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ABSTRACT

The Hydrilla verticillata was incubated for a period of 3 days in the
presence of 100 uM copper (Cu), cadmium (Cd) or zinc (Zn) in theforms of
nitrate salts. Lipids were extracted from chloroplast-enriched fractions of
the H. verticillata. The HM stress resulted in the changes of the lipid
composition of chloroplast membranes, decrease of fatty acid unsaturation.
It was revealed that the greater were the damages caused by HM, the more
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intensive synthesis of lipids occurred. It was found that Cu, Cd and Zn
caused an increased synthesis of phosphatidylglycerols (PG) and
monogal actosyldiacylglycerols(MGDG), PG and digal actosyl diacylglycerols
(DGDG), and MGDG, respectively. It was concluded that changes in the

lipid metabolism compensate the negative effect of HM.
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INTRODUCTION

Environmenta exposureto heavy metds(HM) is
one of themain critical issueson environmental and
public hedth™. Aquetic ecosystemsare particularly sus-
ceptible asthey often act asafinal receptor for these
contaminants. Plantscan accumulateHM intissuesand
organs. Of aspecial researcher’s interest is a reac-
tion of water plantsto HM pollution asit isknown
that many kinds of these plants are capableto accu-
mulate HM in quantities exceeding the natural con-
tent typical for their habitat??. Oncehaving penetrated
acell, HM produce atoxic effect on many processes
including growth, photosynthesi sand respiration, they
deteriorate mineral nutrition and water exchangeand

changethe hormonal balance317:3638,

Cu and Znisknown to be an essential micronutri-
entsfor higher plants, however, when present in ex-
Cess, it causes severedamageto plant organellesthrough
inhibitory effectsto photosynthetic e ectron transport
and degradation of the chloroplast inner structureand
pigment content, but Cd is toxic even in trace
amounts*?,

Acting asanatural barrier, membranesarethe
primary target and providethefirst line of protection
of aliving cell from any polluting substances®. The
function of amembrane largely dependson the com-
position of lipidswhich arethe main structure-form-
ing components of membranes™¥. It hasbeen shown
that plant lipids are sensitiveto HM in many organ-
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isms, including marinealgae, moss, lichens, higher
and lower plantg®7:2228],

Chloroplast representsone of theformsof cells-
gpecific organdlesfor plants. By changingthestructure
of chloroplast membranesthe photosynthetic plantsap-
paratus reactsto the changes of environmental condi-
tions (illumination, temperature, humidity, minera nutri-
tion)®4. Phospholipids (PL) and glycolipids (GL) rep-
resent major building blocksfor biologica membranes.
In membrane of chloroplasts of higher plants
monogal actosyldiacylglycerols (MGDG), digaacto-
syldiacylglycerols (DGDG) and sulfoquinovosyl-
diacylglycerols(SQDG) and phasphatidylglycerols (PG)
arethepredominating lipid classes*?.

Plantshavearangeof potentia mechanismsat the
cdlular leve that might beinvolvedinthedetoxification
andthustoleranceto HM stress. However, very little
wasknown about the lipid metabolism of chloroplast
membranes.

The objective of thiswork isthe studying of the
change of composition, content and metabolismof lip-
idsof chloroplast membranes of the submersed plant
Hydrillaverticillata under theinfluence of Cu, Cdand
Znintheconcentration of 100 uM.

HM concentrationismatched proceeding fromhigh
accumul ative ability of submersed plantsinwholeand
Hydrillaverticillatain particul ar.

MATERIALSAND METHODS

Experimental

Anaguatic vascular plant Hydrilla verticillata (L.
fil.) Royle (family Hydrocharitaceae, order
Hydrocharitales, class Liliopsida) was used in the
experimenta work.

The Hydrilla verticillata plants were cultivated
under laboratory conditionsin 5% Hoagland-Arnon
medium. Beforethe experiment, plantswerecutto4g
fragments (beginning from top) and placed in vegeta-
tive 1-litrevessels. HM were added to themedium as
nitrate salts Cu(NO,),, Zn(NO,),, Cd(NQ,), at the
concentration of 100 uM. Plantswereincubated for
aperiod of 3 days at 20°N under photosynthetic
photon flux having the density equal to 1200+ 100
uM m2s? (10-hlight day). After theend of influence
of HM the plant was washed in the distilled water
and used for analysis.
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Pigments

Pants (200-300 mg of fresh weight) were homog-
enized on icewith mortar and pestlein 90% of cold
acetone. After centrifugation for 10 min at 5000g, the
absorbance of the pigment extract was measured at
wavel engths of 662, 645 and 470 nm using an SF-46
LOM O spectrophotometer (Russia). The contents of
pigments(chlorophyll a chlorophyll b and carotenoids)
were estimated according to Lichtenthal ertd,

I solation of chloroplasts

Experimental plants (4 g of fresh weight) were
homogenized onicewith mortar and pestleincold buffer
(0.5 M saccharose, 5 mM EDTA, 50mM tris-HCI
pH 7.8, 10 mM 2-HSCH,CH,OH). The homoge-
nate was filtered and centrifuged at 3000g for 10
min (fraction of chloroplasts)®2.

Extraction and analysisof lipids

Lipidswereextracted from chloroplast-enriched
fractiong'¥. Individual lipidswere separated by thin-
layer chromatography onsilicagel microplaes(6x6 or
10x10 cm; Laene Kalur, Estonia). GL were separated
inthe acetone/benzene/distilled water system (91/30/
8, VIVIV); PL were separated first in the chloroform-
methanol-benzene-ammoniasystem (130/60/20/12, v/
vIviv; Direction 1) and then in the chloroform/metha-
nol/benzene/acetone/acetic acid system (140/60/20/10/
8, vIiviviviv; Direction 2). Specificlipidswereidentified
using thefollowing reagents: anthrone(GL ), maachite-
greenreagent (PL), Dragendorff ’s reagent (choline-con-
taining lipids) acetone solution of ninhydrine (primary
amine-containing lipids)™.

The quantitiesof total and individua PL wereesti-
mated by phosphorusassay®, whereas GL were quan-
tified using aDenSkan-04 densitometer (Russia) ver-
susan MGDG (Larodan, Sweden) calibration curve.

Fatty acid analysis

Theanaysisof fatty acids (FA) was made by gas
chromatography. Dried samplesof thetotal lipid ex-
tract were underwent methanolysis in a methanol/
sulphuric acid mixture (50/1, v/v) inthe presence of
benzeneat 85°C for 1 h. After methanolysis, double
volumes of water were added into theflasks, and me-
thyl estersof FA were extracted from thereaction mix-
turewith three portionsof hexane.

FA methyl esters were analyzed with aKristall-
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5000.1 gaschromatograph (Russia) usingaRESTEK
capillary column (length, 105 m; diameter, 0.25 mm)
under thefollowing conditions: injector temperature,
180°C; detector temperature, 260°C; gas(heium) flow
rate, 20ml min,

Lipid metabolism

Theintensity of lipid metabolism was assessed by
thelevd of “Cincorporationintolipids. Plant samples
wereincubated for 1 hin 2-[**C]-sodium acetate (185
KBQ) under illumination (photasynthetic photonflux den-
sity 1200 uM m2s?) at 20°C. After separation of lip-
idsonsilicagel plates, singlelipid spotsweretrans-
ferredinto 5ml of 0.7% (w/v) butyl-PBD intolueng®,
and their radi oactivity was measured with aBeckman
LS-100liquid scintillation counter (USA).

Satistical analysis

Thedifferences between the control and HM-in-
cubated sampleswereverified on thebasisof Student’s
t-test at the confidenceinterval P<0.05. Thevalues
giveninthetablesaremeans= SE of three independent
experiments.

RESULTS

H. verticillata treated with HM in concentration
up to 100 uM for 3 d efficiently accumulated these
metalsinitstissue. Theresultsof measurementsshowed
that H. verticillata placed in the sol utions contai ning
HM accumulated themin quantity from 0.2 (Zn)to 11.0
(Cd) mgg* of dry weight (Figure). Themaximum level
of HM accumulation occurred on thethird day.

Thecontent of main photosynthetic pigments(chlo-
rophyll a, b and total carotenoids) wasestimated quan-
titatively in acetone extractsfrom untreated and HM
treated plantsand recal cul ated per gram of freshweight.

Thecontentsof chlorophyll aand binthetissuesof
control plant samplesamounted to 0.45and 0.20mgg
1 of freshweight, respectively (TABLE 1). Inthecop-
per-treated plants, the content of chlorophyll aand b
dropped by 55 and 40%, respectively. A similar ten-
dency, athough not so apparent asin the case of Cu,
was observed with Zn and Cd. As aresult, the total
chlorophyll aand b content decreased by afactor of
2.0inthe Cu-affected plantsand by afactor of 1.3-1.4
inthe Cd- and Zn-treated ones. Chlorophyll b turned
out to bemoreres stant than chlorophyll a to the effect
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Figure 1 : Concentration of Cu, Cd and Zn in tissues H.
verticillata

of Cuand Cd, whereasZn equal ly reduced the content
of both aand b chlorophylls.

Inthe control plant samples, the content of caro-
tenoids was 0.15 mg g* of fresh weight. Cu caused
morethan 45%fall of thecarotencidslevd; inthe pres-
ence of Cd, carotenoidsdropped by 20% depending;
Zndid not cause any changesin the carotenoid con-
tent.

Effect of Cu, Cdand Znionsonthelipid compos-
tionwasestimated in chloropl ast-enriched fractions of
H. verticillata. Chloroplasts were isolated from H.
verticillata plantsafter 3 daysof exposition with HM.

Incubation of plantswith Cuand Cdionsresultedin
asharp decreasein the content of GL (TABLE 2). For
example, Cd excess caused aremarkabl e decrease by
75 and 85 % in theamounts of two principal GL mol-
eculesinparticular MGDG and DGDG respectively. In
addition, inthe Cd-treated plantsthe content of PG de-
creased 3.5times. Similar changeswereobservedinthe
Cu-treated plants(decreased 1.5times). In contrast to
Cdand Cu, Zn caused anincreasein the content of GL,
mainly by rasngtheMGDGlevd. Also, intheZn-trested
plantsthe content of PG increased by 29 %.

Changesin FA composition of lipidsserveasthe
indicator of modification of biologica membranes. In-
creased shareof unsaturated FA givesconsiderableflu-
idity to membranes and, asaresult, the synthesis of
sructural componentsof lipidsisrenewed, membranes
acquire plasticity characteristic of adaptiverestruc-
ture9, Initsturn, theincreased share of saturated FA
dabilizescd | membranesdueto theformation of amore
densely packed bi-layer making the membranes|ess
permeable and capableto provide better protectionin
variousstressful situationsincluding HM effects®,

Resultsof FA anaysisof thelipidsof chloroplast-

Snoivonmental Science
A Jndian W



ESAIJ, 6(1) 2011

TABLE 1: Influence of Cu, Cd and Zn on themaintenance of
lipidsand pigmentsin chloroplast of H. verticillata, mg g of fw

Control Cu Cd Zn
'F;i'g:g:;ts 174015  1.0£0.06  1120.03  1.6+0.14
Chla 0.45£0.08 0.20£0.02 0.30£0.01  0.31%0.02
Chib 0.20£0.01  0.12+0.01 0.18:0.01  0.14+0.01
Car 0.15:0.01 0.08:0.00 0.12:0.01  0.15:0.01
Lipids  0.90:0.05 0.60£0.03 0.50:0.00 1.00+0.10

TABLE 2: Influenceof Cu, Cdand Zn on thecontent of lipids
in chloroplast membranesof H. verticillata, mg gt of fw

Lipid Control Cu Cd Zn
MGDG 0.32+0.02  0.06+0.00  0.08+0.00  0.42+0.05
(1200) (19) (25) (131)
DGDG 0.13+0.01  0.02+0.00 0.02+0.00  0.12+0.01
(200) (15) (15) (92)
SQDG 0.04+0.00 0.01+0.00 0.01+0.00  0.04+0.00
(200) (25) (25) (200)
PG 0.14+0.01  0.09+0.01 0.04+0.00 0.18+0.01
(100) (64) (29) (129)

The note: in brackets the values of % from control are resulted

TABLE 3: Influenceof Cu, Cd and Zn on thecontent of FA of
lipidsin chloroplast membranesof H. verticillata, % from
thesum of FA

FA Control Cu Cd Zn
<C16.0 1.1+0.1 5.3+0.3 5.1+0.3 2.9+0.2
c16.0 18.5+1.5 42.3+3.1 46.2+4.5 32.7+2.5
c16:1 2.2+0.0 4.4+0.2 5.1+0.5 3.1+0.1
c18.0 2.0+0.2 13.0+£0.3 13.5+1.1 4.9+0.3
ci8s1 4.5+0.1 5.6+0.4 3.6+0.2 5.1+0.2
c18:2 13.2+1.1 7.1+0.6 8.0+0.5 12.2+1.1
c183 55.3+t4.9 8.3+0.8 6.4+0.2 26.7+2.0
>C 20:0 1.2+0.0 8.8+0.8 6.0£0.6 6.6+0.3
Others 2.0+0.2 5.2+0.5 6.1+0.4 5.8+0.1
IUS 201.6 55.3 474 115.7

TABLE 4: Influenceof Cu, Cd and Zn on theincor por ation of
2-[“C]-sodium acetate into the major lipidsof chloroplast
membranesof H. verticillata, % from the control

Lipid Control Cu Cd Zn
MGDG 100+3 184+8 136+7 133+3
DGDG 100+5 164+5 220+£10 56+2
PG 100+2 348+14 483+21 91+5
PL+GL 100+5 286+6 262+3 146+3

enriched fractionsof H. verticillataaregivenintable
3. The main, more than 90% of sum, group of FAin
control plantscons sted of acidswith chainlength 16 -
18 atomicof carbon. C . dominated thesaturated FA.
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Among unsaturated FA, thefollowing acids prevailed:
C,, and C .. The content major FA varied in the
presence of HM: the content of thesaturated acid C
increased while that of C ., and C ,, decreased
(TABLE3).

M etabolism of chloroplast lipids

Inorder to monitor rgpidly any disturbancesto me-
tabolism, radiolabelling from 2-[“C] acetatewas used.
Thisprecursor hasbeenwell justified for lipid labeling
in plant tissues?’.

Inthecontrol samples, totd incorporationinto po-
lar chloroplast lipidswas equal to 869 countsper min
mg? of lipid. In the Cu- and Cd-treated plants, this
value increased by afactor of 2.0 or even more; the
effect of Znwasnot so pronounced (1.5-fold increase
inradioactivity). Inthe case of Cu or Cd, most of the
label wasincorporated in PG (threefold compared to
thecontrol plants); inthe caseof Zn, theprimary target
wasMGDG (a33 % increase compared to the control
level). Atthesametime, specificradioactivity of DGDG
intheZn-affected plantsamounted only to 56 % of that
inthe control samples(TABLE 4).

DISCUSSION

Theresults of measurements showed that, tissues
of H. verticillata efficiently accumulated Cu, Cd and
Zn at the concentration 100 uM in the culture medium
after 3daysof incubation. Theseresultswere compa:
rableto thosefor other aquatic plants?,

All theHM examined reduced the content of mgjor
pigmentsinthetissuesof H. verticillata. However, chlo-
rophyll b turned out moreresistant to Cuand Cd than
chlorophyll a, whereas Zn exerted equal negative ef-
fect on both aand b chlorophylls. It should be noted
that interrestria plants, chlorophyll bismoresenstive
to HM than chlorophyll a6, Thedifferent effect of
HM on pigments of aguatic plants may relateto the
specificanatomy of their photoass milating organs (ab-
sence of stomata, reduction of mechanical tissuesetc.)
or specificity of their pigment gpparatus (alower chlo-
rophyll a+b/carotenoidsratio as compared to that of
terrestrid plants). Besides, oneshould takeinto account
that interrestrial plants, thefirst cominginto contact
with HM will betheroot, in case of water species; it
will betheentireplant.
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Many authorsnotethat pigment reduction may re-
sult from the direct effect of HM on the enzymes of
chlorophyll biosynthes 2431, Theprimary targetsof HM
arethe photoactive chlorophyll reductase complex and
gynthesi sof §-aminolevulinic acid®. Asshowninanum-
ber of works, HM can suppress chlorophyll biosynthe-
sisby inhibiting protochlorophyilide oxidoreductasg?.
Thisassumptionisin agreement with dataof many au-
thors, who observed reduction of thegrananumber and
chloroplast sizeat low HM concentrationsand thede-
creased number of plastids per cell at high HM con-
centrationg®#,

Our dataon the HM-induced changesin the con-
tent and composition of chloroplast lipidsindicate prob-
ablestructural variationsin the photosynthetic mem-
branes. The decreaseintotal GL and PL, especially
evident inthe Cu- and Cd-treated plants, may reflect
thereduction of the number of plastids. Our dataprove
that the number of chloroplasts decreasesand the ar-
chitectureof thylakoid membraneschanges, for example,
tomoredensdy packed grans, limiting mobility of pro-
teins. These changesresult from adecreaseinthe con-
tent of GL and PL, especially vividin the casesof Cu
and Cd and an increase in the level of saturated
FA [5,19,23,30] .

Attention should aso be paid to the role of PG,
whichisnecessary for stabilization of membranesand
light-harvesting complexes of photosystem!*2. Inthe
study by Hagio et al.[®, the low-PG Arabidopsis
thaliana mutantswere shown to have anomalous | eaf
morphol ogy and underdevel oped thyl akoid membranes.
Based on literature and our results, we conclude, that
the HM-induced changesin the content and composi-
tion of H. verticillata chloroplast lipids should con-
tributetotheoverd| inhibition of the photosyntheticfunc-
tioni24222333 | ndeed, whilechlorophyll isresponsible
for absorption and primary transformation of light en-
ergy, chloroplast lipids support the highly organized
membrane structures and provide optimal conditions
for theoperation of membrane proteinsand energy con-
version>2:3l,

The experiments on theincorporation of 2-[C]-
sodium acetateinto polar chloroplast lipidsshowed that
thedenovo synthesisof lipidsintheHM-affected plants
intensified. Thestronger wereeffectsof an HM at the
biochemicd levds themoreintensvethelipid synthess
was. Inour experiments Cu exerted the most negative
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effect on thecondition of plantsandintensity of photo-
synthesis, and theincorporation of thelabel intolipids
increased by afactor of 2.0 or even more compared to
control samples. Zn wastheleast toxic, and the |abel
incorporation increased only by afactor of 1.5.

In addition, the HM tested showed acertain spe-
cificeffect ontheintensity of lipidexchange. Thatis, in
the Cu-treated plants, most of thelabel wasincorpo-
rated in PG followed by MGDG and DGDG,; inthe
Cd-treated ones, the label wasfirst foundin PG and
thenin DGDG and MGDG. Upon the Zn treatment,
MGDG reveded anincreasein specific radioactivity,
but that of DGDG and PG dropped compared to the
control samples. Evidently, the changesin the content,
compositionand metabolism of lipidsareaimed to com-
pensatefor the negative effect of HM.

Thus, the data presented show that the tested HM
ions have anegative effect onlipidsand pigments of
chloroplasts of the aquatic plant H. verticillata. The
specificity of lipid changes depended on the HM
present, theamplitude of these changescorrelated with
thekind of HM. However, thesynthesisof lipidsinchlo-
roplasts, necessary for the photosynthetic membranes
to keep function, was obvioudy stimulated asaway to
compensatefor thenegative HM effects.

Thiswork was supported by grant from the Rus-
sian Fond of Fundamental sciences (RFFS2004, ' 04-
04-96506).

ABBREVIATIONS

DGDG : Digdactosyldiacylglycerols

FA . Fatty acids

GL . Glycdlipids

HM : Heavy metds

IUS  : Index of fatty acid unsaturation

MGDG : Monogdactosyldiacylglycerols

PG . Phosphatidylglycerols

PL . Phospholipids

SQDG : Sulphoquinovosyldiacylglycerols
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