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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 Nalional Uni~e~ity, Kyun~angnamdo 641-773. Korea 

Thirty-day-old seedlings of tomato (Lycopersicon esculentum Mill.) were treated with various Hg concentrations (0, 
10, and 50 gM) 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 I~M 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 H202, 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 
reduced plant growth or plant death, coincidental 
with the alteration of membrane l~:rmeability of cells 
leading to the leakage of ions (1)e Vos el al., 1993) 
and pigment destruction (Luna et al., 1994). However, 
in spite t)f the considerable literature on lhe subiec.t, 
the fundamental mechanism of metal phytoioxi(:ity 
has not yet been characterized and little is known 
about the mechanisms related to absorpli()n and phy- 
mtoxicity ot mercury (Hg), a cyt(~loxic melal pollutant. 

Active oxygen species (AOS) such as O :, O H  and 
H20 ~, am commonly generated under stress condi- 
tions (Halliwell and Gutteridge, 1984) and are str()ng 
oxidizing species that can rapidly attack all types of 
biomolecules (Asada, 1996), thus disrupting the nor- 
mal metabolism of the (:ell. Generation of AOS, par- 
ticularly H,O.,, has been proDJsed as a part of the 
signaling cascade leading to protection from stresses 
(Datet al., 1998). F()r the protraction from oxidative 
stress, plant cells contain both ()xygen-ra(lical-detoxi- 
lying (antioxidant) enzymes such as catalase (CAT), 
peroxidase IPOX) and super(Jxide dismutase (SOD), 
and non-enzymatic antioxidanis such as ascorbate, 
glutathione and 0c-tocopherol (A~ida, 1996; del Rio et 
al., 1998). SOD, the first enzyme in the detoxifying 
process, catalyzes the dismutalion of 0 2 to H,O 2 
and O 2 (Fridovich, 1986), CAT mediates the cleavage 
of I-I,O 2 evolving O, (Scandalios, 1993), and POX 
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reduces H~O, to H~O using several reductants avail- 
able to the <:ells (Foyer et al., 1994). Altered activities 
of these antioxidant enzyme.~ and antioxidants com- 
monly have been reported in plants, and are used 
frequently as indicators of stress (Koricheva et al., 
1997; Kang el al., 1998). 

In parallel to metal-induced tissue damage or cell 
death, alleralions of l~th antioxidant enzyme activi- 
ties (Somashekaraiah el al., 1992) and antioxidant 
levels (Sinha el al., 1997) as well as enhancement of 
both lipid peroxidation (Ouariti et al., 1997) and phy- 
toc:helatin synthesis (Gupta and Goldsbrough, 1991) 
have been observed, so metal-induced phytotoxicity 
may be m~liated by oxidaliw~ stress. However, the 
changes in AOS metal~lism and the enzyme activi- 
ties inw)Ived in scavenging AOS in response to expos- 
ing plants to toxic metals have not been investigated 
in detail. In animals, HgCI., was found to enhance 
lipid pero• in several organs, as measured by 
the thiobarl)ituric acid reaclion for malondialdehyde 
(MDA), and reduced glutathione level (Huang et al., 
1996), indicating thal the o• stress-induced 
lipid per~xidation may be one of the molecular 
mechanisms for cell injury in acute HgCI_, poisoning. 
However, due to lack of data, it is difficult to assess 
the significance of oxidatiw, slress induced by Hg in 
planes. 

The obje(.~ive of the present study was to investi- 
gate whether Hg-induced phytotoxicity expressed as 
growth inhibition and chlorophyll destruc.tion in 
tomato seedlings is mediated by oxidative stress. We 
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rel)O~l ihat lh(, s~'~,(ilings exp()se(I t<) t()xi( doses ()f 
mer(urv  (u I) tt~ 5(i t.IM) iJlt)(lute I I .O,  and lhe ,lclivi- 
ties ~)f related <lnlioxid,inl (,ilzyiTl(,~ ~trt' alt(,rl,(J, in(li- 
(,l l ir ig Ih<ll t tg4n(lu('e(I l)llyl<iloxicily is nlt 'diale(I by 
,)xi(I,iti\ e slr(,~s. 

MATERIALS A N D  M E T H O D S  

Plant Material 

Seed.,, o1" I(lill,lt(i (I.y( ,qx,r~i(t,] (,~( ul( ,nh,n Mill. (v. 
Seokwung) were germm<ded and t ldl ivale(I in pt~l~ 
containing a I)erl i le:vemm'ulite (1:11 mixlure in ,i 
control led environmeni  d~amher at 25"( ;  wi th 12 h 
()f light c250 pM m- 's  ' )ant i  7()-8()% humi~lily. Set,d- 
lings were .~uplJlen~ente(I t I,iily wil h w,lter ,in(I twice <i 
week ~. ith 111(1( tift<'d It< i;igl,in(I s< ihil il , i  c< )(lid I l l i l lg the 
Ioll()wii~g iltilri(,ill.,,: 211. " inl4tl. N t l l t  t , i )(} i ,  ().71 mg:l 
H:B()~, 164.1 rnq/l_ Ca(NI.) l l , ,  ().(12 nl~'l (iu.%() i. 
2.66 n~,~'L lerric hlrlral(', 6().1 ~) iil~;l_ Mg.%()i, li.4~; 
ing/L MnCI. ,  ().()04 mg/ [  MIJO I, Ir:1.6.5 m~!l KN() : ,  
and ().(L5.5 m~/l_ ZnS()~. [h i r ly  (t,lvs <filer ~ernfin,t- 
l ion, t-lg was added daily Io Ihe IX)l~ ,is (), 1l). and 5(I 
ILIM st)luli(ins ~)1 I I~CI, in W, ilel: Plalll~ c( ilh,( led in im 
each lr<,atmenl after I0 ~)r 2() (I t)l I-tg lri.<lhnenl.~ 
were dried I( ir 48 h ,11 ,-'()"[~ and weighed 1"(," t)i()in, lss 
and t-114 del~'rnlination. F(ir nlea~ur(,menls (~1 I I  .():, 
MDA,  (tf lort,phyll  and anti(l• (,nzynle ,t(.:livili(,~, 
fresh .~lml)les were weighed arl(I used. Ih<, eXl)eri- 
inenls were c( li idtl(.:le( I , i l le, lsl ill Iri ! )liciile al (lifferenl 
limes, ,ind me, lit vahl(,.~ ari(I stand,ird erroi~ were c, ll- 
cLilaled 

Measurement of Hg 

Le<tves and filets were sep, lrate<l <lnd washed in 
deioniz~,(i vv,lll,r k,VO limes, <ln(I dri,,d <it 7()"(] for 48 
h. The ,Iried Ii~.,tl('s were weighed and gr(iLinrl inl(i ,i 
fine powder  I)el(ire wel  ,i.qling in I t ( ' lO : :H i~O:  (4:1, 
v/v) ~()l,,ili()n. I Ig ~ l s  d(,l(,mline(I wi th an ai()mi( 
al~)rl)ti,)n st:x~( Irol)hohimi, ler (Variall 2(XiA/\ ('qtli l)lx~l 
wi lh va I ~ Jr ~( ,rl(,ralive <i(:c~ ,.~sory Ai i.~l ralia~ ti~il~g <i I Ig 
14()11ow-, ath(ith, li im I). 

Measurement of Chlorophyll and Lipid Peroxidation 

Leave, c()lh'(lt 'd ,it day 11) or 2U ,lli(,r Hg lrl,(l lmenl 
were wt, ighed and groul ld hi 8()% ,it t,ll)ne. The restill- 
ing SUSl/ensi~in w, is Celltriflige(I fl)r I ( )m i r l  <il l()()() 
rl)m. rt,c, chlor(~phyll (( inh,nl (if Ih(, ~Ulx,rn,il,u]l w<i.~ 
eslim<ll~.(l a(-c(,-iliiig 1() lh(, n]elhl)(I ,  )I Arnt 911 ' 1949). 

rhe h,w,l of lil)id lier(ixi(le.<> in lhe l(,<iv~ and roots 
w, ls delermin(,( l  ,is mah)l i ( l ialdehvde ( M D A ) ( o n l e n t  
I),>. lhe lhiollarl ~iluri( ,i(i(l ( I l iA)  rea(lit )n as des(r ibed 
h,>. Dhindsa el ,il. ( 198TI. 

Measurement of H202 

(~)ntenl (,1 I1 , ( ) ,  in i)lanl tissues was determined 
t),i-~'(I (iri Ih(, in(xlifJe(I illt,lht~d ()1 I),lllers()ll el ,il. 
(I'98,1i. Fri,sh l~,,iv(,s (Jr i<), ds (I :;()-30(i Ing) were  fro- 
zen in li<luid nilrog(,n and gi<)und I t ) , i  p<iw<ler in a 
m,~rhlr h)gelher wi lh ln l / ( ,n 5% TCA r l .3 roLl and 
<i(tivai(,d (:h,ir, t)al !45 re,q), lhe h<lmogenale was 
<t,~llrifug(,(I ,it fS,00()g i()r I l l  nii i i al 0"C. The super- 
(10(!,till w,i.~ i i l lered lllroLigh ,i nvhlil l i l ler 14.5 I.Ini, M.%I) 
and Ihe I'ilh,ilt. was ,i(liuM<'d I~, i i t l  8.4 wi th 17 M 
all lmllni, i  ~;oltilltin. Afll,r r('-fillr, ili, ln (hr,)ugh a nyhJn 
fill,,; ,i 5t)1) til al iquot w,l.~ I)nl l l~hl  up It) 1 ml. tiy 
,i(tding .51)1) ui l if , ()l()rhl~elri~ i~.~a~enl, the (()hiri- 
lllt,lril react,ill was l i lade ~i, iilv I,y mi• 1:1 i~,/vi ().6 
illi~,/I 4-(2-1)yri(171<iz(i)re~(in in(~l ((li~o(liunl salt)(Sign1,() 
,llitl 2% lih.lilit.iln (IVl (:hl()ri(h, ((lih,le(I from 2(i% r i ( I ,  
in ,on( .  H ( I , u i d  adiusle<l i t ) i ) i t  8.4)(K~.inl(i C]hc, mi -~ 
~,ii C<L Inc.. I,ii)al-iI and w,i~ nlai l lhi ined in i (e tJnlil 
iis~,. Ihe nli• was in( l ih, i le l l  il)r 6() i l l in al 4.5"C 
,iil~l (()i-ilents (it ! I , ( ) ,  (l,---- I .h7 I IM I('11~ i) were deler- 
mined f rom i \  ~;, rising ,i ~,l'i<,~ t)l l I , ( ) ,  solulions, 3- 
"ill I.IM, ,is slail~ I,~r(I.~ 13()% I I ,(). $ignlii). 

Measurement of Ant(oxidant Enzymes 

.\11 .~arnl)lc's were t)repare(I t:t. ( ,n/yme analyst,s by 
homt)genizing Ihe fresh lis.~ue material wi th </mt)rtar 
,m,I I)e.stlt ' uncI a small am, mvlI (Jl sand in a ~)lulh)n 
l~i rnl~l g Ire,;h w(.,ight)(~)rJhdnirl~ 4 S(i m M  KI t . , I~( ) /  
K,I IP() 4 Ip l l  7(1). I(),R I. '~ I>V'p, l).2 m M  EDTA ,1rid 10 
ml I. ~ i i i lon  X-I()(). Al'ter the h(,r ,~genate was CeVl- 
I ril,Jg('(l at 12,()~ I()~ f, ~r 20 rain ,ll 4 " ( ,  the .~Ul)(,rnatant 
wa'~ U.l~t(I f~, lmnl(,diale dt,l(,m~tnali()n ()[ enzyme 
a( livilie.~. 

All sl)ecln)l)h(~hmlelric ..mly~,~ were c o n d u d e d  
with ,t l.,Mk(,1 922 s[)e(tml)h~)t()meter (Kontron 
hl.~irumenls, IldiyL Activity t)i (~;\1 was ( letermined by 
mc ,nit<~ring the (lisalJlX,,mm( e (~I I ! ,() .  by rneasuring 
Ihe decrease m al)~()rl)an( (., at . : 4 i )nm of a rea( l ion 
rot<lure ((,1lain(rig 2 mL t)l" 2'U4 m M  H ,(.), in K- 
i)h~)~l)tmt( ' hurler (pt!  7.()) ,m(I  I mL exlra(:l ([~(~r.~ 
,mt l Nzeh 193~'L i\(:tivily ~)1 S t ) l )  was assayed by the 
inhihit ion of I t , '  l )hol(xt lemi( ,d r(,~ luctic~n of nilr()blue 
htlrazt.liurn ~NI ; ] )a t  cording I~~ Ih~, modif ied rnethod 
~,I Bet ana el <d. (1986). l h t ,  reacli(,~ med ium (:<)m- 
i)ri,~e(I 0.23 inl 30 m M  Na- i )htM)hale t~uffer (I)H 7.8) 
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with 0.1 mM Na2EDTA, 2.73 mL O_,-generating 
solution and 20.45 pL extract. The O ~ generating 
solution contained 2.2 I~M riboflavin, 14.3 mM 
methionine, and 82.5 IJM NBT. Glass cells contain- 
ing the mixture were placed in a cylindrical bath 
lined with aluminium foil at 25"(: and filled with a 
22W lluorescent lamp. The readi()n was initiated by 
turning the light on and the mdudion of NBT was fol- 
lowed by reading the A.~, for It) rain. 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 uncler 
the a~say conditions. Activity of guaiac()l l)eroxidase 
(GPX) was measured by monitoring the H ,O2-depen- 
dent oxidation of guaia('.()l at 470 nm (Chance and 
Maehly, 1955). One unit was defined as the enzymic 
amount which oxidizes I IJM guaiacol rain I (E=26.6 
mM-~cm-~). 

Enzyme activity was expressed &~ units l)er g fresh 
weight. Contents of H_,O, and MDA weft, expressed 
on a g fresh weight basis. 

RESULTS 

than the third ones, and the highest Hg level was 
(}bserved in the first leaves. 

The effects of Hg on seedling growth, expressed as 
dry weight and length of shoots and r(• are shown 
in Figure 1. Hg induced a substantial depression of 
hoth root anti shoot dry weights, and this effect varied 
with the time of the exposure and the concentration 
()f the exogenous Hg. The growth reduction observe.d 
at the high doses of Hg appeared to coincide with an 
increased ac(umulation of the metal (Table I). Flow- 
ever, 10 IJM Hg treatment for 10 days (625.2 IJg g 
(fry weight of Hg accumulation) was not enough to 
suppress ix)lh the dry weight and length of roots, 
indicating m()re, 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 
~l~l)le I ). With a substantial amount of Hg accumula- 
lion (Table I ), ten-day exposure to Hg was enough to 
de('rease chh~rophyll contents particularly in the fi~t 
and the ~c,)nd leaves. H()wever, the younger third 
leaves were more resistant to ( hh)rophyll destruction 
since a 10-(lay treatment with 10 pM Hg was not 
enough to decrease the ('hlor()phyll level. 

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 ). Fig was more 
accumulated in rooLs than in upper plant parts; Hg 
contents in ft)ots after 20 days was about 27-fold 
higher than that in shc• The maximum accumula- 
tion of Hg was 1418.9 p.g g-i dry weight in roots with 
50 l.tM Hg treatment for 20 days. Among the leaves, 
the first and the second leaves contained more Hg 

H.,O z Production and Lipid Per'oxidation 

The effects of Hg on 11~O., produclion are pre- 
~'.nted for leaves and rooL~ (Fig. 3). H_,O 2 content in 
roots was much higher than in leaves. Subjecting 
tomato seedlings to up to '~0 ILIM Hg for 10 days 
in(:reased the level of t4_,O~ in comparison with con- 
tr()l plants, and the efl~:t of Hg on the H_,O 2 level 
measured at day 10 was much higher in leaves than 
in r(~ots. However, after 20 da~ of exposure, H_,O, 
level then decreased in the first and ~cond leaves but 
increa~l slightly in both the third leaves and in roots. 

Table I. Distribution of Hg in tomato seedlings grown in perlite: vermiculite ~1:1) mixture SUl)l)lemented daily with various 
Hg~l 2 concentrations for up to 20 (lays. 

Hg treatment Hg (()ntent (IJ.g g- i dry wl.) 
([LIM) Ist leaf" 2nd leaf 3rd leaf Shoot R(x~t 

10 days 
o () o o ND o 

10 22.2._+ (). I h 20.1 ---0.03 12.8-+0.04 ND 625.2+_2.50 
50 25.2 ~ 0. I 24.4+-01)0 20.2 ~0.01 NI) 1213.7_ + 7.59 

20 days 
0 0 0 0 0 0 

10 33.7 .+- 0 . ( )2  24 .7+-0 .02  19.4.+-0.06 16.6• 819.5 • 
50 33.7• 33 .7 -+0 .06  20 .9 -+0 .16  51.9+0.8 1418.9-+23.67 

"Leaf numl~,r is from lhe Ix)from of the plant. 
"Data are the means-+SE of three independenl repli(~ites. 
' ND: not delermine(l 
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Figure 1. l)r~ ~..~;eighls . t l , I  h'nglhs .)1 ' ,hl .d an, I n . ) !  ,)1 
hirrldll() .~,(,(llin~ exposed I~, v, lri()u~ h,',.(,l~ ()[ l i g  f . r  up I(, 
2() (J(|vs. I),11,1 ,Ir(, nl('dn \gd(l(,.. ell ,It J('d'q fill'('(' IIl(J~' )(.ncJ(,lll 
i.,xi)(,lirll,,l}ls. S.[ ,iv," iH(Ih ah.,I b\* ,~.(,rli~ .~1 b, iI "~,. 

Figure 2. Chl-r,) l)hyl l  le\el .  (d ~.ar,)u.. I,,avl,s ~,1 1,)mat,) 
~.,edling.- t~Xl)()M'(t 1(, v, lrh)l.l~ levels ()I11g h)r u I) I~, 20 (la~/~,. 
Data ,it(' inearl \ ,iJu( '.~ ( )1" ,~! I( ,,1~1 l l'lr(,(, hi( h ,pen( I(, II (,'~1)( ' l l -  
iTlenl.~. ,.% [.  art' hl(li(,llr I)v V~llh"dl I)(ir~ 

Figure 3. ( ,)n~(.,~l ,,I hydr()g{,n i)~'~, ,..~.1~, .} I(..iv(,..4 .l l l ( l  rl),,l~. 
. )l t()ln, ll( ) ~4'e, Ilil ,gs (.,Xl)(,se(I I~. \ ,ill( ~ll> level.  r tg I()r I1 I) I() 
.!() daY-,. 1 )ala , h i  t l l ( 'd l l  valu('.', ('1 al least Ihr(,(, i r r  le l ) ( 'nd( 'n l  
, , \ l l ( ' r lm~,nt, , .  ";.I.. a le  i l r l i {  al~'d b \  ,,(,rh(;,ll bar,,. 

Io ( l e l f ' rm , l , '  if I - t g - i ndu (ed  reduc t ion  ()f t)()lh 
.~ , ,d l ing gr ( )~ th  (Fig. 1 ) d n ( I  ( t l h . o l ) h y l l  level (Fig. 2) 
resul ted I r ( , n  l ipi(t  t ) ( , r~)xidal i ( ,1 M [ ) A  l()rm,t | i ()n was 
in \es l igate( l  IFig. 4). A (() l lsiM(,l l !  increase in M D A  
level p, l ra l le led bo th  an in(r(,as( '  (,f ! tg a ( :curnu la l ion  
,m, l d  de(re,  ls(' ()1 (h l ( ) ro l )hy l l  level in leaves, an(I  the 
M I  )A level (,I)~,r~(,(I at day  2(~ al} lJear( 'd 1() be related 
I,) the H , ( ) .  l(.w,I (~l)serv(,(I at d,~y 10. in r()()t.% the  
M I ) A  level (d)sev~'e(l at day  20  was mLich I()wer Iharl  
Ihal  at ( lay 1(~ a l th()ugh t Ig-~,Xl)~)sure i n d u c e d  a .,,uh- 
'~l,l~lti,II i l l (  r('d'.,l ' I)1 M I ) A  dl ,.111 Ih ( '  levels ()f I lg  l r o a l -  

m( 'n l .  Furlhi ,L lhe  i )a l lern  (~t MI).~\ i ( )rnlat iOl l  was in 
t),ual lel w i t h  thai  ()f I 1 . ( ) .  I ( , m a l i ( ~ n  ill r()()ts. 

A n t | o x i d a n t  E n z y m e s  

t he  acl ivi l i~,;  ()1 ~ SOD,  CAT and  ( IPX w e r e  mea-  
,,ured 1() a.~ er la i r l  w h e t h e r  ! tg-.ex|~ ~sure in f luen( :ed 
lh(.se an t iox i ( lan l  enzyme, ,  (Figs. 5-7). Al l  ~,nzyme 
a( l iv i l ies ,  es t imated (,1 d f r ( ,sh-weight  bast.,,, w e r e  
~.ul~slanlially in, n,a~,( I  by  I tg-( ,x l ) ( )sure,  ( l e l )end ing  
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Figure 4. Content of MDA in leaves and ffx)ts of tomato 
schillings exD)sed to various levels of Hg for up to 20 days. 
Dala are mean values of at least three independent experi- 
ments. S.E. are indicated by vertical ba~. 

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 exl~)sure to I0 p.M Hg was enough to increase 
the activity, and the increased SOD activities paral- 
leled the levels of H_,O 2 formed in leaves and roots 
exposed to Hg for 10 days (Fig. 3). Examination of 
two enzymes which decompose the H 202 generated 
by SOD indicated that the activities of CAT (Fig. 6) 
and GPX (Fig. 7) al.~ increased in response to Hg 
exposure. The CAT activity in the first and the second 
leaves was not changed at day I0 with I 0 p.M Hg but 
increased at day 20 with 50 IJM Hg compared to the 
controls (Fig. 6). In the third leaves, the CAT activity 
increased only with 50 I.IM Hg regardless of exposure 
time. Meanwhile, when subjected to Hg slress for up 
to 20 days, roots maintained higher levels of activity 
compared to the controls. The levels of H 202 formed 
in response to Hg-exposure (Fig. 3) might be compa- 
rable to the activities of CAT particularly at day 20. 

Figure 5. Aclivity of SOD in leaves and roots of tomato 
seedlings exlx)sed to various levels of Hg for up to 20 days. 
Data are mean values of at least three independent experi- 
vnents. S.E. are indicated by verti('al bars. 

1-he unexpected low H,O, levels measured at day 20 
(Fig. 3) with an increased SOD activity (Fig. 5) might 
I~ due to the increased CAT activity. 

Mean GPX activity was higher in roots than in 
leaves (Fig. 7). In leaves, treatmenl with 50 pM Hg for 
I 0 days or all treatments with t-lg for 20 days resulted 
in a marked increase in GPX activity. In roots, all 
Ireatments with Hg for 10 clays drastically reduced 
the enzyme activity but further treatments up to 20 
days did not change (with 10 IJM) or increased (with 
30 MM) 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 contrihute to the reduclion of H202 level mea- 
sured at day 20 in leaves and roots. 

DISCUSSION 

Although a number of studies demonstrated that 
metals are generally immo[)ilized to a far greater 
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Figure 6. A(:livily of ('A] irl h:,av(~ an(I r()()ls ()1 l,)mah> seed- 
lings exlx)sed t~) vdrious 5,vl.l~ of Hg f~r up Io 20 ~Jays. D,tht 
,ire mean v(|lue~, of ;.it leasl lhre(, in(J(.,p(,r}rl{,nl (,xl}erimenls. 
S.E. are indicated I)v vertical hats. 

Figure 7. Aclivily ()f ( ~PX in leavl,.s all{I r~x)ls of I()mat(J ,'~'~.*~{|- 
ling.~ ,,Xl~)se(I I(, various levels ,llt Ig Ior u I) I~) 20 days. Data 
,|r~, Illl'al~ villtt(-, i~l" al ledsl lhr~ ,e in(h ,l~.,n(len! (,xiJeriments. 
.%.1!. dr(., indi(al( '(I I)y \.(,rtic(ll |),t~,. 

extent at the site ol metal uptake (Calaldo el al., 
1981; Salt et al., 1995), details haw, not been pn)- 
vided with respect l() time and (~)n(entndi()n in spe- 
cifi(: tissues h~ allow h)r distribution in the growing 
plant. Since translocalion requires Ihe mow,menl (q 
Hg across the endodermis, membrane inlegrily t() 
allow lhe symplaslic movement might be importanl 
for the continuous Hg a(:cumulali(,n in sh()c)ls, th )w- 
ever, s~nce metal ac(umulati(~n is als() found in the 
cell wall (L()zano-Rodriguez el al., 1997)()r in ap~)- 
plast (Neumann et al., "1997), high I Ig ac(umulation 
in n)ot~ even with substantial (ell danlag(, mighl I)e 
ix)ssible. High Hg accumulation iP. roots (r,d)le I ) in 
spite of high MDA I)r(~duclion !Fig. 4) might I)4..' 
explained ()n this bask. the Iow(.,~l accun~ulati(}n in 
the third leaw,s implies that I-Ig m()vemenl thn~ugh 
the xylem might be ve~/slow. 

The growlh re(lu(:ti()n ohserve(l (it the various l lg 
levels (Fig. I) (losely coincided with lhe (onqderahle 
accumulation ()f the metal, espe(.ially in the n)ots. 

The growth reduction might be clue to l)oth the 
re(ludion in chlorophyll (ont(,nts in leaves (Fig. 2) 
al ld  I issue ( Idmage indi(al(.~(:l I)y enhanc:ed lipid per- 
(Jxi(lation (Fig 4). It has als(~ been .,,uggested thai 
h~,avy metals indu(e ttle (l(,li~:iency in nutrients by 
reducing the uplake and transp~rl of some mineral 
nutrients sin(e metal a('cumuldti()n in r(x)ts may 
I)h)(k the enln' (Jr binding ~)I ions to ion-carriers, such 
,is Ca, Mg, P and Zn (Burzynski, 1987). 

rh(, redu('ti()n {~1 chl(~r(~phyll content (Fig. 2) 
(~b..~,rve(I in lhi.~ sludy might I)~. due t() increased (:ell 
()r li.~ue damage., estimale(I I)y MDA production (Fig. 
41. Destrudi~ ~r~ (ff lipid ((,~ll)()rlenls (.)i membranes by 
lit~id per()xidalion may (au~e membrane impairment 
al}d leakage. It has al.~o been suggested that the 
reducli()n in (hlor(Jphyll (()nt(,nt in the pre.~.~n(:e ()1 
metals is cau.s~'d by dn inhibili~)n ()f (:hh)rophyll bio- 
synthesis (Van &s~.'he and ('liish,r~, 1990). 

the i)rest,nl study clearly in(lie ales that Hg-expo- 
sure results in an increase in II ,(), (:ontent 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 t-120 ., accumulation caused by Hg-exposure may 
occur in a manner similar to that in plants cold- 
stres~d (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 al~) contribute to the shift in 
the balance of free-radical metabolism towards H _,O, 
accumulation, and H.,O_, and O ,  may interacl in the 
presence of certain metal ions or metal chelates to 
produce highly reactive hydroxyl radicals (OH). The 
increased H_,O_, 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 a(~ivated in planes which stimu- 
late production of oxygen free radicals, and an 
increase in SOD a(~ivity may be considered as cir- 
cumstantial evidence of the enhanced production of 
AOS (Elstner el al., 1988). The enhanced SOD activ- 
ity observed in this study (Fig. 5) might support the 
view that Hg-induc~l H_,O, formation (Fig. 3) results 
from oxygen free radicals including O ',. 

The increased CAT activity (Fig. 6) might be related 
to the lowered H202 producti(~n observed at day 20 
(Fig. "~,), and indicates that the role of C~T might be 
critical to remove H,O., 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., 19971, 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 
H20., (Asada, 1996). The activity of GPX was not 
changed in the first and the second leaw.% was 
reduced in both the third leaves and roots with 10- 
day exposure, but was increa~,d in all organs with 
20-day exposure (Fig. 7). Therefore, GPX ac.tivity 
appeared to be expressed during long-term Hg expo- 
sure or after high Hg accumulation. It might be possi- 
ble that Hg-induced GPX activity is ass(~ciated with 

(:ell wall lignification and, (onsequently, 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 (:ell elongation which might 
represent a me(:hanical 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 be associated with the reduction of both 
biomas.~ (Fig. 1) and chlor(~phyll (ontents (Fig. 2). 
Toxic concentrations of I-Ig catn~ oxidative stress, as 
evidenced by the increased t 120 ~ formation and lipid 
peroxidation in leaves and r(~)ts 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,O~ 
formation may be associated with an increased activ- 
ity ()f SOD for O-2. Although parallel increases in 
activities of CAT and POX occur and might contribute 
to lower Ft..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 
sh~~ts and roots. Summing up, we propose that the 
reduced growth of tomato seedlings exposed to toxic 
levels of Hg may be incluced by the enhanced pro- 
duction of toxic oxygen spe( ies and subsequent lipid 
peroxidation. 
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