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Physiological and oxidative stress responses of
Solanum lycopersicum (L.) (tomato) when exposed

to different chemical pesticidest
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Pesticide overuse can have negative effects on developmental processes of non-target host plants. By

increasing reactive oxygen species (ROS) levels, pesticides negatively affect cellular metabolism, biochemistry

and physiological machinery of plants. Considering these problems, the current study was planned to assess
the effect of three different groups of pesticides, namely diazinon (DIZN), imidacloprid (IMID) and mancozeb

(MNZB) on Solanum lycopersicum L. (tomato). In general, pesticides resulted in a progressive decrease in

physiological and biometric parameters of S. lycopersicum (L), which varies significantly among

concentrations and species of pesticides. Among them, 200 pgmnzs mL™! had the most severe negative
impact and reduced germination rate, root biomass, chl a, chl b, total chlorophyll and carotenoids by 62, 87,
90, 88, 92 and 90%, respectively. In addition, higher doses of pesticides greatly reduced the flowering, fruit
attributes and lycopene content. Furthermore, plants exposed to 200 pgpizn mL™ showed a progressive

drop in root cell viability (54% decrease), total soluble sugar (TSS) (64% decrease) and total soluble protein
(TSP) (67% decrease) content. Data analysis indicated that greater doses of pesticides dramatically raised ROS
levels and induced membrane damage through production of thiobarbituric acid reactive substances
(TBARS), as well as increased cell injury. To deal with pesticide-induced oxidative stress, plants subjected to
greater pesticide dosages, showed a substantial increase in antioxidant levels. For instance, ascorbate

peroxidase (APX), catalase (CAT), superoxide dismutase (SOD), peroxidase (POD) and guaiacol peroxidase
(GPX) were maximally increased by 48, 93, 71, 52 and 94%, respectively following 200 pgmnzs MLt soil
exposures. Additionally, under a confocal laser scanning microscope (CLSM), pesticide exposed S.
lycopersicum (L) roots stained with 2',7'-dichlorodihydrofluorescein diacetate (2'7'-DCF) and 3,3'-
diaminobenzidine, exhibited an increased ROS production in a concentration-dependent manner. Further,

elevated pesticide concentrations resulted in alterations in mitochondrial membrane potential (A% ) and
cellular death in roots, as evidenced by increased Rhodamine 123 (Rhd 123) and Evan's blue fluorescence,

Received 30th December 2021
Accepted 1st February 2022

respectively. These findings clearly showed that applying pesticides in excess of permissible amounts might

induce oxidative stress and cause oxidative damage in non-target host plants. Overall, the current study
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1. Introduction

Chemical pesticides have become a significant feature in
contemporary agriculture for minimizing crop losses and
improving food output." The usage of these pesticides is
thought to be important in vegetable cropping systems to avoid
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indicates that a thorough and secure method be used before selecting pesticides for increasing production
of agronomically important vegetable crops in various agro-climatic zones.

disease and insect damage. Despite the fact that fungicides are
routinely employed throughout plant growth to promote crop
quantity and quality, they might be a major source of environ-
mental pollution, posing public health risks.> Pesticides have an
effect that is not restricted to the pathogenic organisms that are
being targeted. They also significantly harm the developmental
and reproductive systems of non-target species such as plants.
Fungicide overuse causes cellular oxidative damage in plants.?
Several studies have found that pesticide toxicity diminishes the
photosynthetic pigments,* increases reactive oxygen species
(ROS),” modifies antioxidant and detoxifying enzyme activity,®
and increases critical genes involved in the breakdown of
pesticides in non-target plants.”
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Apart from these, several chemical pesticide has been shown
to have a variety of negative effects in various agriculturally
important crop plant by-(i) reducing the pollen performance? (ii)
impairing the reproductive processes® (iii) disrupting the growth
and yield" (iv) retarding the germination rate and" disturbing
the morphological and physiological parameters.'” The stresses
induced by pesticides are reported to cause oxidative damage,
often contributing the toxicity as reactive oxygen species (ROS)
including H,0, (hydrogen peroxide), O, (superoxide) and OH’
(hydroxyl radical).” The chemical species created when oxygen is
incompletely reduced is referred to as reactive oxygen species
(ROS).* The ROS molecules are very hazardous and may oxidize
the majority of proteins, lipids, and nucleic acids, resulting in cell
death owing to lipid peroxidation, membrane degradation, and
enzyme deactivation.'®> According to reports, increasing the ratios
of nicotinamide adenine dinucleotide (NAD) and nicotinamide
adenine dinucleotide phosphate (NADP) interferes with electron
transport system (ETS) and raises adenosine triphosphate (ATP)
levels by causing changes in enzyme systems, resulting in
conservation of physiological machinery of plants. Furthermore,
pesticides administration has been shown to affect the effective
quantum yield of PS-II (PS-II) and maximum quantum efficiency
of PS-II (Fv/Fm) of plants.*®

Tomato (Solanum lycopersicum L.) is a commonly farmed
vegetable that has evolved into a model species for genetic
research on fruit quality, stress tolerance, and disease resis-
tance." It is a prominent horticultural crop with a global output
estimate of more than 120 million metric tonnes'® and a high
economic value across the world. Globally, tomato consump-
tion is steadily increasing as a result of the world's fast pop-
ulation growth. Tomatoes are eaten in a number of ways, like as
a vegetable, salad, fruit, ketchup, and chatni, among others.*
Despite the widespread use of pesticides, various fungal infec-
tions continue to cause major output losses in tomatoes across
the world.”* Among them, Alternaria solani (causing early blight
disease), Fusarium oxysporum (fusarial wilt disease) and Phy-
tophthora infestans (causing late blight disease) are major
phytopathogens causing huge losses in tomato yield.** Since,
tomato crop are susceptible to significant fungal infections,
a number of chemical pesticides including imidacloprid, hex-
aconazole, kitazin, mancozeb, diazinon, maneb and thiram etc.
have been widely utilized in agricultural systems to control the
fungus since 1931.>* These chemical pesticides act by killing
fungal cells after the mycelium has entered in to the paren-
chymatous tissues, and thus, stop the dispersion or infection
inside the plant organs.”® However, indiscriminate and irregular
application of these chemical pesticides often causes adverse
impact on soil properties as well as growth and yield of edible
crops including tomatoes. In this regard, several workers have
reported the harmful effect of pesticides on physiology and
biochemical features of S. lycopersicum (L.). For instance, a crop-
based research conducted by Shakir et al** showed that
different group of chemical pesticides (imidacloprid, alpha
cypermethrin, benzoate and emamectin) negatively affected the
various biometric parameters of S. lycopersicum (L.).

The current study, which used S. lycopersicum (L.) as a test
crop, was designed to address the important concerns
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connected with the administration of pesticides in vegetable
production. The main objectives of the current finding was to-(i)
assessing the biotoxic effect of chemical pesticides; diazinon,
imidacloprid and mancozeb on germination efficiency, bio-
chemical features (length and dry biomass) and leaf pigments
of S. lycopersicum (L.) (ii) evaluating the percent phytotoxicity,
survival percentage and tolerance indices of S. lycopersicum (L.)
cultivated in the presence of pesticides (iii) estimating the
flower parameter, fruit attributes and lycopene content in S.
lycopersicum (L.) exposed to varying concentrations of pesticides
(iv) determining the total soluble protein, soluble sugar and cell
viability of S. lycopersicum (L.) roots treated with pesticides (v)
assessing the responses of pesticides on stress biomarkers,
oxidative stress and antioxidant defense enzymes (SOD, POD,
CAT, APX and GPX) and (vi) evaluating the pesticide induced
ROS generation, cellular death and impairment in mitochon-
drial membrane potential (A% ,,) of S. lycopersicum (L.) root.

2. Materials and methods
2.1 Pesticide treatment and growth conditions

Healthy and uniform-sized seeds of S. lycopersicum L. (tomato)
were procured from local market. Surface sterilization of seeds
was done by dipping the seeds in 70% ethanol solution (for 3
min) and 4% sodium hypochlorite (NaOCI) (Hi-Media, Mumbai,
India) solution (for 3 min), six times rinsed with six separate
sterile water changes, and then dried at room temp. In earthen
pots containing 5.0 kg unsterilized alluvial sandy clay loam
soils, properly sterilized seeds (08 seeds per pot) were sowed. In
double distilled water (DDW), the tested pesticides; diazinon
(DIZN), imidacloprid (IMID) and mancozeb (MNZB) (Table 1)
for application were made. Each experiment was carried out in
triplicate (n = 5), with all treated and untreated pots set up in
a totally randomized block pattern. Then, 15 days after emer-
gence, pots were carefully trimmed, and three plants were
preserved in each pot. The experimental pots were kept in an
open field setting and watered with tap water on a daily basis.
The entire study was carried out over two years, and each trial
was repeated over a two-year period with the same or similar
treatment to evaluate data repeatability and accuracy.

2.2 Effect of pesticides on germination efficiency and
seedling vigor index

S. lycopersicum (L.) seeds were surface sterilized for three
minutes with a solution of 3 percent (w/v) NaOCl (HiMedia,
Mumbai, India), and then washed three times with DDW.
Radicle emergence of one millimetre (mm) was deemed
germinated seeds five days after sowing (DAS), and the germi-
nation percentage was measured as:

number of seeds germinated
total number of seeds

Germination (%) = x 100

The seedling vigor index was calculated using the percentage
of germination.”
Seedling vigor index (SVI) = [root length + shoot length] x %seed

germination

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Pesticides used
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Physico- Pesticides

chemical

properties Diazinon Imidacloprid Mancozeb

Common name Diazinon Imidacloprid Mancozeb

Chemical C1,H,,N,O3PS CoH;(CIN;0, C4HgN,S,;Mn-C,HgN,S,Zn
formula

Systematic 0,0-Diethyl-O-[4-methyl-6-(propan-2-yl)  N-{1-[(6-Chloro-3-pyridyl)methyl]-4,5- Manganese ethylenebis(dithiocarbamate)
IUPAC name  pyrimidin-2-ylJphosphorothioate dihydroimidazol-2-yl} nitroamide (polymeric) complex with zinc salt
Chemical family Organophosphate Chloronicotinyl Dithiocarbamate

Grade Commercial Commercial Commercial

CAS no. 333-41-5 138261-41-3 8018-01-7

Recommended dose

Appearance Colorless to dark brown liquid White, milky Grayish-yellow powder

Molecular 304.34 255.661 g mol 271.3

weight

Solubility H,0 H,0 H,0

Source Prijat Agrochemicals Prijat Agrochemicals Prijat Agrochemicals

1 G s

++

Chemical N"SN S CH, Cl N 7 —~NH iy Zn

structure M ||:|’ \ HN a HN o

YN =
H3C O \ () CH /,N O' W Y
(ONGZadls ®) =] =

2.3 Toxic effect of pesticides on biological (length and dry
biomass) and physiological parameters (leaf pigments) of S.
lycopersicum

S. Ilycopersicum (L.) plants raised in earthen pots added with
varying rates of tested pesticides were uprooted, properly
cleaned, oven-dried in a ventilated oven (Yorco, York Scientific
Industries, Pvt. Ltd India), and the dry matter was calculated. To
determine the photosynthetic pigments accumulated in pesti-
cides untreated/treated fresh foliage of S. lycopersicum, the
method of Arnon*® was used. By macerating fresh leaves in an

shoot or root length of control — shoot or root length of treatment

quantity of fruits/branch, fruit ripening, fruit diameter, fresh/
dry biomass, and moisture content of the fruits were recorded.

2.5 Percent phytotoxicity, survival and tolerance indices and
root: shoot length ratio of S. lycopersicumn

At harvest, the phytotoxic effect tested pesticides were evaluated
by means of percent phytotoxicity, tolerance and survival
indices and root and shoot length ratio. The percentage of
phytotoxicity was calculated according to Chou and Lin* as:

x 100

Phytotoxicity (%) =

80% acetone (Sisco Research Laboratory Pvt. Ltd, Mumbai,
India) concentration, the pigments were extracted (see ESI
sectionf).

2.4 Effect of pesticides on flowering and fruit attributes

At 70 DAS, the number of blossoms per plant was counted, and
the quantity of fruits produced by each plant was tallied at
various intervals. The average number of fruits per plant was
calculated by combining the number of fruits produced on each
plant and collected at different growth periods. At harvest,

© 2022 The Author(s). Published by the Royal Society of Chemistry

shoot or root length of control

Tolerance index (TI) was determined by the formula used by
Igbal and Rahmati.”®

root length (RL) of pesticide treatment

(TI) = % 100

RL of control treatment

2.6 Determination of total soluble protein (TSP)

Bradford's method® for determining total soluble protein (TSP)
concentration included utilizing Coomassie Brilliant Blue G-
250 (Sigma-Aldrich) as a dye and albumin (BSA; HiMedia,
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Mumbai, India) as a standard. Furthermore, for protein
measurement, the Bradford reagent (a combination of 13.3 g Cu-
acetate, 1.8 mL acetic acid; CH;COOH and 200 mL DDW) was
utilized. Fresh leaves (100 mg) were homogenized in a 1.0 mL
phosphate buffer (pH = 7.0) using a mortar and pestle. For
a period of 15 min, the crude homogenate was centrifuged (at
4000 rpm). The enzyme reaction mixture consisted of DW (2.0
mL), enzyme extract (20 pL) and Bradford reagent (0.5 mL). The
absorbance at 595 nm was measured (UV-visible spectropho-
tometer UV-2450, Shimadzu, Tokyo, Japan) using distilled water
as a blank and BSA (HiMedia, Mumbali, India) as a reference. The
following calculation was used to calculate total protein content:

Total soluble protein (mg g~! FW) = C x VIV, x W

C = linear regression equation is used to get the absorbance
coefficient (X = OD — 0.592/0.033), V = volume of phosphate
buffer, V, = volume of enzyme extract, W = plant weight.

2.7 Total soluble sugars (TSS)

The total soluble sugar concentration (TSS) was determined
using a slightly modified Shields and Burnett*® technique. With
the aid of a mortar and pestle, fresh and fragile plant organs (50
mg) were homogenized in liquid N and pulverized to powder.
After that, add 3.0 mL of 90% ethanol and incubate for 1 hour at
60-70 °C. In a volumetric flask, the extract was combined with
90% ethanol to make a final volume of 25 mL. A 1.0 mL aliquot
was combined with 1.0 mL phenol (5%) and 5.0 mL of sulphuric
acid (H,SO,4; Sisco Research Laboratory Pvt. Ltd, Mumbai,
India). The content of TSS was calculated as mg g ' FW by
taking the OD at 485 nm using glucose as reference.

2.8 Determination of lycopene content

Tomato fruits were detached from S. lycopersicum (L.) plants (at
harvest) grown in pot soils treated with different (0-200 pg
mL ") concentrations of each tested pesticides. Each fruit's
pulp was sliced from under the surface, and a total of 1.0 g of
sample was crushed in 2 mL DDW using a mortar and pestle.
For 1 hour, the tubes holding the materials were vortexed in
a water bath at 30 °C. Then, 8.0 mL of a hex-
ane : acetone : ethanol (2:1:1) combination was added to
each tube. The samples were vortexed right away and incubated
for 10 minutes at room temperature. Following that, 1 mL DDW
was added to each tube and vortexed. Samples were allowed to
stand for 10 minutes to separate stages. The absorbance was
then measured at 503 nm (UV-2450, Shimadzu, Tokyo, Japan).

2.9 Proline determination

Free proline accumulated in phyto-organs of pesticides treated S.
lycopersicum plants was extracted by homogenization in 3% (w/v)
sulphosalicylic acid, and measured using aninhydrin-based
colorimetric test as described by Bates et al®*' Using a mortar
and pestle, 500 mg of fresh samples were homogenized in 5.0 mL
of 3% sulphosalycylic acid, then, centrifuged at 4000 rpm for
30 min (Remi RM-12C Micro). The 1.0 mL acid ninhydrin
(prepared in 1.25 g of ninhydrin in 30 mL glacial acetic acid and
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20 mL 6 M phosphoric acid) and 1.0 mL glacial acetic acid
(HiMedia, Mumbai, India) were mixed along with the 1.0 mL
supernatant and the mixture was maintained in the oven for an
hour at 100 °C. After finishing the reaction in an ice bath, 2.0 mL
toluene was added and the mixture was maintained at room
conditions until two layers separated. The absorbance of the
higher colored layers was measured at 520 nm using UV-visible
spectrophotometer (UV-2450, Shimadzu, Tokyo, Japan). Using
a previously established standard curve, the concentration of free
proline was estimated.

2.10 Determination of thiobarbituric acid reactive substance
(TBARSS)

Using the technique of Hodges et al.*> with minor modifications,
in terms of thiobarbituric acid reactive chemicals (TBARSs), the
amount of lipid peroxidation products was determined. Using
a mortar and pestle, freshly detached pesticides untreated/
treated roots and shoots samples weighing 200 mg were
crushed in 3 mL of 0.25 percent (w/v) 2-thiobarbituric acid (TBA;
HiMedia, Mumbai, India) in 10% tri-chloroacetic acid (TCA;
HiMedia, Mumbai, India). Homogenate was heated to 95 °C for
30 minutes, then, promptly cooled in an ice bath before being
centrifuged for 10 minutes at 10 000xg. Nonspecific turbidity
was calculated by subtracting the absorbance at 600 nm from the
absorbance of supernatant at 532 nm. The amount of lipid per-
oxidation was calculated using TBARS.

2.11 Cellular injury analysis

To determine cell damage, membrane permeability in terms of
electrolyte leakage was evaluated in pesticide treated fresh root
and shoot tissues of S. I[ycopersicum using an electrical
conductivity meter as previously described by Lu et al.** Fresh
leaf and root portions of plants were placed in a boiling tube
with 20 mL of DDW and incubated overnight at 10 °C to
determine the amount. Freshly detached samples i.e. roots and
leaf (EC-I) and autoclaved (for 15 minutes at 120 °C) plant
samples (EC-II) had their electrical conductivity measured. Each
sample's cell damage was determined using a formula:

Cell injury = EC — I/EC — II x 100

2.12 Analysis of cell viability

The triphenyl tetrazolium chloride (TTC; Sigma-Aldrich) reduc-
tion procedure was employed to measure cell viability. Fresh
leaves and roots (0.2 g) were cultured for 24 hours at 32 °C in 0.6%
(v/v) TTC, phosphate buffer. Before extracting samples, they were
washed in distilled water with 95% ethanol for 4 hours at 65 °C.
The cell viability was estimated by measuring the absorbance at
490 nm and multiplying it by the absorbance/g of fresh weight.

2.13 Antioxidant enzymes determination in foliage of
pesticide treated S. lycopersicum (L.)

A-0.5 g freshly detached aerial parts (shoot samples) of pesti-
cides treated S. lycopersicum (L.) were homogenized in 50 mM

© 2022 The Author(s). Published by the Royal Society of Chemistry
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phosphate buffer having a pH value of 7.8 under cold condi-
tions after being pulverized with a mortar and pestle. The
homogenized mixture was centrifuged at 12 000xg for 10
minutes at 4 °C after being filtered through four layers of
muslin cloth. These prepared samples were used for the anal-
ysis of different antioxidant enzymes viz., ascorbate peroxidase
(APX; 1.11.1.11), guaiacol peroxidase (GPX, EC 1.11.1.7), cata-
lase (CAT; 1.11.1.6), superoxide dismutase (SOD; 1.15.1.1) and
glutathione reductase (GR; 1.6.4.2) (refer to ESI{ section for
detailed descriptions).

2.14 Assessment of mitochondrial membrane potential,
ROS generation and cell death in root tissues of pesticide
treated S. lycopersicum

To assess the pesticidal damages (in the form of ROS produc-
tion, impairment in mitochondrial membrane potential and
cell death), the seedlings of S. lycopersicum were cultivated for
seven days on soft agar plates supplemented with 0-200 pg
mL ™" doses of DIZN, IMID and MNZB. For ROS generation, the
root samples were stained with 3,3’-diaminobenzidine (DAB;
Sigma-Aldrich) and 0.25 uM 2/,7’-dichloro-dihydro-fluorescein
diacetate (DCFH-DA; Sigma-Aldrich) for 15-20 minutes and
placed on a glass slide after being washed with PBS for several
times. Under CLSM (LSM-780, Leica Confocal microscope,
Zeiss, Oberkochen, Germany), dye stained root samples were
detected for increasing dead tissues as pesticide doses steadily
increased.

Furthermore, in order to assess the pesticide induced visual
changes in mitochondrial membrane potential of S. lycopersi-
cum (L.) roots, pesticide treated roots of plant seedling were
stained with 1.0 g mL™" of Rhodamine 123 (Rh123; Sigma-
Aldrich) for 30 minutes in the dark, and the photos were
captured using a fluorescence microscope (CLSM).**

The Evans blue staining technique, as reported by Shahid
et al."* was used to measure cell viability loss. Evans blue (0.25%
w/v; Sigma-Aldrich) dye was applied to pesticide-treated roots
for 15 minutes before being rinsed with DDW (for 30 minutes).
The CLSM was used to evaluate the samples in order to assess
cell death. The fluorescence intensity of the root tip, meriste-
matic zone, and elongation zone was quantified using the Leica
application suite (LASAF lite 2.6.0) software. As a function of
pesticide concentration on five roots (n = 5) per treatment, the
intensity counts were averaged and displayed as mean S.D.
LASAF lite's inbuilt histogram tool was used to measure three
channels for a single region of interest (ROI), as well as the
average intensity curves for three distinct root zones were
displayed.

2.15 Statistical analysis

All experimental trials were carried out in a randomized
fashion, with five replicates (n = 5) of each unique treatment.
The data for S. lycopersicum plants were combined, and the
mean separation among columns was calculated. The means
and standard deviation (SD) of three replicates (n = 5) of each
treatment are reported in all data. At p =< 0.05 significant level,
different letters indicate a significant difference in treatment. In

© 2022 The Author(s). Published by the Royal Society of Chemistry
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addition, using the Minitab 17 statistical tool, the least signif-
icant differences (LSD) between treatment means
computed using two-way analysis of variance (ANOVA) at p =
0.05.

was

3. Results and discussion

3.1 Pesticides hindered the seed germination efficiency and
vigor indices of S. lycopersicum (L.)

Germination is an important process in the life of every plant.
The uttermost and most crucial property of seeds is seedling
germination and vigor index. As a result, the most important
physiognomies of the seeds to be employed for cultivation are
seed germination and seedling vigor index. Seeds that germi-
nate quickly and aggressively in controlled circumstances are
likely to generate robust seedlings in the fields as well. Here,
germination efficiency of S. lycopersicum (L.) seeds planted in
soils treated with varied dosages of pesticides varies signifi-
cantly. Seeds planted under regulated (untreated) circum-
stances germinated to a maximally. Higher doses of test
pesticides had a maximum toxic effect, where, germination rate
was decreased by 60, 58 and 62% when soils exposed to 200 pg
mL " each of diazinon (DIZN), imidacloprid (IMID) and man-
cozeb (MNZB), respectively over untreated control (Fig. 1A). In
this regard, it has been discovered that delayed germination
after pesticide spraying is associated to a disturbed germination
metabolism. Similar to our study, increasing concentration of
chemical fungicide kitazin negatively affected the germination
efficiency of P. sativum both in in vitro and in vivo conditions.™
In another study, Rajashekar and Murthy® reported that as the
concentration of pendimethalin was increased, the percentage
of germination in Zea mays (L.) reduced dramatically.

3.2 Pesticides negatively affect the biological and
physiological features of S. lycopersicum (L.)

3.2.1 Length, dry biomass and leaf pigments. The analysis
of plant growth is an important step in understanding the
performance and productivity because it highlights the various
methods that plants use to thrive in environments where
certain characteristics are restricting. Under pesticide stress, S.
lycopersicum (L.) showed a varied level of biological response.
The lower concentrations of pesticides showed lesser toxic
effect which, however, increased with increasing doses (25-200
pug mL ™). As an example, root length of S. lycopersicum was
greatly reduced by 68, 46 and 71% when plants were cultivated
in the presence of 200 ug mL ™" of each DIZN, IMID and MNZB,
respectively, compared with control (Table 2). While comparing
the effect of all tested pesticides, the higher doses of mancozeb
had most deadly influence on growth features of tomatoes and
maximally reduced (55%) the shoot length (Table 2). Mishra
et al®® observed that high concentrations of the pesticide
dimethoate inhibited root and shoot growth of Vigna radiata.
The tested chemical pesticides may cause various disruptions in
some processes, including as nitrogen metabolism and photo-
synthesis, resulting in a reduction in plant development.
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Fig. 1 Effect of different concentrations of test pesticides on; germination rate (A), root dry biomass (B), shoot dry biomass (C) leaf pigments;
chlorophyll a and b (D) and total chlorophyll and carotenoid content (E) of Solanum lycoperscium plants grown in sandy clay loam soils treated
with different dosage of diazinon, imidacloprid and mancozeb. In this figure, bar diagrams represents the mean values of five replicates (n = 5).
Corresponding error bars represents standard deviation (SD) of five replicates (SD, n = 5).

Similarly, as pesticide concentrations were continuously
increased, dry biomass of S. lycopersicum (L.) significantly
decreased. As an example, a highest decrease of 81% (16.4 g per
plants to 3.1 g per plants) and 66% (25.6 g per plants to 7.4 g per
plants) in roots (Fig. 1B) and shoots (Fig. 1C) dry biomass of S.
Iycoperscium (L.) was recorded when exposed to 200 ugymzs mL ™"
over untreated control. While calculating the correlation between
the biometric parameters and biochemical features of pesticide
treated S. lycopersicum, root length and root biomass was posi-
tively (R> = 0.77) correlated (Fig. S1 panel At). The reduction in
dry biomass of S. lycopersicum (L.) crops following pesticides
application is most likely to occurs as a result of the alteration/
inhibition of several enzymes involved in growth expansion,
metabolism and physiological activities. Pesticides are generally
absorbed by plants through their root systems, from which they
are transported to aerial organs. Chemical pesticides are carried
to shoots via xylem or phloem, or directly to roots via phloem,
after being absorbed by roots. There may be an undeniable
decrease in the development of several plant organs following
pesticide absorption. The possible explanation for plant growth
loss might be the lack of soil organic and inorganic matter
(humic acids, fulvic acids etc.) as a result of pesticidal interrup-
tion. A similar study demonstrating the phytotoxic behavior of
greater pesticide concentrations on bio-features of tomato plants
cultivated in pot-house condition are reported.* Additionally, in
comparable crop-based trials, it was discovered that varied
pesticide concentrations had a detrimental impact on plant
height and dry phytomass of greengram (V. radiata L.) as well as
the growth parameters.”” Pesticides (alachlor, butachlor and
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oxyfluorfen) had a negative impact on the growth of groundnut
(Arachis hypogaea L.) by diminishing the height, fresh weight,
biomass, yield, seed features, and seed oil content at different
tested concentrations.*

Chlorophylls and carotenoids (photoreceptor pigments) are
essential in the synthesis of organic compounds like carbohy-
drates and proteins.** Plant chlorophyll concentration and
other photosynthetic pigments usually decline under abiotic
stress conditions. Chlorotoluron, (a herbicide) for example,
inhibited higher-order photosynthetic electron transport in
plants*® and interrupt the photosystem-II (PS-II) reaction centre.
In the photosynthetic pathway, one uracil-type herbicide
inhibits both the Hill reaction and PS-IL.** Here, leaf pigments
extracted from fresh S. lycopersicum (L.) leaf decreased contin-
uously with an independent rise in pesticide concentration.
Among tested pesticides, 200 pg mL ™' mancozeb maximally
declined the chl a and chl b content by 91 and 87%, respectively,
in comparison to the untreated (control) group (Fig. 1D).
Furthermore, the maximum applied doses of MNZB had the
greater negative effect and decreased the total chlorophyll (from
4.0 mg g ' FW to 0.32 mg g ' FW) and carotenoids content
(7.45 mg g ' FW to 0.65 mg g ' FW) which is 92% and 91%
reduction in terms of phytotoxicity (Fig. 1E). While calculating
the correlation between the biometric parameters and
biochemical features of pesticide treated S. Ilycopersicum,
a positive correlation was observed for root length and chl
a content (R* = 0.92) (Fig. S1 panel Bf), root dry biomass and
lycopene content (R*> = 0.79) (Fig. S1 panel Ct) and root dry
biomass and carotenoid (R* = 0.88) (Fig. S1 panel D). Similarly,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of varying tested concentrations of pesticides on biometric parameters (length and fresh weight), total soluble protein (TSP), total

soluble sugar (TSS) and lycopene content in S. lycopersicum (L.) plants grown in pot soil®

Biological features

Concentrations Length/plants (cm) Fresh weight/plants (g) Total soluble Total soluble
used protein sugar Lycopene (mg
Pesticides  (ug mL™) Roots Shoots Roots Shoots (mgg™) (mgg ' FW) kg ' FW)
Control 0 36.7 + 4.6 (a) 57.8 £ 6.8 (a) 16.4 £+ 5.0 (a) 25.6 £+ 7.2 (a) 28.4 £ 4.6 (a) 123 £ 21 (a) 12.0 + 2.3 (a)
Diazinon 25 34.2 + 2.3 (a) 56.0 + 8.9 (a) 15.2 & 5.3 (a) 25.3 + 6.7 (a) 27.0 + 3.8 (a) 119+ 6.7 (b) 10.3 £ 0.9 (b)
50 31.5 + 4.1 (b) 53.4 & 4.6 (b) 13.2 + 2.8 (b) 22.4 = 4.4 (b) 24.8 £ 2.7 (b) 113+ 9.8(c) 9.6+ 0.4(c)
75 27.2 +2.1(c) 49.4 + 4.1 (b) 11.6 £ 4.0 (¢) 19.3 £ 3.7 (b) 22.0 £ 3.5(b) 105+ 5.6(d) 9.0 £ 1.0 (c)
100 22.0 + 1.8 (d) 42.7 £ 3.6 (d) 9.3 £ 00 (d) 17.3 + 3.6 (c) 19.3 £ 2.2 (c) 97.4+7.7() 83+21(d)
150 17.6 £ 0.8 (f) 38.6 + 2.3 (e) 6.4 + 2.1 (e) 13.4+22(d)16.4+42(d) 923+48(f) 7.0+0.4(e)
200 11.8 +£1.1(2) 32.0 3.9 (f) 41+ 0.7 (f) 9.4+1.8(e) 132+ 1.7 86.2+7.1(g) 7.340.0e)
Mean 24.05 45.35 9.96 17.8 20.4 102 9.08
Imidacloprid 25 35.8 & 5.5 (a) 55.8 + 4.9 (a) 14.2 + 2.4 (b) 24.4 + 6.3 (a) 28.0 £ 7.2 (a) 121+ 9.6 (a) 115 + 1.2 (a)
50 33.2 + 4.7 (b) 51.0 + 7.8 (b) 11.3 & 4.3 () 21.5 & 5.2 (b) 27.0 + 5.4 (a) 118 £11(b)  10.0 £ 0.6 (b)
75 32.0+3.3(b)47.3+ 6.6 (c) 9.2 £ 1.3 (d) 17.2+3.4(c) 243 +23(b) 115+8.8(c) 9.7+ 0.87 (¢)
100 29.7 + 2.6 (c) 43.2 +5.8(d) 7.2 £ 0.8 (¢) 14.5+2.7(d)22.0+2.8(b) 111+7.6(c) 9.2+0.3(c)
150 25.4 +2.3(d) 39.0 £3.7 (e) 5.4 £ 1.3 (f) 11.4 £ 2.5 (e) 19.4 £ 00 (c) 104 £5.8(d) 8.4+1.1(d)
200 20.1+3.7(e) 34.0 £4.2 (f) 3.2+ 09  85+1.8 165+ 1.2(d) 992+ 4.8(e) 8.0+ 0.6 (e)
Mean 29.3 45.05 8.41 16.2 22.8 111.3 9.4
Mancozeb 25 34.0 + 5.7 (a) 53.8 + 8.2 (b) 13.2 £ 5.2 (b) 23.4 + 8.1 (a) 26.9 + 4.9 (a) 118.3 £ 12 (b) 11.0 £ 2.3 (a)
50 31.2 + 4.4 (b) 50.3 = 5.7 (b) 11.0 + 1.0 (c) 20.1 + 5.5 (b) 23.4 + 2.6 (b) 1142 £11(c) 9.3 +0.9 (c)
75 28.2+2.2(c) 46.4 £ 5.4 (c) 9.1 £2.3(d) 16.4+4.4(c) 21.4 £4.3(b) 106 £23(d) 9.2+ 0.4(c)
100 21.3+1.9(d) 41.0£6.0(d) 7.2 £ 0.8 () 13.24+3.9(d)17.4+2.6(d) 97.3+13(e) 8.3+ 1.0(d)
150 16.2 + 2.5 (f) 32.1 £ 2.0 (f) 5.2+ 1.2 (f) 10.2 & 4.4 () 13.2 + 0.8 (e) 863+ 16(g) 7.3+ 2.1(e)
200 10.8 & 1.8 (g) 26.6 = 2.8 (2) 3.1 £ 1.0 (g) 7.4 = 2.6 (f) 9.5 + 0.97 (f) 79.0 £ 10 (h) 6.0 & 0.4 (
Mean 23.6 36.7 8.1 15.1 16.9 100.1 8.51

“ Values are mean of three independent replicates. + indicates standard deviation.

Mourad et al.** found that applying systemic fungicide hex-
aconazole to Phaseolus vulgaris L. (French bean) reduced the
chlorophyll and carotenoid pigments. Pesticides have a negative
impact on the metabolic enzymes that produce chlorophyll and
carotenoids. As a result, it is likely that pesticides employed in
this study hindered the activity of photosynthetic carbon
reduction enzymes. The study of many photosynthetic pigments
and fluorescence characteristics in plants growing in pesticide-
stressed settings confirmed that photosynthesis light responses
are also extremely sensitive to chemical exposure. Likewise, in
a finding, Shakir et al.** stated that S. lycopersicum (L.) showed
negative response to leaf pigments and other growth attributes
when exposed to pesticides, and this could be related to
a stifling of photosynthetic rate translocation and a decrease in
chlorophyll concentration.

3.3 Percent phytotoxicity, percent, tolerance indices and
root to shoot length ratio of S. lycopersicum (L.) under
pesticide stress

While assessing the phytotoxicity (in terms of percentage), of
tested pesticides used here in the present study, it was observed
that greater concentrations had highest toxic effect on S. lyco-
persicum and among them mancozeb showed the most probable
adverse effect. For instance, a-89, 83 and 94% phytotoxicity to
plants was recorded when exposed to 200 pug mL™' of each
MNZB, IMID and DIZN, respectively compared with control
(Fig. 2A). Tolerance indices (TI) of S. lycopersicum plants were

© 2022 The Author(s). Published by the Royal Society of Chemistry

significantly decreased with increasing pesticide rates, con-
firming a negative interrelationship between the tested pesti-
cides and TI. The tolerance index of S. lycopersicum was
recorded up to 0.88, 0.75, 0.52, 0.38, 0.24, and 0.12 at 25, 50, 75,
100, 150 and 200 ug mL ™" of MNZB respectively, over untreated
control (Fig. 2C). Similarly, survival indices (SI) and root to
shoot length ratio of S. lycopersicum (L.) plants were decreased
in a pesticide dose related manner (Fig. 2B and D). Like this,
a significant decrease in such parameters was observed when
chickpeas were uprooted from soils contaminated with
increasing concentrations of neonicotnioid groups of
pesticides.**

3.4 Pesticides decreased the flower/fruit attributes of S.
lycopersicum (L.)

Pesticides are generally absorbed by plants through their root
systems, from which they are transported to aerial organs
(flowers and fruits). In terms of public health concern and
action, pesticide residues in food have historically fallen
considerably behind many related risks.*” Pesticide residue
contamination of food is a global issue with obvious ramifica-
tions for human health and international trade.*

Here, pesticide had a varying effect on the quantity of flowers
produced per plant and fruit attributes like number of fruits/
branch, number of fruits/plants, size of fruits and ripening
age of fruits. Overall, all pesticides showed a dose-dependent
reduction in floral and fruit characteristics. Mancozeb among

RSC Adv, 2022,12, 7237-7252 | 7243
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tested pesticides were shown to be more toxic to floral devel-
opment than diazinon and imidacloprid. For instance, man-
cozeb at 200 pg mL™" significantly decreased flower number
borne on per plants by 90% over those flowers formed on
untreated one (Table 3). All three pesticides significantly
decreased the number of tomato fruits per plant and each
branch. For instance, MNZB application among tested pesti-
cides had the maximum phytotoxic effect and decreased the
fruit number branch™?, fruit number branch™*, fruit size, fruit
fresh weight and fruit biomass by 67, 71, 66, 73 and 79% with
respect to untreated (control) plants (Table 3). While comparing
the influence of tested pesticide on fruit ripening of tomatoes,
the pattern of toxicity was observed in the order: MNZB > DIZN >
IMID (Table 3). While calculating the correlation between the
biometric parameters and biochemical features of pesticide
treated S. lycopersicum, root length and number of fruit/plants
(R* = 0.84) (Fig. S1 panel Et) and root dry biomass and fruit
biomass (R*> = 0.83) (Fig. S1 panel Et) showed a positive rela-
tionship. The decline or decrease in such indicators (flower and
fruit attributes) might be attributable to absorption and trans-
port of pesticides to aerial organs, eventually resulting in
cellular death. Pesticides interact with numerous cellular
systems after absorption, producing cellular damage and, in
certain cases, the destruction of entire plants, either gradually
or rapidly. This stifling of plant development might be caused
by a decrease of cellular turgor, which disrupts cell elongation.
Changes in biological components like as proteins, enzymes,
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and nucleic acids induced by ROS generation has been linked to
plant inhibition or cellular damage, in addition to injuries in
cellular tissues.*”

3.5 Pesticide decreases soluble protein, total soluble sugar
(TSS) and lycopene content in S. lycopersicum (L.)

The soluble protein (TSP) content in pesticide-stressed tomato
seedlings was found to be significantly decreased. Among the
tested pesticides, MNZB had the most negative impacts on
protein content where it reduced the TSP content by 66% over
untreated control (Table 2). The fact that the toxicant created as
a result of pesticide application delayed protein synthesis by
modifying cytochrome oxidase activity, limiting alternative
respiratory pathways, and producing succinate could explain
the drop in total soluble protein levels in response to pesticide
toxicity. Several stressors, including xenobiotics, have been
studied to see how they alter total protein concentration in
plants.”® The protein content of Vigna radiata L. (greengram)
was reduced after foliar spraying of chlorpyrifos pesticide.*
Pesticide treatment at higher than allowed dosages resulted
in a significant drop in sugar content, extracted from root
tissues of S. lycopersicum (L.). Because root tissues of plants act
as a sink for the buildup of soluble sugar generated by the
process of chlorophyll formation, a delay in this process
resulting in a decreased level of total soluble sugar. Plants
create phenolic chemicals in reaction to stress, which can slow
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Fig.2 Percent phytotoxicity (A), survival index (B), tolerance indices (C) and root shoot length ratio (D) S. lycoperscium plants exposed to varying
doses (0, 25, 50, 75, 100, 150 and 200 ug mL™?) each of diazinon, imidacloprid and mancozeb. In this figure, bar diagrams represents the mean
values of five replicates (n = 5). Corresponding error bars represents standard deviation (SD) of five replicates (SD, n = 5).
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Table 3 Effect of different concentrations of test pesticides on fruit attributes of S. lycopersicum (L.) plants®

Fruit Fruit
Fruit fresh  Fruit dry ripening  Moisture
Concentrations Flowers Number of fruits/ Number of size mass biomass (unit per  content
Pesticides  used (ug mL™") number/plant  branch fruits/plant (ecm) (g) (&) plant) (%) Mean
Control 0 20.0a 3.0a 7.0a 3.74a 19.4a 2.10a 1.10a 94.2a 18.7a
Diazinon 25 18.0b 2.0b 6.0b 3.10a 18.0a 1.80b 1.00a 94.0a 17.9a
50 16.0c 2.0b 6.0b 2.65b 16.3b  1.40c 0.66b 92.2b 17.1a
75 14.0d 1.5b 5.0c 2.20b 15.3c 1.34d 0.66b 92.0b 16.5b
100 12.0d 1.4b 4.0d 1.89¢ 14.0c  1.10e 0.44c 92.0b 15.8b
150 10.0e 1.0d 3.0e 1.78c 12.0e  0.87f 0.33d 92.0b 15.1¢c
200 7.00f 1.0d 2.0f 1.20d 9.2 0.52g 0.22e 00 2.6e
Mean 12.8 1.4 4.3 2.10 14.1 1.1 0.5 77.0 14.1
Imidacloprid 25 19.0b 3.0a 6.0b 3.45a 18.4a 2.20a 1.00a 94.2b 18.4a
50 18.0b 3.0a 5.0c 3.12a 17.0b  2.00a 0.66b 94.2b 17.8a
75 16.0c 3.0a 5.0c 2.54b 15.4c 1.97b 0.66b 93.7b 17.2a
100 15.0c 2.0b 5.0c 2.10c 13.5d  1.56c¢ 0.55b 93.7b 16.6b
150 13.0d 2.0b 4.0d 2.00c 11.0e 1.32d 0.44c 92.2¢ 15.7b
200 11.0e 2.0v 3.0e 1.40d 10.2f 1.10e 0.33d 92.0c 15.1c
Mean 15.3 2.5 4.6 2.40 14.2 1.69 0.6 93.3 16.8
Mancozeb 25 18.0b 2.5a 5.0c 2.40b 17.4b  2.00a 1.0a 92.0c 17.5a
50 16.0c 2.0b 4.5¢ 2.10c 15.7c  1.77b 0.66b 92.0c 16.8b
75 14.0d 1.5b 4.0d 2.00c 13.2d 1.54c 0.55b 91.7d 16.0c
100 11.0e 1.2¢ 3.5d 1.40d 11.4e 1.23d 0.44c 91.0d 15.1¢c
150 7.00f 1.0d 2.5e 1.20d  9.30f 0.78f 0.33d 91.0d 14.1d
200 2.00g 1.0d 2.0f 1.10e  5.30g 0.43h 00 00 1.4f
Mean 11.3 1.5 3.5 1.70  12.05 1.2 0.49 76.2 13.4

% Values are mean of three independent replicates.

overall development by inhibiting the biosynthetic process of
chlorophyll creation or by stimulating the breakdown pathway,
which leads to lower chlorophyll generation and, eventually,
photosynthesis and formation of sugar.”® Our findings support
the conclusion of Parween et al.** who reported that greater
doses of chlorpyrifos reduced the quantity of soluble sugar in
greengram seedlings. The amount of lycopene in tomato fruits
cultivated in pesticide-treated and untreated soils was dissim-
ilar. In general, the pesticides lowered lycopene levels in a dose-
response fashion (maximally reduced by 60% at 200 pgynzs
mL~" over untreated plants sample) (Table 2).

3.6 Pesticide application modulated the antioxidant
enzymes in foliage of S. lycopersicum (L.)

Higher levels of antioxidants are frequently related with
increased stress tolerance in plants subjected to diverse
stressors, notably through the augmentation of antioxidant
enzyme activity.** Antioxidant defenses are developed by plants
to deal with oxidative stress, which includes both antioxidant
enzymes like SOD, POD, APX, GR, CAT and non-enzymatic
antioxidants that scavenge free radicals, such as AsA and
proline, among others and peroxide.”> Superoxide dismutase
(SOD) is a crucial antioxidant enzyme which is the first line of
defense against superoxide by catalyzing the dismutation of
superoxide to molecular oxygen and hydrogen peroxide (H,0,)
against free radicals.>® APX, POD and CAT have been linked to
H,0, scavenging.®® Non-enzymatic antioxidants include
phenolic substances, carotenoids, ascorbate, and various
nitrogenous metabolites such amino acids, especially proline,

© 2022 The Author(s). Published by the Royal Society of Chemistry

which has considerable antioxidant action needed to counteract
the harmful effects of reactive oxygen species.*® These enzymes'
activity changes suggest redox changes caused by oxidative
stress.

Considering the imperative role of antioxidative defense
enzymes in plant raised under changing environment, we
assessed the enzymatic responses of S. lycopersicum (L.) when
exposed to increasing pesticide doses. In general, activity of
antioxidant enzymes increased as pesticide doses increased (in
a dose-dependent manner). As an example, APX activity of S.
lycopersicum (L.) was increased by 18%, 22%, 25%, 28%, 34%
and 53% when plants were detached from soils polluted with
25, 50, 75, 100, 150 and 200 pgynzs ML, respectively,
compared with untreated control (6.1 pmol min~' g~' FW)
(Fig. 3A). Likewise, GPX (Fig. 3B), CAT (Fig. 3E) and POD
(Fig. 3C) activities were maximally and significantly (p = 0.05)
increased by 95%, 93% and 65% when S. lycopersicum (L.) plants
were exposed to 200 ug mL ™" each of IMID, MNZB and DIZN,
respectively, over untreated control. While calculating the
correlation between the antioxidant enzymes and oxidative
stress parameters of pesticide exposed S. lycopersicum plants,
SOD activity and proline content were positively correlated (R* =
0.79) (Fig. S2 panel At), while, POD activity showed moderate
correlation (R*> = 0.61) with total soluble sugar (Fig. S2 panel
Bt).

Similar to our study, a comparable rise in CAT activity has
been documented in soybean (Glycine max L.) plants grown in
soils polluted with deltamethrin herbicide.>® Similarly, signifi-
cant changes in antioxidative responses including peroxidase

RSC Adv, 2022,12, 7237-7252 | 7245
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(POX) and catalase (CAT), have been identified in Medicago
sativa plants, which are required to ameliorate the oxidative
damage produced by various environmental stresses.’”

3.7 Pesticides exposure causes modulations in cell viability
and electrolyte leakage (EL)

When plants are exposed to a stressful environment, they
frequently produce reactive oxygen species (ROS).”®* The
buildup of H,0, and electrolyte leakage is regarded as an
effective indicator of stress-induced tissue injury.*® H,0, is
produced as a result of oxidative degradation and a hazardous
reactive oxygen species (ROS) with harmful consequences. It is
known to disrupt metabolism, affect cellular integrity and
oxidative damage, and impair the stability of cellular
membrane.* Plants’ membrane structural integrity can be
predicted by changes in H,O, levels in tissues that have been
subjected to stressful conditions. The current study found that
pesticide treatments had a negative impact on stress indica-
tors (electrolyte leakage and H,0, content) and that increasing
rates substantially increased their concentration. Here, cell
viability of shoots and roots were maximally and significantly
decreased by 58 and 76% when tomatoes were planted in soil
treated with 200 pgynzs mL ™' and 200 pgpizy mL ™, respec-
tively, over untreated tomatoes (Fig. 4A). Similarly, pesticides
like thiabendazole, plethora and tricyclazole etc. displayed
a considerable decrease in the cellular viability of fenugreek
(Trigonella foenum L.) and thus confirmed the phytotoxic
potential.®* The various concentrations of DIZN, IMID and
MNZB displayed a considerable and visible increase in leaf EL,
with a maximum of 79, 71 and 80 percent increase measured at
higher dosages (200 ug mL ") of each pesticides, respectively,
compared with control (Fig. 4B). Pesticide-exposed tomato
seedlings had large levels of electrolyte leakage, indicating
that higher pesticide dosages resulted in more cell damage.
The seedlings of S. Iycopersicum (L.) subjected to pesticides
exhibited significant levels of electrolyte leakage, indicating
that greater pesticide dosages resulted in more cell damage.
Mancozeb, among the pesticides caused more electrolyte
leakage (cell injury) than the other chemical pesticides
studied, and shoot tissues were more harmed than root
tissues. Abiotic stress has also been linked to an increase in
cell damage in terms of electrolyte leakage and a decrease in
cell viability in plants, according to previous research con-
ducted by Daud et al.®* Glyphosate-treated pea (P. sativum L.)
plants have already shown an increase in electrolyte leakage in
their leaf tissues as reported by Singh et al.®® which is consis-
tent with this work.

3.8 Pesticide exposure causes increase in proline and TBARs
content

Proline is a key molecule that accumulates in plant tissues to
protect them from oxidative damage. The main activities of
the plant proline include the detoxification of reactive oxygen
species, the membrane integrity protection in plant cells, the
stability of enzymes and proteins, osmo protection and
increased stress tolerance. Proline production serves as

7246 | RSC Adv, 2022, 12, 7237-7252

View Article Online

Paper

a signal molecule that may be necessary for plant recovery
following exposure to environmental stress. Pesticide over-
dose resulted in a rise in proline levels, particularly in
exposed roots, in the current study. Here, the maximum
induction (51.5 + 11.3 pmoles mg g~ fresh weight proline) of
proline was extracted from roots at 200 pgynzs ML ™" soil.
Similarly, in the shoot tissues of the similar dose of MNZB
treated S. lycopersicum (L.) plants showed a maximum accu-
mulation of 15.8 + 5.3 pmol mg g~' FW of proline was
detected (Fig. 4C). Increasing proline content might be linked
to cellular dehydration as a reaction to pesticides toxicity in
plants treating high levels of pesticides. Abrokwah et al.**
showed a strong relationship between proline and various
dosages of acetamiprid and A-cyhalothrin insecticides in
a comparable experiment. In yet, similar investigation, an
enhanced amount of proline accumulation has been discov-
ered in plant roots grown in soil polluted with various levels
of malathion.*

Inhibition of antioxidant defense mechanisms or damage
to biological systems can cause oxidative stress. Among the
different stress indicators, formation of TBARSs demonstrates
the importance of lipid peroxidation. Here, like other oxidative
stress parameters, TBARSs content were progressively
increased with increasing doses (Fig. 4D). The increasing
amount of TBARS in pesticide-treated S. lycopersicum (L.)
seedlings revealed a significant degree of membrane damage
during pesticide stress exposure. It may be linked to a larger
concentration of ROS in root tissues, which caused membrane
damage owing to lipid peroxidation and, as a result, the
generation of TBARS. The roots tissues of Oryza sativa (L.)
showed an increased production of oxidative stress and ROS
(lipid peroxidation) when exposed to bisphenol A (BPA), as
evidenced by raised levels of TBARS content.®® While calcu-
lating the correlation between the antioxidant enzymes and
stress marker of pesticide exposed S. lycopersicum, CAT activity
positively correlated (R> = 0.81) with TBARSs (Fig. S2 panel
Ct). Similarly, proline content and root cell viability were
positively (R* = 0.92) correlated with each other (Fig. S2 panel
DY). In a comparative assessment, Parween et al.*’ showed
a significant upsurge in TBARS levels in when plant were
cultivated in soils exposed to increasing chlorpyrifos doses.
Deltamethrin and some other chemical pesticides enhanced
the TBARS concentrations in different organs (roots, shoots,
and leaves tissues) of soybean.’® The occurrence of greater
levels of TBARS in the this study implies that ROS-mediated
plant damage may be one of the most significant phytotoxic
consequences of tested pesticides.

3.9 Pesticide-induced ROS generation, changes in
mitochondrial membrane potential (A¥ ) and cellular death
in S. lycopersicum (L.)

Plants go through a number of stress acclimation processes,
including gene regulation involved in oxidative stress
responses, which results in induction of antioxidant enzymes,
to protect cells from excessive accumulation of reactive oxygen
species caused by exposure to various environmental

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Antioxidant enzymes; APX (A), GPX (B), POD (C) SOD (D) and CAT (E) extracted from roots of Solanum lycoperscium plants exposed to
varying doses (0, 25, 50, 75, 100, 150 and 200 pg mL™Y) each of diazinon, imidacloprid and mancozeb. In this figure, bar diagrams represents the
mean values of five replicates (n = 5). Corresponding error bars represents standard deviation (SD) of five replicates (SD, n = 5).

pollutants. Various types of ROS are produced in different
compartments of the cell under stress circumstances. The
activation of antioxidant enzyme genes in response to oxida-
tive stress is a valuable indication for investigating plants’
antioxidant defense mechanisms.

Using in vivo histo-chemical staining with fluorescent dyes,
effect of various doses of test pesticides on ROS-production in
S. lycopersicum roots was qualitatively evaluated. As exposed to

© 2022 The Author(s). Published by the Royal Society of Chemistry

increasing concentrations of pesticides, histochemical stain-
ing with 3,3’-diaminobenzidine (DAB) and treatment with
dichloro-dihydro-fluorescein diacetate (DCFH-DA) revealed
an increase in ROS production in root tissues, with higher ROS
production in root tips region, compared to untreated controls
(Fig. 5). Likewise, over-production of ROS in 2,4-D treated
young and adult leaves of Pisum sativum (garden pea) has been
reported.®” Furthermore, Erinle et al®® showed atrazine-
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values of five replicates (n = 5). Corresponding error bars represents standard deviation (SD) of five replicates (SD, n = 5).

induced oxidative stress and ROS over production in Pennise-
tum. Additionally, dichlorprop (DCPP) herbicide caused
production of ROS in root and leaves tissues of Arbidopsis
thaliana which as clearly evidenced under confocal laser
scanning microscopy.®’

Furthermore, as a result of exposure to increasing pesticidal
concentrations, alterations in mitochondrial membrane
potential were detected in root tissues of DIZN, IMID and NNZB-
exposed plants, as shown by enhanced Rh123 fluorescence
(Fig. 5). Because mitochondria are cell's primary source of ROS,
pesticides interactions with mitochondrial electron transport
system (METS) may have resulted in excessive ROS generation™
as indicated by higher Rh123 fluorescence levels, leading in
a decrease in A¥',,. Like our study, Nair and Chung” observed
that exposure of abiotic stress in rice plants caused a significant
alteration in AW,,. Similarly, changes in mitochondrial
membrane potential of S. lycopersicum (L.) seedlings (as evident

7248 | RSC Adv,, 2022, 12, 7237-7252

by increased Rh123 fluorescence due to alterations in mito-
chondrial membrane permeability) under stress condition has
been reported.?*

When pesticides exposed S. lycopersicum (L.) roots were
tagged with Evans blue dye, the loss of plasma membrane was
visible. The absorption of dye by root tissues increased 2-3-
fold when the concentration of pesticides was increased,
resulting in plasma membrane integrity deficits. In compar-
ison to untreated control, roots treated with 200 ug mL ™" of
each pesticide showed enhanced intensity of blue color fluo-
rescence. This clearly reflects Evans blue penetration into non-
viable cells. These findings imply that root cells lost their
ability to heal after being exposed to pesticides, and hence
dyed blue. These data support the notion that some pesticides,
when applied to roots, might cause cell rupture, resulting in
cell death. Several theories have been postulated by workers as
to how increased rates of pesticides delay the biological

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Here, panel-l depict the qualitative and quantitative assessment (E) of pesticide-induced changes in mitochondrial membrane potential of
root tissues of S. lycoperscium. (A)—(D) shows the CLSM images of Rhodamine 123 (Rh 123) stained roots exposed to 0 (control), 50, 100 and 200
ng mL~! of mancozeb, respectively, whereas, (E) shows the quantification of pesticide-induced changes in Rhodamine 123 (Rh 123) fluores-
cence. In panel-Il, (F) (control), (G) (50 pg mL™Y), (H) (100 ug mL™Y), (1) (200 pg mL™Y) and (J) (quantification of ROS) shows the reactive oxygen
species generation in root tissues of S. lycoperscium plants cultivated with different rates pesticides as revealed by staining with 3,3'-dia-
minobenzidine (DAB) and 2',7" dichlorodihydrofluorescein diacetate (DCFH-DA). In panel-lll, (K)=(N) depict the increase in blue fluorescence
after staining with Evan's blue dye in root tissues of S. lycoperscium treated with 0, 50, 100 and 200 pg mL~* of mancozeb, respectively. Panel O
represents the spectrophotometric quantification of Evan's blue dye in root tissues. White and yellow scale bars on left side indicate root
elongation and meristematic zones, respectively, while blue arrow head points towards root tip. Bar diagrams represents the mean values of five

replicates (n = 5). Corresponding error bars represents standard deviation (SD) of five replicates (SD, n = 5).

properties, which could provide greater insight into retarda-
tion and killing of cells growth, as demonstrated in this work.
Pesticidal residues and other contaminants present in soil
tends to reduce water and nutrient intake as they become
linked to soil particles and influence nutrient uptake from the
soil to the root system. Pesticide residues may have an impact
on transport of micronutrient and plasma membrane of root
cells, causing cation absorption to be disrupted. Likewise,
increased blue fluorescence in fungicides treated P. sativum
roots was observed as a result of uptake of Evan's blue dye are
reported by other workers.

4. Conclusion

The current findings provide information to help better
comprehend the finer elements of pesticide toxicity’'s molec-
ular basis to edible vegetable crops in general and tomatoes in
particular. Pesticide excesses exhibited phytotoxic impact on
biological and physiological traits of S. Ilycopersicum L.
(tomato) seedlings by inducing oxidative stress. Among tested
pesticides, mancozeb showed maximum toxic effect to overall
physiology of plants. A statistically significant correlation was

© 2022 The Author(s). Published by the Royal Society of Chemistry

found between physiological and oxidative stress parameters
of pesticides exposed S. lycopersicum. The current findings are
critical for understanding the response mechanisms of plants
to pesticide stress. Since, pesticides are translocated to edible
plant parts (fruits) through root systems. When these
contaminated vegetables are consumed by humans via food
chain, it causes several cardiovascular diseases. Therefore,
pesticide use must be closely monitored and regulated in
order to prevent poisonous substances from entering the
environment, posing a major threat to human and animal
health. Further there is an urgent need to find a molecular
approach to have a better understanding of pesticide-induced
phytotoxicity in edible vegetable crops including S. Iycopersi-
cum (L.). Morevore, research is needed to assess the pesticides’
oxidative stress-inducing pathways in S. lycopersicum (L.) in
order to lessen their harmful effects on host crops in the
future. In addition, research should be directed toward iden-
tifying cell defensins and cell kinases that are activated in
response to pesticide-induced toxicity. Alternative safe
methods, such as the development of comparably less expen-
sive bio-pesticides, should be supported.
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