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ABSTRACT

Background. Lead (Pb) contamination in agricultural soils is a growing concern, particu-
larly in South and Southeast Asia, where root vegetables such as garlic and ginger are die-
tary staples. The primary sources of Pb in these regions include industrial discharge, mining
activities, the excessive use of phosphate fertilizers, and atmospheric deposition. Pb dis-
rupts plants’ physiological functions, that is, photosynthesis and nutrient uptake. It also
enters the food chain, posing chronic health risks to human beings. Garlic (4//ium sativum
L.) is widely used for its culinary and medicinal value and remains especially susceptible
to heavy metal accumulation in contaminated soils. This study investigates the potential of
rhizospheric fungus (4spergillus terreus) to mitigate Pb-induced stress in garlic, with a
focus on enhancing agronomic traits and minimizing the health hazards associated with
contaminated produce.

Method. Garlic plants were exposed to four treatment groups (control, rhizo-fungi alone,
Pb stress (30 ppm), combined Pb stress (30 ppm) with rhizo-fungi inoculation). The exper-
iment followed a randomized complete block design (RCBD) with three replicates per
treatment.

Results. Pb exposure led to significant reductions in physiological parameters, including
root and shoot length, fresh and dry weight, seed germination, and relative water content
(RWC). Electrolyte leakage increased under Pb stress, indicating membrane damage. How-
ever, co-application of rhizo-fungi improved these physiological traits, that is, 18% in-
crease in shoot length, 20% improvement in RWC, and 15% reduction in electrolyte leak-
age, as compared to Pb-treated plants. Biochemical analysis revealed a decline in
cholorphyll and carotenoid levels under Pb stress, while rhizo-fungi inoculation enhanced
the chlorophyll content by 25%, confirming its role in restoring photosynthetic efficiency.

Conclusion. This study highlights the potential of symbiotic rhizo-fungi to mitigate Pb
stress in garlic, improving both growth and biochemical parameters. The findings suggest
that rhizo-fungi is an effective bio-remediating agent, enhancing crop resilience in contam-
inated soils.

Keywords: Allium sativum L., bioremediation, chlorophyll, electrolyte leakage, garlic,
heavy metal, lead stress, rhizo-fungi, sustainable agriculture
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Highlights

e To evaluate the effects of lead (Pb) stress on the growth and physiological parameters

of Allium sativum L. (garlic).

e To identify and characterize the rhizospheric fungus Aspergillus terreus isolated from

Pb-contaminated soil.

e To assess the potential of 4. ferreus in mitigating Pb-induced stress in garlic by ana-
lyzing its biochemical and agronomic parameters.

GRAPHICAL ABSTRACT

Rhizofungus
(Aspergillus terreus)

Pb stress

1. INTRODUCTION

Heavy metals (HMs) are naturally oc-
curring elements found in the Earth’s crust.
However, their extreme release into the en-
vironment due to industrial, agricultural,
and technological activities significantly
disrupts the geochemical cycles [1]. These
disruptions entail environmental pollution
and contamination, especially of the agri-
cultural soil types, and also threaten plant
health, soil quality, and human welfare [2].
In many parts of South and Southeast Asia,
lead (Pb) contamination of agricultural
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soils is a growing concern due to industrial
effluents, urban runoff, and excessive use
of phosphate fertilizers [3]. Root crops in-
cluding garlic (4/lium sativum L.) and gin-
ger (Zingiber officinale) are widely culti-
vated and consumed in these regions, espe-
cially as essential components in daily
cooking [4]. Due to their underground
growth habit, these crops are highly vulner-
able to heavy metal uptake. The consump-
tion of Pb-contaminated vegetables poses a
serious health risk, particularly through di-
etary exposure, and may lead to neurotoxi-
city and chronic disorders in human beings
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[5]. Other factors, such as the leaching of
metals from their geographical environ-
ment, also influences their higher levels in
ecosystems [6].

Of all the toxic metals, Pb is one of the
most dangerous because of its ubiquity and
residential harmlessness at low concentra-
tions. Pb toxicity has been well known to
result in multi organ dysfunction in hu-
mans. It also causes neurotoxicity. Pb is
among the most dangerous heavy metals af-
fecting the human population [7]. In plants,
its hazardous effects include the decrease in
photosynthesis and nutrients absorption, as
well as metabolism leading to chlorosis,
low seed germination, and low crop yield

[8].

The bioremediation technique has
emerged as the cost effective, eco-friendly
method of eliminating heavy metals. Ac-
cording to its definition, bioremediation is
a process which utilizes microorganisms,
such as bacteria and algae, and macro-or-
ganisms, such as plants and fungi, to man-
age detrimental pollutants in the environ-
ment [9]. Among the given agents, rhizo-
fungi (a group of fungi that attaches to
roots) plays an essential part in plant
growth and tolerance to heavy metals.
These fungi enhance the acquisition of nu-
trients while reducing the toxic impact of
pollutants, such as Pb, by establishing a
mutual relation with plant roots [10].

Allium sativum L. (commonly known
as garlic) is a crop of significant economic
and medicinal importance that is well-en-
dowed with resilience to oxidative stress
and heavy metal toxicity [11]. However,
under lead stress, it exhibits slower growth,
chlorophyll breakdown, and consorted ef-
fect on most physiological processes [12].
As such, it is expected that the symbiotic
rhizo-fungi may assist it in alleviating Pb
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impact and enhancing its tolerance of Pb
stress.

2. MATERIALS AND METHODS

2.1. Experimental Design and Plant Ma-
terial

An experiment was conducted at the
Department of Botany, University of
Swabi, Khyber Pakhtunkhwa, Pakistan in
October 2022. Allium sativum L. (garlic)
seeds were sourced from a certified market
in Swabi, KPK. The study followed a ran-
domized complete block design (RCBD)
with four treatment groups; each replicated
three times. Each replicate consisted of a
pot containing five seeds, totaling twelve
pots for the entire experiment.

2.2. Rhizo-Fungal Strain Source

Symbiotic rhizo-fungi were obtained
from the Plant-microbe-interaction (PMI)
Lab of Abdul Wali Khan University, Mar-
dan. It was insulated from the rhizosphere
of Parthenium hysterophorus L. grown in
Pb-contaminated soil. The fungal species
was screened beside various concentrations
of Pb in Czapek media and identified as As-
pergillus  terreus  (Accession  No.
KT310970.1).

2.3. Treatment Groups and Growth Con-
ditions

A total of twelve pots were used, with
each pot containing five garlic seeds. Seeds
were sown at a depth of 0.5 cm in the soil.
While, pots were maintained in a controlled
growth chamber at the Department of
Botany, University of Swabi. Growth con-
ditions were set at 25 + 2°C temperature,
60-70% humidity, and a 12-hour light/dark
photoperiod. The experiment consisted of
four treatment groups: (1) control (un-
treated), (2) rhizo-fungi only (4. terreus at
10° spores/ml), (3) Pb only (30 ppm lead

BioScientific Review
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nitrate solution), and (4) Pb with rhiz-
ofungi (combined 30 ppm Pb and rhizo-
fungi).

Each treatment was replicated three
times using RCBD. A total of twelve pots
(three per treatment) were arranged ran-
domly under controlled conditions (25 +
2°C. 60-70% humidity, 12/12 h light/dark).
The experiment lasted 30 days, during
which the plants were watered with deion-
ized water as required.

Table 1. The Treatments and Fungal Inoc-
ulation Under Stressful Conditions

Treatments pug/mL
Control No treatment
l;ungl (Rhizo- 10° spores/mL
ungus)

Pb 30 ppm
Pb+Fungi 30ppm+Fungi

2.4. Chemicals and Reagents

All analytical grade chemicals and re-
agents used in this study were purchased
from reputable suppliers. Lead nitrate
(Pb(NO3)2), used to induce Pb stress, was
obtained from Sigma-Aldrich (Germany).
Acetone (> 99.5%), sodium hydroxide
(NaOH), aluminium chloride (AICl3), and
sodium nitrate (NaNO;) were purchased
from Merck (Germany). All solutions were
prepared using deionized water.

2.5. Morphological
Measurements

and Agronomic

The following agronomic factors were
noted at the end of the 30-day growing
phase. A basic ruler was used to measure
the shoot length and root length. A digital
balance was used to measure the fresh
weight as soon as the plant material was
harvested. Moreover, it was dried in oven
set at 72°C for 72 hours to determine the
dry weight.

Department of Life Sciences

2.6. Biochemical Analysis

Biochemical parameters were meas-
ured to assess the impact of Pb stress and
rhizo-fungi inoculation on plant physiol-
ogy.

2.6.1 Chlorophyll Content. The pro-
cedure of [11] was used to measure the
amount of chlorophyll present. A total of 4
ml of 80% acetone (w/v) were added to 0.5
g of fresh leaf samples, which were then in-
cubated at room temperature in the dark. To
obtain a clean supernatant for chlorophyll
analysis, the mixture was centrifuged for 5
minutes at 2000 rpm. A spectrophotometer
was used to detect the absorbance of chlo-
rophyll A and B at 645 and 663 nm respec-
tively, in comparison to an 80% acetone
blank. The following formulas were used to
determine the amounts of chlorophyll:

Chlorophyll A mg/g fresh weight of
(12.7*A663)—(2.69*A645)

Chlorophyll B mg/g fresh weight of
(22.9*A645) - (4.68*A663)

2.6.2 Carotenoid Content. The
method of [13] was used to assess the con-
tent of carotenoids. A total of 4 ml of 80%
acetone was used to homogenize 1 g of
fresh plant tissue. An Eltek cooling centri-
fuge was used to whirl the crushed material
for 20 minutes at 13000 rpm at 4°C. The
chlorophyll content was examined using
the plant extract supernatant. At 480 and
510 nm respectively, the supernatant’s ab-
sorbance was measured using the following
formula:

A480 + (0.114 x A663 - 0.638 x A645)

2.6.3 Flavonoid Content. The process
of [14] was used to quantify the flavonoid
content of fresh leaves. After centrifuging
the ground leaves, 1.25 ml of distilled water
and 250 pl of the supernatant were mixed
together in a test tube. Subsequently, 500 pl
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of IM NAOH, 150 ul of 10% AICl;, and 75
pl of 5% NaNO; were added to the mixed
solution. Following a 10-minute incubation
period, 275 ul of distilled water was added
to the test tube. Then, the sample’s optical
density (OD) was measured using a spec-
trophotometer at 415 nm in comparison to
an 80% methanol blank.

2.6.4 Relative Water Content
(RWCQ). The relative water content was de-
termined according to the method of [15].
Immediately after harvesting, the fresh
weight (FW) of leaves was measured. The
leaves were then immersed in distilled wa-
ter for 4 hours to obtain the turgid weight
(TW). Subsequently, the leaves were oven-
dried at 60°C for 24 hours to determine the
dry weight (DW). The RWC was calculated
using the following formula:

RWC (%) = [FW-DW)/(TW-DW) * 100

2.6.5 Electrolyte Leakage (EL). Us-
ing the technique described by [16], fresh
leaves with a diameter of 0.5 cm were cut
from completely grown leaves (five plants
for each variety). To remove surface-ad-
hered electrolytes, the samples underwent
three rounds of washing in deionized water.
Leaf discs were incubated at 10°C for 24
hours after being placed in closed tubes
with 5 ml of deionized water. Afterwards, a
conduct meter GRYF 158 (GRYF HB, Ltd.,
Czech Republic) was used to measure the
solution’s initial electrical conductivity
(EC1). Following the release of all electro-
lytes through 20 minutes of incubation at
95°C in a water bath, the samples were al-
lowed to cool to 25°C and their final elec-
trical conductivity (EC2) was obtained.

Electrolyte leakage (EL) was calculated by
using the following formula:

EL = (EC1/EC2) x 100 (%).

83 ——|BSR

2.7. Statistical Analysis

Data analysis was performed using
IBM SPSS (version 25). All experiments
were repeated three times. To make the
study demonstrate a better statistical under-
standing, the Duncan multiple range test
and the one-way analysis of wvariance
(ANOVA) were applied to analyze for
treatment differences at the significance
threshold of p < 0.05. The graphs were plot-
ted using ORIGIN.

3. RESULTS
3.1. Identification of Rhizo-fungi

3.1.1 Morphological and Micro-
scopic Features. The isolated rhizospheric
fungus was morphologically characterized
as Aspergillus terreus. Fungal colonies ini-
tially appeared white and later developed a
dark olive-brown pigmentation with a vel-
vety to granular surface texture, typical of
A. terreus. The colonies measured approxi-
mately 4-6 cm in diameter after 7 days of
growth on Czapek-Dox agar at 28°C. Under
light microscopy, conidiophores were
smooth-walled, hyaline, and septate, termi-
nating in globose vesicles that bore chains
of round to slightly elliptical conidia. Hy-
phae appeared mostly septate and
branched. Fungal growth was tested in Pb
supplemented Czapek media (up to 100
ppm Pb (NO3)2) and growth was compared
against negative controls (media without
Pb) to confirm Pb tolerance (Figure 1).

3.1.2 Molecular Identification and
Phylogenetic Analysis. For the purpose of
determining the taxonomic position of the
isolated strain, ITS rDNA sequencing and
molecular phylogenetic analysis were per-
formed. The sequences obtained in the se-
quence end point for the samples were ana-
lyzed and compared with the GenBank se-
quence database to identify the genus or
species of the samples (GenBank accession

BioScientific Review
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no KT310979.1). After BLASTing it to
GenBank sequence, the NB strain was

searched up to species level and found to be
100% homologous to A. terreus (Figure 1).

NB

KT310979 1 Aspergillus terreus strain MSEFTS

KC506301.1 Fungal sp. AM2013 strain 147 JRmp

a
{ OMF55733.1 Neurospora tefrasperma strain CUIKXQIU-47(2)

OM7S55733 1 Neurospora tefrasperma strain CUIXQIU-47

MGEATE53.1 Aspergillus nomiae strain KG 21

MMN700028.1 Aspergillus nomiae strain F1

PPO70069 1 Aspergillus sp_ isolate 241

AMO20416.1 Penicilium chrysogenum Wisconsin 54-1255
C

KT278986.1 Trichoderma koningiopsis strain LESF360

Figure 1. The Colony Morphologies of the Isolated Rhizospheric Fungi at the Macroscopic
and Microscopic Scales. (c) The ITS rDNA Sequences of the Rhizospheric Fungal Strain
A terreus Used to Build a Phylogenetic Tree

3.2. Morphological and Agronomic Re-
sponses

3.2.1. Root Length. 4. sativum L. was
studied for root length under Pb treatment
and in the presence of 4. terreus. The effect
of the heavy metal (Pb) resulted in de-
creased root length when compared to the
non-stressed seedlings (Figure 2a). For in-
stance, the root length of the seedlings
grown in the contaminated pile of soil con-
taining 30 ppm of Pb was reduced by 16%,
as compared to stress free seedlings. None-
theless, the seedlings that were injected

Department of Life Sciences

with the fungus showed boosted growth,
with root length being higher by 8% as
compared to the control.

3.2.2 Shoot Length. Pb treatment de-
clined the shoot length of 4. sativum L.
(Figure 2b). The plants treated with rhizo-
fungi increased their shoot length by 15%,
as compared to the control. Conversely, Pb-
treated plants exhibited a reduced shoot
length by 9%. Similarly, plants exposed to
both Pb stress and rhizo-fungi improved
their shoot length by 3%, indicating the
beneficial role of growth promoting fungi.
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Figure 2: Rhizo-fungi Inoculation Effects on (a) Root Length and (b) Shoot Length of
Allium sativum L under Pb Stress. The Data Are Mean of Replicates with Standard Error

Bars (Duncan Test; p < 0.05).

3.2.3. Number of Leaves. Pb stress
poses an adverse impact on the number of
leaves in A. sativum L. (Figure 3a). The
plants treated with rhizo-fungi exhibited an
improved leaf count by 70%, as compared
to the control. However, the plants exposed
to Pb stress significantly reduced their leaf
number by 19%. When the plants were sub-
jected to both Pb stress and rhizo-fungi,
they increased their leaf count by 9%, indi-
cating a positive effect of the fungi on leaf

production.
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6.5
@60<
P55
2504
F4s5]
&
340
53.5<
= 3.0
S 251
2 20]
51.5<
Z 10
0.5+
0.0
S & <
s < X‘(

Q‘O

3.2.4. Number of Roots. Lead (Pb)
stress significantly reduced the number of
roots in A. sativum L., that is, plants treated
with rhizo-fungi enhanced their root count
by 3%, demonstrating a positive effect on
root development (Figure 3b). On the other
hand, plants exposed to Pb stress showed a
reduced root count by 52%, as compared to
the control. However, when the plants were
treated with both Pb and rhizo-fungi, they
showed improvement in their root length up
to 49%, as compared to the control.

(b) d

c

S
!

Number of roots (average)
o - N o & o«
T L ) ! L 1
& _
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_ 7

Figure 3. Rhizo-fungi Inoculation Effects on (a) Number of Leaves and (b) Number of
Roots of Allium sativum L under Pb Stress. The Data are Mean of Replicates with Standard

Error Bars (Duncan Test; p < 0.05).
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3.2.5. Fresh Weight. Pb stress signifi-
cantly reduced the fresh weight of 4. sa-
tivum L., as compared to the control (Figure
4). Pb-treated plants at 30 ppm showed a re-
duced fresh weight by 35%, representing a
decline from the control (Figure 4a). How-
ever, a combine application of 30 ppm Pb
and rhizo-fungi treatment improved the
plant’s biomass by 20%, as compared to the
control, showing the beneficial role of
rhizo-fungi in enhancing the plant’s bio-
mass in Pb-contaminated soil.
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o
1
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3.2.6. Dry Weight. A. sativum L. was
exposed to Pb stress to measure its dry
weight (Figure 4b). The dry weight was re-
duced upon exposure to Pb stress, when
compared to the control. The plants treated
with Pb stress declined in dry weight by
33%, which is significantly lower as com-
pared to the control. However, plants
treated with rhizo-fungi and Pb stress ex-
hibited an improved dry weight by 26%, in-
dicating a beneficial role in causing plants’
improved growth in Pb contaminated soil.

54
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© IS
L
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Figure 4. Rhizo-fungi Inoculation Effects on (a) Fresh Weight and (b) Dry Weight of 4/-

lium sativum L under Pb Stress. The Data are
(Duncan Test; p < 0.05).
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Figure 5. Rhizo-fungi Inoculation Effects on
Pb Stress. The Data are Mean of Replicates
0.05).
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3.2.7. Seed Germination. Pb stress level by 14%. On the contrary, plants
negatively affected seed germination in A4. treated with rhizo-fungi exhibited im-
sativum L. (Figure 5). Plants exposed to proved chlorophyll a level by 17% under Pb
Pb stress reduced their seed germination stress, as compared to control.

rate by 8%, which is significantly lower
than that of the control. In contrast, plants
inoculated with rhizo-fungi under Pb stress
showed an improved germination rate by
8%, indicating their positive effect and
confirming their role in mitigating the ad-
verse effects of Pb, thus resulting in im-
proved growth.

3.3.2. Chlorophyll B Content. Chlo-
rophyll b content in 4. sativum L. was
measured under Pb treatment in the pres-
ence of rhizospheric fungi using a spectro-
photometer (Figure 6b). The supreme chlo-
rophyll b content was observed in plants in-
oculated with rhizo-fungi by 11%, as com-
pared to the control. However, the plants
3.3. Biochemical Responses exposed to Pb stress revealed reduced chlo-

0,
3.3.1. Chlorophyll A Content. A sig- rophyll b content by 10%, as compared to
. .o S the control. These results confirmed that Pb
nificant reduction in photosynthetic pig- .

. . . exposure has a detrimental effect on chlo-

ments (Chl a) was noticed in garlic plants . . .
. . rophyll b content, while rhizo-fungi help to
undergoing high Pb stress (30 ppm), as mitigate Pb stress, promoting healthier pig-
compared to the control (Figure 6a). Pb g ' b £ P18

stress significantly reduced chlorophyll a ments levels in plants.
level in garlic leaves. Pb-treated plants at 30
ppm showed reduction in chlorophyll a

(b)

25+ d
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Figure 6. Rhizo-fungi Inoculation Effects on (a) Chlorophyll a and (b) Chlorophyll b of
Allium sativum L under Pb Stress. The Data are Mean of Replicates with Standard Error

Bars (Duncan Test; p < 0.05).

3.3.3. Carotenoid Content. Carote- 3.3.4. Flavonoids Content. The study
noid content was also negatively affected, also examined the effect of Pb stress on fla-
when exposed to Pb stress as compared to  vonoid content in 4. sativum L. and the mit-
the control (Figure 7a). Pb-treated plants igating role of rhizo-fungi (Figure 7b). The
exhibited reduced carotenoid levels by  findings showed that Pb stress significantly
10%, under 30 ppm Pb. However, the plants ~ enhanced the flavonoid content in 4. sa-
inoculated with rhizo-fungi under Pb stress  tivum by 41%, as compared to the control
enhanced the carotenoid content by 23%, as  (untreated plants). However, when treated

compared to the control. with rhizo-fungi, the flavonoid levels de-
creased by 15%, demonstrating the
87 BS P BioScientific Review
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former’s ability to mitigate the oxidative
damage caused by metal stress.
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Figure 7. Rhizo-fungi Inoculation Effects on (a) Carotenoids and (b) Flavonoids Contents
of Allium sativum L under Pb Stress. The Data are Mean of Replicates with Standard Error

Bars (Duncan Test; p < 0.05).

3.3.5. Electrolytes Leakage. Total
electrolyte leakage in 4. sativum L. under
Pb stress was measured, following the inoc-
ulation with rhizo-fungi (Figure 8a). The
plants exposed to Pb stress experienced re-
duced electrolyte conductivity (EC) by
89%, as compared to the control. However,
the plants treated with Pb stress and rhizo-
fungi experienced increased EC by 57%, as
compared to the control. These results con-
firmed that rhizo-fungi play a positive role
in enhancing EC under Pb stress.

3.3.6. Relative Water Content. Rela-
tive water content (RWC) is one of the

1204
@

100 4 d

EC (%)

> &
S

e <

parameters that describe the water state of
the plants, reflecting the balance of water
availability to leaf tissues and the rate of
transpiration. In this study, the ability of
rhizo-fungi to alleviate heavy metal stress
in terms of RWC was assessed (Figure 8b).
The results showed that plants exposed to
Pb stress exhibited a significant reduction
in RWC by 55%, as compared to the con-
trol. However, plants treated with a combi-
nation of Pb stress and rhizo-fungi in-
creased their RWC by 19%. These findings
suggest that rhizo-fungi can mitigate the
negative effects of Pb stress and enhance
water management in A. sativum L.
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g
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ure 8. Rhizo-fungi Inoculation Effects on (a) Electrolyte Leakage (EC) and (b) Relative
Water Content (RWC) of Allium sativum L under Pb Stress. The Data are Mean of Repli-
cates with Standard Error Bars (Duncan Test; p < 0.05).
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4. DISCUSSION

This study examined the influence of a
heavy metal (lead or Pb) on the growth
characteristics and biochemical attributes
of A. sativum independently and concur-
rently, as well as the role of the rhizofungus
A. terreus in mitigating Pb stress. For this
purpose, the screened-rhizofungal strain
against Pb stress was obtained from the
Plant-microbe-interaction (PMI) Lab of
Abdul Wali Khan University, Mardan. The
isolates were characterized as 4. ferreus
based on the analysis of its internally tran-
scribed spacer (ITS) of rDNA. This strain
was obtained from the rhizosphere of P.
hysterophorus, which has been identified
for the various ecological roles it plays,
such as cytotoxic metabolites and antiviral
effects [17]. The current study showed the
potential of rhizo-fungi to mitigate Pb
stress in 4. sativum L. by showing its posi-
tive effects on plant growth and biochemi-
cal markers under Pb contamination.

Rhizospheric fungi mitigate heavy
metal stress in plants by releasing metabo-
lites that enhance stress tolerance. In the
current study, this fungal association ena-
bled the plants to withstand the effects of
Pb-contaminated soil. The co-application
of rhizo-fungi improved plant growth (root
length, shoot length, fresh and dry weight),
as compared to Pb-stressed plants. These
improvements were explicit in several key
mechanisms by which rhizo-fungi alleviate
heavy metal stress. Rhizo-fungi enhanced
nutrient uptake by increasing the root sur-
face area and facilitating the absorption of
essential nutrients, such as nitrogen and
phosphorus, which otherwise play a limited
role under Pb stress [8]. Furthermore, Pb
exposure caused a significant reduction in
chlorophyll a, chlorophyll b, and carotenoid
levels, which are crucial to maintain photo-
synthetic activity. Chlorophyll degradation
under Pb stress is acknowledged, since Pb
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alters the chloroplasts and reduces chloro-
phyll synthesis [18]. Despite this, plants
treated with rhizo-fungi experienced a tre-
mendous improvement in photosynthetic
pigments.

Another evidence of the protective role
of these fungi is the reduced flavonoids
content in the plants treated with them.
These were flavonoids with antioxidant
properties that helped to eliminate free rad-
icals formed under heavy metal stress; they
are usually induced under stress conditions
[2]. Since flavonoids with comparatively
elevated concentrations under Pb stress ex-
ist in rhizo-fungi, it may be generally con-
cluded that these fungi enhance plant en-
durance by strengthening antioxidant pro-
tection. It is also stated that fungi can in-
crease antioxidant enzyme activity, which
is responsible for ROS under heavy metal
stress [19]. It does more than maintaining
chlorophyll; it also increases the carote-
noids involved in the protection of plants
against oxidative stress.

Due to the effect of heavy metal on
plant cell walls the membrane becomes per-
meable and the level of electrolyte leakage
is raised. In this study, electrolyte leakage
(EL) increased with the incorporation of Pb
in plant tissues. Similarly, the accumula-
tion of heavy metals increased in plant tis-
sues and cells with the increase of metal
concentrations in soil [20] The main cause
of EL is relevant and accountable for K+
leakage from plant cells through cation that
proceed through the plasma membrane
[21]. The study further noted that pro-
grammed cell death (PCD) is due to ROS
ensuing from stress-induced EL. Under
stress, ROS enhances K* leakage through
guard cell outward-rectifying K* (GORK)
channels. Moreover, plant cells lose too
many K ions, which elevates the activity
of proteases and endonucleases and sup-
ports PCD. EL was enhanced in 4. sativum
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due to Pb at 30 ppm and further raised with
exposure time [22].

Among all the growth factors studied,
the RWC of the leaves played a significant
role with regards to minimizing stress from
heavy metals. The effects of nitric oxide in-
cluded water content through wall extensi-
bility, cell division, as well plant morpho-
logical factors including area, weight, and
the length of the leaves [23]. Furthermore,
the presence of 30 ppm of Pb reduced the
RWC value of A. sativum L., however,
treatment with rhizo-fungi increased the in-
dex of RWC in it, when exposed to toxicity.
This was shown previously in many studies
concerning bean seeds [24] and wheat
(Triticum aestivum L.).

The results of the current study have an
overall significance in understanding phy-
toremediation and sustainable agriculture.
The results indicated that rhizo-fungi,
which is capable of improving plant growth
and tolerance to heavy metal stress, might
be used as a useful tool to rehabilitate con-
taminated soils. Through increasing nutri-
ent assimilation, decreasing the hazardous
impacts of metal ions in plant system, and
raising plant biochemical mechanisms,
rhizo-fungi is an efficient and sustainable
approach to achieve higher crop yield in Pb
polluted areas.

4.1. Conclusion

This study demonstrated that lead (Pb)
stress negatively impacts growth, biomass,
pigment content, water status, and mem-
brane stability in Allium sativum L. How-
ever, inoculation with the rhizofungus As-
pergillus terreus significantly mitigates
these adverse effects. The co-application of
rhizo-fungi improved root and shoot
growth, enhanced chlorophyll and carote-
noid content, and reduced electrolyte leak-
age under Pb stress. The findings confirm
the potential of 4. terreus as an effective

Department of Life Sciences

bioremediation agent to enhance garlic tol-
erance in Pb-contaminated soils, in line
with the objectives of this study.
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