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Abstract

To find heavy metal-specific effects on the photosynthetic apparatus of higher plants, we
investigated effects of CuCl,, HgCl: and ZnCl, on electron transport activity and chlorophyll
fluorescence induction kinetics of chloroplasts isolated from barley seedlings. Effects on some
related processes such as germination, growth and photosynthetic pigments of the test plants
were also studied.

Germination and growth rate were inhibited in a concentration-dependent manner by these
metals. Mercury was shown to be the most potent inhibitor of germination, growth and biosyn-
thesis of photosynthetic pigments of barley plants. In the inhibition of electron transport activity,
quantum yield of PS II, and chlorophyll fluorescence induction kinetics of chloroplasts isolated
from barley seedlings, mercury chloride showed more pronounced effects than other two
metals.

Contrary to the effects of other two metals, mercury chloride increased variable fluorescence
significantly and abolished qE in the fluorescence induction kinetics from broken chloroplasts
of barley seedlings. This increase in variable fluorescence is due to the inhibition of the
electron transport chain after PS II and the following dark reactions. The inhibition of qE
could be attributed to the interruption of pH formation and de-epoxidation of violaxathin
to zeaxanthin' in thylakoids by mercury.

This unique effect of mercury on chlorophyll fluorescence induction pattern could be used
as a good indicator for testing the presence and/or the concentration of mercury in the samples
contaminated with heavy metals.

KEY WORDS:heavy metal, mercury, copper, zinc, growth, pigments, electron transport acti-
vity, chloroplasts, chlorophyll fluorescence, photochemical quenching, energy-dependent quen-
ching, quantum yield
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% ABBREVIATIONS:Chl-chlorophyll; Hepes - N-2-hydroxyethyl piperazine sulfonic acid:
DCMU - 3-(3.4-dichloropheny)-1,1-dimethyl urea; PS I and PS II - photosystem I and II;
qQ and gNP - photochemical and nonphotochemical components of Chl fluorescence quen-
ching; qE and gR - energy-dependent quenching coefficient and coefficient for relative
contribution of other non-photochemical quenching; Qa - primary quinone electron acceptor
of PS II; Qs - secondary quinone electron acceptor of PS II;®s - quantum yield of photosys-
tem IL;®p - the Ps:qQ ratio.
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Fig. 1. Gerimination rate of barley seeds as affected
by different concentrations of heavy metals.
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2. Growth behavior of barley seedlings as affected

by different concentrations of heavy metals.
a) CuCl,, b) HgCly, ¢) ZnCl:

control (O—O), 00lmM (@—@), 0.lmM
(A=A), 0.5mM(A—A), ImM(O—[D.
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Table 1. Effect of heavy metals on chlorophyll a, chlorophyll b, total carotenoids and protein contents of barley

seedlings after 5 days of treatment.

Concentration Chl a Chl b Carotenoid Carotenoid Protein
(M) (ug/leaf) (ug/leaf) (ug/leaf) /Chl a (ug/leaf)

Control 44303 186(-) 7.10) 0.190) 683(-)
10° 234(472) 9.5(489) 38(465) 0.16 557(185)
HgCly 10* 127(71.3) 5.3(715) 2.1(704) 0.17 327(52.1)
5X10* 10.1(77.2) 40(78.5) 15(789) 0.15 265(61.2)
10° 4.7(89.4) 18(%0.3) 0.9(87.3) 0.19 212(69.0)
10°% 27.7(375) 11.3(39.2) 49(31.0) 0.18 525(23.1)
CuCl 10 12.0(72.9) 49(73.7) 2.1(704) 0.18 275(59.7)
5X 107 40(91.0) 16(914) 06(915) 0.15 189(72.3)
10 25(94.4) 1.0(94.6) 0.4(944) 0.16 146(78.6)
10° 27.2(386) 116(376) 48(324) 0.15 600(12.2)
InCly 10 17.4(60.7) 70(624) 2.7(62.0) 0.10 450(34.1)
5X 107 17.4(60.7) 54(7T1.0) 2.3(67.6) 0.09 350(48.8)
10° 10.9(75.4) 4.7(74.7) 18(74.7) 0.08 308(54.9)

* Reduction percentages of the components are presented in the parentheses.

Ao MA Hg A4S 7HF Bol JABEL ofddo]
74 ZA A s o) £, BA 29 84 2(H.0~PBQ)
2 FEAAM & Aol ostd 73.3%, T, ofd
Aol oste Z¥7t 46.7%, 233% AAELo2H FA
29] Ao et £ oA anrt AR gon 7,
o] ot BA 19 FHE 2L TR F2
A2 321%AAH AL oAl oAM= 22.7% o
A= At

BA 19 #4& ( Ascorbate+ DCPIP-MV ) 37
22 8RB AR o5& DCMUZ Add % ascor-
bateZ #¢¥ DCPIPEZHH AAE AYHoz FF
stef MVoll 8-8t= Aol A Mehler ¥Hg-oll <3
FFHE A9 g JFog 2RFY o] W, 7
g & Hrtetd w88 dolA Tl ascorbates 4
A A v BFPAH R NHAE FHEA AR RE
Telo EMelME FA 19 g4e 2L + ¢
A} (Renganathan and Bose, 1990).

Table 2. Effects of heavy metals on the electron
transport activity of chloroplasts isolated from barley
seedlings

Heavy metals H,0-MV H,0-PBQ  Ascorbate+ DCPIP-MV
(50uM)  (umol Oz uptaken  (umol Oz evolved  (umol O uptaken
/mg chi/h) /mg chl/h) /mg chi/h)
control 48.2 140.1 653.9
CuCl; 29.3 74.7 %
HgCl, 249 374 443.7
ZnClL, 42.7 1074 505.4

* PS I activity could not be measured in the presence
of Cu®* because Cu®* oxidized ascorbate and consu-
med O: non-photosynthetically in the reaction medium.

FHAE 717 de 7ol e BH Rz o
Z7FA7E A<bE 8l Aok, & FA 29 oxidizing side
(Samuelsson and Oquist, 1980), P680°) 7}7+-& 34|
29] reducing side(Hsu and Lee, 1988), c-type cytoch-
rome(Singh and Singh, 1987), 34l 29) ¥+ 4 (Sam-
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Fig. 3. Recording traces of chlorophyll fluorescence induction curves of barley chloroplasts in response to the
application of 50uM heavy metals with actinic beam illumination of 1,330umol quanta/m%s PAR.
Fluorescence was measured in the medium of 0.33M sorbitol, ImM MnCl,, 5mM MgCl, 50uM methyl

viologen with Hansatech fluorometer.
m.b.=measuring beam ; s.b.=saturation beam : a.b.=actinic beam.

a) control, b) CuCl, ¢) HgCl, d) ZnCl
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Ak, 228 B 20 #8351 plastoquinone®} cyto-
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712l 448 Aalsli(Samson and Popovic, 1990;
Lee et al, unpublished data) 37 12 A7 dg&
&l St Kojima ef al., 1987). ¥ A= o0
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G A A FA 29 W8 -F 4] (Tripathy and Moha-
nty, 1980), plastoquinone (Baker ef al., 1982)3} 337
> 8- A (Qn) a2
(Mohanty ef al., 1989a) = A ¥ i1 914. B AFel A
opet e il 29F FA 1% o} AASH
olg}gto] olE T4 ol2EL I vIFelA
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S5 Bl A7Ey] fJste PE LA Y
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22] reducing side®ll 21+ ©1 %} quinone 4
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2 HEH dEA g she W odd 84 FHE
Aol 50uM e FE45E H7He ¥ £33 9] actinic
beam (1,330umol quanta/m’s)& 7Igo @M H=Ai
PFE Fodtar 1L AFEas B4 vustydd (Fig
3, Fig. 4). Fig. 3¢] A%, 53] & A FolA d%
At ehkslA vEhE v gz teke @A 5
& FF fu1lS Hoju on T, ofde S
I Wzt vk @t ole 2 wxdA A
2] Az A Aol st 29 A &ol 7Hg ZA
vebd Abal o 93] A EC (Table 2), F5& 2Hgt
AL & AeFollA o7 RALF peak o) Fell ¢

HA
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1
Ru
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O
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4 olee) Bolg A 7

93] A3 variable fluorescence’t 371EHch
(Fig. 3c). °l: energy-dependent quenching (qE)}
4ol 712138k 1 47} non-photochemical quenching
(gNP)# remainder quenching(gR)e] 24 bRt}
(Fig. 4).
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Fig. 4. Fluorescence quenching coefficents derived
from chlorophyll fluorescence induction curves
of barley chloroplasts in response to the appli-
caton of 50uM heavy metals. Experimental con-
ditions were the same as in Fig. 3. Quenching
coefficients were calculated according to Oxbo-
rough and Horton(1988).

3, actinic beam$] Z*}% F@3lal 2317 pu-

lse & HIFHA relaxationx = % He & #34g o
(Fig. 3c) F& A 2] ol Ai= A9 relaxation®] VFEN} =]
9 9kTh. ©]= actinic beam ZAFA] thylakoid =} LH—‘?“’“
FAEAG 4 o] &9 Tzt ~HEd wak(F,
energy-dependent quenching®] 2@l wa}h) 5]%
Y& FFo|B & (Briantais et al., 1979), & g
ANA ZEHAG o] ENER] & A& 4229] thylakoid
welel pH 848 AASY 7] WRelztn siAdn,
ol Ae ¥ °ﬂw.1ﬂ94 A2 AEA &40 g e A
ot FA == @Adolth, Ht qE7) thylakoid @l A
violaxanthin®] zeaxanthin® 2 HF = vH3o) o3
AMx gAgstEvin d#l M} (Horton ef al., 1991). 2,
energy-dependent quenching®] ¥oiu}#1™ thylakoid
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glol] A} high-energy state = ApHS AT 374
zeaxanthin®] £A}3tojof gt} High-energy state®]
thylakoid ¥°] conformational change® €279 zea-
xanthin chlorophyll#} &o]3tA] 2o J3
quencher® 243t A 2t} (Demming-Adams ef al.,
1990). olelg #HA & o £& HF7} thylakoid
atofl A violaxanthin®) zeaxanthin® 2 & 5= W&
AA 87 wfFol qES Aol AMHNE AR
Atk AAELE o]l g 7ted S &7l A8t thy-
lakoid®t2} zeaxanthin 8o ¥A4& A= vk

Aol Ante uigoz g AF ajle #AE 4
A%t A3H(Fig, 4) photochemical quenching (qQ)< 2
Ao 61.1% FH2sAoy T2l (CuCl)t ot
(ZnCl) e FolM e 242 33.3%, 222% HAaF2ZH
aQoll WE Asgol AHEHe|oh

F& HTA gEv &A JA UL g} NP
qRY} #& FolH ot tf2Tol vEtH 11 X 857
%W ZAE kol (Fig 4). W+, $Ug 59
T2 (CuCly H7H] qEE 258% HA3H oY ofd
(ZnCl) H7HA o= 279 22 ghol At &, gNPE
T2 H7HA] 14.3% BASH I ol A& HoE A Sde
A iz Arelrt gl

o g4EA FFES Heste] FA 29 BFA
A4S HA3E Y¢S (quantum yield, ®s)S ¥
Z3te] Fig 590 Vel 37 29] A wkg F4lo]
vedle 44 4 opE A& Fig 6 UER T
®sE photon F WE F& F4dke A4 ¥ (AR
g §4)o 2 HAIBIA T Ope qQol e @sf v &
vERd Aoloh

50uM el £ H7He A9 Pse 47.2% HASALD
22 ¥E9 CuCl, ZnCh& H7HE 4% 717} 38.9%,
11.1% ZHAstch

$pe e LY Fog AT 4 3B55% 7t
FUL 2 59 CuCly ZnCle F7HE 3¢ 42
85% U, 145% F71stAth & A7 @ops F
e qQel #art @AsH ) WiEeln T H7HA
Gp7t FAET AL QY BaET &s9] AT H 37
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5. Changes in the quantum yield of barley chloro-
plasts in response to the application of 50uM
heavy metals. The light intensity was 1,330umol
quanta/m?/s of PAR. The experimental condi-
tions were the same as in Fig. 4.
a) control, b) HgCl,, ¢) CuCl,, d) CuSO, e)
ZnCl, f) ZnSO,
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6. Changes in the quantum yield of open PS II
reaction centers of barley chloroplasts in respo-
nse to the application of 50uM heavy metals.
a) control, b) HgCly, ¢) CuCl,, d) CuSO,, €)

ZnCly, £) ZnSOq
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