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otential of pesticide-tolerant
Pseudomonas sp. augmenting biological and
physiological attributes of Vigna radiata (L.) under
pesticide stress†

Nouf M. Al-Enazi,a Mona S. AlTamib and Eman Alhomaidi*c

In the agricultural domain, chemical pesticides are repetitively and harshly used to kill harmful pests, but

they often pose a serious threat to microbial diversity, soil fertility and agricultural output. To deal with

these problems, pesticide-tolerant plant growth promoting (PGP) rhizobacterial strains are often used to

combat pesticidal toxicity. Here, Pseudomonas sp. PGR-11 (accession no. OM348534), recovered from

a Vigna radiata (L.) rhizosphere, produced various growth regulating (GR) substances, including indole-3-

acetic acid (IAA; 82.5 � 9.2 mg mL�1), enzyme 1-aminocyclopropane 1-carboxylate (ACC) deaminase (mM

a-ketobutyrate mg�1 protein h�1), siderophores and ammonia. Strain PGR-11 grew well when cultured in

growth medium with added metalaxyl (MTXL; 1200 mg mL�1), carbendazim (CBZM; 800 mg mL�1) and

tebuconazole (TBZL; 1600 mg mL�1). Pseudomonas sp. synthesized PGP substances even in the

presence of increasing doses of pesticides. The phytotoxicity of the tested pesticides was assessed both

in vitro and under pot-house conditions using a Vigna radiata (L.) crop. Increasing concentrations of

chemical pesticides negatively impacted the growth, physiological and biochemical features. However,

pesticide-tolerant Pseudomonas sp. relieved the toxicity and improved the biological attributes of the

plant. Bio-inoculated plants showed significant enhancement in germination attributes, dry biomass,

symbiotic features and yield features when compared to un-inoculated ones. Furthermore, with 100 mg

metalaxyl kg�1 soil, strain PGR-11 increased the chl-a, chl-b, total chlorophyll, carotenoids, SPAD index,

photosystem efficiency (Fv/Fm), PSII quantum yield (FPSII), photochemical quenching (qP) and non-

photochemical quenching (NpQ) content by 12, 19, 16, 27, 34, 41, 26, 29 and 33%, respectively, over un-

inoculated but pesticide-treated plants. Additionally, inoculation of Pseudomonas sp. with 100 mg

tebuconazole kg�1 soil caused a significant (p # 0.05) enhancement in transpiration rate (E), stomatal

conductance (gs), photosynthetic rate (PN), vapor pressure deficit (kPa) and internal CO2 concentration

(Ci) of 19, 26, 23, 28 and 34%, respectively. Conclusively, the power to tolerate abnormally high pesticide

concentration, the capacity to produce/secrete PGP substances even in a pesticide-stressed medium

and the potential for improving/increasing the growth and physiology of plants by pesticide

detoxification makes Pseudomonas sp. PGR-11 a fascinating choice for augmenting the productivity of V.

radiata (L.) even in pesticide-stressed soils. The current findings will be helpful for exploring pesticide-

tolerant ACC-deaminase-positive microbial strains as gifted entities for the environmental

bioremediation of pesticides.
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1. Introduction

The population of the world is growing at an alarming rate, and
by the end of 2050, it is predicted to be around nine to 10 billion
people.1 With an increasing population, there will be a signi-
cant increase in food demand.2 Legumes are essential
commercial crops that provide a variety of nutrients, including
food, feed, protein, oil, and raw materials.3 Greengram (Vigna
radiata L.) is grown in many parts of the world due to its high
nutritional content, especially for persons who are malnour-
ished.4 It forms a mutualistic association with Bradyrhizobium
RSC Adv., 2022, 12, 17765–17783 | 17765
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sp. in order to convert atmospheric N2 into organic nitrogen,
hence contributing to nitrogen cycling in the food chain.5

Agricultural output has risen in the last four decades, owing
to increased use of synthetic chemical fertilizers, pesticides
including fungicides, and enhanced irrigation systems.6 To
meet the increased need for food, chemical fertilizers and
pesticides have surely polluted the environment and harmed
soil creatures and insect pollinators.7 Despite this, over-
utilization of chemical inputs has made crops more prone to
disease and reduced soil fertility. In high-input agricultural
practices, fungicides are oen used to combat fungal diseases
and hence to optimize crop production. On the other hand,
fungicides have caused a loss of soil fertility and, as a result,
a reduction in agricultural yield.8,9 Plant productivity can be
inuenced by fungicides that affect plant growth or rhizobium–

legume interactions.10 Fungicides may also affect rhizobial
activity or symbiotic partner interactions.11 The negative
impacts of fungicide use are mostly attributable to a lack of
awareness of a variety of elements, such as fungicide–inoculant
compatibility, crop varieties, the environment, and their inter-
actions. However, continued indiscriminate use of agrochemi-
cals promotes their accumulation in the environment, which
disrupts soil biological equilibrium and so creates pollution.12

To overcome this environmental concern, a vital approach
has been introduced into agricultural practices that not only
enhances agricultural productivity, but also aids in protecting
environmental quality.13 So, there is need to nd an alternative
that could solve the toxicity problems of pesticides by restoring
soil fertility. In this regard, plant growth promoting rhizobac-
teria (PGPR), a group of soil-dwelling bacteria capable of colo-
nizing the root surface and augmenting the development of
plants by secreting regulatory compounds in proximity to the
rhizosphere, are used as bio-inoculants. They contribute to
higher agricultural yields by stimulating plant growth in
a variety of ways.14 Plant growth is inuenced positively by
PGPRs due to the generation of phytohormones, improved
phosphorus availability, and the expansion of plant root
systems to absorb more water and nutrients. A few soil bacteria
demonstrate pesticide resistance aer prolonged exposure, and
they can be employed to efficiently remediate pesticide-polluted
areas.15 In the presence of specic pesticides, microbes operate
well by utilizing them as sources of energy and nutrition.16

These pesticides are degraded by efficient and tolerant PGPR
and used as a carbon source.17 Their ability to break down
pesticides is a signicant phenomenon that allows harmful
chemicals to be removed from the environment and pollution
to be controlled.18 In modern agricultural practices, these
pesticide-tolerant PGPR are oen utilized as bio-inoculants in
order to increase the agronomic yield in a stressful environment
such as one under pesticide stress.10 As a result, those micro-
organisms are a key part of the recycling process and in main-
taining soil fertility.19 The use of such microbes possessing
multiple properties in pesticide-amended soils makes them one
of the most suitable choices for the detoxication of fungi-
cides.20 In this regard, various workers have applied pesticide-
tolerant PGPR strains to legume crops grown in pesticide-
polluted environments. For instance, a crop-based experiment
17766 | RSC Adv., 2022, 12, 17765–17783
conducted by Shahid et al.10 showed that bio-inoculation of
fungicide-tolerant R. leguminosarum improved the dry biomass,
chlorophyll formation, nutrients, symbiotic features and seed
attributes of P. sativum even in a fungicide-stressed environ-
ment. Similarly, in a follow-up study, Sinorhizobium meliloti
protected Medicago sativa (L.) plants from pesticidal nuisance21

and improved the overall performance of plants raised even in
soil treated with different concentrations of pesticides.

Considering these points and unraveling the chemical-
pesticide-induced phytotoxicity and potential role of pesticide-
tolerant rhizobacterial strains, the present study was aimed
at: (i) evaluating the phytotoxic impact of tested fungicides,
namely carbendazim, metalaxyl and tebuconazole, on V. radiata
(L.) seedlings sown in vitro (ii) isolating Pseudomonas sp. from
Vigna radiata (L.), rhizosphere soil and assessing the fungicidal
stress, (iii) assessing the plant growth promoting (PGP) activi-
ties of the PGR-11 strain under fungicidal stress, (iv) deter-
mining the inoculation impact of Pseudomonas sp. on the
biological attributes of V. radiata (L.) raised in fungicide-
stressed soils, (v) assessing the bio-inoculation effect of strain
PGR-11 on the symbiosis and yield attributes and (vi) evaluating
the effect of Pseudomonas sp. on chlorophyll uorescence
molecules and leaf-exchange parameters of fungicide-treated V.
radiata (L.).
2. Material and methods
2.1 Bacterial isolation, morpho-biochemical
characterization and screening for plant growth promoting
(PGP) activities

To isolate plant growth promoting (PGP) strains, soil samples
were collected from the rhizosphere of Vigna radiata (L.).
Samples were then cleaned and serially diluted and then plated
on King's B (KB) agar plates, incubated and observed for the
growth of bacterial colonies. Isolates were puried by streaking
three times on KB agar plates and maintained on the same
medium for further use. Further, isolates were morphologically
and biochemically characterized.22 Since the isolates were
recovered from the rhizosphere, they were assessed for their
plant growth promoting (PGP) traits. For the synthesis of
phytohormones, indole-3-acetic acid (IAA) was determined
using the method of Bric et al.23 For P-solubilization, Pikov-
skaya's (PVK) agar plates were spot inoculated in the middle
with bacterial culture. The plates were next inoculated and
incubated at 28 �C for 7 days, looking for the development of
a distinct halo zone surrounding the bacterial colony. To
investigate siderophore formation by bacterial isolates, 60.5 mg
Chrome Azurol S was dissolved in 50 mL of water and added to
10 mL of iron(III) solution (1 mM FeCl3$6H2O, 10 mMHCl). This
solution was gently combined with 40 mL of water containing
hexadecyl trimethyl ammonium (C19H42BrN). Bacterial strains
were inoculated on the middle of blue agar plates and incu-
bated for 48–72 hours at 28 �C. The development of side-
rophores was detected by the formation of a yellow to orange
zone surrounding bacterial colonies following the method of
Alexander and Zuberer.24 HCN and ammonia production
© 2022 The Author(s). Published by the Royal Society of Chemistry
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activities were determined following the methods of Bakker and
Shipper25 and Dye,26 respectively.

2.2 Fungicide tolerance and molecular identication of
selected strain

The ability to tolerate fungicide of rhizobacterial isolates was
determined using minimal salt agar (MSA) medium (g L�1:
KH2PO4 1.0, K2HPO4 1.0, NH4NO3 1.0, MgSO4$7H2O 0.2,
CaCl2$2H2O 0.02, FeSO4$7H2O 0.01, pH, 6.5). For this, fungi-
cide, namely carbendazim (CBZM), metalaxyl (MTXL) and
tebuconazole (TBZL), amended plates of MSA were prepared by
supplementing them individually with 0, 50, 100, 200, 400, 800,
1200, 1600, 2000, 2400, 2800 and 3200 mg mL�1 of each test
fungicide. The plates were spot inoculated with freshly grown 10
mL of (108 cells mL�1) of bacterial isolates and incubated at 28�
2 �C for a period of 72 h and the highest concentration of
supporting isolates was dened as the maximum tolerance level
(MTL).

2.3 Growth of strain PGR-11 under fungicide stress

For this, strain PGR-11 was grown in 10mL of Luria-Bertani (LB)
broth (g L�1: tryptone 10; yeast extract 5.0; NaCl 10 and pH 7.5)
containing 100 mg mL�1 tryptophan (C11H12N2O2) and supple-
mented with 0, 50, 100, 200, 500 and 1000 mg mL�1 each of
CBZM, MTXL and TBZL. Then LB broth was inoculated with 100
mL (108 cells mL�1) of PGR-11 strain and incubated at 28 � 2 �C
for 5 days with shaking at 125 rpm.

2.3.1 Investigation of the fungicide stress on the produc-
tion of indole-3-acetic acid (IAA), siderophores, ammonia and
cyanogenic compound (HCN). Indole-3-acetic acid (IAA) was
quantitatively determined by the modied method of Brick
et al.23 From the growth of the strain cultured under fungicide
stress, cultures removed at the exponential phase were centri-
fuged at 5433� g (10 000 rpm) for 15 min. An aliquot of 2 mL of
supernatant was mixed with 100 mL of orthophosphoric acid
(H3PO4) and 4.0 mL of Salkowsky reagent (2% 0.5 M FeCl3 in
35% perchloric acid, HClO4) and kept at room temperature (in
darkness) for 1 h. At 530 nm, the absorbance of the pink color
generated was measured using a UV-visible spectrophotometer.
The concentration of IAA in the supernatant was calculated
using a calibration curve of pure IAA as a reference. Further-
more, the siderophore-producing ability of pesticide-tolerant
PGR-11 was checked by the ferric chloride (FeCl3) test
method, as previously described by others.27 Further, the
production of siderophores was quantitatively assessed by
growing the bacterial cells in a liquid medium and the amount
of produced phenolate siderophore i.e. salicylic acid (SA,
C7H6O3) and 2,3-dihydroxy benzoic acid (DHBA, C7H6O4) was
determined.24 For detection of ammonia, a freshly grown
culture of PGR-11 strain was inoculated in 10 mL of peptone
water supplemented separately with varying concentrations of
fungicides and incubated at 28 � 2 �C for 5 days. Following
incubation, each tube received 1.0 mL of Nessler reagent
[(potassium tetraiodomercurate(II); K2)]. The transition from
yellow to orange was noted and recorded.26 Bakker and Schip-
per's approach was used to assess hydrogen cyanide (HCN)
© 2022 The Author(s). Published by the Royal Society of Chemistry
production.25 Briey, strain PGR-11 was streaked on glycine-
amended King's B agar plates (g L�1: tryptic soy broth 30,
glycine 4.4, agar 15) supplemented with variable doses of
fungicides and incubated at 28 � 2 �C for 4 days. On top of the
plate, a Whatman lter paper no. 1 soaked in 2% sodium
carbonate (Na2CO3) produced in 0.5% picric acid
((O2N)3C6H2OH) solution was placed, sealed with paralm, and
incubated for 4 days at 28 � 2 �C. HCN production was detected
by the color change from orange to red.

2.3.2 ACC deaminase and P-solubilization. By employing
the spot inoculation method with Dworkin and Foster (DF) salt
minimummedia, the bacterial enzyme ACC deaminase released
by Pseudomonas sp. PGR-11 was quantied.28 The negative and
positive controls were plates containing DF medium without
ACC and plates containing (NH4)2SO4 (0.2% w/v). Every day, the
bacterial growth on plates kept at 28 � 2 �C for 72 hours was
examined. Furthermore, the Honma and Shimomura29 and
Penrose and Glick30 techniques were used to extract the amount
of ACC deaminase from pesticide-treated bacterial cells. The
amount of a-ketobutyrate (CH3CH2CCO2H) produced by ACC
deaminase activity was quantied spectrophotometrically
against an a-ketobutyrate reference curve. PSA was calculated
using liquid PKV medium amended with 0–1000 g mL�1

concentrations of each fungicide. The chlorostannous reduced
molybdophosphoric acid blue technique was used to determine
the amount of solubilized P.31

2.4 Assessment of pesticide-induced morphological changes
in Pseudomonas sp. strain PGR-11 using scanning electron
microscopy (SEM)

Under SEM (JSM 6510 LV, JEOL, Japan), pesticide-induced
cellular damage/distortion was detected/seen in bacterial
strain PGR-11. To do so, bacterial strain PGR-11 was cultivated
on nutrient broth (NB) medium with the addition of 1000 mg
mL�1 each of carbendazim (CBZM), metalaxyl (MTXL) and
tebuconazole (TBZL) for 24 hours at 28 � 2 �C. A culture
produced in pesticide-free media was used as a control (refer to
ESI Section†).

2.5 Determination cellular permeability of Pseudomonas sp.
strain PGR-11 under confocal laser scanning microscopy
(CLSM)

Confocal laser scanning microscopy (CLSM) was utilized to
examine the chemical pesticide-induced changes in the
membrane integrity and mortality of Pseudomonas sp. PGR-11
as previously done by other workers32–34 (refer to ESI Section†).

2.6 Assessment of fungicide-induced toxicity to Vigna
radiata (L.) seedlings in vitro

2.6.1 Seed germination, seedling vigor index (SVI) and
plant length. V. radiata (L.) seeds were soaked in double-
distilled water (DDW) to imbibe it for 24 h. Seeds were then
surface sterilized with 3% sodium hypochlorite (NaOCl) solu-
tion followed by three successive washings with sterile water.
So agar (0.7%) plates amended with different (0–1000 mg
mL�1) concentrations of carbendazim (CBZM), metalaxyl
RSC Adv., 2022, 12, 17765–17783 | 17767
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(MTXL) and tebuconazole (TBZL) (Table S1†) were poured. So
agar plates without any fungicide treatment served as controls
to compare the impact of fungicides on seed germination. Seeds
were placed on the so agar plates and kept at room tempera-
ture for four to ve days. The percent germination, vigor index
(SVI), radicle, and plumule lengths of the plantlets were
measured aer 4 days of growth.
2.7 Assessment of inoculation impact of pesticide-tolerant
Pseudomonas sp. PGR-11 on the performance of V. radiata
(L.): pot-house studies

2.7.1 Seed inoculation, fungicide treatments and plant
culture. V. radiata (var. K851) seeds were surface sterilized with
70% ethanol for 3 minutes, followed by 3% sodium hypochlo-
rite (NaOCl) for 3 minutes, followed by six rinses with sterile
water and drying. Greengram seeds were sterilized and coated
with Pseudomonas sp. strain PGR-11 by dipping them in liquid
culture medium for 2 hours and then sticking them with 10%
gum acacia (as a glue) to achieve a density of 108 cells per seed.
The seeds that had not been inoculated were used as a control
and were just dipped in sterile water. Pot soils were treated
individually with 0 (control), 50, 100, 250, 500 and 1000 mg
fungicide kg�1 soils with CBZM, TBZL and MTXL. Soils were
homogenized aer each fungicide was added at the calculated
concentration. A complete randomized block design was used
with three pots for each treatment. The pots were irrigated on
a regular basis with tap water and kept in an open-eld
environment.

2.7.2 Plant length, biomass and symbiotic features and
assessment of photosynthetic pigments. Biological parameters,
such as height of plant organs, dry matter accumulation in roots
and shoots, and whole plant biomass, were measured at 50 and
80 DAS. The length (cm) of uprooted plants was measured using
a measuring tape aer they were split into roots and shoots.
Plants were gently removed and rinsed repeatedly with tap water
to determine root and shoot biomass (dry weight). The roots
and shoots were dried for 30 minutes at 80 �C in a vented oven
(Yorco, York Scientic Industries, Pvt. Ltd India) aer drying on
tissue paper. Nodules were carefully detached from each treat-
ment, counted, and weighed for dry biomass (aer drying in an
oven for 24–48 h) and leghaemoglobin (LHb) content was
determined.35

Photosynthetic pigments (such as chl a, chl b, total chloro-
phyll and carotenoid content determined following the univer-
sally adopted methods of Arnon36 and Kirk and Allen,37

respectively) accumulated in fungicide-exposed and PGPR-
inoculated leaves of V. radiata were estimated (refer to ESI
Method†).

2.7.3 Assessment of chlorophyll uorescence and gas-
exchange parameters in fungicide-treated and bio-inoculated
V. radiata (L.). By using a modulated uorimeter (portable),
the chlorophyll molecules/uorescence accumulated in the
upper branches of pesticide-treated and Pseudomonas sp. inoc-
ulated V. radiata (L.) was detected. At midday, the characteris-
tics of dark- and light-adapted uorescence were measured. A
modulated pulse was used to determine the minimum
17768 | RSC Adv., 2022, 12, 17765–17783
uorescence level in the dark-adapted condition (F0), which was
insufficient to cause substantial physiological changes in the
plant. The data was averaged over a 1.6 seconds period and
retained. Aer administering a saturating actinic light pulse of
15 000 mol m�2 s�1 for 0.7 s, the maximum uorescence in this
state (Fm) was recorded. The highest average of two consecutive
points was used to determine the value of Fm. The light-adapted
characteristics of each plant were measured using the same leaf
segment. Aer 30 minutes of acclimating plants to ambient
light conditions, the steady-state uorescence yield (Fs) was
measured. Aer momentarily blocking photosystem II (PSII)
photochemistry with a saturating actinic light pulse of
15 000 mol m�2 s�1 for 0.7 s, the maximal uorescence yield
(F0m) was obtained.38 The following equations were derived
using uorescence parameters determined in both light and
dark-adapted regimes:

The maximum quantum efficiency of PSII photochemistry
(Fv/Fm ¼ (Fm � F0)/Fm) and quantum efficiency of PSII (FPSII
¼ (F0m � Fs)/F0m) (refer to Table S2 in ESI†).

Furthermore, another important plant physiological trait
(i.e. leaf-exchange parameters) was determined by taking the
pesticide-treated and PGPR-inoculated primary branches of V.
radiata from each treatment39,40 (refer to ESI Method†).

2.7.4 Seed features of pesticide-exposed and bio-inoculated
V. radiata. At harvest, the yield attributes (number of pods,
yield, number of seeds/plants, and seed yield and protein
concentration) of fungicide-treated and Pseudomonas-primed
plants were recorded.
2.8 Statistical analysis

The soware SigmaPlot 12.0 and Minitab 17.0 were used to
analyze the data statistically. For pot trials, three pots per
individual test concentration were used in a complete
randomized block design (CBRD). Crop-based tests were carried
out for two years in a row to ensure that the data was consistent.
Each year's data was gathered and examined. The results were
compared to the control treatments aer calculating the mean
of the data in a single column. Figures and tables both show the
mean standard deviation (SD) of at least three replicates (n¼ 3).
Graphs and tables with different letters show a signicant
difference between treatments at a condence level of p # 0.05.
3. Results and discussion
3.1 Isolation, PGP features, pesticide tolerance and
molecular identication

Based on biochemical and cultural testing, a total of een (n¼
15) Pseudomonas strains were identied from the rhizosphere
soil of Vigna radiata (L.) roots in this investigation. The
biochemical and microbiological characteristics of the recov-
ered isolates differed signicantly. Microscopic examination
indicated that all of the isolates were Gram-negative short rods.
Furthermore, the PGP activities of the bacterial strains were
assessed. The majority of the isolates produced varied quanti-
ties of IAA when grown in broth (LB medium) containing
different concentrations of tryptophan. In general, 400 mg mL�1
© 2022 The Author(s). Published by the Royal Society of Chemistry
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of tryptophan resulted in the maximum IAA synthesis. For
example, among the isolates, PGR-11 was recorded as the
maximum IAA-producing rhizobacterium (82.5 � 9.2 mg mL�1

at 400 mg mL�1 tryptophan) (Table S3 in ESI†). Indole-3-acetic
acid (IAA) synthesized by benecial soil bacteria is one of the
most prevalent and well-studied auxins, and most of the
scientic literature uses the names auxin and IAA inter-
changeably.41 The division of cells, root elongation, differenti-
ation, and extension are the main/primary functions of auxins
(3-indole-acetic acid).42 However, plant susceptibility to IAA
varies among crop plants and their species.

Likewise, recovered isolates exhibited the production of
varied quantum yields of a-keto butyrate (ACC deaminase
enzyme) when cultivated in Dwarkin and Foster (DF) salt
medium amended with 3.0 mM of 1-aminocyclopropane 1-
carboxylate (ACC) instead of (NH4)2SO4. Bacterial 1-
aminocyclopropane-1-carboxylate deaminase (ACCD) performs
a well-known function in the control of a plant hormone,
ethylene, and as a result, plant growth and development are
altered.43 Plant growth and development might be aided by
PGPR inoculation combined with ACC deaminase activity in
stressful situations.44 The ACCD activity of PGPR is hypothe-
sized to reduce root ethylene synthesis by reducing the abun-
dance of the ethylene precursor ACC, which can lessen the
repressive impact of ethylene on root development.45 Here, the
amount of ACC deaminase synthesized by bacterial isolates also
varied. Additionally, in order to assess the P-solubilization
activity, soil isolates were cultured in liquid Pikovskaya (tri-
calcium phosphate containing) medium and strain PGR-11
was recorded as having the maximum amount (54.6 � 7.8 mg
mL�1) of TCP (tri-calcium phosphate) solubilizer among the
isolates. Benecial bacteria that hydrolyze insoluble inorganic
phosphorus (iP) into soluble organic phosphorus (OP) which
plants may take as a source of nutrition are known as
phosphate-solubilizing bacteria (PSBs).46 Phosphate-
solubilizing bacteria with the highest efficiency are found in
the genera Pseudomonas and Bacillus.47 The capacity for phos-
phate solubilization by microbes is closely tied to the synthesis
of siderophores, lytic enzymes, and phytohormones.48 The
majority of the isolates recovered from the rhizosphere were
positive for the production of ammonia and hydrogen cyanide
(Table S3†).

Most microorganisms, including bacteria, algae, fungi, and
plants, create poisonous cyanide in order to compete with their
rivals for life.49 HCN, which is usually manufactured by Pseu-
domonas and Bacillus species, is also a secondary metabolite
that functions as an efficient biocontrol agent for weeds.50 HCN
is likely to block the electron transport chain (ETC) and the
cell's energy source, resulting in cell death. It also appears that
PGPR inhibits the correct functioning of enzymes and natural
receptors through a reversible mechanism, and is known to
block the action of cytochrome oxidase.51

Pesticide tolerance was tested by growing the isolates in
different concentrations of fungicide (CBZM, TBZL and MTXL)
treated minimal salt agar (MSA) medium. Among the isolates,
Pseudomonas sp. PGR-11 was the only rhizobacterial isolate to
survive up to 800, 1600 and 1200 mg mL�1 of each of CBZM,
© 2022 The Author(s). Published by the Royal Society of Chemistry
TBZL andMTXL, respectively (Table S4†). Pseudomonas sp. PGR-
11 was specically selected due to its highest ability to tolerate
the tested fungicides and its maximum production of PGP
substances (siderophores, IAA, EPS, HCN and ammonia).
Pesticide tolerance, particularly fungicide tolerance, is regarded
as a distinguishing feature among soil-dwelling microorgan-
isms, and it is regulated by physiological and genetic variables.
Therefore, microbes that are capable of developing resistance
towards pesticides including fungicides are frequently
degraded by them (soil microorganisms). Pesticide tolerance
was discovered in almost all of the selected rhizobacteria. The
ability of selected species to tolerate pesticides at various doses
was most likely owing to the bacteria's ability to metabolize
pesticides and use them as the sole carbon source for devel-
opment in carbon-decient minimum media. Because of the
increase in metabolic potential, this may assist them to survive
in pesticide-stressed conditions.52 Similar ndings were re-
ported by Castillo et al.53 in Azotobacter, in which the bacteria
used the insecticide endosulfan as their sole source of C, S, and
P for growth and other metabolic and physiological functions.
Similar ability to tolerate a variety of pesticides has been
documented in different soil isolates, viz., Pseudomonas, Azoto-
bacter and phosphate-solubilizing bacteria.54 In profenofos-
amended agricultural soils, Acinetobacter sp. and Comamonas
sp. isolated from the rhizosphere soil solubilized an insoluble
form of phosphorus and produced ACC deaminase, IAA, HCN,
siderophores and NH3, thereby increasing the length of sprouts,
shoots, roots, chlorophyll a and chlorophyll b in Vigna radiata
(L.) plants by the efficient removal of pesticide.55

The selected PGR-11 strain was further subjected to different
biochemical tests and showed varied responses toward them
(Table S5†). The isolates were recognized as Pseudomonas sp.
based on the information provided and a phylogenetic tree was
constructed (Fig. 1). As a result, there may be minor discrep-
ancies between the Pseudomonas sp. isolated in our investiga-
tion and those reported by other researchers. PGPR isolates
have also been obtained and described using 16S rRNA partial
gene sequence analysis and other cutting-edge molecular
methods by a number of researchers.56–60
3.2 PGP activities of Pseudomonas sp. PGR-11 under
pesticide stress

3.2.1 IAA, siderophores and ACC deaminase under pesti-
cide stress. Increasing pesticide concentration adversely
affected the bacterial synthesis of IAA. In Luria-Bertani (LB)
medium unsupplied with any pesticide stress i.e. the control,
Pseudomonas sp. PGR-11 produced a maximum (82.5 � 9.2 mg
mL�1) amount of IAA. In contrast, as the concentration of each
pesticide in the liquid broth was increased, the amount of
released IAA dropped signicantly. Of fungicides, the most
severe effect on IAA synthesis was observed in the presence of
CBZM. For example, 500 mg CBZM mL�1 decreased IAA
production by 71%, compared to the control. At higher
concentration (1000 mg mL�1), the decrease in the quantum
yield of IAA was recorded as: CBZM (71%) > TBZL (59%) > MTXL
(59%). Plant growth hormones are organic compounds that are
RSC Adv., 2022, 12, 17765–17783 | 17769
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Fig. 1 Neighbor-joined phylogenetic tree of Pseudomonas sp. PGR-11 based on a 16S rRNA partial gene sequence of selected bacteria and
closely related phylogenetic species derived using the NCBI BLAST search tool. Sequences were aligned using the Clustal W sequence alignment
tool in MEGA 7.0 software.
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not normally generated by plants, but are synthesized exoge-
nously by natural and synthetic processes. Some of the plant
hormones produced by PGPR operate as plant growth regula-
tors both directly and indirectly.61 Auxin is a type of phytohor-
mone that regulates plant growth and development by
inuencing a variety of cellular activities. Its biosynthesis can
take place in both tryptophan-dependent and tryptophan-
independent routes.62 Auxin is mostly produced in response to
tryptophan. Auxins are involved in root and shoot growth
orientation in response to light and gravity, vascular tissue
differentiation, apical dominance, lateral and adventitious root
Table 1 Effect of increasing concentrations of tested pesticides on seedl
radiata seedlings germinated in vitroa

Treatment/
pesticides

Concentration
(mg
mL�1)

Number of
seeds
plated

Germination
efficiency (%)

Ra
(cm

Control 0 10 100 11
Carbendazim 25 10 85 8.2

50 10 70 6.4
100 10 54 4.5
200 10 30 2.3
500 10 0 00

Metalaxyl 25 10 90 10
50 10 80 9.5

100 10 70 8.3
200 10 55 6.0
500 10 40 4.4

Tebuconazole 25 10 95 9.0
50 10 85 7.5

100 10 75 6.4
200 10 65 4.0
500 10 50 2.5

LSD (p # 0.05) F
value

— — 27.4 4.0
— — 9.72 6.7

a Each value is a mean of independent replicated experiments done in tri
denoted by different letters are signicantly different from each other acc

17770 | RSC Adv., 2022, 12, 17765–17783
initiation, stem and root cell division, and elongation. Auxins,
especially indole-3-acetic acid (IAA), have also been implicated
in host–parasite interactions.63 A high amount of IAA results in
improved plant shoot development. A similar outcome was
observed for many rhizobacteria.64–66 The higher degree of IAA
synthesis in PGPR has been linked to tryptophan as a precursor.
Other researchers have reported a comparable high degree of
IAA generation.67 Similarly a pesticide-concentration-dependent
decrease in IAA synthesis by a soil isolate Enterobacter cloacae
has been reported.68
ing germination efficiency, vigor index, radicle and plumule length of V.

dicle length
)

Plumule length
(cm)

Whole plant length
(cm)

Seedling vigor index
(SVI)

.6 � 2.4 (a) 10.0 � 2.0 (a) 21.6 � 4.4 (a) 1875 � 21.3 (a)
� 1.4 (d) 7.2 � 0.8 (d) 15.4 � 2.2 (c) 1504 � 17.7 (c)
� 2.0 (e) 6.1 � 0.7 (e) 12.5 � 2.7 (d) 1413 � 12.0 (d)
� 0.9 (f) 4.2 � 0.4 (g) 8.7 � 1.3 (f) 1116 � 29.5 (e)
� 0.3 (g) 2.0 � 0.1 (h) 4.3 � 0.4 (h) 778 � 13.9 (g)
� 00 (h) 00 � 00 (i) 00 � 00 (i) 00 � 00 (h)
.0 � 1.6 (b) 8.9 � 1.1 (b) 18.8 � 2.7 (b) 1684 � 20.6 (c)
� 2.4 (c) 8.0 � 0.7 (c) 17.5 � 3.1 (b) 1563 � 18.4 (c)
� 0.9 (d) 6.3 � 0.8 (e) 14.9 � 1.7 (d) 1421 � 19.5 (d)
� 0.7 (e) 5.0 � 0.6 (f) 11.0 � 1.3 (e) 1271 � 13.8 (e)
� 0.4 (f) 3.6 � 0.5 (g) 8.0 � 0.9 (f) 956 � 14.0 (f)
� 1.8 (c) 9.5 � 1.3 (b) 18.5 � 3.1 (b) 1714 � 25.0 (b)
� 1.4 (d) 8.5 � 0.8 (c) 16.0 � 2.2 (c) 1613 � 23.0 (c)
� 0.5 (e) 6.9 � 1.1 (d) 12.4 � 1.6 (d) 1467 � 17.7 (c)
� 0.5 (f) 5.8 � 0.8 (f) 9.8 � 1.3 (f) 1231 � 18.2 (e)
� 0.3 (g) 3.9 � 0.4 (g) 6.4 � 0.7 (g) 1046 � 17.0 (f)
7 2.69 2.87 19.43
8 22.3 21.8 18.5

plicate (mean � SD). Mean values (�) are signicant at p # 0.05. Means
ording to Duncan's multiple range (DMRT) test.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Plant growth promoting activities of Pseudomonas sp. strain PGR-11 under varying levels of fungicides stressa

Fungicides
Dose rate (mg
mL�1)

IAA (mg
mL�1)

Siderophore production

P-solubilization (mg
mL�1)

ACC
deaminase Ammonia HCN

FeCl3
test

Quantitative estimation

SA (mg
mL�1)

2,3-DHBA (mg
mL�1)

Control 0 82.5 (a) �
9.2

++ 37.5 (a) �
3.7

46.2 (a) � 7.2 54.6 (a) � 7.8 ++ +++ +

Carbendazim 25 73.2 (b) �
6.3

+ 31.4 (b) �
4.2

39.0 (b) � 6.2 52.2 (a) � 6.6 + ++ +

50 63.7 (c) � 6.0 + 25.2 (c) �
3.2

35.1 (c) � 4.1 47.3 (b) � 4.3 + ++ +

100 51.9 (d) �
5.2

+ 21.1 (d) �
1.8

31.5 (d) � 3.2 41.2 (c) � 3.7 + + +

200 35.6 (f) � 3.2 + 15.3 (e) �
2.4

25.6 (e) � 2.0 36.5 (d)� 4.4 + + +

500 23.6 (g) �
2.7

— 8.7 (h) � 0.8 20.3 (f) � 1.7 31.4 (f) � 3.2 + + +

Metalaxyl 25 76.5 (b) �5.8 + 33.8 (b) �
3.4

42.7 (a) � 6.3 54.0 (a) � 6.6 + + —

50 68.8 (c) � 8.2 + 26.7 (c) �
5.1

38.4 (b) � 5.5 48.4 (b) � 5.3 + + +

100 62.7(c) � 4.7 + 20.1 (d) �
2.4

33.6 (c) � 4.2 44.0 (b) � 2.7 + + +

200 55.6 (d) �
5.1

+ 15.3 (f) �
1.6

28.1 (e) � 2.7 34.9 (e) � 4.6 + + +

500 42.2 (e) �
3.8

— 11.2 (g) �
2.0

23.4 (e) � 1.4 25.4 (g) � 3.0 + + +

Tebuconazole 25 79.2 (a) �
6.4

+ 34.0 (b) �
2.8

44.0 (a) � 5.3 54.0 (a) � 4.6 + + —

50 71.7 (b) �
7.3

+ 32.0 (b) �
3.2

39.9 (b) � 4.5 48.3 (b) � 5.3 + + +

100 56.9 (d) �
5.4

+ 27.0 (c) �
4.0

36.6 (c) � 3.2 45.2 (c) � 6.7 + + +

200 42.6 (e) �
5.2

+ 23.3 (d) �
1.5

29.6 (d) � 3.7 39.2 (d) � 3.4 + + +

500 33.6 (f) � 4.2 — 18.3 (e) �
1.7

24.5(e) � 2.4 35.6 (d) � 2.2 + — —

a Each value is a mean of three replicates. Mean values (�) are signicant at p # 0.05. Means followed by the same letters are not signicantly
different from each other according to the DMRT test.
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Production of siderophores (both qualitative and quantita-
tive) by fungicide-tolerant Pseudomonas sp. was determined in
liquid broth. The strain PGR-11 showed substantial
siderophore-producing capacity, as seen by a color change from
orange to reddish brown. The pure culture of the strain
produced signicantly less siderophore when tested pesticides
were added to the medium. An increasing concentration of
pesticide was inhibitory to siderophore production relative to
an untreated control. The highest CBZM dose tested resulted in
the greatest drop. As an example, production of SA and 2,3-
DHBA greatly declined by 77 and 56%, respectively, at 1000 mg
CBZM mL�1 over the untreated control (Table 2).

Under iron (Fe) deciency, one of the biocontrol methods
used by PGPR groups is the generation of siderophores. As
a result, harmful organisms would be slowed by the iron de-
ciency in the environment.69 Under pesticide stress, from the
production of a considerable amount of siderophores by Pseu-
domonas sp. in our research, it was concluded that this strain
© 2022 The Author(s). Published by the Royal Society of Chemistry
could be utilized to decrease plant-pathogen-mediated illnesses
by giving bio-control agents a competitive advantage in the
limited supply of key trace minerals seen in natural settings.
Similar production and stress-induced reduction in side-
rophores synthesized by Enterobacter cloacae have recently been
reported.70

A number of soil isolates synthesize ACC deaminase, which
boosts plant development indirectly by reducing the extraordi-
narily high quantities of ethylene produced by plants in
stressful environments. Here, Pseudomonas sp. exhibited a good
response to the ACC deaminase activity when cultivated on DF
medium supplemented with/without varying amounts of tested
pesticides. In comparison to those treated with varied rates of
pesticide, strain PGR-11 produced the most ACC deaminase in
DF medium when no pesticide was present.

In addition, as the pesticide concentration was increased,
ACC deaminase activity fell progressively. Carbendazim showed
the most damaging effect on bacterial ACC deaminase
RSC Adv., 2022, 12, 17765–17783 | 17771
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Table 3 Bio-inoculation effect of Pseudomonas sp. PGR-11 strain on biological attributes of Vigna radiata (L.) raised in tebuconazole and
metalaxyl stressed soila

Treatment Concentration

Plant length (cm) Fresh weight (g) Dry biomass (g)

Root Shoot Total Root Shoot Total Root Shoot

Control (UC) — 15.6 (b) 31.7 (b) 47.3 (b) 4.6 (b) 12.6 (c) 17.2 (b) 1.0 (c) 2.7 (b)
Control (IC) Pseudomonas sp. PGR-11 19.4 (a) 37.2 (a) 56.6 (a) 6.9 (a) 17.9 (a) 24.8 (a) 1.76 (a) 3.8 (a)
Tebuconazole 50 mg TBZL kg�1 14.2 (c) 29.3 (b) 43.5 (c) 3.3 (c) 11.7 (c) 15.0 (c) 0.92 (c) 2.4 (b)

100 mg TBZL kg�1 13.0 (d) 25.1 (d) 38.1 (d) 3.0 (c) 10.2 (d) 13.2 (d) 0.81 (d) 2.0 (c)
200 mg TBZL kg�1 11.2 (e) 21.4 (e) 32.6 (e) 2.4 (d) 8.5 (e) 10.9 (e) 0.65 (d) 1.5 (d)
500 mg TBZL kg�1 9.0 (f) 17.6 (f) 26.6 (f) 2.0 (d) 8.0 (f) 10.0 (f) 0.47 (f) 1.2 (e)
1000 mg TBZL kg�1 5.2 (j) 12.0 (h) 17.2 (h) 1.4 (g) 6.2 (h) 7.6 (g) 0.32 (g) 0.89 (f)
50 mg TBZL kg�1 + PGR-11 17.4 (b) 32.4 (b) 49.8 (b) 4.5 (b) 14.6 (b) 19.1 (b) 1.21 (b) 3.4 (a)
100 mg TBZL kg�1 + PGR-11 15.2 (c) 28.5 (c) 43.7 (c) 4.0 (b) 13.8 (b) 17.8 (b) 0.97 (c) 2.9 (b)
200 mg TBZL kg�1 + PGR-11 14.0 (c) 24.0 (d) 38.0 (d) 2.9 (c) 10.5 (d) 13.4 (d) 0.75 (d) 2.1 (c)
500 mg TBZL kg�1 + PGR-11 11.0 (d) 20.3 (e) 31.3 (e) 2.6 (d) 9.5 (e) 12.1 (e) 0.67 (e) 1.8 (d)
1000 mg TBZL kg�1 + PGR-11 7.1 (i) 14.0 (g) 21.1(g) 1.8 (f) 7.7 (g) 9.5 (f) 0.42 (f) 0.97 (e)

Metalaxyl 50 mg MTXL kg�1 12.6 (d) 23.5 (d) 36.1 (d) 4.2 (b) 10.6 (d) 14.8 (c) 0.94 (c) 2.0 (c)
100 mg MTXL kg�1 10.4 (e) 21.2 (e) 31.6 (e) 3.7 (c) 9.6 (e) 13.3 (d) 0.83 (d) 1.7 (d)
200 mg MTXL kg�1 8.5 (f) 17.8 (f) 26.3 (f) 2.9 (c) 8.0 (f) 10.9 (e) 0.81 (d) 1.4 (d)
500 mg MTXL kg�1 7.2 (f) 14.8 (g) 22.0 (g) 2.5 (d) 7.0 (g) 9.5 (f) 0.70 (d) 1.0 (e)
1000 mg MTXL kg�1 3.1 (k) 10.0 (i) 13.1 (i) 1.7 (f) 5.4 (i) 7.1 (g) 0.42 (f) 0.7 (f)
50 mg MTXL kg�1 + PGR-11 15.3 (c) 27.7 (c) 43.0 (c) 4.9 (b) 14.0 (b) 18.9 (b) 1.43 (b) 2.9 (b)
100 mg MTXL kg�1 + PGR-11 12.8 (d) 25.6 (d) 38.4 (d) 4.3 (b) 11.7 (c) 16.0 (c) 0.90 (c) 2.4 (c)
200 mg MTXL kg�1 + PGR-11 10.2 (e) 20.0 (e) 30.2 (e) 3.4 (c) 9.8 (e) 13.2 (d) 0.83 (d) 1.99 (c)
500 mg MTXL kg�1 + PGR-11 9.1 (e) 17.9 (f) 27.0 (f) 3.0 (c) 8.3 (f) 11.3 (e) 0.77 (d) 1.4 (d)
100 mg MTXL kg�1 + PGR-11 4.5 (j) 12.2 (h) 16.7 (h) 2.2 (d) 6.6 (h) 8.8 (g) 0.52 (f) 0.9 (e)

a Each value is a mean of independent replicated experiments done in triplicate (mean � SD). Mean values (�) are signicant at p # 0.05. Means
denoted by different letters are signicantly different from each other according to Duncan's multiple range (DMRT) test.
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production of all the HMs tested. When compared to an
untreated control, 1000 mg CBZM mL�1 inhibited ACC deami-
nase activity by 72% in the PGR-11 strain. Tested pesticides were
ranked in toxicity order as: CBZM > TBZL > MTXL. Similarly,
various pesticides inhibited the ACC deaminase activity of the
agriculturally benecial soil bacterium Azotobacter vinelandii in
a similar investigation.71

3.2.2 Investigation of the ability of PGR-11 strains in P-
solubilization, HCN and ammonia production. The second
most important nutrient for plants, phosphorus, has the
potential to reduce the need for costly P fertilizers. Plants do not
take up soil phosphorus in the form of insoluble phosphates,
despite the fact that bio-inoculants have shown P-solubilization
activity. Agricultural researchers are interested in bacteria's
ability to solubilize the mineral phosphate because it improves
the availability of phosphorus and iron for plant growth. Plant-
growing rhizobacteria solubilize precipitated phosphate,
making it more accessible to plants. Phosphate is released from
spare soluble inorganic and organic phosphate complexes in
soil by free-living phosphate-solubilizing bacteria, which then
make phosphate available to plants.72 The P-solubilizing effi-
ciency (PSA) of Pseudomonas PGR-11 decreased as the dose rates
of all the tested fungicides increased. Themaximum decrease in
P-solubilization was recorded at 1000 mg mL�1 doses each of
CBZM, TBZL and MTXL which diminished the solubilized-P by
42, 53 and 35%, respectively, over the control (Table 2).

At greater concentrations of all pesticides tested, bacterial
strains did not produce cyanogenic compound (HCN) or
17772 | RSC Adv., 2022, 12, 17765–17783
ammonia. One of the plant-growth-boosting and disease-
regulating qualities was HCN, a volatile metabolite produced
by soil bacterial biocontrol agents (BCAs) against soil-borne
diseases.73 Rhizobacteria, which create hydrogen cyanide, are
used to manage infections biologically. Nitrogen is converted to
ammonia by diazotrophic bacteria so that plants can absorb it.
3.3 Morphological features of Pseudomonas sp. under
chemical pesticide stress

The use of electron microscopy to study the morphology of
bacterial cells and changes in their cellular structure as a result
of exposure to various pollutants, such as pesticides, can
provide a new dimension to the research. SEM was used to
assess the fatal impact of test chemical pesticides on the surface
morphology of the PGR-11 strain. When bacterial cells were
cultivated without pesticides, SEM micrographs revealed
a distinct and unbroken bacterial cell surface (data not
provided). The pesticide-untreated bacterial cells were smooth,
rod-shaped, and had a healthy/unaffected surface morphology.
Pesticide-treated bacterial cells, on the other hand, revealed
disordered, ruptured, and shattered cells. For example, SEM
pictures of TBZL-treated bacterial cells revealed a disordered
rod-shaped bacterial cell. Carbendazim (CBZM), out of all the
tested chemical pesticides, had themost damaging effect on the
morphology of Pseudomonas sp. PGR-11. The pesticidal
nuisance was therefore validated by SEM pictures in this
investigation, which clearly indicated the growth inhibitory
impact of test pesticides. Like our observation, Khan et al.74
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Impacts of pesticide-tolerant Pseudomonas sp. on V. radiata (L.) grown in pot soils supplemented with increasing concentrations (50–
1000 mg kg�1) of tebuconazole and metalaxyl. Effect on (A) chl a, (B) chl b, (C) total chlorophyll and (D) carotenoid content. Bar and scatter
diagrams represent the mean values of three replicates (n ¼ 3) of three plants/pot. Mean values followed by different letters are significantly
different (p # 0.05) as determined by the DMRT test. Vertical and scattered bars represent means � SDs (n ¼ 3).
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recently demonstrated a comparable lethality of fungicides that
caused considerable cellular damage to Pseudomonas sp. under
SEM.

3.4 Cellular viability under pesticide stress

Similarly, confocal laser scanning microscopy (CLSM) is
a useful method for determining the hazardous effects of
chemical contaminants, such as pesticides, on bacterial cells.
The pesticide-treated bacterial cells were stained with propi-
dium iodide (PI) to see if there was any loss of membrane
integrity. Under CLSM, any reduction in membrane perme-
ability that occurred as a result of pesticide exposure was
noticed. Pesticide-free cells were alive and had a black back-
ground, but pesticide-treated cells became red/orange, repre-
senting the chemicals' harm to the cells. The CBZM-treated
cells, for example, showed red/orange rod-shaped cells due to PI
uptake, indicating a change in cell viability (displaying the
© 2022 The Author(s). Published by the Royal Society of Chemistry
highly toxic impact on cellular viability). Bacterial cell
membranes allow bacteria to communicate with their
surroundings. The movement of molecules across cell
membranes is controlled by their selective permeability. When
pesticides and other stressor chemicals interact with bacterial
cells, their toxicity increases, causing membrane damage and
a microbial oxidative state. Due to its exclusion by the cell
membrane of living cells, PI dye (a DNA intercalating dye) is
most generally utilized as a cell death marker; hence, uores-
cence imparted by the dye is usually connected to cells whose
membrane integrity has been destroyed. As a result, when
chemical substances (e.g., chemical pesticides) interact with
bacterial cells, the current work provides a distinct toxicity
prole. Under CLS microscopy, a comparable rise in the
number of PI-stained dead cells of soil-benecial microbes,
namely Sinorhizobium saheli,75 Enterobacter cloacae,68
RSC Adv., 2022, 12, 17765–17783 | 17773
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Fig. 3 Bio-inoculation effect of pesticide-tolerant Pseudomonas sp. on measurement of physiological status (chlorophyll fluorescence);
maximum quantum yield of PSII (A and B), non-photochemical quenching (C and D), photochemical quenching (E and F), PSII quantum yield (G
and H) and SPAD index (I and J) of V. radiata (L.) leaf exposed to 50, 100, 200, 500 and 1000 mg kg�1 soil with tebuconazole and metalaxyl. Here,
bar and line diagrams represent the mean values of three replicates (n ¼ 3) of three plants/pot. Mean values followed by different letters are
significantly different (p # 0.05) as determined by DMRT test. Vertical and scattered bars represent means � SDs (n ¼ 3).
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Bradyrhizobium japonicum76 and Azotobacter vinelandii71 was
seen with a gradual increase in pesticidal concentration.
3.5 Crop-based studies

3.5.1 Phytotoxicity assessment of pesticides on V. radiata
(L.) seedlings in vitro. Every plant's life revolves around the
process of germination. Seedling germination and the vigor
index are the most important and vital properties of seeds. As
a result, seed germination and the seedling vigor index are the
most signicant characteristics of seeds to be used in agricul-
ture. Under controlled circumstances, seeds that germinate
quickly and aggressively are more likely to generate vigorous
seedlings in the eld. The germination efficiency of V. radiata
17774 | RSC Adv., 2022, 12, 17765–17783
(L.) seeds sown in vitro treated with various pesticide concen-
trations varies dramatically. Seeds put in controlled (untreated)
conditions germinated to their full potential. However, pesti-
cidal doses signicantly decreased the efficiency of seeds to be
germinated. Higher concentrations (500 mg mL�1) had
a maximum negative effect on germination attributes. Among
the fungicides tested, carbendazim (CBZM) had a highly detri-
mental effect and a higher CBZM concentration completely
reduced the germination rate (i.e. no germination was recorded)
(Table 1). Under fungicide-free conditions (control), %germi-
nation and the seedling vigor index (SVI) were found to be 100%
and 1875 � 21.3, respectively. Conversely, the selected doses of
fungicides inhibited such parameters. For example, at 1000 mg
mL�1 of each of CBZM, MTXL and TBZL, %germination was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Bio-inoculation effect of pesticide-tolerant Pseudomonas sp. PGR-11 on leaf-exchange parameters; intrinsic water use efficiency (A and
B), transpiration rate (C and D) and vapour pressure deficit (E and F) measured in leaves of V. radiata (L.) exposed to 50, 100, 200, 500 and 1000 mg
kg�1 soil with tebuconazole and metalaxyl. Here, bar and line diagrams represent the mean values of three replicates (n ¼ 3) of three plants/pot.
Mean values followed by different letters are significantly different (p # 0.05) as determined by the DMRT test. Vertical and scattered bars
represent means � SDs (n ¼ 3).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:0

8:
38

 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
signicantly (p < 0.05) decreased by 100, 60 and 50%, respec-
tively, over the control (Table 1). In this context, it has been
discovered that a disrupted germination metabolism is linked
to delayed germination following pesticide treatment. This
could be attributed to the uptake of fungicide toxicity in test
plants, which may have damaged numerous physiological
activities such as photosynthesis, eventually leading to plant
mortality. Similarly, the seedling germination rate of Lyco-
persicon esculentum was negatively affected by exposure to
pesticides.77 Different classes of pesticide reduced the efficacy of
cowpea seed germination.78 In both in vitro and in vivo
circumstances, raising the concentration of different pesticide
groups had a negative impact on the germination efficiency of P.
sativum.79

3.6 Inoculation impact of Pseudomonas sp. strain PGR-11 on
pesticide-treated V. radiata (L.)

3.6.1 Germination efficiency. The germination efficiency of
V. radiata raised in soil treated with varying concentrations of
fungicides was variable. The germination was recorded at 8 DAS
for seeds in clay pots. Little seedlings appeared from the dirt
two weeks aer seeding, with a distinct leaf. V. radiata plants
that were grown in soil amended with TBZL andMTXL grew, but
plants that were sown in the soil treated with CBZM were dead/
dried, since leaf senescence took place and therefore the whole
plants died, but plants that were sown in soil treated with the
other two test pesticides, survived but were adversely affected.
This could be related to the accumulation of fungicide toxicity
© 2022 The Author(s). Published by the Royal Society of Chemistry
in test plants, which then disrupted several physiological
activities, including photosynthesis by the plants, leading
eventually to the death of the plants. According to recent
research, certain pesticides disrupt plant molecular connec-
tions, preventing the critical process of biological N2-xation.
Many biochemical reactions, including organic matter miner-
alization, nitrication, denitrication, ammonication, and
redox reactions, may be inuenced by chemical pesticides.80

Fungicides, for instance, block electron transport from
compound Q to plastoquinone in photosystem II, inhibiting
photosynthesis.81 and hence prevent the reduction of NADP+

required for CO2 xation. Furthermore, photo-bleaching may be
the cause of pigment deciency in greengram plant leaves. In
contrast, following seed coating and soil application, the
pesticide-detoxifying PGPR strain Pseudomonas sp. improved
the germination rate. Likewise, pesticide-resistant PGPR strains
like S. rhizophila, B. cereus, B. licheniformis and Micro-
bacterium hydrocarbonoxydans boosted germination attributes
and crop development even in the presence of varying concen-
trations of chlorpyrifos and monocrotophos.82 This increased
germination efficiency could have been changed, implying that
seedling vigor has improved. Seedlings with higher vigor are
better able to withstand pathogen infections and survive in
tough environments. Because seed ageing is one of the key
factors impacting seed quality, seed treatments that promote
germination and vigor could be benecial for carryover seeds
that have been stored for a long period.
RSC Adv., 2022, 12, 17765–17783 | 17775
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Fig. 5 Bio-inoculation effect of pesticide-tolerant Pseudomonas sp. PGR-11 on leaf-exchange parameters; intercellular CO2 concentrations (A
and B), photosynthetic rate and (C and D) stomatal conductance (E and F) measured in leaves of V. radiata (L.) exposed to 50, 100, 200, 500 and
1000 mg kg�1 soil with tebuconazole and metalaxyl. Here, bar and line diagrams represent the mean values of three replicates (n ¼ 3) of three
plants/pot. Mean values followed by different letters are significantly different (p# 0.05) as determined by the DMRT test. Vertical and scattered
bars represent means � SDs (n ¼ 3).
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3.6.2 Biological attributes (length and biomass) of
pesticide-treated V. radiata (L.) were improved by Pseudomonas
sp. In this study, tested pesticides and Pseudomonas sp. variably
affect the biological attributes of V. radiata when raised in pot
soil in the presence of both. Generally, the increasing concen-
trations (50–1000 mg fungicide kg�1 soil) of both tested fungi-
cides decreased the biometric parameters of V. radiata. For
example soil with 1000 mg MTXL kg�1 displayed the most toxic
effect and decreased the root and shoot length by 71%
(decreasing from 15.6 cm to 4.5 cm) and 61% (decreasing from
31.7 cm to 12.2 cm), respectively, at 50 DA (Table 3). Likewise,
a maximum reduction of 58 and 66% in root and shoot dry
biomass, respectively, was recorded in soil with 1000 mg MTXL
kg�1 with respect to the untreated control (Table 3). But,
a considerable increase/improvement in all these parameters
was observed when pesticide-tolerant Pseudomonas sp. was
inoculated into V. radiata plants. For example, in soil with 50 mg
TBZL kg�1, PGR-11 greatly increased the root and shoot lengths,
and root and shoot dry biomass by 20, 12, 25 and 30%,
respectively, over un-inoculated plants and those treated with
an identical dose of tebuconazole (Table 3). Even in the face of
pesticide stress, increased production of IAA and other PGP
active compounds was likely owing to Pseudomonas sp., which
help plants by encouraging symbiosis and root morphogenesis
in pesticide-stressed conditions. Furthermore, aer inoculation
with Pseudomonas sp. PGR-11, longer plant roots were recorded
compared to un-inoculated treatments, which may benet the
17776 | RSC Adv., 2022, 12, 17765–17783
absorption of substantially more water from the deep soil under
adverse pesticide conditions. We strongly believe that the
release of growth-regulating bioactive molecules by strain PGR-
11 improved the overall performance of V. radiata. As an
example, plant hormones (e.g., indole-3-acetic acid) are oen
involved in the expansion and proliferation of roots, whereas
stress-relieving substances (ACC deaminase enzyme), side-
rophores and ammonia increase the performance of the overall
crop.

Pesticide-tolerant microbes used in a soil system with
chemical pesticides have been shown to increase root devel-
opment and root architecture in plants. It has also been sug-
gested that bacteria-induced changes in root architecture could
lead to an increase in total root surface area, resulting in better
water and nutrient absorption, which would be benecial to
overall plant development.83 Similarly, different pesticide-
tolerant PGPR strains belonging to numerous genera have
been documented to augment the growth and dry biomass of
edible/food crops, such as cereals, when grown in pesticide-
treated soils.16,20 In pot-house studies with radish seedlings,
Khan et al.74 employed fungicide-tolerant PGPR strains (Azoto-
bacter sp. and Pseudomonas sp.). Fungicide-treated but PGPR-
inoculated plants grew 2–3-fold taller than stressed but un-
inoculated control plants in that study. They found that PGPR
treatment enhanced root length and biomass, resulting in
improved water absorption and the ability of treated plants to
withstand pesticides.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Bio-inoculation effect of pesticide-tolerant Pseudomonas sp. PGR-11 on yield attributes: number of pod/plants (A and B), pod yield (C and
D), number of seeds/plants (E and F), seed yield (G and H) and protein content (I) in V. radiata (L.) plants exposed to 50, 100, 200, 500 and 1000 mg
kg�1 soil with tebuconazole and metalaxyl. Here, bar and line diagrams represent the mean values of three replicates (n ¼ 3) of three plants/pot.
Mean values followed by different letters are significantly different (p # 0.05) as determined by the DMRT test. Vertical and scattered bars
represent means � SDs (n ¼ 3).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:0

8:
38

 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
3.6.3 Bio-inoculation impact of Pseudomonas sp. on V.
radiata (L.) symbiosis. The number (NN), biomass (NDB) and
leghaemoglobin (LHb) content of V. radiata were considerably
decreased with increasing rates of both pesticides. As an
example, NN, NDB and LHb content greatly decreased by 84, 63
and 68%, respectively, when plants were detached from pot-
soils treated with 1000 mg MTXL kg�1. (Fig. S2† panels A–C).
The harmful action of pesticides on photosynthates may have
reduced the availability of photosynthates to the roots, resulting
in a loss in functional symbiosis. Conversely, inoculation of
pesticide-tolerant Pseudomonas sp. signicantly (p # 0.05)
increased V. radiata's symbiotic characteristics. For example,
PGR-11 strain maximally and signicantly (p # 0.05) enhanced
NN, NDB and LHb by 13, 22 and 17%, respectively, in the
presence of soils with 50 mg TBZL kg�1 at 50 DAS (Fig. S2†
panels A–C). The improvement in V. radiata symbiosis following
soil inoculation by pesticide-tolerant PGPR is a strong indicator
© 2022 The Author(s). Published by the Royal Society of Chemistry
of microbial colonization and presence in fungicide-
contaminated soil. Further, the ndings imply that increased
nodulation following inoculation by pesticide-tolerant, ACC-
deaminase-positive, indole-3-acetic-acid-producing, and other
PGP-regulating Pseudomonas sp. PGR-11 strain reversed the
symbiotic effectiveness (number, biomass, and LHb content of
nodules) of V. radiata which, however, showed a considerable
decrease in the absence of bio-inoculants. It is also likely that
successful bacterium deployment in the rhizosphere of V.
radiata improved plant symbiotic characteristics via local and
systemic hormone transmission. Fungicide-tolerant PGPR
strains; Bradyrhizobium japonicum76 and Bradyrhizobium sp.84

isolated/obtained frommung-bean root nodules are reported to
increase the nodulation and the symbiotic characteristics of V.
radiata (L.) plants cultivated under pesticide-stressed condi-
tions. Furthermore, inoculation of greengram plants grown in
pesticide-treated soils with the IAA-producing and P-
RSC Adv., 2022, 12, 17765–17783 | 17777
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solubilizing non-symbiotic PGPR strains Azotobacter sp. and
Bacillus sp. increased plant development, corroborating our
ndings.34 They stated that PGPR-inoculated greengram had
higher seed germination efficiency, dry biomass, LHb content,
chlorophyll pigment and seed output as well as restored
nodulation, which had been suppressed due to fungicidal
stress. Similarly, bio-inoculated legumes grown on fungicide-
stressed soils have shown improvements in a variety of devel-
opmental characteristics.85

3.6.4 Physiological state of V. radiata in the presence of
Pseudomonas sp. and pesticides

3.6.4.1 Chlorophyll content. The process of chlorophyll
formation (photosynthesis) is a vital biochemical practice in
higher plants that has an undeviating effect on plant biomass
production; it is oen susceptible to abiotic stresses. Therefore,
the effect of increasing rates of TBZL and MTXL on photosyn-
thetic pigments accumulated in fresh leaves of V. radiata was
calculated. The chl a, chl b and total chlorophyll content
consistently declined with increasing rates of fungicides either
in the presence or absence of inoculants. For example, MTXL at
1000 mg kg�1 soil decreased the chl a, chl b, total chlorophyll
and carotenoid content by 84, 83, 74 and 8%, respectively,
relative to the control (Fig. 1 panels A–D). However, the appli-
cation of tolerant Pseudomonas sp. to pesticide-treated V. radiata
detoxied the toxic action of the chemicals and considerably
increased the photosynthetic pigments. For instance, when
applied to soil treated with 50 mg TBZL kg�1, strain PGR-11
increased the chl-a (Fig. 2 panel A), chl-b (Fig. 2 panel B), total
chlorophyll (Fig. 2 panel C), and carotenoid contents (Fig. 2
panel D) by 12, 19, 16 and 20%, respectively, with respect to un-
inoculated and treated plants. The increase in these parameters
suggests that in the presence of pesticide stress, the PGPR strain
directly regulates the physiological activities of V. radiata by
producing various plant growth promoting substances, such as
indole-3-acetic acid (IAA) and other PGP molecules, and by
increasing the availability of nutritional content to the plants.
The improvement in chlorophyll content by pesticide-tolerant
Pseudomonas sp. applied as a bio-inoculant in this study
might possibly be linked to chloroplast development. Similarly,
increased photosynthetic pigment in chickpea plants has been
observed aer inoculating the fungicide-tolerantMesorhizobium
ciceri into chickpea plants treated with increasing kitazin
concentrations.86 Furthermore, inoculation of Rhizobium legu-
minosarum increased tolerance to fungicide and considerably
enhanced the concentrations of chlorophyll pigments in Pisum
sativum (pea) plants cultured in pot soils with added
fungicides.10

3.6.4.2 Chlorophyll uorescence parameters in the presence of
PGPR strain and pesticide. The chlorophyll uorescence (CF)
process has been proven to be a responsive method for identi-
fying and evaluating different photosynthetic mechanisms. The
plant-stress response has been studied using CF analysis, which
can detect minor variations in photosynthetic activity. Alter-
ation in chlorophyll uorescence has frequently been recom-
mended as a susceptible plant stress biomarker, with the
assumption that any plant stress severe enough to impair plant
development will also inuence chlorophyll synthesis. The
17778 | RSC Adv., 2022, 12, 17765–17783
efficiency of electron transport (ET) via the distinct phases of
the photosystem-II (PSII) and photosystem-I electron transport
chains can be studied by a variety of methods in chlorophyll. As
a result, if a stressor interferes with ET, changes in one or more
uorescence characteristics can be recognized instantly.
Furthermore, indirect effects on photosynthesis are predicted to
be identied in changing uorescence characteristics, inter-
fering with the downstream usage of the reductants created by
the photosystems. This is because a quick reduction in reduc-
tant sink capacity is likely to induce an accumulation of elec-
trons and reductants in the chloroplasts, resulting in a rise in
harmful reactive oxygen species. Considering these, the effect of
tested pesticides was evaluated to assess the effect of increasing
concentration of both MTXL and TBZL on chlorophyll mole-
cules of V. radiata. The increasing pesticide doses signicantly
(p# 0.05) reduced the uorescence parameters of V. radiata. For
instance, for soil with 1000 mg MTXL kg�1, the SPAD index,
photosystem efficiency (Fv/Fm), PSII quantum yield (FPSII),
photochemical quenching (qP), and non-photochemical
quenching (NpQ) were maximal and signicantly reduced by
71, 76, 69, 55 and 60%, respectively, over the untreated control
(Fig. 3 panels A–J). Quite the opposite, inoculation of tolerant
Pseudomonas sp. into pesticide-treated V. radiatamodulated the
photosynthetic apparatus (Fv/Fm, Fv/F0, qP, and NPQ). The
application of strain PGR-11 compensated for the negative and
toxic effects of pesticides. Here, a maximum increase in leaf
chlorophyll uorescence parameters was recorded when
pesticide-detoxifying Pseudomonas sp. was applied to plants in
the presence of soil with 50 mg pesticide kg�1. These ndings
suggest that the pesticide-tolerant PGPR strain can improve the
leaf uorescence molecules and have a protective effect on the
photosynthetic machinery of V. radiata cultivated in soils
contaminated with pesticides. Increased chlorophyll uores-
cence could be ascribed to the generation of growth-regulating
molecules, increased photosynthesis, better root development,
improved water and nutrient translocation and uptake, and
efficient utilization. Similarly, the stress-tolerant PGPR strains
increased the chlorophyll uorescence in different plant
species, including Cicer aritienum87 and Populus deltoides88 by
increasing their tolerance to environmental stresses.

3.6.5 Gas-exchange attributes of V. radiata in the presence
of pesticides and Pseudomonas sp. Physiological parameters
(such as stomatal conductance, intercellular CO2 concentration,
rate of transpiration and photosynthesis, intrinsic water use
efficiency and vapor pressure decit) can be used to investigate
how drought stress affects a range of plants. This is due to
a quick reduction in reductant sink capacity being likely to
induce an accumulation of electrons and reductants in the
chloroplasts, resulting in a rise in harmful reactive oxygen
species (ROS). Because of the close relationship between
photosystem electron transport efficiency (ETE) and carbon
assimilation, the operational efficiency of PSII and gas
exchange, evaluated as the quantum yield of CO2 assimilation,
is usually linear. Here, all these above-mentioned physiological
parameters of pesticide-treated and Pseudomonas sp. inoculated
plants were assessed. Like other biometric plant parameters,
the stomatal conductance (gs) of V. radiata was greatly (89%
© 2022 The Author(s). Published by the Royal Society of Chemistry
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reduction) affected in soil with 1000 mg MTXL kg�1 in un-
inoculated plants which, however, maximally increased by
20% when Pseudomonas sp. was inoculated into treated V.
radiata treated with 50 mg TBZL kg�1 soil with respect to un-
inoculated but treated plants (Fig. 4 panels E and F). Simi-
larly, the rate of transpiration (E), vapor pressure decit (VpDL),
intrinsic water use efficiency (iWUE), and photosynthetic rate
(PN) were signicantly (p # 0.05) increased by 43, 26, 23 and
31%, respectively, when Pseudomonas sp. was inoculated into V.
radiata plants cultivated with 50 mg MTXL kg�1 soil (Fig. 5
panels A–E). An opposite pattern was recorded for intercellular
CO2 concentration (Ci), where Ci was consistently greater in un-
inoculated plants, indicating lower C-xing rates. Inoculation
with pesticide-resistant strains reversed the condition, drasti-
cally lowering Ci levels. It is suggested that the pesticide-tolerant
PGPR strain improves the physiological state of the plant by
detoxifying/remediating the toxic action of chemical pesticides.
This improvement may possibly be due to the pesticide-
degrading/detoxifying ability of the PGP bio-molecule synthe-
sizing and effective rhizosphere colonizing behavior. Further-
more, these improvements in physiological features could lead
to alterations in CO2 assimilation for photosynthesis. The
results obtained in this study show that the pesticide-tolerant
strain PGR-11 enhances stomatal conductance, which helps to
mitigate/alleviate the negative impacts of the tested fungicides.
In response to pesticide pressure, Pseudomonas sp. PGR-11
inoculated plants showed lower potentials and improved gas-
exchange characteristics, permitting the bacterized and
fungicide-supplemented V. radiata to continue high organ
hydration and turgor levels, that keep up the overall physio-
logical activities of the cells, particularly those related to the
photosynthetic apparatus. Pesticides lowered all physiological
indicators in non-infected plants, but they did not affect the
physiological status of inoculated plants. Furthermore, better
root development, and an increased chlorophyll pigment strong
source–sink relationship are possible reasons for the improved
stomatal conductance, transpiration rate and other leaf-
exchange attributes. The considerable increase in the physio-
logical state of the plant could be attributed to the ability of
PGPR to produce plant growth hormones, improved water and
nutrient translocation, and efficient water and nutrient uptake
and use. Likewise, the PGPR strain Serratia liquefaciens
improved stress tolerance in Zea mays (L.) by increasing the leaf-
exchange parameters of the plants.89
3.7 Yield attributes were improved by Pseudomonas sp. PGR-
11 inoculation

The yield attributes of V. radiata exhibited a substantial decline
with increasing concentrations of both test pesticides. A greater
decrease in yield attributes was recorded at higher concentra-
tions. For example, with 1000 mg MTXL kg�1 soil, the number of
pods, yield of pods, number and yield of seeds, and protein
content of V. radiata were maximally decreased by 90, 78, 85, 82
and 69%, respectively, compared to un-inoculated but MTXL-
treated plants (Fig. 6 panels A–I). However, following soil
inoculation with Pseudomonas sp. PGR-11 into plants, all these
© 2022 The Author(s). Published by the Royal Society of Chemistry
parameters were signicantly increased (Fig. 6 panels A–I).
Here, Pseudomonas sp. showed a signicant synergistic effect
(bio-inoculum � pesticides) on the yield attributes of V. radiata.
It is possible that synthesis of plant hormones (such as auxin)
by a tolerant bacterial strain positively inuenced directly/
indirectly cell division, oral initiation and plant develop-
ment, resulting in a higher number of seeds and higher seed
yield. Plant adaptation is associated with increased solute
concentrations (such as soluble proteins and carbohydrates),
which change the osmotic potential of the cells, resulting in an
increase in water absorption under adverse conditions, allowing
plants to withstand abiotic stimuli such as pesticides. Similar to
this study, when plant bioactive molecule (ACC, IAA and side-
rophores) secreting Burkholderia cepacia was utilized in eld
trials, pesticide stress showed no effect on the biological attri-
butes and seed yield of the chickpea plants.90
4. Conclusion

Farmers' elds have previously been envenomed with a large
number of pesticide residues as a result of the unrelenting
usage of chemical pesticides. Most fungicides have a short-term
effect and require multiple treatments, exposing the environ-
ment to many dosages of fungicides and raising the danger of
residues accumulating in the environment. Biological control
takes longer to activate in order to lessen disease, but the effect
lasts longer. The majority of bio-control chemicals are non-toxic
to naturally occurring species and hence are considered safe. As
a result, nding effective native bio-inoculants that mitigate
pesticide toxicity and promote plant development in pesticide-
saturated soil is critical. Therefore, in the current work,
pesticide-tolerant Pseudomonas sp. PGR-11 produced consider-
able amounts of plant growth regulators in both conventional
and stressed media and promoted/increased the symbiosis and
biological attributes of Vigna radiata (L.). Furthermore, the
physiological state (chlorophyll uorescence and leaf-exchange
attributes) of V. radiata showed better performance under
fungicide stress, aer inoculating with strain PGR-11. Thus,
these indigenous bio-inoculants have huge potential in the
future in widening the spectrum of PGPR available for eld use,
with multifunctional PGPR activities and many benets of
remediation potential sustained in various pesticides, plant
nutrition delivery, and growth promotion. As a result, in the
future, these could be used as microbial bio-pesticides and bio-
fertilizers for disease management, plant growth promotion,
and soil bio-remediation for low-cost, environmentally friendly
agriculture.
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