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Alleviation of lead-induced physiological, metabolic,
and ultramorphological changes in leaves of upland cotton
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Abstract Plants face changes in leaves under lead (Pb) tox-
icity. Reduced glutathione (GSH) has several functions in
plant metabolism, but its role in alleviating Pb toxicity in
cotton leaves is still unknown. In the present study, cotton
seedlings (28 days old) were exposed to 500 μM Pb and
50 μM GSH, both alone and in combination, for a period of
10 days, in the Hoagland solution under controlled growth
conditions. Results revealed Pb-induced changes in cotton’s
leaf morphology, photosynthesis, and oxidative metabolism.
However, exogenous application of GSH restored leaf growth.
GSH triggered build up of chlorophyll a, chlorophyll b, and
carotenoid contents and boosted fluorescence ratios (Fv/Fm

and Fv/F0). Moreover, GSH reduced the malondialdehyde
(MDA), hydrogen peroxide (H2O2), and Pb contents in cotton
leaves. Results further revealed that total soluble protein

contents were decreased under Pb toxicity; however, exoge-
nously applied GSH improved these contents in cotton leaves.
Activities of antioxidant enzymes (catalase (CAT), superoxide
dismutase (SOD), peroxidase (POD), glutathione reductase
(GR), and ascorbate peroxidase (APX)) were also increased
by GSH application under Pb toxicity. Microscopic analysis
showed that excess Pb shattered thylakoid membranes in chlo-
roplasts. However, GSH stabilized ultrastructure of Pb-
stressed cotton leaves. These findings suggested that exoge-
nously applied GSH lessened the adverse effects of Pb and
improved cotton’s tolerance to oxidative stress.
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Introduction

In nature, several factors affect the physiology of plants. These
include variations in environmental conditions and toxicities
of different heavy metals (Niinemets 2007; Islam et al. 2008;
Daud et al. 2009; Xu et al. 2014). Lead (Pb) is such a toxic
heavy metal, which alters the overall plant growth and inhibits
or reduces photosynthesis (Singh et al. 2003; Pourraut et al.
2011; Ali et al. 2014a; Tian et al. 2014). Upward translocation
of Pb in plants remains in trace amounts. But, changes appear
in leaves, for example, decrease in leaf size, blade thickness,
and leaf biomass. Previous research showed that decline oc-
curred in green pigments and essential nutrients of leaves un-
der Pb toxicity (Ali et al. 2014b). Similarly, Pb has also caused
disintegration of chloroplasts (Sinha et al. 2006; Gopal and
Rizvi 2008; Islam et al. 2008) and changes in biomolecules
such as proteins (Pena et al. 2008), lipids (Reddy et al. 2005)
and nucleic acids (Gichner et al. 2008).
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Basically, Pb causes overproduction of reactive oxygen
species (ROS) such as malondialdehyde (MDA) and H2O2

which are commonly predicted as stress signs (Sharma and
Dubey 2005). To cope with ROS, plants have several antiox-
idant enzymes such as catalase (CAT), superoxide dismutase
(SOD), and ascorbate peroxidase (APX) which convert harm-
ful reactive species into harmless species. Also, there are some
low-molecular-weight antioxidants, for example, ascorbic ac-
id (AsA) and glutathione. They act as a shield to protect plants
against stress conditions (Mishra et al. 2006; Ahmed et al.
2010; Foyer and Shigeoka 2011). However, variation in anti-
oxidant response and heavy metal tolerance exists among dif-
ferent plant species (Clemens 2006; Daud et al. 2009; Chen et
al. 2010; Daud et al. 2013).

Strategies for maintaining plant growth under heavy metal
stress are quite diverse in plants. One such is alleviation which
by definition means making something less severe or more
bearable. Alleviation employs chemical or biological agents
for upholding plant growth and productivity under stress con-
ditions. Several chemical agents, such as aminolevulinic acid
(Tian et al. 2014), hydrogen sulfide (Ali et al. 2014a), Se and
Zn (Cao et al. 2013), etc., have been tested to alleviate Pb
toxicity in different plants. However, the role of glutathione
in alleviating Pb stress is still unknown at least when it comes
to cotton.

Basically, glutathione (γ-Glu–Cys–Gly) is a nonprotein
thiol found in almost all eukaryotes. It has multiple roles in
photosynthetic organisms (Rouhier et al. 2008), which include
cellular defense, sulfur metabolism, xenobiotics removal, and
heavy metal detoxification (Foyer and Noctor 2011).
Moreover, it detoxifies H2O2 in ascorbate-glutathione path-
way and serves as a precursor for phytochelatin synthesis.
Also, it is a substrate for glutathione-S-transferases (Noctor
et al. 2002; Foyer and Noctor 2011).

Altered GSH levels can cause changes in leaf physiology.
For example, reduced GSH levels, in transgenic Arabidopsis
thaliana, altered leaf size and biomass and increased plant
sensitivity to stress (Xiang et al. 2001). Pb decreases GSH
levels in plants, as reported by Gupta et al. (1995) and
Kumar et al. (2012), because of its consumption in
phytochelatin formation. Therefore, increasing GSH levels
by internal manipulation (Freeman et al. 2004) or external
addition is important to improving plant tolerance (Chen et
al. 2010). Exogenous application of GSH has regulated
growth in heavy metal-stressed crops such as rice (Cai et al.
2010; Cao et al. 2013) and barley (Chen et al. 2010). In the
light of previous research, plant growth regulation is due to
stimulation of GSH-derived mechanisms like increase in pho-
tosynthesis (Pietrini et al. 2003), morphogenesis (Shankar et
al. 2012), cell signaling (Ball et al. 2004), and stress tolerance
(Freeman, et al. 2004). However, plant growth regulation by
GSH, at ultrastructural and metabolic levels under Pb toxicity,
is yet to be elucidated on some scientific backgrounds.

Today’s cotton production is facing several challenges.
Especially, the accumulation of heavy metals in agricultural
lands has become a major threat (Jiang et al. 2014). It is sug-
gested that roadside fields hold high levels of Pb causing sig-
nificant uptake in plants and affecting plant growth and crop
productivity (Nabul et al. 2006). On the other side, restoring
leaf growth can ensure better photosynthesis and greater crop
yield (Evans 2013). How leaves contribute to cotton produc-
tivity is known. In brief, cotton leaves produce photosynthate,
which is transported to the bolls for lint and seed production.
Under stressful conditions, photosynthesis remains incompat-
ible with that demand causing falling of bolls (Pettigrew and
Meredith 2012). The present research was undertaken to in-
vestigate the physiological, metabolic, and ultrastructural
changes in cotton leaves due to Pb and GSH application. It
is hypothesized that GSH regulates growth, increases photo-
synthesis, and stabilizes oxidative metabolism and ultrastruc-
tural changes in cotton leaves under Pb toxicity. Several stud-
ies exist on the alleviation of Pb stress through different plant
hormones; however, no study is available in literature specif-
ically focused on alleviating Pb stress by reduced glutathione
in cotton leaves. The previously reported studies have mainly
either focused on the internal manipulation of glutathione or
missing important plant growth parameters when GSH was
exogenously applied. In addition, we have focused on allevi-
ation of Pb stress through glutathione at ultrastructural level
which provides new insights.

Materials and methods

Plant material and treatments

Seeds of upland cotton variety, TM-1, were surface sterilized
in sodium hypochlorite solution (NaClO, 0.1 %) followed by
thorough washing. Healthy seedlings (14 days old), grown in
peat mass, were transferred to half-strength modified
Hoagland solution (Hoagland and Arnon 1950) and allowed
to grow for 2 weeks in growth chamber. Growth conditions
were set to day/night temperatures of 30/25 °C with a 12-h
photoperiod, relative humidity of 60/80 %, irradiance of 40–
50 μE m−2 s−1, and 350 μM M−1 ambient concentration of
CO2 via inbuilt CO2 control in the growth chamber. Uniform
size plants (28 days old) were selected for further study. There
were four treatments: (i) control, (ii) 500 μM Pb as Pb(NO3)2,
(iii) 50 μM GSH, and (iv) 50 μM GSH+500 μM Pb, having
the nutrient medium in common. Plants were allowed to grow
further for 10 days under respective treatments. The modified
Hoagland solution contained (in μM) 500 (NaH4)2SO4, 500
MgSO4, 200 K2SO4, 1000 KNO3, 600 Ca(NO3)2·4H2O, 200
KH2PO4, 10 FeSO4·12H2O, 0.5 MnSO4·H2O, 0.25 ZnSO4·
7H2O, 0.05 CuSO4·5H2O, 100 H3BO3, 0.02 (NH4)6Mo7O24·
4H2O, and 50 Na-EDTA.
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Leaf physiology and photosynthetic features

Different physiological features like leaf length, width, and
petiole size were measured by a millimeter scale in 38-day
plants. Relative chlorophyll concentration (non-destructive
method) was determined as Soi l -Plant Analyses
Development (SPAD) value by SPAD-502 meter (Zhejiang
Top Instrument Co., Ltd, Hangzhou, People’s Republic of
China). Net photosynthesis (Pn), stomatal conductance (Gs),
intercellular CO2 concentrations (Ci), and transpiration rates
(E) were determined by portable photosynthesis system (Li-
6400, LI-COR Biosciences, Lincoln, NE, USA).

Chlorophyll fluorescence was measured according to
Meyer and Genty (1998), using chlorophyll fluorometer
(IMAG-MAXI; Heinz Walz, Effeltrich, Germany).
Maximum quantum yield of PSII was calculated by the fol-
lowing formula;

Fv=Fm ¼ Fm−F0ð Þ =Fm

Fv ¼ Fm−F0

Values were recorded for F0, Fm, and Fv. Here, F0 repre-
sents minimal fluorescence observed without light, Fm is the
maximum fluorescence when high-intensity light was applied,
and Fv shows variable fluorescence calculated as below.

Chlorophyll contents were determined according to Porra
et al. (1989) and carotenoids by Duxbury and Yentsch (1956).
Cotton leaves (0.1 g) were ground in acetone (85 %) and
centrifuged at 5000×g for 10 min at 4 °C temperature.
Absorbances for Chl a, Chl b, and carotenoids were recorded
at 663, 645, and 470 nm, respectively. Blank reading was
taken against 85 % acetone.

Determination of stress markers, total soluble proteins,
and lead contents

MDA and H2O2 concentrations were determined according to
Velikova et al. (2000). Fresh cotton leaves (1.0 g) were ho-
mogenized in 4 mL trichloroacetic acid (TCA, 0.1 %) and
centrifuged at 12,000×g for 20 min at 4 °C temperature.
Then, 1 mL TCA (20 %) was mixed with 1 mL supernatant
and incubated in boiling water for 30 min followed by imme-
diate cooling on ice bath. Re-centrifugation at 1500×g for
10 min resulted in clear enzyme extract which was used for
measuring absorbance at 532 nm. The MDA–TBA content
was estimated using extinction coefficient of 155 nM−1 cm−1

after subtraction of non-specific absorption at 600 nm. For
H2O2 determination, 0.5-g leaf sample was homogenized with
5 mL 0.1 % TCA solution and centrifuged at 12,000×g for
20 min to get supernatant. Final mixture, for measuring absor-
bance at 390 nm, involved mixing 0.5 mL potassium phos-
phate buffer (10mM, pH 7.0), 1 mL potassium iodide solution

(1 M KI), and 0.5 mL enzyme extract. Standard curve was
drawn to find H2O2 concentration.

Cotton leaves were also analyzed for total soluble proteins
(TSP) according to Bradford (1976). Bovine serum albumin
(Sigma-Aldrich) was the standard reference. Lead contents
were determined by inductively coupled plasma mass spec-
trometry technique (ICP-MS, 7500a Agilent). Dried leaf sam-
ples (0.5 g) were thoroughly powdered and placed in a muffle
furnace at a temperature of 250 °C for initial 2 h, followed by
heating at 500 °C for 8 h. The samples were then digested with
5 mL of dilute acid (100 mL HNO3+300 mL HCl in 1 L
distilled water), and the final volume was raised to 10 mL
by adding distilled water. Clear extract was obtained from
digested samples following double filtration. Sample uptake
time in ICP-MS was 1 mL min−1. Before data acquisition,
samples and blanks were aspirated for 2 min. The interval time
between the sample and blank was 2 min, and data were
expressed as microgram per gram dry weight.

Determination of antioxidant enzymes in cotton leaves

Cotton leaves were ground by a precooledmortar and pestle in
liquid nitrogen and chilled phosphate buffer (0.05 M, pH 7.8).
Homogenate was centrifuged at 10,000×g for 20 min at 4 °C
to get supernatant for testing antioxidant enzymes. CAT (EC
1.11.1.6) was determined according to the method of Aebi
(1984). The reaction mixture contained 100 μL enzyme ex-
tract, 10 mM H2O2, and 50 mM potassium phosphate buffer
(pH 7.0). After allowing the mixture to react for 1 min, the
absorbance was measured at 240 nm, and CAT activity was
calculated using extinction coefficient of 39.4 mM cm−1. SOD
(EC 1.15.1.1) activity was done as nitro blue tetrazolium
(NBT)-sponsored inhibition of photochemical reduction
(Giannopolitis and Ries 1977). One SOD unit is the enzyme’s
quantity needed for the 50 % inhibition of NBT reduction at
560 nm. The final reaction mixture contained potassium phos-
phate buffer (50 mM, pH 7.0), methionine (13 mM), NBT
(75 μM), riboflavin (2μM), EDTA (0.1 mM), and supernatant
(100 μL). Absorbance was taken at 560 nm. Peroxidase
(POD) (EC 1.11.1.7) activity was estimated according to the
method of Cakmak et al. (1993) with small changes. The final
reaction mixture was composed of potassium phosphate buff-
er (50 mM, pH 7.0), guaiacol (1 %), H2O2 (0.4 %), and su-
pernatant (100 μL). Absorbance was taken at 470 nm.
Glutathione reductase (GR) (EC 1.6.4.2) activity was mea-
sured according to Jiang and Zhang (2002), by oxidizing
NADPH and recording absorbance at 340 nm. Total 1-mL
reaction mixture contained 50 mM potassium phosphate buff-
er (pH 7.0), 2 mM EDTA-Na2, 0.5 mM GSSG, and 100 μL
enzyme extract. APX (EC 1.11.1.11) was assayed according
to Nankano and Asada (1981). Reaction mixture, composed
of phosphate buffer (100 mM, pH 7.0), sodium EDTA
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(0.1 mM), AsA (0.3 mM), H2O2 (0.06 mM), and supernatant
(100 μL), was subjected to absorbance at 290 nm.

Transmission electron microscopy

Small sections of cotton leaves (2–3 mm) were immersed for
more than 4 h in glutaraldehyde (3 %)-containing phosphate
buffer (0.1 M, pH 7.2). Then, they were vacuumed several
times before fixing in 1%OsO4 (osmium(VIII) oxide in phos-
phate buffer) for 1.5 h. Samples were dehydrated, each for 15–
20 min, in graded series of ethanol (50, 70, 80, 90, 95, 100 %)
and absolute acetone. Then, theywere treated with mixtures of
absolute acetone and final spur resin (1:1 and 1:3) for 1 and
3 h, respectively, and kept overnight in final spur resin. Thin
leaf sections (80 nm), cut on ultramicrotome, stained with
uranyl acetate, and mounted on copper grids, were examined
in transmission electron microscope (model H-7650 Hitachi,
Japan).

Statistical analysis

Our results are means of three or more replications of inde-
pendent experiments, expressed as means ± SD. Statistical
analysis was performed by SPSS (SPSS, version 16.0,
Chicago, IL) using one-way analysis of variance (ANOVA).
Significance difference (P<0.05) among different treatment
means was determined by LSD test.

Results

Exogenous GSH improves Pb-induced leaf physiological
and photosynthetic attributes

Results showed that Pb reduced leaf lengths, widths, and pet-
iole size and SPAD value while GSH application alone and in
combination with Pb improved these features as shown in
Table 1. Data further showed that GSH alone, in comparison
with control, increased leaf length, width, and petiole size by
5, 4, and 15 %, respectively. The SPAD value was also de-
creased because of Pb; however, no significant difference was
observed among rest of the groups. Table 2 shows Pb-induced

decline in net photosynthesis, stomatal conductance, and tran-
spiration rates. Data suggested that Pb sponsored non-
significant changes in intercellular CO2 concentrations.
Exogenously applied GSH alone caused highest values for
photosynthesis parameters while values of GSH + Pb were
not different from controls. Photosynthetic pigments were ad-
versely affected by Pb stress; however, GSH improved chlo-
rophyll and carotenoid contents as compared to control and
Pb-stressed plants (Table 3). A significant decline under Pb
was observed in Chl a (−53%), Chl b (−74%), and carotenoid
contents (−13 %) as compared to their respective controls.
However, GSH-alone application increased Chl a and b and
carotenoid contents by 19, 26, and 9 %, respectively, as com-
pared to control. Total chlorophyll to carotenoid ratio is a sign
of leaf color and stress adaptation. However, a significant
decline was noticed in this ratio due to Pb stress alone but
exogenously applied GSH increased this ratio significantly
(Table 3). Similarly, chlorophyll fluorescence also declined
as of Pb stress, but GSH proved a good amendment. The
plants in GSH + Pb group displayed highest Fv/Fm (0.82)
and Fv/F0 (4.14) ratios.

GSH reduces the oxidative stress and Pb uptake in cotton
leaves under Pb toxicity

Results showed that Pb toxicity alone incited lipid per-
oxidation (as MDA contents) and excessive H2O2 pro-
duction and declined the content of TSP in cotton
leaves (Table 4). Pb-affected plants showed highest
MDA values, but there was no significant difference
among rest of the treatments. Similarly, Pb and GSH
promoted H2O2 production by 25 and 24 %, and there
was a dramatic decrease of 42 % in combined treatment
of GSH + Pb as compared to control. Similarly, Pb
stress alone caused 27 % decline in TSP contents in
cotton leaves as compared to control, while maximum
TSP contents were found with the application of GSH
under Pb stress. Moreover, it was also observed that Pb
uptake in the cotton leaves was increased under Pb
stress as compared to control. Further, exogenous appli-
cation of GSH reduced Pb uptake in cotton leaves both
alone and in combination with Pb (Table 4).

Table 1 Leaf length, width,
petiole size, and spade values in
cotton seedlings, treated with lead
and reduced glutathione

Treatment (μM) Leaf length (cm) Leaf width (cm) Petiole size (cm) SPAD value

Pb0 6.49 ± 0.07 b 5.72 ± 0.01 b 2.91 ± 0.28 a 31.57 ± 3.40 a

Pb500 4.85 ± 0.16 d 4.04 ± 0.19 d 2.21 ± 0.13 b 25.37 ± 0.65 b

GSH50 6.80 ± 0.13 a 5.95 ± 0.06 a 3.34 ± 0.40 a 32.20 ± 1.31 a

Pb500 + GSH50 5.74 ± 0.28 c 5.14 ± 0.13 c 2.45 ± 0.18 b 29.89 ± 0.25 a

Values in columns represent means of three replications ± SD. Variants possessing the same letters are not
statistically significant at P< 0.05
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GSH ameliorates Pb-induced inhibition of antioxidant
enzyme activities

The present study stated that higher Pb concentration (500μM
Pb) altered the antioxidant enzyme status of cotton leaves,
while exogenously applied GSH modulated these changes
under Pb stress (Table 5). Results revealed drastic decrease
in CAT (84 %) and APX (63 %) activities under Pb stress as
compared to control. In contrast, Pb-treated plants showed an
increase in the activities of SOD, POD, and GR as compared
to control. However, application of GSH showed synergetic
effect and further increased the activities of all aforementioned
enzymes under Pb toxicity (Table 5).

Exogenous GSH alleviates the Pb-induced
ultrastructural changes

Ultrastructural changes in leaf mesophyll cells of cotton are
demonstrated in Fig. 1. Microscopic analysis showed that at
control level, there were a large central vacuole, intact thyla-
koid membranes in chloroplasts, starch grains, and regular-
shaped mitochondria (Fig. 1a). In contrast, Pb affected the
ultramorphology of cotton leaves by disintegrating chloro-
plasts. There was an accumulation of debris in the central
vacuole and loss of membrane structures (Fig. 1b). On the
opposite, exogenous application of GSH alone showed dense
chloroplasts, several starch grains, an enlarged vacuole, and
integrated mitochondria (Fig. 1c). Further, GSH application
stabilized chloroplast ultrastructure under Pb stress that led
to observations like expanded but intact thylakoid

membranes, visible starch grains, oval-shaped mitochondria,
and nucleus integrity (Fig. 1d).

Discussion

Changes in leaf physiology are commonly associated with
heavy metal contamination at higher concentrations. The pres-
ent study reveals the profound physiochemical and morpho-
logical changes in cotton leaves treated with Pb and GSH.
Leaf physiological traits are the key determinants of plant
growth under heavy metal stress (Daud et al. 2009). Pb is
known to affect leaf growth and photosynthesis, as discussed
earlier. These changes occur due to arrest of chlorophyll bio-
synthesis, nutrient uptake, and cell division (Pietrini et al.
2003; Sharma and Dubey 2005; Pourraut et al. 2011). Data
presented herein showed significant decrease in leaf size and
photosynthetic components (Table 1). However, subsequent
recovery was observed in GSH-treated plants. Previous re-
search has also suggested GSH-derived growth improvement
in white spruce due to increase in DNA and RNA quantities
(Belmonte et al. 2005). This increase in nucleotides may be
due to an increase in the nuclear GSH levels which create
suitable redox environment for DNA synthesis and repair
(Garcia-Gimenez et al. 2013). Also, evidences show that
GSH stimulates cell proliferation and cell differentiation in
the meristematic tissues (Ogawa 2005; Garcia-Gimenez et
al. 2013; Pasternak et al. 2014). Another important cause for
growth is the nutrient balance. It has been suggested that GSH
plays role in sulfur assimilation (Mendoza-Cozatl et al. 2005)

Table 3 Chlorophylls a and b, carotenoid contents, and chlorophyll fluorescence in cotton leaves treated with lead and reduced glutathione

Treatment (μM) Chlorophyll a
(mg g−1 FW)

Chlorophyll b
(mg g−1 FW)

Carotenoids
(mg g−1 FW)

Total chlorophyll
(a + b)/carotenoid

Chlorophyll fluorescence

(Fv/Fm) (Fv/F0)

Pb0 6.48 ± 0.44 b 0.019 ± 0.08 a 1.13 ± 0.07 b 5.76 ± 0.35 ab 0.80 ± 0.05 a 3.78 ± 0.78 b

Pb500 3.04 ± 0.14 d 0.005 ± 0.00 b 0.98 ± 0.04 c 3.11 ± 0.12 c 0.48 ± 0.09 b 0.81 ± 0.22 c

GSH50 7.70 ± 0.41 a 0.024 ± 0.006 a 1.23 ± 0.06 a 6.28 ± 0.31 a 0.79 ± 0.04 a 3.85 ± 0.62 ab

Pb500 + GSH50 4.58 ± 0.47 c 0.015 ± 0.004 a 1.10 ± 0.11 b 4.18 ± 0.42 b 0.82 ± 0.03 a 4.14 ± 0.50 a

The means represented in table are triplicates ± SD. Significant difference (P< 0.05) among means is shown by different letters

Table 2 Net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (E) in cotton leaves
treated with lead and reduced glutathione

Treatment (μM) Pn (μmol CO2m
−2 s−1) Gs (mol H2O m−2 s−1) Ci (μmol CO2mol−1) E (mmol H2O m−2 s−1)

Pb0 6.48 ± 0.44 b 0.019 ± 0.08 a 423.9 ± 6.9 a 0.96 ± 0.06 b

Pb500 3.04 ± 0.14 d 0.005 ± 0.00 b 404.7 ± 1.44 b 0.29 ± 0.03 c

GSH50 7.70 ± 0.41 a 0.024 ± 0.006 a 409.7 ± 16.77 ab 1.29 ± 0.30 a

Pb500 + GSH50 4.58 ± 0.47 c 0.015 ± 0.004 a 417.5 ± 0.18 a 0.77 ± 0.03 b

Data represented here are means of three replications ± SD. Significant difference (P< 0.05) among different means is indicated by different alphabets

Environ Sci Pollut Res (2016) 23:8431–8440 8435



and iron availability (Ramirez et al. 2013). Accordingly, we
noticed reverted green color and improved leaf size due to
GSH application.

Photosynthesis efficiency of plants is dependent on gas
exchange parameters, mineral contents, light, and CO2 con-
centrations (Evans 2013). Pb brings negative changes in these
parameters. On the other hand, GSH plays significant roles in
photosynthetic organisms (Rouhier et al. 2008). For example,
it protects photosynthetic apparatus from oxidative stress
(Pietrini et al. 2003). Previous research has shown that
glutamate-cysteine ligase (GCL) and glutathione synthetase
(GS) are two basic substrates for glutathione biosynthesis in
plants. GCL is located in plastids and GS both in plastids and
in cytosol. GCL directly regulates glutathione biosynthesis in
chloroplasts which is fortified under stressful conditions
(Pietrini et al. 2003). Similarly, both plastid GS via γ-
glutamylcysteine synthesis and cytosolic GS contribute to glu-
tathione production and its movement to various cell compart-
ments (Pasternak et al. 2008). Thus, positive changes in
photosynthetic parameters (Table 2) may be due to combined
effects of GSH on growth and water and nutrient balance
(Shankar et al. 2012). Generally, heavy metals slow down or
inhibit chlorophyll biosynthesis by oxidizing photochemical
apparatus (Pietrini et al. 2003), affecting ALA activity (Cenkci
et al. 2010), changing chloroplast morphology (Islam et al.
2008; Daud et al. 2009), and inducing some iron (Fe) imbal-
ance (Gopal and Rizvi 2008). Our study also reports decline in
photosynthetic pigments and chlorophyll fluorescence when
treated with Pb (Table 3). It is known that under stressful
conditions, depletion and inactivation of AsA and APXs lead
to photosynthetic inefficiency in plants (Foyer and Shigeoka

2011). We observed subsequent improvement in photosynthe-
sis due to GSH supplementation. Evidences exist for the roles
of GSH in protecting key photosynthetic enzymes against
stressful conditions. Basically, GSH protects active sites of
photosynthetic enzymes where thiols are expected to be
binded with heavy metals, thus maintaining photosynthesis
efficiency (Pietrini et al. 2003). Similarly, Pasternak et al.
(2014) reported stress-defensive role of GSH in Medicago
sativa L cells. They concluded that cell development by
GSH is regulated through several processes like dedifferenti-
ation and cellular activation, stimulation of meristematic cell
growth, etc.

Variation in Pb accumulation, among different plants, is
dependent on age, concentration, and genetic variation
(Sharma and Dubey 2005). We noticed significant Pb levels
in young cotton leaves when grown in medium, supplied with
higher Pb concentrations (Table 4). Sinha et al. (2006) report-
ed that divalent cations compete with essential nutrients to
occupy the same site and their translocation to the roots and
other plant parts. Heavymetal translocation pathway is depen-
dent on several sub-mechanisms like presence of metal bind-
ing agents in the xylem, radial symplastic passage, and heavy
metal load in xylem (Clemens 2006). In the current study,
GSH triggered a reduction in Pb contents of cotton leaves.
Previous research has shown that Pb activates phytochelatin
synthesis (glutathione serves as precursor for phytochelatin
synthesis) which captures heavy metals like Pb and reduces
its upward translocation to leaves (Clemens 2006). Cai et al.
(2010) while working on Cd uptake in rice plants concluded
that exogenous GSH application reduces Cd uptake rather
than its translocation. Basically, GSH-Pb complex formation

Table 4 The effect of lead and glutathione on stress markers, total soluble proteins, and lead uptake in cotton leaves

Treatment (μM) MDA (μmol mg−1 protein) H2O2 (μmol g−1 FW) TSP (mg g−1 FW) Pb contents (μg g−1 DW)

Pb0 16.07 ± 1.24 b 73.09 ± 6.73 b 73.35 ± 1.82 c 8.18 ± 0.62 c

Pb500 28.23 ± 3.62 a 91.49 ± 2.01 a 53.32 ± 1.69 d 378.4 ± 5.84 a

GSH50 13.86 ± 1.48 b 90.76 ± 2.42 a 78.76 ± 3.30 b 6.44 ± 1.07 c

Pb500 + GSH50 17.05 ± 0.68 b 42.49 ± 3.27 c 89.70 ± 4.47 a 76.25 ± 8.57 b

The means followed by different letters are significantly different at P< 0.05 according to LSD method

Table 5 The effect of lead and reduced glutathione on the activities of antioxidant enzymes in cotton leaves

Treatment (μM) CAT
(μmol min−1

mg−1 protein)

SOD
(U mg−1 protein)

POD
(μmol min−1 mg−1 protein)

GR
(μmol min−1 mg−1 protein)

APX
(U min−1 mg−1 protein)

Pb0 0.61 ± 0.12 a 463.98 ± 4.20 b 21.26 ± 0.59 c 56.42 ± 3.94 d 3.65 ± 0.23 b

Pb500 0.10 ± 0.01 c 361.22 ± 8.62 d 32.01 ± 0.57 a 78.95 ± 4.90 b 1.34 ± 0.23 c

GSH50 0.40 ± 0.05 b 494.39 ± 12.41 a 25.94 ± 2.03 b 69.82 ± 3.83 c 4.54 ± 0.28 a

Pb500 + GSH50 0.57 ± 0.08 a 421.04 ± 11.25 c 34.65 ± 3.14 a 127.79 ± 4.81 a 3.27 ± 0.22 b

Data recorded were the means of three replications. Values followed by same alphabets are not statistically significant at P< 0.05, as determined by one-
way analysis of variance
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in the nutrient medium, which may hinder Pb uptake by plant
roots, is dependent on GSH/Pb. Vadas and Ahner (2009) ob-
served enhanced Pb uptake when GSH levels were minimal in
the nutrient medium, but higher GSH levels reduced Pb up-
take. In the current experiment, we have applied 50 μMGSH
with 500 μM Pb, expected to have less GSH-Pb complex
formation in the nutrient medium. So, it is suggested that, in
addition to GSH-Pb complex formation, some other factors
may have also been involved in alleviating Pb-induced dam-
age, such as GSH-mediated phytochelatin synthesis, up-
regulation of antioxidant enzymes, ROS control, protein syn-
thesis, etc.

ROS are by-products of normal physiological functions;
however, under stress conditions, their production is multi-
plied (Foyer and Shigeoka 2011). It is now well known that
glutathione is an intracellular ROS signal transmitter.
Moreover, it also acts as reducing agent inmetabolic pathways
and provides protection against ROS. It detoxifies H2O2 by
giving electrons to peroxides in ascorbate-glutathione cycle,
catalyzed by glutathione peroxidase (Foyer and Noctor 2011).
So, it is inferred that decline in H2O2 and MDA contents, as
reported in the present study, is due to GSH application

(Table 4). Our results agree with the previous findings of
Chen et al. (2010). Similarly, Chao et al. (2009) also suggested
a higher tolerance to heat shock in rice seedlings, due to an
early increase in GSH levels.

Antioxidant enzymes play important role in preventing
ROS-induced cell injury (Ahmed et al. 2010). Glutathione is
a potent antioxidant found extensively in plant cells, mainly as
GSH, under normal conditions. It is a cofactor for various
enzymes and regulates their activities via glutaredoxin system
(Ogawa 2005; Foyer and Shigeoka 2011). In the present study,
Pb reduced the activities of CATand APX and increased those
of SOD, POD, and GR in cotton leaves (Table 5). The decline
in the activities of CAT and APX may be attributed to the
meager quenching capacity of antioxidants to detoxify ROS.
On contrary, the increase in the activities of SOD, POD, and
GR showed their more involvement in scavenging free radi-
cals. However, the response of antioxidant enzymes depends
on stress conditions, plant type/organ, and duration of expo-
sure. Previous studies have shown multiple roles of glutathi-
one in enzyme homeostasis. At first instance, in ascorbate-
glutathione pathway, GSH detoxifies H2O2 and, secondly, re-
sists denaturation of proteins by inhibiting oxidation of protein

Fig. 1 Transmission electron micrographs of cotton leaf mesophyll cells
treated with lead and/or reduced glutathione. Micrograph a represents
control leaf ultrastructure, b indicates variations in cellular morphology
under 500 μM Pb, c figures out organelle arrangement in plant leaves
treated with 50 μM GSH, and d shows cellular configuration of leaf

mesophyll cells under the effects of GSH addition to the Pb-affected
nutrient medium. Chl chloroplast, CW cell wall, CM cell membrane, N
nucleus, S starch grain, Thy thylakoid membrane, V vacuole, M
mitochondrion
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thiol groups (Noctor et al. 2002). Moreover, it modulates pro-
tein function by glutathionylation (Ogawa 2005) and main-
tains redox homeostasis (Foyer and Noctor 2011). We ob-
served GSH-triggered increase in the activities of all above-
mentioned enzymes. Our results are in line with the findings
of Cao et al. (2013) for CAT and APX and Zeng et al. (2012)
for CAT, SOD, and GR activities. They have suggested that
GSH supplementation increases enzyme activities that led to
enhanced plant tolerance to oxidative stress.

Transmission electron microscopy explains leaf ultrastruc-
ture and resultant changes under different environmental
stresses. This study reports Pb-induced changes in the
ultramorphology of cotton leaves and later restoration with
GSH treatment (Fig. 1). Earlier research has shown that Pb
is mainly deposited in intercellular spaces, vacuoles, and cell
walls, and little is found in chloroplasts, endoplasmic reticu-
lum, and nuclei, etc (Sengar et al. 2008). However, even trace
amounts of Pb can cause significant changes in leaf ultrastruc-
ture (Islam et al. 2008). Generally, ultrastructural modifica-
tions in plant cells by Pb are attributed to ROS-induced dam-
age rather than direct effect of Pb. Foyer and Noctor (2009) in
their comprehensive review elaborated unique ROS-
producing pathways in photosynthetic cells and their
distribution. Singlet oxygen, H2O2, and peroxides, besides
photosynthetic components, are also distributed across
plasmalemma and cell walls causing oxidative burst in stress
conditions. We, upon treatment with GSH, observed stability
in cotton leaf ultrastructure. Wang et al. (2011) have also re-
ported stable chloroplast ultrastructure in barley by exogenous
glutathione under cadmium toxicity. Several reasons can be
presented here for the improved ultramorphology of cotton
leaves treated with GSH such as up-regulation of defensive
genes (Wingate et al. 1988; Ball et al. 2004) and stabilization
of photosynthetic membranes (Carius et al. 2011). Moreover,
as mentioned earlier, GSH is a strong chelating agent and a
substrate for S-transferases. It links these molecules with elec-
trophilic substances to form S-conjugates, which are expelled
out of the cell (Halliwell and Gutteridge 2007). So, it may be
suggested that some restricted entry of Pb into the cells
protected subcellular structures.

Conclusions

The findings of the present study highlight the altered growth
and disturbed metabolism in cotton leaves treated with Pb.
Chlorosis, lamina curling, and smaller number of leaves per
plant were some major visible symptoms. Photosynthesis,
chlorophyll contents, and chlorophyll fluorescence clearly de-
clined due to Pb treatment. GSH reduced Pb accumulation in
leaf cells and increased plant tolerance against toxic levels of
Pb. Similarly, Pb exacerbated ROS levels and lipid peroxida-
tion and brought changes in antioxidant enzymes which led to

ultrastructural variations. Membrane disturbances caused ul-
trastructural changes in chloroplasts. However, exogenous
GSH improved photosynthesis and overall plant growth by
increasing green pigments and fluorescence parameters.
Also, GSH heightened plant tolerance against Pb by increas-
ing levels of ROS-scavenging enzymes and protecting chlo-
roplast membranes by stimulating defensive genes,
phytochelatin synthesis, and glutathionylation. It can be con-
cluded that GSH successfully alleviated the adverse effects of
Pb in cotton leaves, improved photosynthesis, and revived
plant growth in cotton. To examine the precise ameliorative
role of GSH under Pb stress, a soil environment-based ap-
proach is needed.
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