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Changes in Hydrogen Peroxide Content and Activities of Antioxidant
Enzymes in Tomato Seedlings Exposed to Mercury

Un-Haing Cho* and Jung-O Park
Department of Biology, Changwon National University, Kyungsangnamdo 641-773. Korea

Thirty-day-old seedlings of tomato (Lycopersicon esculentum Mill.) were treated with various Hg concentrations (0,
10, and 50 pM) for up to 20 days, and the hypothesis that Hg induces oxidative stress leading to the reduction of bio-
mass and chlorophyll content in leaves was examined. The accumulation of Hg in seedlings increased with external
Hg concentration and exposure time, and Hg content in roots exposed to 50 uM Hg for 20 days was about 27-fold
higher than that in shoots. Furthermore, Hg exposure not only reduced biomass and chlorophyll levels in leaves but
also caused an overall increase of endogenous H,0,, lipid peroxidation products (malondialdehyde), and antioxidant
emzymes activities such as superoxide dismutase, catalase, and peroxidase in leaves and roots. Our results suggest
that the suppression of growth and the reduction of chlorophyll levels in tomato seedlings exposed to toxic Hg levels
may be caused by an enhanced production of active oxygen species and subsequent high lipid peroxidation.
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The exposure of plants to toxic metal ions causes reduces H.,0, to H,O using several reductants avail-
reduced plant growth or plant death, coincidental able to the cells (Foyer et al., 1994). Altered activities
with the alteration of membrane permeability of cells of these antioxidant enzymes and antioxidants com-
leading to the leakage of ions (De Vos el al., 1993) monly have been reported in plants, and are used
and pigment destruction (Luna el al., 1994). However, frequently as indicators of stress (Koricheva et al.,
in spite of the considerable literature on the subject, 1997; Kang et al., 1998).
the tundamental mechanism of metal phytotoxicity In parallel to metal-induced tissue damage or cell
has not yet been characterized and little is known death, alterations of both antioxidant enzyme activi-
about the mechanisms related to absorption and phy- ties (Somashekaraiah et al., 1992) and antioxidant
totoxicity of mercury (Hg), a cytotoxic metal pollutant. levels (Sinha et al., 1997) as well as enhancement of

Active oxygen species (AOS) such as O ,, OH' and both lipid peroxidation (Quariti et al., 1997) and phy-
H,O, are commonly generated under stress condi- tochelatin synthesis (Gupta and Goldsbrough, 1991)
tions (Halliwell and Gutteridge, 1984) and are strong have been observed, so metal-induced phytotoxicity
oxidizing species that can rapidly attack all types of may be mediated by oxidative stress. However, the
biomolecules (Asada, 1996), thus disrupting the nor- changes in AOS metabolism and the enzyme activi-
mal metabolism of the cell. Generation of AOS, par- ties involved in scavenging AOS in response to expos-
ticularly H,0,, has been proposed as a part of the ing plants to toxic metals have not been investigated
signaling cascade leading to protection from stresses in detail. In animals, HgCl, was found to enhance
(Dat et al., 1998). For the protection from oxidative lipid peroxidation in several organs, as measured by
stress, plant cells contain both oxygen-radical- detoxi- the thiobarbituric acid reaction for malondialdehyde
fying (antioxidant) enzymes such as catalase (CAT), (MDA), and reduced glutathione level (Huang et al.,
peroxidase (POX) and superoxide dismutase (SOD), 1996), indicating that the oxidative stress-induced
and non-enzymatic antioxidants such as ascorbate, lipid peroxidation may be one of the molecular
glutathione and a-tocopherol (Asada, 1996; del Rio et mechanisms for cell injury in acute HgCl, poisoning.
al., 1998). SOD, the first enzyme in the detoxifying However, due 1o lack of data, it is difficult to assess
process, catalyzes the dismutation of O, to H,0, the significance of oxidative stress induced by Hg in
and O, (Fridovich, 1986), CAT mediates the cleavage plants.
of H,0, evolving O, (Scandalios, 1993), and POX The objective of the present study was to investi-

gate whether Hg-induced phytotoxicity expressed as
*Corresponding author; fax +82-551-279-7440 growth inhibition and chlorophyll destruction in
e-mail uhcho@sarim.changwon.ac.kr tomato seedlings is mediated by oxidative stress. We
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report that the seedlings exposed to toxic doses of
mercury (up to 50 uMi produce H.O), and the activi-
ties of related antioxidant enzymes are altered, indi-
cating that Hg-induced phytotoxicity is mediated by
oxidative stress.

MATERIALS AND METHODS

Plant Material

Seed: of tomato (Lycopersicon esculentum Mill. ov.
Seokwang) were germmated and cultivated in pots
containing a perlite:vermiculite (11 mixture in o
controlied (.xnvm)nmont chamber at 25°C with 12 h
of light :250 pM m s ) and 70-80% humidity. Seed-
lings were supplemcntv(l daily with water and twice a
week with maodified Hn.u,l.md solution contaming, the
tollowing nutrients: 28.7 mg/l. NH HLPO, 0.71 mgl
H.BO, 1641 mg/l. CaNO ., 0.02 mgl CuSO .
2.66 mg/l- terric tartrate, 60,19 mgil. MesSO) |, 0.45
mg/l MnCl., 0.004 mgl. MoO , 151.65 mgl KNO,
and 0.055 mg/l. ZnSO . Thirty days after germina-
tion, Hg was added daily to the pots as 0, 10, and 50
M solutions of HgCl, in water. Plants collected trom
cach treatment aiter 10 or 20 d ot Hg treatments
were dried tor 48 h at 707C and weighed for biomass
and Hg determination. For measurements of H .0,
MDA, chlorophvll and antioxidant enzyme activities,
fresh samples were weighed and used. The experi-
ments were conducted at least in triplicate al «different
times, and mean values and standard errors were cal-
culated

Measurement of Hg

Leaves and roots were separated and washed in
deionized water two times, and dricd at 70°C tor 48
h. The dried tissues were weighed and ground into a
fine powder betore wet ashing in HOIO HNO, i4:1,
vivi solation. Hg was determined with an- atomic
absorption spexc trophotometer (Varian 200AA equipped
with vapor gencrative accessory, Australia) using a | g,
hollow-c athode lamy.

Measurement of Chlorophyll and Lipid Peroxidation

Leaves collected at day 10 or 20 alter Hg treatment
were weighed and ground in 80% acetone. The result-
ing suspension was centrituged for 10 min: at: 5000
rpm. The chlorophvlt content of the supernatant was
estimated according to the method of Armon +1949),

J. Plant Biol Vol. 42, No. 1, 1999

The level of dipid peroxides in the leaves and roots
was determined as malondialdehyde (MDA) content
by the thiobarbituric acid (TBA) reaction as described
by Dhindsa ot al. (19871

Measurement of H,0,

Content of 1HQO, in plant tissues was determined
based on the modified method of Patterson et al.
11984, Frosh leaves or roots (150-300 mg) were fro-
senyin liguid nitrogen and ground to a powder in a
mortar together with frozen 5% TCA (1.5 mb) and
activated charcoal <45 mg). The homogenate was
centrifuged at 18,000g for 10 min at 0°C. The super-
natant was filtered through o nvlon filter (45 pum, MSh
aned the tiltrate was adjusted 1o pkt 8.4 with 17 M
ammaonia soluton. After re-filteation through a nylon
tilter, a4 500 pt aliquot was brought up to 1 ml. by
adding 500 ui - of colorimetric reagent. The colori-
metric reagent was made dailv by mixing 1:1 v 0.6
MM H-2-pyridvlazoiresordinol tdisodium salt (Sigm.)
and 2% titanium (IV: chloride diluted from 20% Tic 1,
in conc. HCEand adjusted to pH 8.4) (Kanto Chemi-
cal Co. Inc., Japan) and was maintained in ice until
use, The mixture was incubated 1or 60 min at 45°C
and contents of H,0, (£= 3.67 uM 'em ' were deter-
mined trom A, using a series of HLO, solutions, 5-
S0 UM, as standlards €30% 1,0, Sigma.

Measurement of Antioxidant Enzymes

All samples were prepared tor enzyme analyses by
homogenizing the fresh tissue material with a mortar
and postle and a small amount o sand in a solution
5 mi g fresh weight) containing 50 mM KH PO/
KUIPO), (pH 7.0, 10g L7 PV 0.2 mM EDTA and I()
ml | hll(m A-100. After the homogenate was cen-
trituged at 12,000 for 20 min at 47C, the supernatant
was used tor immediate determmation of enzyme
activities,

Al spectrophotometric analyses were conducted
with o Uwikon 922 specttophotometer  (Kontron
Isiruments, ltaly). Activity of CAT was determined by
monitoring, the disappearance of H,0), by measuring
the: decrease in absorbane ¢ al 240 nm of a reaction
mikture containing 2 ml 298 M H,0, in k-
phosphate butter (pH 7.0) and I mL extract (Beers
and Sizer, 19521, Adtivity of SO was assayed by the
inhibition of the: photochemical reduction of nitroblue
tetrazolium INET) according o the modified method
of Becana et al. (1986). The reaction medium com-
prised 0.25 ml 50 mM Na-phosphate butfer (pH 7.8)
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with 0.1 mM Na,EDTA, 2.73 mbL O/,-generating
solution and 20.45 pL extract. The O, generating
solution contained 2.2 uM riboflavin, 14.3 mM
methionine, and 82.5 uM NBT. Glass cells contain-
ing the mixture were placed in a cylindrical bath
lined with aluminium foil at 25°C and fitted with a
22W fluorescent lamp. The reaction was initiated by
turning the light on and the reduction of NBT was fol-
lowed by reading the A, for 10 min. Blanks were
run the same way but without illumination. One unit
of SOD was defined as the amount of enzyme which
produced a 50% inhibition of NBT reduction under
the assay conditions. Activity of guaiacol peroxidase
(GPX) was measured by monitoring the H ,0,-depen-
dent oxidation of guaiacol at 470 nm (Chance and
Maehly, 1955). One unit was defined as the enzymic
amount which oxidizes 1 uM guaiacol min™! (€=26.6
mM™'em').

Enzyme activity was expressed as units per g fresh
weight. Contents of H,O, and MDA were expressed
on a g fresh weight basis.

RESULTS

Hg Accumulation, Seedling Growth and Chloro-
phyll Content

The content of Hg in tissues of tomato seedlings
increased concurrently with the increase in external
Hg level and exposure time (Table 1). Hg was more
accumulated in roots than in upper plant parts; Hg
contents in roots after 20 days was about 27-fold
higher than that in shoots. The maximum accumula-
tion of Hg was 1418.9 pg g™' dry weight in roots with
50 uM Hg treatment for 20 days Among the leaves,
the first and the second leaves contained more Hg

than the third ones, and the highest Hg level was
observed in the first leaves.

The effects of Hg on seedling growth, expressed as
dry weight and length of shoots and roots, are shown
in Figure 1. Hg induced a substantial depression of
hoth root and shoot dry weights, and this effect varied
with the time of the exposure and the concentration
of the exogenous Hg. The growth reduction observed
at the high doses of Hg appeared to coincide with an
increased accumulation of the metal (Table 1). How-
ever, 10 uM Hg treatment for 10 days (625.2 pg g
dry weight of Hg accumulation) was not enough to
suppress both the dry weight and length of roots,
indicating more resistance of roots to initial Hg stress
than that of shoots.

Chlorophyll content (Fig. 2) showed a progressive
decline with increasing Hg concentration in tissues
(Table ). With a substantial amount of Hg accumula-
tion (Table: 1), ten-day exposure to Hg was enough to
decrease chlorophyll contents particularly in the first
and the second leaves. However, the younger third
leaves were more resistant to chlorophyll destruction
since a 10-day treatment with 10 pM Hg was not
enough to decrease the chlorophyll level.

H,0, Production and Lipid Peroxidation

The effects of Hg on H,0, production are pre-
sented for leaves and roots (Fq, 3). H,0, content in
roots was much higher than in leaves. Subjecting
tomato seedlings to up to 50 pM Hg for 10 days
increased the level of H,0, in comparison with con-
trol plants, and the efiect of Hg on the H,0O, level
measured at day 10 was much higher in leaves than
in roots. However, after 20 days of exposure, H,0,
level then decreased in the first and second leaves but
increased slightly in both the third leaves and in roots.

Table 1. Distribution of Hg in tomato seedlings grown in perlite: vermiculite +1:1) mixture supplemented daily with various

HgCl, concentrations tor up to 20 days.

Hg content (g g™ dry wi.)

Hg treatment _
(M) 1t leai 2nd leaf 3rdd leaf Shoot Root
10 days
0 0 0 0 ND 0
10 22.2+0.1" 20.1x0.03 12.8x0.04 ND 625.2+2.50
50 25.2+0.1 24.4+0.00 20.2x0.01 ND 1213.7x7.59
20 ddys
0 0 0 0 0 0
10 33.7+0.02 24.7 =0.02 19.40.06 16.6+£0.3 819.5+26.50
50 33.720.06 33.7x0.06 20.9+0.16 51.9+0.8 1418.9x£23.67

Leaf number is from the hottom of the plant.
PData are the means=SE of three independent replicates.
‘ND: not determined
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Figure 1. Dry weights and lengths of shoot and root of
tomato seedlings exposed o various levels of g for ups to
20 days. Data are mean values of at least three mndependent
experiments. ST are indicated by verticad bars,
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Figure 2. Chlorophyll levels of vanous leaves of tomato
seedlings exposed ta various Jovels of Hy tor up to 20 days,
Data are mean values of at least three independent exper-
ments. $ F. are indicated by verical bars
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o determme il Hg-induced reduction of both
seedling growth (Fig. 1) and chlotophyll level (Fig. 2)
resulted from lipid peroxidation. MDA formation was
imestigated tFig. 410 A consistent increase in MDA
fevel paralleled both an increase of Hg accumulation
and a decrease of chlorophyll evel in leaves, and the
MDA level observed at day 20 appeared to be related
tor the H,O. level observed at day 100 In roots, the
MDA level observed at day 20 was much lower than
that at day 10 although Hg-oxposure induced a sub-
stantial increase of MDA at all the levels of Hg, treat-
ment. Further the pattern of MDA formation was in
parallel with that of 1,0, formation in roots.

Antioxidant Enzymes

The activities of SOD, CAT and GPX were mea-
sured 1o ascertain whether Hg-exposure influenced
these antioxidant enzymes (Figs. 5-71. All enzyme
adtivities, estimated on . fresh-weight basis, were
substantially v reased by Hg-exposure,  depending
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Figure 4. Content of MDA in leaves and roots of tomato
seedlings exposed to various levels of Hg for up to 20 days.
Data are mean values of at least three independent experi-
ments. S.E. are indicated by vertical bars.

on exposure time and treatment levels. Compared to
the controls, the activity of SOD markedly increased
in both leaves and roots exposed to Hg (Fig. 5). Ten-
day exposure to 10 uM Hg was enough o increase
the activity, and the increased SOD activities paral-
leled the levels of H,O, formed in leaves and roots
exposed to Hg for 10 days (Fig. 3). Examination of
two enzymes which decompose the H.,(), generated
by SOD indicated that the activities of CAT (Fig. 6)
and GPX (Fig. 7) also increased in response to Hg
exposure. The CAT activity in the first and the second
leaves was not changed at day 10 with 10 uM Hg but
increased at day 20 with 50 pM Hg compared to the
controls (Fig. 6). In the third leaves, the CAT activity
increased only with 50 pM Hg regardless of exposure
time. Meanwhile, when subjected to Hg stress for up
to 20 days, roots maintained higher levels of activity
compared to the controls. The levels of H,0, formed
in response to Hg-exposure (Fig. 3) might be compa-
rable to the activities of CAT particularly at day 20.
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Figure 5. Activity of SOD in leaves and roots of tomato
seedlings exposed to various levels of Hg for up to 20 days.
Data are mean values of at least three independent experi-
ments. S.E. are indicated by vertical bars.

The unexpected low H,0, levels measured at day 20
iFig. 3) with an increased SOD activity (Fig. 5) might
be due to the increased CAT activity.

Mean GPX activity was higher in roots than in
leaves (Fig. 7). In leaves, treatment with 50 uM Hg for
10 days or all treatments with Hg for 20 days resulted
m a marked increase in CPX activity. In roots, all
treatments with Hg for 10 days drastically reduced
the enzyme activity but further treatments up to 20
days did not change (with 10 pM) or increased (with
50 puM) the activity. The results also indicated that the
lowered GPX activity measured at day 10 in roots
was recovered at day 20. The enhanced GPX activity
might contribute to the reduction of H,0, level mea-
sured at day 20 in leaves and roots.

DISCUSSION

Although a number of studies demonstrated that
metals are generally immobilized to a far greater
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Figure 6. Activity of CAT in leaves and rools of tomato seed-
lings exposed to various levels of Hg for up to 20 days. Data
are mean values of at least three independent experiments.
S.E. are indicated by vertical bars.

extent at the site of metal uptake (Cataldo ot al.,
1981; Salt et al., 1995), details have not been pro-
vided with respect to time and concentration in spe-
cific tissues to allow for distribution in the growing
plant. Since translocation requires the movement of
Hg across the endodermis, membrane integrity (o
allow the symplastic movement might be important
for the continuous Hg accumulation in shoots. How-
ever, since metal accumulation is also found in the
cell wall (Lozano-Rodriguez et al., 1997) or in apo-
plast (Neumann et al., 1997), high 11g accumulation
in roots even with substantial cell damage might be
possible. High Hg accumulation in roots (Table 1) in
spite of high MDA production iFig. 4) might be
explained on this basis. The lowoest accumulation in
the third leaves implies that Hg movement through
the xylem might be very slow.

The growth reduction observed al the various Hg
levels (Fig. 1) closely coincided with the considerable
accumulation of the metal, especially in the roots.

Hg (M)

Figure 7. Activity of GPX in leaves and roots of tomato seed-
lings exposed (o various levels of Hig tor up to 20 days. Data
are mean vilues of at least three independent experiments.
S.E, are indicated by vertical bars,

The growth reduction might be due to both the
reduction in chlorophyll contents in leaves (Fig. 2)
and tissue damage indicated by enhanced lipid per-
oxidation (Fig 4. It has also been suggested that
heavy metals induce the deficiency in nutrients by
reducing the uptake and transport of some mineral
nutrients since metal accumulation in roots may
block the entry or binding of ions to ion-carriers, such
as Ca, Mg, P and Zn (Burzvnski, 19871

The reduction of chlorophyll content  (Fig.  2)
observed in this study might be due to increased cell
or tissue damage, estimated by MDA production (Fig.
1. Destruction of lipid components of membranes by
lipid peroxidation may cause membrane impairment
and leakage. It has also been suggested that the
recudtion in chlorophyll content in the presence of
metals is caused by an inhibition of chlorophyll bio-
synthesis (Van Assche and Clijsters, 1990).

The present study clearly indic ates that Hg-expo-
stre results in an increase in 1,0, content in plants
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(Fig. 3). Although the mechanism of Hg-induced
H,O, formation is not known at present, heavy met-
als are known to be involved in many ways in the
production of AOS (Halliwell and Gutterrifge, 1984).
The H,0, accumulation caused by Hg-exposure may
occur in a manner similar to that in plants cold-
stressed (Prasad et al., 1994). It is conceivable to sup-
pose that a decrease of enzymic and non-enzymic
free radical scavengers caused by heavy metals (De
Vos et al., 1993) may also contribute to the shift in
the balance of free-radical metabolism towards H ,0,
accumulation, and H,0, and O , may interact in the
presence of certain metal ions or metal chelates to
produce highly reactive hydroxyl radicals (‘OH). The
increased H,0, or OH production might be involved
in the lipid peroxidation observed in tomato seedlings
(Fig. 4).

The susceptibility to oxidative stress is a function of
the overall balance between the factors that increase
oxidant generation and those substances that exhibit
antioxidant capability (Foyer et al., 1994). Some pro-
tective enzymes are activated in plants which stimu-
late production of oxygen free radicals, and an
increase in SOD activity may be considered as cir-
cumstantial evidence of the enhanced production of
AOS (Elstner et al., 1988). The enhanced SOD activ-
ity observed in this study (Fig. 5) might support the
view that Hg-induced H,0, formation (Fig. 3) results
from oxygen free radicals including O ",

The increased CAT activity (Fig. 6) might be related
to the lowered H,0, produdtion observed at day 20
(Fig. 3), and indicates that the role of CAT might be
critical to remove H,0, induced by Hg. Although Cd
(Somashekaraiah et al., 1992) inhibits CAT activity,
the enzyme can take part in an efficient defense
mechanism against Cu-induced oxidative stress in
beans (Weckx and Clijsters, 1996).

Because of a significant. increase in GPX activity and
strong qualitative metal-specific changes in the GPX
isozyme pattern (Van Assche et al., 1986; Mazhoudi
et al., 1997; Chaoui et al., 1997, the role of GPX in
the removal of H,O, might be critical in metal-
induced oxidative stress. GPX is a general POX which
exists in the cytosol and cell wall and decomposes
H,O, (Asada, 1996). The activity of GPX was not
changed in the first and the second leaves, was
reduced in both the third leaves and roots with 10-
day exposure, but was increased in all organs with
20-day exposure (Fig. 7). Therefore, GPX activity
appeared to be expressed during long-teri Hg expo-
sure or after high Hg accumulation. It might be possi-
ble that Hg-induced GPX activity is associated with

cell wall lignification and, consequently, with a
decrease of root and stem growth (Fig. 1). POX has
been postulated to stiffen the cell wall and POX-
mediated lignification decreases the cell wall plastic-
ity, and therefore reduces cell elongation which might
represent a mechanical adaptation to stress condi-
tions (Sanchez et al., 1995).

Based on the present work, it can be concluded
that the amount of Hg in the tissues of tomato seed-
lings might he associated with the reduction of both
biomass (Fig. 1) and chlorophyll contents (Fig. 2).
Toxic concentrations of Hg cause oxidative stress, as
evidenced by the increased H,O, formation and lipid
peroxidation in leaves and roots of seedlings. The
reduction of both biomass and chlorophyll concentra-
tion (Fig. 2) might be resulted from lipid peroxidation-
mediated cell damage in tissues. Hg-induced H,0,
formation may be associated with an increased activ-
ity of SOD for O,. Although parallel increases in
activities of CAT and POX ocour and might contribute
to lower H.O, content, antioxidant potential in the
tissues of seedlings might not be enough to block the
lipid peroxidation process. The high POX activity
might contribute to suppress the elongation of both
shoots and roots. Summing up, we propose that the
reduced growth of tomato seedlings exposed to toxic
levels of Hg may be induced by the enhanced pro-
duction of toxic oxygen species and subsequent lipid
peroxidation.
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