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Abstract

The present study addresses the critical contamination issue of arsenic (As) in agricultural soils, which
delimits crop productivity as well as food safety. This research explores the potential of the arsenic-
tolerant plant growth-promoting bacteria (PGPB) Pseudomonas putida CKVF1 to alleviate As-induced
negative effects in Vicia faba L. (also known as broad bean or faba bean) seeds when sown with and/
or without As (50 mg/kg soil) and inoculated with P. putida CKVF1. Morphological parameters such
as chlorophyll content, moisture retention, and nodulation were assessed alongside biochemical
markers, including malondialdehyde (MDA), proline levels, antioxidant enzyme activities, and phenolic
compound profiles. Microscopic analyses were conducted to evaluate cellular integrity. Results showed
that arsenic exposure significantly impaired the growth of plants and increased MDA level which is an
oxidative stress marker. However, PGPR treatment enhanced chlorophyll content, moisture retention,
and nodulation by 35%, 28%, and 40%, respectively, while reducing oxidative damage through elevated
antioxidant enzyme activities. Microscopic observations confirmed improved cellular structure in PGPR-
treated plants. Additionally, PGPR inoculation increased total phenolic content and specific phenolic
compounds, enhancing stress tolerance. The results highlight the effectiveness of P. putida CKVF1 in
alleviating As-toxicity through physiological and biochemical improvements; and present a defensible
approach to augmenting crop resilience in As-contaminated regions. This study emphasizes the PGPR
potential as a bioremediation tool for promoting agricultural sustainability in the areas affected by
heavy metal contamination.
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INTRODUCTION

One of the most prevalent naturally
occurring metalloids in the crust of the Earth,
human body, and seawater is arsenic (As).!
Although arsenic occurs naturally, its poisoning has
emerged as a major global health issue, especially
in South and East Asia, and is predominantly linked
to groundwater sources.? More than 100 million
people in India are at risk because drinking water
has dangerously high amounts of arsenic, which in
some areas can surpass 3200 ug/L.3 The pollution
is mostly caused by natural geological processes,
such as the oxidation of arsenic-bearing sulfide
minerals and the reductive dissolution of iron
and aluminum oxyhydroxides in aquifers.* In
India, arsenic contamination is prevalent in states
like West Bengal, Bihar, and Jharkhand, where
irrigation with arsenic-laden groundwater has
led to significant soil contamination, impacting
agricultural productivity.*® Additionally, the
reliance on untreated sewage for irrigation
exacerbates the problem, contributing to the
bioaccumulation of arsenic in crops, leading to
chronic health issues such as skin lesions and
various cancers.’

Numerous industries, including
electronics, metallurgy, chemical engineering,
agriculture, medicines, and livestock management,
may find use for arsenic.? The four oxidation states
of arsenic-arsine (As(-1l1)), arsenite (As(+lll)),
elemental arsenic (As(0)), and arsenate (As(+V))-
occur in both organic and inorganic forms
in the environment.® The environment can
include arsenic in a variety of oxidation states.
However, inorganic trivalent arsenite (As(ll1)) and
pentavalent arsenate (As(V)) oxyanions are more
commonly found in natural waters.°

In India, arsenic contamination levels are
concerning in several regions, leading to decreasing
crop yields. While plants do not need As, its uptake
disrupts their metabolism, causing disorders
within the plant system. This disruption results
in stunted growth, the generation of oxidative
stress, and various morphological changes at the
cellular level.’*2 The toxicity of arsenic is evident
in its interference with aerobic phosphorylation,
where it competes with phosphate in adenosine
triphosphate (ATP) formation, leading to the
formation of unstable adenosine diphosphate

(ADP) and disrupting energy flow within cells.®
Previous research has indicated that arsenic
exposure results in reduced plant growth and yield,
as well as symptoms such as wilting, yellowing, and
necrosis at the leaf margins, along with diminished
photosynthetic activity.'*!® Additionally, soil
arsenic has been shown to affect the uptake and
accumulation of minerals in the aerial parts of
plants.’” Exposure to arsenate (As(V)) leads to
the induction of oxidative stress, characterized
by increased lipid peroxidation and damage to
cellular membranes.'® The heavy metal stress
(lead, chromium, and manganese) has been
reported to induce ultra-structural damage in the
roots and shoots of V. faba and gram seedlings.***
V. faba is easy to cultivate, cost-effective, and
has been used in genotoxicity and phytotoxicity
studies,?! it also has demonstrated high sensitivity
to arsenic toxicity, exhibiting morphological
alterations and significant changes in antioxidant
enzyme activities. However, there has been a lack
of comprehensive studies on the morphological,
biochemical, and cytological effects of toxic metals
like Asin V. faba L.

Mitigating arsenic (As) toxicity in plants
is crucial for enhancing agricultural productivity
and ensuring food safety. Several strategies can
be employed to reduce arsenic absorption and
its harmful effects on plant health. Agronomic
practices, such as the amendment of organic
matter and phosphate fertilizers, can lower arsenic
availability in the soil, decreasing its uptake.?*?®
In addition to enhancing nutrient uptake and
strengthening antioxidant defenses, plant growth-
promoting rhizobacteria (PGPR) can assist plants
in overcoming arsenic stress. It has also been
demonstrated that nitric oxide helps plants
like V. faba improve their antioxidant defense
mechanisms by reducing oxidative stress brought
on by arsenic.?**

PGPR, which are closely associated with
and colonize plant roots, have been extensively
documented for their numerous benefits to
crop plants. One of PGPR’s main advantages is
its potential to increase yield and biomass.?®
Moreover, PGPR is essential for engaging defense
systems in plants, which increases their resistance
to abiotic stressors, especially those associated
with climate and chemically modified soils.?” The
current study examines the adverse effects of As
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on the morphological, biochemical, and cytological
parameters of V. faba L., but more importantly to
study the mitigation of As-toxicity by PGPR.

MATERIALS AND METHODS

Faba bean seeds

The Swarna Gaurav faba bean seeds were
purchased from ICAR-IARI, New Delhi, India. The
seeds were surface sterilized by soaking in 0.1%
(v/v) mercuric chloride for 10 min with occasional
shaking and then rinsed thoroughly, 4-5 times with
sterilized distilled water.

Isolation and characterization of arsenic-tolerant
PGPR bacteria (CKVF1)

The CKVF1 was isolated from the
rhizosphere soil of faba bean (V. faba L.) plants
cultivated at the botanical gardens of M.J.P.
Rohilkhand University, Bareilly (Uttar Pradesh,
India). The rhizosphere soil was mixed with
0.85% saline solution in a 1:10 ratio. The resulting
suspension was serially diluted and inoculated
onto nutrient agar media enriched with sodium
arsenate heptahydrate salt (Himedia Pvt. Ltd.,
India) at 100 ppm concentration until arsenic-
tolerant single colonies were obtained.® A total
5 bacterial isolates were obtained out of which
only one isolate CKVF1 survived till the highest
As-concentration (750 ppm). The CKVF1 was
tested for the plant growth-promoting (PGP)
characteristics,?® which include the formation of
siderophores, hydrogen cyanide (HCN), phosphate
solubilization, and indole-3-acetic acid (IAA).

The arsenic-tolerant bacterial isolate
(CKVF1) was then characterized using physiological
and biochemical tests, including the IMViC, nitrate
reduction, and various enzymatic activities using
standard methods.?*2 For molecular identification,
DNA extraction was performed followed by the
amplification of the 16S rRNA gene. Following PCR
product purification, nucleotide sequences were
identified and added to the GenBank database
(accession number OR921377).3® The resultant
sequence was analyzed using BLAST analysis to
closely comparable sequences in GenBank. The
16S rRNA gene sequences from related bacterial
strains were aligned with CKVF1 sequence from
the NCBI database using ClustalW within MEGA11.
Following alignment, the optimal nucleotide

substitution model was selected based on the
lowest Akaike Information Criterion score. This
model was then applied to construct a maximum
likelihood phylogenetic tree of the bacterial
isolates. Tree robustness was evaluated using a
bootstrap analysis with 1,000 replicates.343¢

Experimental design

Faba bean seeds were soaked for 24
hours at room temperature and then placed
for germination in sterilized soil containing
sodium arsenate heptahydrate salt (Himedia
Pvt. Ltd., India) at a concentration of 50 mg kg*
soil. Untreated seeds were also germinated in
soil without As. Seedlings of V. faba at the 3-4
leaf stage, both control (untreated) and those
exposed As were transferred to the greenhouse
and allowed to acclimatize before the experiment.
The experiment was carried out in triplicate, and
the seedlings were subsequently exposed to the
following treatments, with five plants per pot:
(1) control (untreated seeds without PGPR), (2)
untreated seeds with PGPR, (3) As-treated seeds
without PGPR, and (4) As-treated seeds with PGPR.
Three pots of each set were irrigated with 200
milliliters of demineralized water at field capacity
on the day of sowing. Then, every day for the
duration of the experiment, all of the pots were
routinely irrigated at field capacity using either 1/4
N Hoagland solution or distilled water. For PGPR
inoculation, a 20 ml cell suspension of CKVF1 at
a concentration of 9.0 log, , CFU mI* was used
to moisten the CKVF1 treatment group’s soil 37
The physical characteristics of the soil used in the
experiment are given in Table 1. The young leaves
were collected from three replicates (pooled from
five plants per replicate), immediately frozen in
liquid nitrogen, and used for further biochemical
analyses.

Assessment of morphological, physiological, and
biochemical parameters of V. faba leaves
Chlorophyll Content, Moisture Content, and
Nodulation

3.0 ml of cooled 80% acetone (v/v) were
used to extract chlorophyll from 0.3 grams of fresh
V. faba leaf samples. Chlorophyll concentration
(mg g FW) was determined using a Systronics
double beam spectrophotometer to measure
absorbance at 663 nm and 645 nm for chl a and
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b, respectively.?®* Weight measurements were
taken at regular intervals until a constant weight
was reached after 1 g of fresh V. faba leaves were
heated in a hot air oven set at 80 °C to assess the
moisture content.*>*! Nodulation was assessed by
uprooting three replicates (pooled from five plants
per replicate) on the 35" day post-inoculation, and
the number of nodules was counted.***?

Proline content

Proline was extracted from 0.1 g of leaf
tissue using 3% sulfosalicylic acid and quantified
using the acid-ninhydrin method.*** The
absorbance of the chromophore was measured
at 520 nm and proline content was calculated using
a standard curve.**’

Malondialdehyde (MDA) content

MDA was determined by homogenizing
0.3 g of fresh leaves with 5% TCA. The homogenate
was centrifuged and the supernatant combined
with TBA. After boiling and centrifugation, the
supernatant’s absorbance was measured at 532
and 600 nm. The non-specific absorbance at 600
nm was removed from the 532 nm value, and MDA
concentration was estimated using an attenuation
coefficient of 115 mM* cm™.%®8

Antioxidant enzyme extraction

Frozen leaf tissues (500 mg) were
crushed in an extraction buffer containing 1

Table 1. Physico-chemical analysis of rhizospheric soil

Parameters Values
pH 6.9
Electrical 0.39 mS/cm?
Conductivity

(EQ)

Organic 0.22%
Carbon (OC)

N 49.5 kg/ha
P 9 kg/ha
K 156 kg/ha
S 11.45 ppm
Zn 0.78 ppm
B 0.61 ppm
Fe 3.44 ppm
Mn 1.56 ppm
Cu 0.48 ppm

mM EDTA, 0.05% Triton X-100, 2% polyvinyl
pyrrolidone (PVP), and 1 mM ascorbate in 50
mM potassium phosphate buffer (pH 7.8).4” The
homogenate was centrifuged at 10,000 g for 20
minutes, and the supernatant was kept at -20
°C for subsequent enzyme assays. The activities
of different antioxidants, including SOD, CAT,
GPoX, and APX, were assessed as described in the
previous study.*®*° All experiments included three
replicates of each treatment.

Total phenolic compounds

Phenolics were extracted from 100 mg
of dried leaf and stem powder (pooled from
five plants) with 50% methanol, followed by
centrifugation at 10,000 rpm for 10 minutes.
The supernatant was mixed with 0.5 mL of Folin-
Ciocalteu reagent>*>? and 2 mL of 20% sodium
carbonate solution. After incubation in the dark
at room temperature for 2 hours, absorbance was
measured at 720 nm. Results were calculated using

Table 2. Characteristic biochemical and PGPR traits
of CKVF1

Trait Test Result
IMViC and Nitrate reduction
Indole Negative
Methyl Red (MR) Negative
Voges-Proskauer (VP) Negative
Citrate Negative
Nitrate reduction Positive
Enzymatic activities
Catalase Positive
Oxidase Positive
Urease Negative
Gelatin hydrolysis Negative
Amylase Positive
Protease Positive
Lipase Positive
Plant growth-promoting traits
IAA concentration 135+4
(ng/mL)
IAA concentration 290+5
(ug/mL) in presence
of As (V)
Concen. of soluble 26 +0.529
phosphate (mg/L)
Siderophore production 77.67 +2.516
(%)
HCN production Positive
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gallic acid as the standard and expressed as mg
gallic acid equivalents per gram of dry weight.>**>

Specific phenolic compounds

Specific phenolic compounds, including
gallic acid, protocatechuic acid, chlorogenic
acid, caffeic acid, rutin, ferulic acid, quercetin,
kaempferol, and salicylic acid, were analyzed
in leaf and stem tissues using HPLC (Shimadzu
Prominence system).?%%” Quantification was
performed against respective standards, and
results were expressed as ug g* of dry weight
(DW).%8

Microscopic study of V. faba
Light microscopy

V. faba L. stem cross-sections from each
of the three treatments were hand-cut, and their
anatomical tissue characteristics were analyzed
for histological alterations. The samples were
fixed and rehydrated in FAA solution for one week
before being preserved in an alcohol-glycerol
solution (70% ethyl alcohol: glycerolin a 1:1 ratio).
Safranin and fast green stains were applied to the
sections prior to the examination.>®°

Transmission Electron Microscopy

Changes at the ultra-cellular level of
cell components in all three treatments were
studied using a TEM. The second leaf samples
from control, treated, and PGPR-amended plants
were fixed in a solution of 3% glutaraldehyde
and 2% formaldehyde prepared in 0.1 M sodium
cacodylate buffer (pH 7.2) for 2 hours at 4 °C.>96162
After fixation, samples were washed three times
with 0.1 M sodium cacodylate buffer and then
fixed in 1% osmium tetroxide for an additional
2 hours. The washing was repeated once with
sodium cacodylate, dehydrated through a series of
acetone solutions (15%-100%), and embedded in
Spurr’s epoxy resin (Electron Microscopy Sciences,
Hatfield, PA). Semi-thin sections (400 nm thick)
of the leaf samples were cut using a Leica EM
UC6 microtome, transferred to glass slides, and
adhered by heating before being stained with
Epoxy Tissue Stain (Electron Microscopy Sciences,
Hatfield, +PA). Ultrathin sections (60-80 nm thick)
were also cut with the Leica EM UC6 microtome
and post-stained with uranyl acetate and lead

citrate. The sections were examined using a Phillips
Morgagni 268 transmission electron microscope
(FEI Company, Hillsboro, OR) at an accelerating
voltage of 80 kV.53¢>

Data analysis

The experiments were arranged in a
completely randomized design. Each treatment
consisted of 5 replicates, and all experiments
were repeated thrice. The data were statistically
analyzed using one-way ANOVA, and means
were compared using Tukey’s honestly significant
difference (HSD) test at P = 0.05.56%8

RESULTS

Bacterial Isolation and characterization

The isolate CKVF1 exhibited negative
IMVIiC tests and positive nitrate reduction. It
demonstrated various enzymatic activities, such
as catalase, oxidase, amylase, protease, and lipase
production, but was negative for urease and
gelatin hydrolysis. The results (Table 2), highlight
the biochemical and plant growth-promoting
(PGP) traits of the As-tolerant CKVF1 isolate,
which could withstand up to 100 ppm of sodium
arsenate (As lll). The isolate demonstrated a high
capacity for producing indole-3-acetic acid (IAA), at
concentration 135 = 4 ug/mL, the isolate exhibited
the ability to solubilize phosphate, at a rate of 2.6
+0.529 mg/L, it also showed a strong siderophore
production capacity of 77.67 £ 2.516%. The
isolate tested positive for hydrogen cyanide
(HCN) production and positive for ammonium
production.

The molecular identification of CKVF1
(GenBank Acc. No. OR921377.1) by BLASTn
analysis and 16S rRNA sequencing revealed
that the isolate showed the highest nucleotide
similarity with P. chlororaphis in the clade of P
putida as shown in Figure 1.

Chlorophyll content in V. faba leaves

The chlorophyll content in the control
plants was increased by the amendment of CKVF1
(PGPR) as shown in Table 3 and Figure 2. Total
percent increase was calculated as follows-
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Percentage Change 1.530-1.326

Total Chl: ————""" * 100 =+15.4%
PGPR Only vs Control: 1.326 0
1092-0.938 As + PGPR vs As Treated:
Chla: ———=2="=2 *100 ~+16.4%
0938 Chia: 27230312 4 156 11319
0.312 - ?
0.437-0.388
Chlb: —————— *100=+12.6%
0388 Chib 02770136 ) 0 ~1103%
" 0.136 ~ ?
AR @ OR921377 Pseudomonas putida CKVF1
63| 000 L NR 114479 P. putida ATCC 12633
0.000 0.000
20 NR 113651 P. putida NBRC 14164
NR 043424 P. putida IAM 1236
50 0.004
0.003 Y — NR 165748 P. hutmensis XWS2
0002 L NR 180103 P. huaxiensis WCHPs060044
42 0.002
24 0.002
0.001 ’ 100 [ o001 NR 115115 Stutzerimonas chloritidismutans AW-1
L oo NR 133828 5. kunmingensis HL22-2
0.001
NR 025881 P. oryzihabitans L-1
0.005
Py NR 180102 P. sichuanensis WCHPs060039
73 [ o0z VR 180497 P. juntendi BML3
bont oy NR 024662 P. plecoglossicida FPC951
48 NR 179168 P. deftuvii WCHP16
0.000 0.007
o1 [ . NR 025227 P. umsongensis Ps 3-10
69 0.003
0.003 A —ooe NR 181014 P. izuensis IzPS43 3003
0.002 :
9% m— NR 179103 P. laurylsulfativorans AP3 22
o NR 024927 P. migulae CIP 105470
85 0.008
0.006 66 - INR 044974 P. chlororaphis DSM 50083
0.007
0.003

——— NR 180078 P. ovata F51
0.010

Figure 1. Phylogenetic tree constructed using the neighbor-joining method based on 16S rRNA gene sequences of
Pseudomonas and Stutzerimonas strains, including reference sequences retrieved from GenBank. The evolutionary
history was inferred using the Neighbor-Joining method. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The evolutionary
distances were computed using the Maximum Composite Likelihood method and are in the units of the number of
base substitutions per site. This analysis involved 19 nucleotide sequences. All ambiguous positions were removed for
each sequence pair (pairwise deletion option). There were a total of 1498 positions in the final dataset. Evolutionary
analyses were conducted in MEGA11
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0.277-0.136
0.136

The results showed that chlorophyll
content was increased in the PGPR-treated plants
compared to the control plants. The arsenic
treatments in the plants resulted in a drastic
decrease in the chlorophyll content (Table 3
and Figure 2); however, the PGPR amendment
overcame the adverse effects of arsenic by a huge
difference (>100% increment compared to As
alone).

Total Chl : * 100 =+242%

Nodulation

The nodulation parameters, including the
average number of nodules (N), fresh weight (FW),
and dry weight (DW), were compared between
the control group and the PGPR treatment.
The percent change was calculated as done

in chlorophyll content, the PGPR treatment
increased 22.7%, 3.9%, and 18.4% for N, FW, and
DW, respectively, compared to the control plants.
Additionally, the adverse effects of arsenic on N,
FW, and DW were mitigated by PGPR treatment,
showing improvements of 88%, 136.5%, and
29.5%, respectively (Table 3 and Figure 2).

Moisture content

The moisture content in the PGPR-only
plants increased by 2% compared to the control
plants. However, the negative effects of arsenic
on the moisture content of V. faba plants were
alleviated by 55.9% with PGPR treatment (Table
3 and Figure 2).

Antioxidative enzymes and proline content
The effects of PGPR treatment on
antioxidative enzyme activities were analyzed

Table 3. Biological parameters in V. faba under As stress and PGPR treatment comparison to control plants. The
results are shown as Mean * Stdev. N = Number of nodules; FW = fresh weight (in g); DW = dry weight (in g)

Chlorophyll Content (mg/g)

Nodulation Moisture

Chla Chlb Total Chl

content (%)
N FW DW

Control 0.938+0.09 0.388+0.024 1.326+0.114 55.67 +3.055 668.57 + 11.68

81.53+6.71 87.3+2.62

PGPR 1.092 +0.026 0.437 +0.027 1.530+0.053 68.33+3.055 689.2+15.98 96.53+3.69 89.13+2
Only
As 0.312 +0.077 0.136 +0.0138 0.292 +0.088 28.67 +3.51 217.27+7.77 58.7+1.70 51.13+2.7
treated
As + 0.723 £0.255 0.277 £0.009 1.0001 +0.023 54+4.36 513.43+8.88 76.03+5.05 79.73+1.79
PGPR
1.8 - = Control 800
:'j = PGPR Only ;gg '
12 u As treated 500 -
1 As+PGPR =
08 | ) 400
0.6 - 300
04 200
0.2 4 - 100 - -
o1 V t , o | e ke
Chla Chlb Total chl Number FW (in g) DW (in g) Total moisture content (%)
Chlorophyll Content Nodulation Moisture content

Figure 2. Effects of different treatments on chlorophyll content, nodulation, and moisture content in plants. Chl a,
chlb, total chl, nodule number, nodule fresh weight (FW), nodule dry weight (DW), and total moisture content were
measured under four treatments: Control (blue), PGPR Only (orange), As treated (gray), and As + PGPR (yellow). As-
treatment (gray) markedly reduced all measured parameters compared to control (blue) and PGPR Only (orange),
while co-application of PGPR (As + PGPR, yellow) alleviated these negative effects. Data are presented as mean + Stdev
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using one-way ANOVA. All parameters showed
statistically significant differences (p <0.001). The
strongest effect was observed in MDA (F =904.75,
p <2 x 10Y), followed by SOD (F = 118.01, p<
5.82 x 107). PGPR treatment induced substantial
increases in antioxidative enzyme activities
compared to control, with the highest percentage
increases observed in SOD (32.31%) and Proline
(31.78%). Even the smallest increase, seen in Apx
(9.95%), was statistically significant (F = 23.67, p <
0.001). The mean values with standard deviations
(Table 4) and their respective percent changes are
indicated in Figure 3.

Based on the post-hoc analysis (Tukey’s
HSD, a = 0.05), all parameters showed significant
differences between treatments. PGPR treatment
significantly mitigated As-induced stress across
all enzymes and the most pronounced effects
were in SOD and Proline activities. All pairwise
comparisons between As+PGPR and other
treatments were statistically significant (p < 0.05).
Control and PGPR-only treatments showed fewer
significant differences between each other.

The correlation heatmap analysis was
also done to check the relationships between

0009 | L 0.045
0.008 1 . PGPR only I 0.04
0.007 & o< treated 0.035 -
0.006 | . As+PGPR 0.03
0.005 0.025
0.004 - 0.02 -
0.003 - 0.015
0.002 - 0.01
0.001 - 0.005 -
0 } 0
GPx
0.0045 12 -
0.004 -
0.0035 - 1 1
0.003 - 03 |
0.0025
0.002 - L
0.0015 - 0.4
0.001
0.0005 - 0.2 1
0 0 -

LPx

different antioxidative enzyme activities and
how changes in one enzyme’s activities might be
related to changes in another (Figure 4). With
correlation coefficients of r =0.963 and r =0.977,
respectively, catalase shows a substantial positive
connection with GPx and MDA, indicating possible
co-regulation or comparable reactions to oxidative
stress. Proline and SOD have a strong connection
(r =0.981), suggesting that proline accumulation
and SOD activity may be related. Proline is known
to improve stress tolerance. The substantial
correlation (r = 0.982) between GPx and MDA
further supports the coordinated antioxidative
response. Additionally, MDA and Apx have a
strong correlation (r = 0.945), indicating they may
be tightly related. A strong association (r = 0.929)
between Apx and Proline, suggests that Apx may
play a partin regulating proline levels under stress.

Total phenolic and specific phenolic compounds

In present study, the effects of different
treatments on the concentrations of specific
phenolic compounds, including total phenolics,
gallic acid, protocatechuic acid, chlorogenic
acid, caffeic acid, rutin, ferulic acid, quercetin,

SOD

Catalase

Figure 3. Impact of different treatments on antioxidative enzyme activities and oxidative stress markers in V. faba
plants. Bar graphs represent the mean values for GPx, Apx, MDA, LPx, SOD, and catalase across four treatment groups:
Control (blue), PGPR only (orange), As-treated (gray), and As + PGPR (yellow). Data are shown as mean * Stdev
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and kaempferol was also examined. The results
indicated that the combination of As and PGPR
yielded the highest levels of total phenolics
(8.282 U) and individual compounds such as
gallic acid (0.297 U), protocatechuic acid (0.609
U), chlorogenic acid (0.496 U), caffeic acid

(0.728 U) (Figure 5). In contrast, the control
group exhibited lower concentrations across
all measured compounds, with total phenolics
averaging 4.669 and gallic Acid at 0.146. Percent
change calculations showed that the As + PGPR
treatment resulted in a 67% increase in total

Table 4. The antioxidant enzyme activities (catalase, SOD, Gpx, MDA, Apx) and proline content in plants (Mean +

stdev): control, PGPR-only, As-treated, and As + PGPR.

Treatment Catalase SOD GPx MDA Apx Proline

Group (umol H,0,/ (U/g) (U/g) (U/g) (U/g) (umol/g)
min/g)

Control 7.6860.442 0.358+0.057 0.0027 +0.0004 0.0011#0.0000 0.022+0.002 30.35#2.66

PGPR-only  9.784+0.455 0.474+0.010 0.00310.0004 0.0014 +0.0001 0.025+0.001 40.78+2.65

As - treated 14.412+1.234 0.622%0.055 0.0063 +0.0006 0.0027 +0.0001 0.033£0.001 50.27 +2.69

As+PGPR 17.274+1.846 0.484%0.002 0.0078+0.0005 0.0038 +0.0002 0.037 £0.003 71.39%3.56

Apx MDA GPx SOD Catalase

Proline

) 1
Catalase GPx

Correlation Matrix of Enzymes

1.00

0.98

0.96

0.94

-0.92

- 0.90

-0.88

0.86

0.84

Proline

Apx

MDA

Figure 4. Correlation matrix illustrating the interrelationships of antioxidative enzymes and non-enzymatic
antioxidants based on Pearson’s correlation coefficients (r). Color intensity indicates the strength and direction

(positive/blue, negative/red) of the correlations
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phenolics compared to the control group. Gallic
Acid concentrations increased by 108%, while
protocatechuic acid increased 528% under
the same treatment. Chlorogenic acid levels
increased by 935%, and caffeine concentrations
rose by 1079%. Rutin levels increased by 861%,
ferulic acid by 1107%, quercetin by 1866%, and
kaempferol by 125% (Figure 5).

Microscopy of V. faba
Light microscopy

Under light microscopy, the micrograph of
the stem of V. faba at 10X showed a well-arranged
ring of vascular bundles. The pith cavity or central
canal was also visible at 40X. Additionally, well-
organized hexagonal cells, such as pith cells,

appeared at 60X in healthy or control plants (Figure
6). Similar structural features were observed in
the control plant treated with PGPR (Figure 6).
In contrast, As-treated plants showed increased
lignification in the cells, and the micrograph
showed that cells retained more stains. The pith
cavity broadened and morphologically cells were
undefined (Figure 6). However, the plants treated
with the combination of both showed organized
vascular bundles, well-defined pith cavities, and
morphology of the pitch cells (Figure 6).

TEM

TEM analysis of the leaf from a healthy
control plant showed typical mature cells with
well-defined, elongated chloroplasts, organized

10 | = Control 0.16 - 0.7 -
" u PGPR only 0.14 - 0.6 -
1 mAs-treated 0.12 -
As+PGPR 01 0.5 -
6 - 0.4 -
0.08 -
41 0.06 - -l
: 0.04 - 0.2 1
0.02 - 0.1
0+ 0 - 0 -
Total Phenolic Compounds Gallic Acid Protocatechuic Acid
0.6 0.2
0.5 -
0.4 - 0.15 -
0.3 - 0.1 -
0.2 -
0.1 1 0.05 -
0 4
Chlorogenic acid 0 0
Caffeic acid Ferulic acid
035 1 0.06 - 0.002
0.3 0.08
0.25 - ! 0.0015 -
0.2 0.04 -
0.15 0.03 - L 0.001 -
0.1 0.02 - 0.000S
0.05 0.01 - )
0 0 - 0 -

Rutin

Quercetin

Kaempferol

Figure 5. Effects of different treatments on total phenolic content and specific phenolic compounds in V. faba plants.
Bar graphs display mean values (xStdev) for total phenolic compounds, gallic acid, protocatechuic acid, chlorogenic
acid, caffeic acid, ferulic acid, rutin, quercetin, and kaempferol under four treatment conditions: Control (blue),
PGPR only (orange), As-treated (gray), and As + PGPR (yellow). Data are presented as mean + Stdev
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As- Treated PGPR- Only Control

As + PGPR

Figure 6. Light micrograph of V. faba stem. a- stem morphology at 10X; b & c- vascular bundles and pith cavities at

40X; d- cell shape and structure at 60X magnifications

in an ellipsoid shape. These chloroplasts exhibited
closely stacked thylakoids and contained numerous
large starch vacuoles. Additionally, well-developed
mitochondria were observed in the selected leaf
region (Figure 7a). In the control plant treated with
PGPR, the chloroplasts showed well-organized,
stacked thylakoids and larger starch vacuoles
(Figure 7b). In contrast, the As-treated plant
showed poorly defined chloroplasts, lacking starch
vacuoles, its mitochondria appeared swollen and
faint (Figure 7c). However, plants treated with
both arsenic and PGPR exhibited well-organized
chloroplasts containing starch vacuoles, with
mitochondria showing signs of recovery (Figure
7d).

DISCUSSION

The majority of culturable arsenic (As)-
resistant plant growth-promoting (PGP) bacteria
have been isolated from soil, the rhizosphere of
mangrove ecosystems, domestic wastewaster and

industrial wastewater.®”! In Contrast, this study
successfully isolated and characterized an As-
resistant plant growth-promoting rhizobacterium
(PGPR), P. putida strain CKVF1, from the rhizosphere
soil of V. faba L. plants cultivated at the botanical
gardens of M.J.P. Rohilkhand University, Bareilly,
India. Among five bacterial isolates, CKVF1
demonstrated remarkable tolerance, thriving
even at As concentrations as high as 750 ppm.
This finding is significant given the increasing
prevalence of As contamination in agricultural soils,
particularly in regions relying on arsenic-laden
groundwater for irrigation.® The characterization
of CKVF1 included a series of physiological and
biochemical tests, which confirmed its identity
as P. putida. Molecular identification through
16S rRNA gene sequencing further validated
this classification, with the sequence deposited
in the GenBank database (accession number
OR921377). This aligns with previous studies that
have identified Pseudomonas species as effective
PGPR capable of enhancing plant growth and
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Ca

s,

e e

Figure 7. Ultrastructure of V. faba leaf under TEM. a- control; b- PGPR-only; c- As-treated; and d- As + PGPR; M-
mitochondria; Chl- chloroplast; Th- thylakoids; St- starch vacuole; and Pg- plastoglobuli

mitigating stress.”>”® The study demonstrated that
arsenate exposure leads to significant physiological
and biochemical stress in V. faba, as evidenced by
stunted growth, yellowing of leaves, and reduced
chlorophyll content.” These symptoms are
indicative of oxidative stress, which is a common
response to heavy metal toxicity. The increase
in MDA level further confirms lipid peroxidation
resulting from oxidative damage due to As
treatment.” Elevated proline levels in arsenate-
treated plants suggest an adaptive response to
osmotic stress, while the activities of antioxidant
enzymes such as catalase, guaiacol peroxidase,
ascorbate peroxidase, and superoxide dismutase
were significantly altered, indicating an attempt
by the plants to counteract oxidative stress.”®””
Studies have shown that P. putida can enhance
plant growth and alleviate stress caused by heavy
metals, including arsenate, through various
mechanisms. For instance, the presence of the

arsH genein P. putida has been linked to increased
tolerance against oxidative stress induced by
arsenic compounds, suggesting a role in protecting
cellular integrity under such conditions.”®

Additionally, the application of PGPR
like P. putida has been demonstrated to improve
physiological responses in plants facing abiotic
stressors, reinforcing the importance of microbial
interactions in plant health.” The enhancement
of antioxidant enzyme activities in PGPR-treated
plants further supports the notion that these
bacteria can effectively scavenge reactive oxygen
species and mitigate oxidative damage.”

PGPR can employ several mechanisms
to detoxify heavy metals like As, aiding in plant
resilience and health. One key mechanism involves
enhancing the antioxidant activity of plants by
upregulating enzymes such as CAT, GPx, APx, and
SOD, which scavenge reactive oxygen species
(ROS) generated during heavy metal stress,
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thereby reducing oxidative damage to cellular
components.®’ PGPR also induce stress-responsive
pathways, modulating signaling molecules
like nitric oxide to further bolster antioxidant
defenses.®! Additionally, PGPR produce secondary
metabolites that chelate heavy metals, reducing
their bioavailability and toxicity in plants while
promoting nutrient uptake and overall plant
health.82# Arsenic’s toxicity disrupts cellular
energy production by interfering with aerobic
phosphorylation, a critical process for generating
ATP. Due to their structural similarities, arsenic
competes with phosphate in ATP formation.
However, the resulting adenosine diphosphate-
arsenate is unstable and readily hydrolyzes,
preventing efficient energy storage. This leads to
reduced net ATP production, disrupting energy-
dependent cellular processes and inhibiting
sulfhydryl-containing enzymes involved in energy
metabolism. This interference with energy
metabolism affects cell viability and overall
organismal health

The findings from this study align with
these mechanisms, as P. putida CKVF1 significantly
enhanced the antioxidant defenses of V. faba under
arsenate stress. The observed increases in
antioxidant enzyme activities in CKVF1-treated
plants indicate effective mitigation of oxidative
stress caused by arsenic exposure. Moreover,
CKVF1improved plant growth parameters, restored
nodulation, and preserved cellular integrity,
demonstrating its role in enhancing nutrient
uptake and promoting overall plant health under
heavy metal stress. These results are particularly
relevant given the increasing soil contamination
with heavy metals due to anthropogenic activities,
which threaten agricultural productivity and food
safety.>* By leveraging such beneficial microbes,
sustainable agricultural practices can be developed
to mitigate heavy metal toxicity and improve
crop resilience. Arsenic’s toxicity disrupts cellular
energy production by interfering with aerobic
phosphorylation, a critical process for generating
ATP.® Due to their structural similarities, arsenic
competes with phosphate in ATP formation.
However, the resulting ADP-As is unstable and
readily hydrolyzes, preventing efficient energy
storage leading to reduced net ATP production,
disrupting energy-dependent cellular processes
and inhibiting sulfhydryl-containing enzymes

involved in energy metabolism. This interference
with energy metabolism affects cell viability and
overall organismal health.

Mitigating arsenic (As) toxicity in plants is
essential forimproving agricultural productivity and
ensuring food safety, particularly in contaminated
regions. Various strategies, including agronomic
practices, can help reduce arsenic uptake and its
harmful effects on plant health. The amendment
of organic matter improves soil properties and
canimmobilize arsenic, while phosphate fertilizers
compete with arsenate for uptake sites, thereby
lowering arsenic availability to plants.??* These
approaches offer practical means to decrease
arsenic absorption, contributing to safer crop
production and enhanced soil health. Building
on the importance of agronomic practices in
mitigating As-toxicity, nitric oxide (NO) has also
been shown to play a crucial role in enhancing
plant defense mechanisms against As-induced
oxidative stress. In plants such as V. faba, NO
acts as a signaling molecule that stimulates the
antioxidant system, leading to increased activities
of enzymes like SOD, CAT, and APX. These enzymes
help scavenge ROS generated by As-exposure,
thereby reducing cellular damage and maintaining
redox balance.?**

The study also highlighted the significant
impact of arsenate on nodulation in V. faba.
Nodulation is critical for nitrogen fixation
and overall plant health; thus, the observed
improvement in nodulation with the application
of P. putida CKVF1 suggests that this PGPR not
only enhanced plant resilience but also promoted
beneficial symbiotic relationships with nitrogen-
fixing bacteria. This aspect is particularly important
for improving soil fertility and crop yield in arsenic-
contaminated areas, as effective nodulation
can significantly enhance nitrogen availability
to plants, thereby supporting their growth and
productivity in challenging environments.?

The ability of CKVF1toimprove nodulation
under arsenate stress underscores its potential
role as a bio-stimulant in agricultural practices,
especially in regions where soil contamination
poses a threat to crop production. By fostering
beneficial interactions between plants and
nitrogen-fixing bacteria, CKVF1 can contribute
to sustainable agricultural practices aimed at
enhancing soil fertility and crop resilience in
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arsenic-affected areas. This finding aligns with
previous research that emphasizes the importance
of PGPR in enhancing nodulation and nitrogen
fixation, which are vital for maintaining soil health
and agricultural productivity.2>2¢

The microscopic analysis of V. faba L.
provided compelling evidence of the structural
and ultrastructural impacts of arsenate stress
and the protective role of P. putida CKVF1. Light
microscopy revealed significant disruptions in
the vascular tissues of arsenate-treated plants,
including reduced cell size, disorganized vascular
bundles, and damaged parenchyma cells. These
anatomical changes are indicative of impaired
water and nutrient transport, which likely
contributed to the stunted growth observed in
arsenate-exposed plants.?”# |n contrast, CKVF1-
treated plants exhibited well-organized vascular
tissues and larger cell sizes, suggesting that PGPR
application mitigates arsenic-induced damage by
promoting tissue integrity and functionality.

Transmission electron microscopy (TEM)
further highlighted the ultrastructural damage
caused by As stress. As-treated plants displayed
swollen chloroplasts with disrupted thylakoid
membranes, unevenly shaped mitochondria, and
increased vacuolation, all of which are hallmarks
of oxidative stress and cellular dysfunction.889
These changes compromise photosynthetic
efficiency and energy metabolism, exacerbating
the negative effects of arsenic toxicity. However,
CKVF1 treatment preserved organelle integrity,
as evidenced by well-structured chloroplasts with
intact thylakoid arrangements and functional
mitochondria. This preservation is critical for
maintaining photosynthesis and energy production
under heavy metal stress.®! The microscopic
findings also align with biochemical analyses
that showed reduced MDA levels and normalized
antioxidant enzyme activities in CKVF1-treated
plants, indicating alleviation of oxidative damage.
The restoration of nodulation in PGPR-treated
plants further underscores CKVF1’s role in fostering
symbiotic relationships with nitrogen-fixing
bacteria, which is vital for nitrogen acquisition
and soil fertility in contaminated environments.8>2¢
These structural and ultrastructural improvements
highlight the multifaceted benefits of P. putida
CKVF1 in mitigating arsenic toxicity through

enhanced cellular resilience and biochemical
homeostasis.

Overall, the integration of light and
electron microscopy findings provides a
comprehensive understanding of how CKVF1
mitigates heavy metal stress at both anatomical
and subcellular levels. These results emphasize
the potential application of PGPR as a sustainable
strategy to enhance plant health and productivity
in arsenic-contaminated soils.'”%?

One potential pathway for arsenate
bioremediation in V. faba could involve bio-
volatilization, as CKVF1 demonstrated significant
mitigation of the harmful effects associated
with arsenic exposure. Bio-volatilization, a
process where As is converted into volatile
forms by microbial activity, has been proposed
as an effective detoxification mechanism in
contaminated soils.?%

Additionally, CKVF1’s ability to enhance
antioxidant enzyme activities, such as CAT, GPoX,
and superoxide dismutase SOD, suggests its role
in reducing oxidative stress caused by arsenic-
induced ROS.81%:%

Exploring how CKVF1 interacts with
other plant systems and soil microbiomes could
provide insights into its broader applicability for
improving crop resilience and productivity in
arsenic-contaminated environments. This aligns
with previous studies highlighting the importance
of PGPR in enhancing plant growth, nutrient
uptake, and stress tolerance under heavy metal
contamination.®” Further research into CKVF1’s
molecular mechanisms, including its potential
for bio-volatilization and other bioremediation
pathways, could pave the way for innovative
strategies to manage soil contaminants effectively
while ensuring agricultural sustainability.%®°

CONCLUSION

The present study on P, putida strain CKVF1
reveals its significant potential as a plant growth-
promoting rhizobacterium for combating As-
toxicity and enhancing crop resilience. To maximize
its applications, several research directions can
be pursued viz., investigating the genetic basis
of CKVF1’s As-tolerance, examining CKVF1’s
synergistic relationships with other beneficial
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soil microorganisms to understand its broader
impact on soil ecosystem health, conducting field
trials across various As-contaminated agricultural
regions in India to validate its effectiveness in
diverse real-world conditions, assessing CKVF1’s
bio-volatilization capabilities and nutrient uptake
enhancement across different crop species, and
developing scalable bioformulations to facilitate
widespread agricultural application. CKVF1-
based approaches may offer a sustainable and
environmentally considerate means to support
soil fertility and crop productivity in As-affected
areas, although additional studies would be
necessary to better understand their long-term
impact on sustainable agriculture. This microbial
strategy could significantly contribute to India’s
food security goals while promoting healthier
agroecosystems and reducing dependence on
chemical interventions.
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