavonoids are released into the rhizosphere or 
the area around the plant’s roots. The release via 
root exudation is also linked to the intracellular 
transport and delivery of flavonoids. The exudation 
of flavonoids in the rhizosphere would either 
dynamically absorb onto soil organic matter or be 
quickly broken down by soil-dwelling microbes. 

Many of these interactions are effectively mediated 
by flavonoids. Perhaps best known for its role in 
the rhizobium nodulation process in plants of the 
Fabaceae family. Flavonoids have been found to 
either stimulate rhizobial nod gene expression, 
cause rhizobia to chemo attract to the root, 
inhibit phytopathogens, stimulate mycorrhizal 
hyphal branching and spore germination, mediate 
alelopathic interactions between plants, influence 
quorum sensing, and chelate soil nutrients, 
depending on the rhizosphere’s structure.83,85

 Essential chemicals called flavonoids 
influence how plants grow and develop as well as 
how they defend themselves from biotic and abiotic 
stresses. By influencing pollen germination and 
pollen tube growth, they influence male fertility 
in plants.83 Cylindrospermum michailovskoense 
and Anabaena vaginicola induced in Plantago 
major L. showed the highest content of flavonoid.52 
Flavonoids are important in the interactions 
between plants and microbes, and they can help 
bacteria more easily to colonize the roots.86 In 
the several studies it is found that the content of 
flavonoids increased many folds after microbial 
inoculation such as, Anabena oryzae inoculated 
in rice plants to enhance its flavonoid content 
and PGP traits. Plantago major L. treated with 
cyanobacteria enhanced its flavonoid content 
in plants. Endophytic fungus isolated from 
Scutellaria baicalensis, identified as Fusarium and 
Alternaria, among these Alternaria sp. showed 
enhancement in flavonoid content in Scutellaria 
baicalensis. Inoculation of arbuscular mycorrhizal 
fungi in Trifoliate orange enhanced the flavonoid 
levels and also increased its stress tolerance in 
various adverse conditions of plant. In another 
study, Pseudarthrobacter sp. NIBRBAC000502770 
showed positive impact of flavonoid content in 
Geum aleppicum.52,86-88

CONCLUSION AND FUTURE PROSPECTIVE
 In the past decade, several severe 
microbial diseases, such as SARS-CoV-2, have 
affected the whole world and have majorly affected 
the human population. Due to the low immunity 
of individuals, it was severe in people from various 
countries. This review study shows the use of 
various microbes that increase the quality and 
crop productivity of beneficial crops and medicinal 
plants, and also enhance the accumulation of 
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antioxidants such as carotene, phenols, flavonoids, 
etc. Due to their unique medicinal properties, they 
are being explored more and more by researchers. 
Therefore, it is the reason for the rising interest 
in this area. Among all microbes, bacteria, fungi, 
actinobacteria and some cyanobacteria play a 
crucial role in the enhancement of secondary 
metabolites in plants via inoculation. This review 
might encourage individuals to use biofertilizers, 
which are eco-friendly and cost-effective. Due to 
this strategy, we can save lives and our incredible 
planet, too.
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