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Abstract Plants experience oxidative stress upon exposure
to heavy metals that leads to cellular damage. Plants
accumulate metal ions that disturb cellular ionic home-
ostasis. Currently the main interest in metal accumulators
lies in the field of phytoremediation when plants are used to
“clean up” metal contaminants from the soil. The present
study was conducted to evaluate the oxidative stress in
chicory plants when subjected to different concentrations
of Hg (0, 25, 50 and 75 pM). In order to study oxidative
stress and Hg accumulation in chicory various morpho-
logical, biochemical and enzymatic parameters at two
different stages (23 and 46 days old) were studied. The root
and shoot growth, biomass accumulation declined signifi-
cantly at highest Hg concentration (75 M) and Hg accu-
mulation was higher in roots than in shoots as indicated by
translocation factor < 1. Hydrogen peroxide (H,0O,) and
thiobarbituric acid reactive substances content increased
with increasing concentration of Hg treatments. The
change in H,0O, was also revealed by in vivo histochemical
detection. The osmolytes and photosynthetic pigment
increased significantly up to 50 tMHg, while as decreasing
slightly at higher dose (75 uM). The activities of defense
enzymes viz. superoxide dismutase, catalase, ascorbate
peroxidase, guaiacol peroxidase, glutathione reductase and
glutathione S-transferase were found to be positively
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correlated with Hg-concentration. In conclusion, the chic-
ory plants were found to possess Hg-detoxification capacity
which can be recommended for remediating Hg contami-
nated soils.

Keywords Antioxidant enzymes - Cichorium intybus -
Mercury accumulation - Tissue fingerprinting - Tolerance
index - Translocation factor

Introduction

Environmental pollution has gained momentum in the
current era due to various anthropogenic and geogenic
activities which affect quality of soil leading to declining
the crop yield (Miransari 2011). Mercury (Hg) is one of the
potent toxic elements considered as “priority hazardous
substance” due to prolonged residence time and higher
mobility (Singh et al. 2016). The accumulation of Hg in
plants possess a great threat to agricultural sector because it
interact with cellular biomolecules resulting in the oxida-
tive stress by generating reactive oxygen species (ROS),
affecting various physiological and biochemical pathways
viz. retarted growth, respiration, photosynthesis, cellular
development, nitrogen metabolism and water transport
(Nagajyoti et al. 2010; Chang et al. 2014). Plants possess
innate adaptive mechanisms to combat these oxidative
stresses by stimulating antioxidative defense system and
biosynthesis of osmoprotectant as shielding agents
(Sewelam et al. 2016). The study of dynamic interaction
among Hg and the plant systems is an essential approach
because Hg has largely been used as seed disinfectant, as
an ingredient of various fertilizers and herbicides and
besides, the fundamental mechanism of Hg toxicity have
not been clearly elucidated (Azevedo and Rodriguez 2012).
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Therefore, the present study was conducted to investigate
the Hg toxicity using Cichorium intybus (chicory) as a
model plant. Chicory is an important medicinal plant used
in the complementary and alternative system of medicine
besides being used as a vegetable. It is well-adapted to
contaminated land, tolerant to salt and drought stress,
useful for erosion control on slopes and soil building on
degraded land; capable of absorbing heavy metals for
phytoremediation (Aksoy 2008) and phytomining (Lamb
et al. 2001). Thus, the aim of the present study was to better
understand the Hg induced oxidative stress in chicory plant
and accordingly to develop a convenient approach that can
be utilized to measure the degree of toxicity in Hg-polluted
soils.

Materials and methods
Experimental design and plant growth

Chicory seeds were procured from Hamdard University,
New Delhi, India. Sterilization of healthy seeds was per-
formed for 10 min with 5% NaOCl (w/v) followed by
thorough washing with double distilled water for 1 h.
Seeds were sown in plastic pots (8 cm diameter) containing
Y% kg of acid washed, autoclaved sand. For the growth and
development of seedlings, Hoagland nutrient medium
(Hoagland and Arnon 1950) with pH 6.5 was used
throughout the experiments. The different treatments (0,
25, 50 and 75 uM) of mercury chloride (HgCl,) were
prepared in Hoagland nutrient medium and arranged in
randomized block design with three replicates. The treat-
ments along with nutrient medium were given at 2 days
interval after 7 days of sowing (DAS). The pots along with
seedlings were maintained in a growth chamber at
25 +2°C with an 8-h photoperiod, light intensity
300 pmol m~2 s™! and relative humidity of 60-70%. Pri-
mary leaves and roots of 23 and 46-days old seedlings were
used for experimental purpose.

Growth analysis

Twenty seedlings (23-days old and 46-days old) were
randomly taken to determine root length, shoot length and
biomass accumulation for growth analysis.

Biomass accumulation (BA) and relative water
content (RWC)

For biomass accumulation, carefully uprooted plants were
washed with double distilled water (DDW) for removing
adhered sand particles and fresh weight was immediately
recorded. For determining the dry weight, the material was

dried in a hot air oven at 65 °C till constant weight was
achieved. The dried samples were then weighed to record
the dry matter (DW) and expressed in percent change over
control. The relative water content (RWC) was calculated
as described by Chen et al. (2009).

RWC(y) = [(FW — DW)/FW] x 100

Measurement of Hg content and translocation factor
(TF)

Estimation of Hg was done according to the protocol of
Cargnelutti et al. (2006). Root and shoot samples were
oven dried at 65 °C for 72 h to remove moisture. Dried
samples (0.2 g) were ground into fine powder and digested
with H,SO,4:HCIO, (6:1 v/v) mixtures at 85 °C till white
fumes appear. The solution was filtered and diluted to
50 ml and the Hg concentration was determined by atomic
absorption spectrophotometry (AAS) with a hollow cath-
ode lamp (Perkin-Elmer Analyst 100, Waltham, MA, USA)
equipped with cold vapour chamber and a sodium boro-
hydride (NaBH4) reduction reactor (Perkin-Elmer MHS-
20). TF was estimated to determine the relative transloca-
tion of metals from roots to shoot according to the Mar-
chiol’s equation. TF < 1 and TF > 1 represent low and
high capacity to translocate metals from the roots to the
shoots.

Marchiol’s equation (TF = metal
shoots/Metal concentration in roots).

concentration in

Tolerance index (TI)

TI was calculated according to the Wilkins equation
(Wilkins 1957) to measure the ability of plants to grow in
the presence of high HgCl, concentrations in the root zone.

TI(%) = MLHg/MLC x 100.
where MLy, and ML represented the mean length of
longest roots in HgCl, treatments and controls respectively.

Membrane stability index (MSI)

MSI was determined by estimating the leakage of elec-
trolytes according to the method of Rodriguez-Hernandez
et al. (2013).

MSI(%) = (ECI/ECZ) x 100

where EC; and EC, are the initial and final electrical
conductivity.
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Hydrogen peroxide (H,0,) content measurement

H,O, content was measured according to the method of
Velikova et al. (2000). Fresh leaf tissues were homoge-
nized in cold 0.1% (w/v) TCA followed by centrifugation
at 12,000xg for 15 min at room temperature. The assay
mixture contained supernatant, 10 mM potassium phos-
phate buffer (pH 7.0) and 1 M potassium iodide (KI). At
390 nm, absorbance of the sample mixture was recorded
and the H,O, level was measured using the extinction
coefficient 0.28 uM~' cm™" and expressed as nmol g~ '
FW.

Histo-chemical detection of H,0,

Leaf H,0O, was visualized using diaminobenzidine (DAB)
as substrate according to the method described by Scarpeci
et al. (2008). Thoroughly cleaned plant samples were kept
in DAB-HCI solution (1 mg/ml, pH 3.8) overnight at
25 °C. The samples were then immersed in the boiling
ethanol (70% v/v) for 10 min to remove the green back-
ground, which allowed the deep brown polymerization
product (by reaction of DAB with H,0,) to be clearly
visualized and photographed.

Determination of thiobarbituric acid reactive
substances (TBARS)

Lipid peroxidation was measured in terms of 2-thiobarbi-
turic acid (TBA) reactive substances, chiefly malondi-
aldehyde (MDA) as described by Heath and Packer (1968)
with slight modifications. The concentration of TBARS
was calculated as MDA equivalents using the extinction
coefficient of 155 mM ' cm™' for MDA, the final
decomposition product of lipid peroxidation. The value
obtained was used for calculations by the following
formula:

TBARS content (nmol g~! fresh weight)
— [(A532 — AG00)] x V x 1000/c x W

“V” represents extraction volume; “W” represents
weight of fresh tissue, “¢” represent molar extinction

coefficient for MDA (¢ =155 mM ™' cm ™).
Pigment estimation

Fresh leaf tissues (0.2 g) were homogenized in 10 ml of
80% chilled acetone under dark conditions. The chloro-
phyll content was determined according to the method
given by Arnon (1949) followed by an additional step
using 100% acetone to guarantee complete extraction
process. The formula described by Duxbury and Yentsch
(1956) was used to determine carotenoid content and
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expressed in mg/FW. Anthocyanin pigment was estimated
according to Mancinelli et al. (1957).

Measurement of osmolytes

Proline content was determined after reaction with ninhy-
drin in acidic medium to form the chromophore following
the protocol of Bates et al. (1973) with L-proline as stan-
dard. The Soluble sugar was estimated following the
method of Dey (1990). The total free amino acid content
was determined by the ninhydrin test according to the
method of Sircelj et al. (2005) with L-leucine as a standard.

Enzyme extraction and activity

Enzyme extraction was done by homogenizing fresh leaf
tissues (0.2 g) in pre-chilled mortars with a mixture of
3.0 ml extraction buffer, containing 50 mM phosphate
buffer (pH 7.8), 1 mM di-sodium EDTA and 1% PVP. The
sample mixture was centrifuged at 4 °C for 30 min at
12,000 rpm and the aliquot was used for the determination
of protein content and activities of enzymes. The protocol
of Bradford (1976) was used for protein estimation with
BSA as standard.

The SOD activity was determined according to the
method of Beyer and Fridovich (1987) with slight modi-
fications. The absorbance was measured spectrophotomet-
rically at 560 nm against blank. 50% inhibition of NBT
reduction is equal to one unit of SOD activity.

The CAT activity was determined according to the
method given by Aebi (1984). The CAT activity was
measured using the extinction co-efficient of
0.036 mM~' cm ™' for H,0,.

Activity of APX enzyme was measured according to the
method of Nakano and Asada (1981). The enzyme activity
was calculated using the extinction coefficient 2.8 mM ™"
cm~! and expressed in units/mg protein. One unit of
enzyme was the amount necessary to decompose 1 pmol of
substrate/min at 25 °C.

The enzyme POD (guaiacol specific) was assayed as
described by Whitaker and Bernhard (1972). Formation of
tetraguaiacol at 470 nm and the extinction coefficient of
26.6 mM ' cm ™' were used for calculating POD activity.
Activity of enzyme was measured as the increase of
absorption units per minute per mg protein (U min~' mg ™"
protein).

Glutathione reductase (GR) assay was measured
according to the method of Cakmak and Marschner (1992)
by monitoring the oxidation of NADPH at 340 nm (ex-
tinction coefficient 6.2 mM ™' cm™"). A unit of activity is
the amount of enzyme that catalyzes the reduction of
1 pmol of GSSG min~' mg™" protein.
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Glutathione S-transferase (GST) activity was deter-
mined according to the method of Habig and Jacoby
(1981). Enzyme activity was measured using the extinction
coefficient of the conjugate 9.6 mM ™' cm ™' and expressed
as units min~' mg~' protein.

Statistical analysis

Results were represented as arithmetic mean =+ standard
error (SE). All data were subjected to two-way ANOVA
using GraphPad Prism 6.0 software. Tukey’s post hoc test
was done to identify statistical differences between pairs of
means at the 0.05 probability level. All experiments were
carried out in triplicates (n = 3) except for growth param-
eters (root and shoot length, BA, TI and RWC, where
n = 10).

Results
Growth response, biomass analysis and RWC

The effects of different Hg treatments on plant growth,
biomass accumulation and RWCin C. intybusat 23-days
and 46-days are presented in Table 1. The root growth was
inhibited with increasing Hg treatments at both 23-days
and 46-days reaching the maximum reduction of 46.12%
and 15.52% respectively at 75 puM Hg level. The shoot
growth showed a concomitant decrease with increase in Hg
stress among both stages. However, at 23-day, maximum
reduction in shoot growth observed was 29.11% at 25 pM
Hg level while as it was 16.59% at 75 uM Hg in 46-days
old plants. The reduction in root and shoot length at both
stages were non-significant (P < 0.05) among 23 and
46-days old plants. Similarly there was a non-significant

(P < 0.05) decrease in biomass accumulation in a dose and
time dependent manner. The biomass accumulation was
reduced by 20% and 10% in both 23-days and 46-days at
75 uM Hg treatment (Table 1). The RWC under Hg stress
increased non-significantly with increase in Hg treatments
and the maximum RWC observed was 99.78% at 75 uM
Hg in 23-days. However, RWC at 46-days increased with
increase in Hg concentration up to 50 uM (91.25%) and
thereafter showed a slight decrease to 85.75% at 75 uM Hg
dosage (Table 1).

Mercury content analysis, translocation factor
and TI

The accumulation of Hg in roots and shoots at 23- and
46-days is illustrated in Fig. 1a, b. The level of Hg accu-
mulation in roots at 23- and 46-days of Hg treatment
increased significantly in a dose-dependent manner. The
maximum accumulation of Hg content noticed was 25.11
and 28.15 mg g~ DW at 75 uM Hg in 23- and 46-days
plants respectively. Similar trend was observed for accu-
mulation of Hg in shoots and the maximum values mea-
sured were 8.11 and 14.92 mg g~' DW at 75 uM Hg in
23-days and 46-days. Translocation factor values at 75 pM
Hg in 23-days and 46-days were 0.33 and 0.53 (Table 2).
Tolerance index (TI) values of both shoot and root were
significantly different and decreases with increase in Hg
stress at both stages. The roots exhibit the highest sensi-
tivity to Hg (TI = 53.87%, at 23 days) at 75 pM (Table 2).

MSI, H,O, content and TBARS content
MSI, H,0, and TBARS content showed different patterns

when subjected to Hg treatments. Application of Hg caused
a significant increase in MSI at all Hg levels in both 23-and

Table 1 Effect of different concentrations of Hg treatments (0, 25, 50 and 75 pM) on root, shoot length, biomass accumulation and relative

water content (RWC) of 23 and 46-day old Cichorium intybus plants

Duration Concentration (M) Root length Shoot length

Biomass accumulation (mg/ Relative water content (RWC)

HgCl, (cm) (cm) seedling) (Y%age)
23DAS 0 2.58 + 0.01 454 0.1 0.01 %+ 0.002 97.5 + 10.10
25 194 002%  3.19+0.12*  0.014 + 0.001* 97.70 + 10.11*
50 2.1 + 0.03% 3.67 £ 0.11°B  0.012 & 0.001* 99.37 + 11.10*
75 1.39 + 0.02*®  3.91 & 0.08® 0.008 + 0.001® 99.78 + 10.11*
46 DAS 0 219 £ 0.1 4.58 + 0.002 0.02 %+ 0.0001 98.88 =+ 13.33
25 1.92 £0.11% 391 4 0.12*  0.025 £ 0.002* 89.90 + 1.75%
50 207 £0.10° 431+ 0.13*®  0.021 + 0.001* 91.25 4 2.25®
75 1.85 + 0.001*® 3.82 4+ 0.11*  0.018 + 0.001® 85.75 + 1.81°8

Data represent the mean + SE of three different experiments (n = 10). Alphabetical letters denote significance (P < 0.01) in comparison with

control



240

Plant Physiol. Rep. (April-June 2019) 24(2):236-248

B 23DAS " 46DAS

w
S

1(A)

B
b
4 b B T
>
: A
a |
I r I r r :
0 25 50 75

Hg Concentration (uM)

[
9]

[
=]

o
(=]

2]

Hg content in roots (mg/g FM)
ot
h

(=]

18 1(B) .
16 A ‘[
14 A B

12 A
10

b
A
r a T a
0 25 50 75

Hg Concentration (uM

S N A N ®
M

Hg content in shoot (mg/g FM)

Fig. 1 Hg content (mg/g DW) in roots (a) and shoots (b) of
Cichorium intybus plants grown in the absence (control) and presence
of 25, 50 and 75 uMHg for 23 and 46 days. Data represent the
mean = SE of three different experiments. Alphabetical letters
denote significance (P < 0.01) in comparison with control

46-day old plants and the maximum increase was 16.32%
and 18.14% at 50 uMHg treatment (Fig. 2a). Hg toxicity
resulted in a significant increase of H,O, content in the
leaves at 23-days and 46-days in a dose-dependent manner.
The increase was more at 75 uM Hg concentration
(89.58% and 78.06%) at 23- and 46-days plants respec-
tively (Fig. 2b). The TBARS content initially decreased at
25 uM Hg level (19.23%) but showed a remarkable

increase up to 41.66% at 75 uM Hg level (Fig. 2c). At
46-days, TBARS content increased at all concentrations in
a dose-dependent manner with maximum of 93.07% at
75 uM Hg level.

Hg induced changes in in situ production of H,O,

Leaves from both control (0 M) and Hg treated samples
(25, 50 and 75 uM) were dyed with 3, 3-diaminobenzidine
(DAB) solution for H,O, localization. The results show
that control samples were relatively light in color compared
to the Hg treated plants. However, the color intensity
varied significantly with increase in the Hg concentration,
indicating higher accumulation of H,O, (Fig. 3).

Photosynthetic pigments

Hg treatment affected the chlorophyll, carotenoid and
anthocyanin contents. Total-chl content did not show any
significant change in response to Hg stress at both stages
except at 25 pM Hg treatment in 23-day old plants where it
declined to 50.20% (Fig. 4a). Similarly, carotenoid exhib-
ited a similar trend as it did not show any significant
change at both 23 days and 46-days, and the maximum
increase was 39.24% and 11.09% respectively at 50 pMHg
(Fig. 4b). Anthocyanin content initially at both 23 days and
46-days does not exhibit any significant change in response
to Hg treatment except at 75 pM concentration in 23-days
old plants where it showed a significant increase of 51.56%
(Fig. 4c¢).

Effect of Hg on osmolytes and protein content

Proline acts as an osmo-protectant against osmotic distur-
bance in plant system caused by distinct abiotic stresses.
Proline increased by 257.82% and 111.45% at 23- and
46-days respectively subjected to 75 pM Hg stress
(Fig. 5a). Soluble sugar content initially showed a reduc-
tion of 10.48% at 25 uM Hg level in 23-days but thereafter

Table 2 Effect of different concentrations of Hg treatments (0, 25, 50 and 75 pM) on index of tolerance of roots and shoots and translocation

factor of 23 and 46-day old Cichorium intybus plants

Duration  Concentration (uWM) HgCl, Index of tolerance (roots) (%age) Index of tolerance (shoots) (%age) Translocation factor (TF)

23 DAS 25 73.64 + 11.10
50 81.39 £ 12.50
75 53.87 £ 13.45
46 DAS 25 87.67 £ 15.50
50 94.52 £+ 17.60
75 84.47 £ 11.11

70.88 £ 12.35 0.28 £ 0.04
81.55 £ 16.50 0.26 &+ 0.10
86.88 £ 11.17 0.33 £ 0.04
85.37 £ 13.21 0.30 £ 0.002
94.10 £ 15.40 0.52 £0.03
95.40 £ 9.10 0.53 £ 0.002

@ Springer
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it increased significantly at all concentrations and the
maximum value was 62.23% at 75 pM Hg. However at
46-days, soluble sugar content increased in a concentra-
tion-dependent manner and the maximum increase
observed at 50 pM Hg level was 34.78% compared to
control (Fig. 5b). Free amino acid content increased
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Fig. 3 Localization of H,O, by DAB-mediated tissue printing in
leaves of Cichorium intybus treated with distilled water (0 uM) or
different concentrations of HgCl, (25 pM, 50 uM and 75 pM). H,O,
accumulation is indicated by the formation of a red-brown color
resulting from polymerization DAB solution in presence of peroxi-
dase enzyme (color figure online)

linearly with Hg treatments at 23-days up to 380.64% at
75 uM Hg but at 46-days, the maximum increase was up to
54.38% at 50 uM (Fig. 5c¢). Under Hg stress, the total
protein content of leaves followed a similar outcome at
both 23- and 46-days and the maximum increase observed
was 69.09% and 95.42% at 50 uM Hg respectively
(Fig. 5d).

Effect of Hg on the activity of enzymatic
antioxidants

In the present study, SOD activity showed progressive

increase with increasing Hg treatments at both 23- and
46-days. Maximum SOD activity observed was 118.26%
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intybus plants at 23-days and 46-days after sowing; DAS. Data
represent the mean + SE of three different experiments. Alphabetical
letters denote significance (P < 0.01) in comparison with control

and 100.84% at 75 uM Hg level at both stages respectively
(Fig. 6a). CAT enzyme also showed linear increase in
activity with increase in Hg treatments at both stages and
the highest CAT activity measured was 457.14% and 120%
at 23- and 46-days respectively at 75 pM Hg (Fig. 6b).

@ Springer

With increasing Hg treatment a gradual increase in the
activity of POD was observed at all concentrations with
maximum POD activity observed was 466.66% and 80% at
23-and 46-days when subjected to 75 pM and 50 pM Hg
concentration respectively (Fig. 6¢). APX enzyme activity
increased significantly with increase in Hg concentration
with highest activity of 540.32% at 75 pM Hg in 23-days
while as at 46-days it increased up to 838.27% at 50 uM
Hg level (Fig. 6d). GR activity showed a concomitant
increase with increase in Hg concentration and the maxi-
mum increase observed was 540% and 472.72% at 50 pM
Hg level at both 23 and 46-days respectively (Fig. 6e).
GST activity increased with increase in Hg-concentration
and the maximum increase observed was 87.5% and
176.92% at 23- and 46-days respectively at 50 uM Hg
level (Fig. 6f).

Discussion

Effect of Hg on plant growth, biomass accumulation
and RWC

Growth inhibition is a common response to heavy metal
stress and is one of the most important agricultural indices
of heavy metal tolerance. In general, heavy metals inhibit
growth by inducing oxidative stress due to the formation of
ROS which ultimately damages the plant cell (Chen et al.
2009). In the present study the growth of chicory plants
upon Hg stress was significantly affected and inhibition
was slightly more in roots than shoots. The shunted growth
might be due to Hg restraining aquaporins or by altering
the membrane permeability (Malar et al. 2015) or due to
the inhibition of mitotic index as previously reported with
Cd stress in Elodea canadensis (Vecchia et al. 2005).
Similar results were observed in Pterisvittata (Chen et al.
2009) and Nephrolepis exaltata and Jatropha curcas (Gao
et al. 2010) grown under Hg stress. Plant biomass is a good
indicator for characterizing the growth performance of
heavy metal stressed plants. In our study, the biomass
accumulation initially increased at low Hg treatment
(25 pM) and declined at higher Hg treatment at both 23-
and 46-days chicory plants. Almost similar observations
were reported under Cd and Hg stress in Triticum aestivum
(Sahu et al. 2012); Hg stress in Sesbania drummondii
(Venkatachalam et al. 2009); J. curcas (Gao et al. 2010)
and Mentha arvensis (Manikandan and Venkatachalam
2011). However, RWC at 23-days old chicory plants was
slightly higher than the control plants and our results are in
agreement with Malar et al. (2014) who reported same in
Eichhornia crassipes under Pb stress condition. Besides,
our results also revealed that RWC decreased at higher Hg
treatment which might be due to closure of stomata by
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restrain on stomata. These results are in accordance with
Hg stress in Brassica juncea (Shiyab et al. 2009) and in
Pteris vittata and Nephrolepis exaltata (Chen et al. 2009).

Mercury content analysis, translocation factor
and TI

The present study showed that accumulation of Hg in roots
and shoots of chicory plants increased in a dose and time-
dependent manner and roots were found to accumulate
more Hg compared to shoots. Similar observations were
reported earlier in J. curcas (Gao et al. 2010) and in
Atriplex codonocarpa (Lomonte et al. 2010). Besides, TF
value was found to be < 1 which indicated that large
amount of Hg content was stored in the roots. The results
also revealed that the tolerance index increased in a dose
and time-dependent manner when chicory plants subjected
to different concentrations of Hg. The metal sequestration
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pathway in chicory involves the production of organic
acids viz., malic acid and citric acid which causes chelation
in the rhizosphere thus prevents its translocation to shoot
system (Hajiboland et al. 2006). It has also been reported
that chicory also produces amino acids such as; nico-
tianamine and histidine in response to Cu stress that play an
essential role to regulate complexation of Cu inside xylem
sap and thus minimizes the potential damage (Welch 1995;
Liao et al. 2000).

MSI, TBARS and H,0, content

Membrane lipid peroxidation is responsible for internal
membrane damage caused by several abiotic stresses
including heavy metal stress (Ali et al. 2008). The present
study revealed that MSI increased upon Hg stress as a
result of enhanced formation of ROS which is probably due
to the disruption of membrane integrity (Muradoglu et al.
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2015). Moreover, MDA content increases in a concentra-
tion-dependent manner under Hg stress which induces a
higher level of ROS production in chloroplasts and per-
oxisomes of plants (Hu et al. 2012). Increased lipid per-
oxidation has also been reported in Vigna radiata (Mondal
et al. 2015) under Hg stress. In our study, H,O, production
increased linearly with increase
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suggesting a regulatory role of ROS in the cross-talk of
stress signaling pathways and redox metabolic signaling
(Golldack et al. 2014). Increased H,O, level in the present
study might be due to the inactivation of H,O, scavenging
enzymes.
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Photosynthetic pigments

Photosynthesis is probably the most important metabolic
event on earth and is certainly the most important process
in understanding maximum crop productivity and mini-
mizes the side-effects of soil contamination. The photo-
synthetic pigments are considered as one of the most
important parameters in evaluating stress and often used as
biomarker (Pinheiro et al. 2013). Present study revealed
that the total chlorophyll content does not exhibit any
significant increase/decrease due to high Hg toxicity during
both stages. The reduction in the levels of total chlorophyll
content after exposure to Hg and Pb stress has been
reported in many plant species viz., in Wolffia arrhiza
(Piotrowska et al. 2009) and Najas indica (Singh et al.
2010). Carotenoid and anthocyanin being non-enzymatic
antioxidants plays an important in quenching the ROS.
Carotenoid content initially showed reduction at low levels
of Hg (25 pM) during both stages. Similarly Krupa and
Baszynski (1995) reported that Hg > 10 mg™' can inhibit
photosynthetic pigment synthesis in plants. The decreased
photosynthetic pigment content observed in our study
corroborates with the reports of Zhou et al. (2007) in
Medicago sativa under Hg stress. It is believed that heavy
metal hyper-accumulating plants produce a higher level of
photosynthetic pigment contents which might be a poten-
tial detoxification mechanism for the efficient removal of
heavy metals (Chandra et al. 2009).

Osmolytes and protein content

Proline a known osmolyte accumulates in plants in
response to heavy metal stress in order to combat stress
conditions and impart tolerance to plants against oxidative
stress (Mostofa et al. 2015). Besides, it is also known for its
function in the signal transduction pathway and as a source
of nitrogen during normal plant metabolism (Tie et al.
2014). Amino acids on the other hand play a pivotal role in
plant primary metabolism. Since amino acid biosynthesis is
connected to photosynthesis and nitrogen metabolism
based on environmental characteristics that effect or
changes the free amino acid synthesis (Durzan and Steward
1983). Under Hg stress, proline and free amino acid con-
tents increased considerably at all concentrations among
23-days old chicory plants. Various earlier studies reported
that proline contents significantly increased in Phaseolus
vulgaris (Khadri et al. 2006), Zea mays (Yoon et al. 2005)
under stress conditions. The accumulation of proline and
free amino acid was concomitant with increasing stress in
chicory plants which is in agreement with the results
obtained by John et al. (2008) in Lemna polyrrhiza under
Cd and Pb stress and Rahimi et al. (2012) in Foeniculum
vulgare under Si stress. Soluble sugar is an important

constituent synthesized during photosynthesis and break-
down during respiration by plants. It is believed that under
heavy metal stress accumulation of sugar along with other
compatible solutes contribute to an osmotic adjustment to
allow the plants to minimize sufficient storage reserves to
support basal metabolism under stressed environment
(Smeekens 2000). In the present study, soluble sugar
content showed concomitant increase with increase in Hg
treatment at 23-days. However, at 46-days, soluble sugar
content underwent a decrease at higher concentration of Hg
(75 pM). Our results corroborate with the study in Pisum
sativum under salt stress (Ahmad et al. 2008) and Phase-
olus vulgaris under Pb stress (Aldoobie and Beltagi 2013).
Protein is often considered as a reliable indicator of
oxidative heavy metal stress in plants (Plata et al. 2009).
Protein content in the present study increased at all levels
of Hg treatment at both stages. The increase of protein
content under heavy metal stress is possibly as a result of
the induction of stress proteins which may comprise vari-
ous antioxidant enzymes (Lamhamdi et al. 2010). Our
results are in accordance with the previous reports of Hg
stress in Cucumis sativus (Cargnelutti et al. 2006) and Cu
stress in Triticum aestivum (Singh et al. 2007).

Activity of enzymatic antioxidants

HM toxicity has led to the generation of unstable ROS
production which in turn leads to oxidative stress in plants
and ultimately affects the crop yield (Shahid et al. 2014).
To combat stress conditions, plants have developed an
innate enzymatic defense pathways (Hassanein et al. 2012)
which comprises of SOD, CAT, APX, GPX, GR and GST
and inhibit or neutralize toxic effects of free radicals (Chen
et al. 2015). SOD plays a key role in cellular defense
mechanisms by converting O3 to H,O, (Alscher and
Erturk 2002). In our work the results showed an increased
level of SOD activity which might be due to the formation
of excess O by Hg exposure or over-expression of genes
responsible to encode SOD enzyme. Similar results were
reported by Pirzadah et al. (2018) in Fagopyrum tataricum
under Hg toxicity. CAT plays an important role in main-
taining the redox homeostasis of the cell (Das et al. 2015)
and catalyses the dismutation of H,O, into oxygen and
water (Gill and Tuteja 2010). In the present study, CAT
activity increased linearly in a dose and time-dependent
manner during both stages. Similar findings were observed
in J. curcas under Pb stress (Shu et al. 2012). POD catal-
yses H,0,-dependent oxidation of substrate (Hu et al.
2012) and the present study has observed an increase in
POD activity with increase in concentration of Hg treat-
ment at 23-days. However at 46-days, the POD activity
declined sharply at 75 pMHg treatment. Increased POD
activity upon Hg stress has been previously reported in
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Alfalfa (Plata et al. 2009) and Lycopersiumesculentum
(Cargnelutti et al. 2006). Two major enzymes, APX and
GR are involved in the ASC/GSH cycle that operates in
chloroplasts, cytoplasm, mitochondria as well as in per-
oxisomes (del Rio et al. 2006). Our results indicated that
APX activity in leaves increases at 23-days and similar
results were also noticed in Phaseolus aureus subjected to
Pb stress (Rucinska et al. 1999) and Alfalfa under Hg and
Cd stress (Plata et al. 2009). In the present study, GR
activity increases in a concentration-dependent manner
under Hg stress suggesting operation of ASC/GSH cycle in
leaves. A similar observation was reported in Viciafaba
plants grown under Cd and Pb stress (Sharifa and Abu-
Muriefah 2015). In plants, GST plays a pivotal role in
intracellular detoxification of obnoxious chemicals (Reddy
et al. 2005). In our study, GST activity showed a positive
correlation with Hg stress, indicating that it could catalyse
the conjugation of Hg®" to glutathione (GSH) or act
directly as to sequester metal ions (Reddy et al. 2005). The
induction of APX, GR and GST provides additional
defences against Hg toxicity and keeps the metabolic
activities in leaves functional and moreover the oxidative
damage imposed by Hg stress is avoided with an altogether
increase in activities of antioxidant enzymes.

Conclusion

In conclusion, chicory plants subjected to lower concen-
tration of Hg did not experience any oxidative stress and
can tolerate the highest concentration of 50 puM of Hg.
Tolerance of chicory plants to high levels of Hg may be
attributed to the plants capability to sequester the metal and
to enhance the antioxidant defense mechanism. The phys-
iological and biochemical responses of chicory plants
subjected to different Hg levels can be of great significance
in using chicory for remediation of heavy metal polluted
sites. Results also confirmed that under high levels of Hg,
chicory effectively generated the defense system mediated
by enzymatic antioxidants (SOD, CAT, POD, APX, GR
and GST) and non-enzymatic antioxidants (osmolytes,
photosynthetic pigments) acted in a synergistic manner to
scavenge excess of ROS. It was also concluded from the
present study that chicory accumulates Hg more in roots
than in aerial parts which is a strategy of plants for pro-
tecting their more sensitive aerial parts from the deleterious
effect of metal stress.
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