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The aim was to confirm the hypothesis of possibility to use the chloroplast structural and functional
changes in higher plants as biomarkers to assess heavy metal contamination.

Chloroplast ultra-structural changes of Pisum sativum L were detected using the transmission
electron microscopy. This work deals with studies of chloroplast structure responses to a high content of
copper (80 uM) and zinc (200 uM). Data on changes in the structure of chloroplasts in particular,
heterogeneity in the grain thylakoid packing, increase of interthylakoid gaps and thickness of chloroplast
grain thylakoids in comparison with controls were obtained. The results of studies on structural and
functional chloroplasts changes offer challenges for their use as markers for an early diagnostics of
abiotic stress effects and in biotechnological studies to produce novel advanced varieties of crops resistant

to stress.
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Industrial emissions are a powerful
factor that affects the vegetation cover
development. Air, water and soil pollution by
abnormal concentrations of chemicals has a
direct influence on the plant photosynthetic
apparatus. Effects of heavy metals (HM) excess
concentrations on plants result in anatomical
and morphological changes, physiological and
biochemical disturbances. Excess of heavy
metals negatively impacts cell organelles,
changing their structure and characteristics.

In many regions of Ukraine environmental
pollution arouses a strong interest in studies
of heavy metal as a stress factor and finding
mechanisms for organism protection against
their toxic effects. Methods of bioindication
are becoming increasingly important for the
environmental conditions monitoring. Thus,
for example, plant indicators are used to assess
mechanical and acid composition of soils, their
fertility, moisture content and salinity.

Based on the literature data, algae
(Prasinocladus marinus, Phaeodactylum
tricornutum) are known to be formerly used
as indicators to assess a degree and pattern
of contamination with heavy metals, such

experiments using plants have not yet been
conducted.Indication methods of heavy metals
using biological objects are today very urgent
since they have a low cost and because of an
increasing man-made environmental pollution.
Industrial emissions are a powerful factor that
affects the vegetation cover development.
Abnormal concentration chemical pollution
has a direct impact on the plant photosynthetic
apparatus.

According to Reimers classification, metals
are referred as heavy when their density is
higher than 8 g/cm?, among them are — Pb,
Cu, Zn, Ni, Cd, Co, Sb, Sn, Bi, Hg[1]. Excessive
heavy metals concentrations in plants result
in anatomical and morphological changes,
in physiological and biochemical processes
disturbances. Redundancy of heavy metals has
a negative influence on organelle of cells by
changing their structure and properties.

Trace amounts of some heavy metals
(Me?") are required for plant growth and
development.

Copper and zinc ions are in particular
involved in the photosynthetic apparatus
formation: plastocianine electrons
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transporter contains copper while zinc is a
part of plastocyanin, and zinc — superoxide
dismutase and carbonic anhydrase. However,
high concentrations of these metals in water
or soil disturb many plant physiological
processes; interrupt transportation functions,
and various plant organs show destructive
processes associated with an oxidative stress
[2], there are also observed ultra-structural
changes in the chloroplast membrane system
[3]. Since plants are able to accumulate metal
ions in cell envelopes and vacuoles of various
tissue and organ cells, a substantial quantity
of Me?" is excluded from an active metabolism
and their concentration in various cell
compartments may differ by several orders.

Thereby, the interpretation of physiological
and structural changes in plant leaf organelles
developing in conditions of an excessive Me?*
content in soil requires additional studies
because the observed effects may be caused
either by an increasing Me?" concentration in
the leaf or by dehydration and/or oxidative
damages of the plant as a whole.

Most of metals enter the cell as cations
(for example, Zn?", Cu?") as a result of an
ordinary diffusion, and also via special
transport systems [2]: CPx-type ATPases
transporting essential and non-essential
metals along the plasmatic cell membrane;
cation/H+ antiporters; transport proteins
of the NRAMP families (natural resistance
associated macrophage proteins) [4] and
CDF (cation diffusion facilitors) involved in
the transportation of ions of Zn. Zn?", Co?",
Mn?" u Cd?", and also the ZIP family proteins
(Zinc-regulated transporters, Iron-regulated
transporter-like Proteins) transporting ions
of Fe?", Mn?", Cd?" u Zn?' [4]. These proteins-
transporters were found in vacuole membranes
and in chloroplast enclosures [2—6]. The
higher HM content causes a sharp increase in
plasmolemma permeability and, consequently,
ion misbalance, leads to the loss of turgor and
inhibition of the cell metabolism [2].

Mechanisms of cell protection against
a HM abundance have been studied
partially and include HM adsorption by
internal and external enterosorbents,
vacuolar compartmentation, activation
of transporters exporting HM from cells,
induction of proteins-chaperones [7]. Today,
the mechanisms of HM effects on the plant
structural components where photosynthesis
occurs, namely on the chloroplasts membrane
system, i.e. on the photosynthetic apparatus,
remain studied insufficiently. The chloroplast
internal membrane contains grana thylakoids
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and stroma thylakoids. Near the other
components of the chloroplast membrane there
is an important enzyme of their functioning,
carbonic anhydrase (CA). The enzyme CA plays
an important role in photosynthetic plant
activities and also contributes to CO, transport
facilitation and reduction of diffuse resistance
to intracellular CO, transfer. It is known that
carbonic anhydrase function blocking results
from action of HM ions particularly, Zn%"
and Cu®*. Also proceeding from that, it can
be assumed that carbonic anhydrase activity
reduction may be a direct or indirect cause
of photosynthesis disturbances. The aim of
our studies was to estimate HM effects on
the photosynthetic apparatus in pea seedling
leaves.

14-day leaves of pea seedlings were used
in our experiments. The leaf blades of Pisum
sativum L. were soaked at 22 °C and lighting
of 15 pM quanta/( m?xs) for 2.5 days in Petri
dishes in versions: in distillates, 250 pymM
CuSO, or 400 pymM ZnCl,. From leaves exposed
to CA inhibitor solutions there were cut
out 2-3 cm long segments. The preliminary
fixation was done in conditions of sample
vacuum infiltration in 1% glutaraldehyde
on 0,1 M phosphate buffer (pH 7,0) at the
room temperature. Samples fixation was
carried out with 2,5% glutaraldehyde on
0,1 M cacodylate buffer, pH 7.6 for 4 hours
at 4 °C. After washing in the same buffer
(2 times for 20 min), the material post-fixation
was conducted in solution of 1% OsO, on
0,1 M cacodylate buffer, pH 7,6, for one night
at 4 °C.

A dehydration was done by sample washing
in ethyl alcohol at increasing concentrations
and in acetone. Then the material was soaked
in epoxide resins and acetone mixture, poured
in Epon-Araldite mix resin and transferred
to thermostat for polymerization at 60 °C.
Ultra-thin cell sections were obtained using
ultramicrotome LKB-IV (LKB, Sweden).
Sections were stained with uranyl acetate
and potassium permanganate mixture
(1:1) for 15 min in darkness. Ultra-thin
sections were studied and filmed using
transmission electron microscope JEM-1300
(JEOL, Japan). Preparation sections images
were filmed by film for electron microscopy
EB19H (AGFA, Belgium). After processing
to analyze chloroplasts pictures and their
segments morphometrically, the negatives
were scanned. Pictures were made using the
computer software Adobe Photoshop 7.0 and
Corel Photo-Paint 11. 30—39 grana thylakoids
enlarged x10 000, or x15 000, and x100 000
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Thylakoid thickness and width of interthylakoid gaps

Variant Control 80 M cu?t 200 pM Zn%*
Thylakoid thickness, nm 4.7+0.55 5.21 = 0.55% 8.46 = 0.86*
Width of interthylakoid gaps, nm 3.12+0.50 3.43 = 0.23 ** 4.37 = 0.69%*

Note.* — P < 0.05 relative to control (80 pM Cu2+); *%* — P <0.05 relative to control (200 uM Zn2+).

were analyzed for each experiment version.
The thylakoid dimensions on section pictures
were measured using the free software
UTHSCSA ImageTool 3.0. Statistic methods
of data processing were also applied. The
reliability of average values difference between
test and control versions was evaluated by
means of t-Student criterion. The difference
was regarded statistically reliable at P < 0,05.

Table shows data on calculation of thylakoid
thickness and width of interthylakoid gaps.

The picture (Fig., a) presents chloroplast
segments from control version showing
clear-cut individual grana, plastoglobules,
and thylakoids of stroma. The significantly
enlarged picture presents an intact granum
that consists of 42 thylakoids at the terminal
segments of which there are attached stroma
thylakoids (Fig., b). Under exposure to Cu®"
(Fig., ¢, d), with a preserved granum general
structure and uniform thylakoid packing
in grana, the thylakoid of grana thickness
exceeded that of control by 11%, while
interthylakoid gap thickness — by 10%.
Following the chloroplast treatment with
Zn%" (Fig., e, f) there were observed some
heterogeneity in grana thylakoid packing,
granum structure changes that resulted in
increase of thylakoid gaps by 14%, grana
thylakoid thickness also increased by 18% as
compared to control.

Chloroplast ultrastructure disturbances
involving HM are one of the important
causes of plant pigment content reduction
and decrease in photosynthesis intensity
[8]. Chloroplast membranes were found to
contain proteins-transporters Zn/Cd that
is an evidence of HM possible occurrence in
these organelles [6] and, consequently, their
direct effect on the chloroplast ultrastructure
organization [3, 9, 10]. The photosystem II
(PS II) is the most sensitive to metal ions [11].
Variation in the response center proteins
structure is assumed to be the reason why PS
IT activity decreases when heavy metals occur
in high concentrations [12]. There are available
literature data indicating that heavy metals
have a direct impact on electros transport in

Fragments of chloroplasts:
a, b — control (HC x30 000, x100 000);
,d — Cu?" (x15 000, x100 000);

e, f — Zn®" (x15 000, x100 000);
G — grana;
GT — grana thylakoids;
PG — plastoglobules;
ST — stroma thylakoids
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photochemical reactions [11]. High metals
concentrations reduce CO, assimilation
intensity both as a result of a direct action of
their ions on some photosynthetic reactions
and due to an indirect influence on other
physiological processes. Insignificant changes
in indices of thickness increase of thylakoids
and interthylakoid gaps as compared to the
spinach results we obtained previously [13,
14] may be related to the fact that heavy
metal ions do not accumulate in chloroplasts
despite the fact that their membranes were
found to have Cd/Zn transporting ATPase,
indicating that metals are probably delivered
to these organelles [6]. Chloroplasts are able
to accumulate heavy metals in protoplasts i.e.
when plant cells have no cell wall [15].
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Results of studies on chloroplast structural
and functional changes may be used as
markers in early diagnostics of abiotic stress
effects, namely heavy metals, and also in
biotechnological researches to produce novel,
advanced technology crops resistant to
stresses.
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XJIOPOILJIACTIB AK BIOMAPRKEPHU
SABPYJHEHHS BASKKNMHU METAJTAMHA
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H.A. Binsscvka

Izcturyr 6oraniku im. M. I'. Xoaoguaoro
HAH VYxkpainu, Kuis

E-mail: marinavodka@yandex.ru

Meroto poboTu O6yJi0 mifTBEPAKEHHSA Tilo-
Te3U I0J0 MOYKJIMBOCTI BUKOPUCTAHHSA CTPYK-
TYPHO-(DYHKIIIOHAJBHUX 3MiH XJIOPOIJIACTiB
BUIIIX POCJMH IK OioMapKepiB AJisd OIiHKY 3a-
OpYyIHEHHA BaKKUMU MeTaJIaMU.

VasTpacTpyKTypHI 3MiHM XJIOPOIJIACTiB
Pisum sativum L. peecTpyBajau MeTOJOM TPAHC-
MicifiHoOi eleKTPOHHOI MiKpockomii. ¥ poboTi
IOCJiI3KeHO PeaKIlilo yJIbTPACTPYKTYPHU XJO-
poiiacTiB Ha migBunieHu BMictT migi (80 pM)
i muury (200 pM). OTpumaHo JaHi IPO 3MiHHU Y
CTPYKTYPi XJIOpOILJIacTiB, 30KpeMa HeOJHOPiI-
HiCcTh YIIAKOBKM I'PaH THUJIAKOiAiB, 30iJbIIeH-
HA MiKTHUJIAKOIAHUX IIPOMIiKKIB i TOBHIUHMI
rpaH THUJIAKOIMiB XJIOPOMJIACTIB MOPIiBHAHO 3
KoHTpoJieM. Pe3yabTaTu AOCTIiAKEeHb CTOCOB-
HO CTPYKTYPHO-(PYHKI[IOHAJIBHUX 3MiH XJIO-
pOILIacTiB MOJKHA 3aCTOCOBYBATHU AK MapKepu
3a PAHHBOI JiarHOCTUKU BILIUBY abioTHUYHUX
cTpeciB, 30KpeMa BayKKUX MeTaJiB, a TaKOMK
y 6i0TeXHOJOTIYHUX MOCJiAKeHHIX IIPU CTBO-
PeHHi HOBUX CTiKMX IO CTPECiB BUCOKOTEX-
HOJIOTIiYHUX COPTiB CiIBCHKOTOCTIOAZAPCHKUX

KYJBTYD.

Knrwuwoei cnoea: Pisum sativum L., 3MmiHEI
XJIOPOILJIACTIB, 3a0pyAHEHHS BAXKKHUMIU MeTaJja-
mMu, 6ioMmapkepu.
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N3MEHEHHUSA XJOPOIIJIACTOB KAR
BUOMAPRKEPDI SATPA3SHEHUA
TASKEJBIMHA METAJIJTAMH

M. B. Booka, H. A. Benasckasa

Nucruryr 6oranuku um. H. I'. Xoaxoguoro
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ITennpio paboThI OBITIO TTOATBEPIKIAEHUE TH-
MIOTEe3bI 0 BO3BMOKHOCTH HCIIOJIb30BAHUSA CTPYK-
TYyPHO-QYHKIITMOHAJIBHBIX M3MEHEHUMN XJIOPO-
IIJIACTOB BBICIIIMX PACTeHUIl B KauecTBe OMO-
MapKepOB [JIS OIeHKU 3arPASHEeHU TAMKeTbIMU
MeTaJJIaMu.

YabTpacTpyKTypHBIE UBMEHEHUA XJIOPO-
naactoB Pisum sativum L. peructpupoBaiu
METOJOM TPAHCMHUCCUOHHOU BJIEKTPOHHOU
MuUKpockonuu. B paboTe uccieqoBaHa peak-
s YIBTPACTPYKTYPHI XJIOPOILIACTOB Ha IIO-
BBIIIIEHHOE cofepskanme meau (80 uM) u muuKa
(200 uM). ITonyueHbI JaHHBbIE 00 U3MEHEHUAX
B CTPYKTYPE XJOPOILJIACTOB, B YACTHOCTHU HeE-
OMHOPOJHOCTL YMAKOBKU TI'PaH TUJIAKOUIOB,
yBeIUUYeHNe MEKTUIaKOUIHBIX TPOMEKYTKOB
¥ TOJIIUHBI TPAaH TUJIAKOUIOB XJOPOIIJIACTOB
10 CPaBHEHUIO C KOHTPoJeM. Pe3yibTaThl uc-
CJIeIOBAHUM O CTPYKTYPHO-QYHKIINOHATBHBIX
M3MEHEHUAX XJIOPOILJIACTOB MOYKHO IPUMEHATH
B KauecTBe MapKEePOB IIPY PaHHEH JUarHOCTUKE
BIUAHUA a0MOTUYECKUX CTPECCOB, B YACTHOCTH
TSKEJNbIX METAJJIOB, a TaKyKe B OMOTEeXHOJIOTH-
YeCKUX MCCJIeOBAHUAX MPU CO3MaHUU HOBBIX
YCTOMUUBBIX K CTPeccaM BBICOKOTEXHOJIOTUY-
HBIX COPTOB CEJIbCKOXO03SHCTBEHHBIX KYJIBTYP.

Knrwuesvte cnosa: Pisum sativum L., usmene-

HUA XJIOPOIJIACTOB, 3arpA3HEHUEe TAMKEJIbIMHI
MeTaJLJIaMU, OMOMAapPKEePHI.
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