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Summary. A reductive analysis of factorslimiting growth of plants subjected
to Cd treatment is made in this review. The non-specific character of Cd
phytotoxicity and its negative effects on the basic growth components: RGR,
NAR, LAR, SLA, etc. are presented. An attempt to connect the changesin
plant growth with some effects of Cd on water relations, dark respiration,
and photosynthesis was made. It was established that growth inhibition is
mainly due to disorders both in dark respiration and photosynthesis. De-
creased photosynthetic rate is a consequence of the negative Cd effectson a
number of different sites of this process and mainly on the biochemical re-
actions of Calvin’s cycle. Some unclear sides of the problem of Cd phyto-
toxicity that could be the object of further investigations are pointed out.

Key words: Cd, growth analysis, photosynthesis, dark respiration, water rela-
tions

Abbreviations: RGR — relative growth rate; LAR — leaf arearatio; NAR —
net assimilation rate; LMR —leaf mass ratio; RMR —root mass ratio; SMR
—stem mass ratio; SLA — specific leaf area; DM/FM — dry mass/fresh mass
ratio; Y —water potential; RWC —relative water content; NADP — nicotin-
amide adenine dinucleotide phosphate; RNA —ribonucleic acid; ABA —ab-
scisic acid; PC — phosphatidilcholine; MGDG — monogal actosyldiacylglic-
erol; DGDG —digalactosyldiacylglicerol; LHCII — light-harvesting chloro-
phyll a/b protein complex |1; GL —galactolipase activity; OEC — oxygen evol-
ving complex; CPlaand CP1-Chl a —chlorophyll—protein complexes of PSL,;
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CPa-Chl a — chlorophyll—protein complex of PS2; A — photosynthetic rate;
E — transpiration rate; PS1 — photosystem 1; PS2 — photosystem 2; Fy—ini-
tial chlorophyll fluorescence; F, — variable chlorophyll fluorescence; F,, —
maximal chlorophyll fluorescence; t,,, — half-rise time of fluorescence sig-
nal from Fj to F,; PS2, —active centers of photosystem 2; g, —photochemi-
cal quenching; gy — non-photochemical quenching; Q, — primary electron
acceptor of PS2; Ryy — vitality index; Rubisco — ribulose-1,5-bisphosphate
carboxylase/oxygenase; RuBP — ribul ose-1,5-bisphosphate; PGA — 3-phos-
phoglyceric acid; DHAP — dihydroxyacetate phosphate.

Introduction

Cadmium belongsto the group of so-called “heavy metals’. Itisarelatively rare metal,
has no biological function, and is highly toxic to plants and animals (Alloway, 1990).
The maximum tolerable intake of Cd for humans, recommended by FAO/WHO is
70 ug/day.

In Bulgariaabout of 19500 ha arable lands are contaminated with heavy metals,
including Cd (Tassev, 1995). The oxidizing conditions of weathering in soilsrelease
Cd as the soluble and mobile Cd?* ion. The main sources of Cd pollution are metal
mining, manufacture and disposal as well as some agricultural practices as applying
of Cd-containing phosphate fertilizers, seawage sludge and pesticides (Van Bruwaene
et al., 1984).

Cd pollution is of increasing scientific interest since Cd?* isreadily taken up by
the roots of many plants species and itstoxicity isgeneraly considered to be 2-20times
higher than that of other heavy metals (Jagodin at al., 1995). Most investigations of
Cd pollution focus on the processes involved in Cd accumulation in crop plants and
on the consequences of this accumulation on human health (Wagner, 1993). Cd phyto-
toxicity isaminor, but also important problem, especially in some highly heavy metal
polluted regions, where adecrease in agricultural crop productivity has been observed
(Bingham et al., 1976; Vassilev et al., 1996; Zheljazkov and Nielsen, 1996).

It was well established that in high internal concentrations Cd disturbed almost
al physiological processesin plants (see reviews: Barcelo and Poschenrieder, 1990;
Van Asshe and Clijsters, 1990; Krupa and Baszynski, 1995; Siedlecka, 1995). De-
spite the achievementsin elucidating Cd phytotoxicity, its physiological natureis not
fully understood. Among the discussed questions are those about the relationship
between plant growth inhibition and disordersin the cardinal physiological processes.
The main goal of this review isto outline our current understanding of the factors
limiting the growth of plants exposed to Cd treatment.
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I. Methodological approach

The present review was conducted after the scheme of Hall and Long (1993) for
reductive analysis of factorslimiting plant growth (Fig. 1). These authors noted that
“a common mistake in the scientific approach isto look at the isolated parts of the
plant first, rather than to study the whole”. Growth on the whole plant level isanin-
tegral physiological processwith ahigher degree of organization and regulation com-
pared to the other cardinal physiological process. Thusit isagood approach to fol-
low alogical sequence of stepsin investigating plant growth limitations.

Some parameters of growth analysis are presented in Fig.1. Relative growth rate
(RGR) is anintegral parameter, which depends on two basic components: leaf area
ratio (LAR) and net assimilation rate (NAR) (Lamberset a., 1989). They are accepted
as “morphological” and “physiological” components of RGR, respectively. On the
other hand, LAR depends on leaf mass ratio (LMR) and specific leaf area (SLA),
while NAR —on the photosynthetic rate, the rate of dark respiration and on the rela-
tive part of non-photosynthetic plant organs.

Decrease in growth
(Measured as relative growth rate — RGR)

Growth analysis

Decrease in net or Decrease in leaf area and change
assimilation rate (NAR) in canopy structure (leaf arearatio— LAR)

Gas exchange studies Water relations studies

Decrease in leaf or Increasein total
photosynthetic rate respiratory losses

CO, curves

Increase in limitations
produced by the stomata

Increase in limitations
within the mesophyll

Biophysical and biochemical studies

Effect on photochemistry
and photosynthetic or
electron transport

Effect on photosynthetic
carbon metabolism

Fig. 1. A reductive analysis of factors limiting plant growth (after Hall and Long, 1993, with slight
modifications)
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I1. Plant growth response to cadmium treatment

Theinhibiting effect of Cd on fresh and dry mass accumulation, height, root length,
leaf area, and other biometric parameters of plantsare reportedin amost all investiga-
tions. The following phytotoxic symptoms were observed: root browning (Arduini
et al., 1994), leaf red-brownish discolouration (Malone et al., 1977), leaf epinasty
(Vazquez et al., 1989), and leaf chlorosis (Foy et al., 1978).

Differencesin the degree of expressed phytotoxicity due to various Cd-concentra-
tions applied to the root medium, the duration of treatment, aswell asthe characteris-
tics of species and cultivars were established. Increasing the duration of treatment
and/or the Cd-concentrationsled to transition of leaf chlorosisinto yellowing and nec-
rosis of leaf tips. The symptoms of phytotoxicity were expressed more clearly in roots
because of the significantly higher heavy metal accumulation in them (Breckle, 1991).
The above pointed symptoms are not specific for Cd-treatment only, they have been
observed in response to other heavy metals, too (Moustakas et a., 1994; Prasad, 1995).

Growth analysis of Cd-treated plants was made in alimited number of investiga-
tions. Abo-Kassem et al. (1995) established 20% inhibition of RGR in wheat plants
subjected to a 15-day treatment with Cd in concentration 10 uM. The inhibition of
RGR was mainly dueto decreased NAR, whilethe changesin LAR, LMR, and SLA
wereinsignificant. Inhibition of RGR in Cd-treated sugar beat plants was also reported
by Greger et al. (1991). In our investigations with young barley plants we established
that Cd in concentration 54 UM inhibits RGR by 85% (Table 1). The effect of Cd on
NAR wasidentical to that on RGR, whileon LAR it was expressed by only 8 % inhib-
ition. Dry mass allocation in plant organs was changed only in roots— RMR decreased
by 12 %.

The negative effect of Cd on plant growth was accompanied by an increase in
dry to fresh mass (DM/FM) ratio in al organs (Greger and Lindberg, 1986; Becceril
etal., 1989; Moyaet a., 1993). Despite that DM/FM ratio was changed during onto-
genesis, its sharp increase in young plantsis acriterion for stressresponse, whichis
indicative on whole plant level (Baker et a., 1993).

Table 1. Effect of Cd on some growth parameters of young barley plants from cv. Hemus

Parameters Control plants Cd-treated plants % of control
RGR [g.kg?.day™] 340 0.2 51 +0.1** 15
NAR [g.m2.day] 0.96 £0.010 0.15 +0.004** 16
LAR [m?.kg™ (plant)] 354 14 326 1.2 92
LMR [kg leaf. kg™ (plant)] 0.567 £ 0.011 0.586+0.015 103
SMR [kg stem.kg™ (plant)] 0.260+ 0.005 0.262+0.007 101
RMR [kgroots.kg™ (plant)]  0.173+0.007 0.152+0.007* 88
SLA [mP.kg™ (leaf)] 624 *25 556 19 89

Values are means of 3 separate experiments + S.E. (n=15); * p<0.05; ** p<0.001.
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I11. Analysis of changes in leaf area ratio

The reduction of LAR could be a consequence from lowered LMR, aswell asfrom
SLA. In Cd-treated plants, usually LMR was not changed significantly as pointed
above, while RMR decreased because of the much higher Cd accumulation and tox-
icity inroots. That iswhy Barcelo et al. (1988a) considered that the main reason for
LAR reduction in Cd-treated bean plantsisthe lower SLA. This statement was con-
firmed in our investigations (Table 1), where the inhibitions of LAR and SLA were
of the same degree. Barcelo et al. (1988a) related the negative effect of Cd on SLA
with disorders in water supply. These authors suggested that reduced cell turgor po-
tential and cell-wall elasticity led to formation of small cells and intercellular space
areain Cd-treated plants.

Lower turgor potential was due to disturbed water balance in these plants. It is
well known that Cd affects water uptake, transport and transpiration (Barcelo et al,
1986; Costaet a., 1994; Vassilev et al., 1997). The reduced water uptake in Cd-treated
plants can be easily explained with root growth inhibition. Lamoreaux and Chaney
(1977), Bacelo et al. (1988b) and Marchiol et al. (1996) reported that root hydraulic
conductivity into xylem vessels decreased from two to four times depending on the
applied Cd stress and characteristics species. Barcelo et al. (1988b) considered that
the reasons for reduced water movement were the decreased vessel radius and number
of vessels due to Cd-induced inhibition of division, elongation and differentiation of
cambium cells. These authors hypothesized that thisis a consequence from disturbed
hormonal balance, but until now, there are no data supporting the suggestion. Accord-
ing to Fuhrer (1982) another reason for decreased water movement could be the struc-
tural disordersin some vessels because of the accumulation of lignin-like insoluble
phenols and depositions of calcium oxalate (Van Balen et al., 1980).

In result of the disorders pointed above the relative water content (RWC) aswell
aswater potentia (YY) and its component turgor potential of leaves of Cd-treated plants
decreased. Reduction of turgor potential could also be due to absence of significant
osmotic adjustment. This is a mechanism for maintenance of a stable water balance
in shortage of water (Yancey et a.,1982). Aliaand Saradhi (1991) and Chen and Kao
(1995) reported for some proline accumulation in Cd-treated plants. In our investiga-
tions this effect was also registered (Vassilev et a., 1998), but to a much lesser de-
gree than the data known about proline accumulation under high water stress (Paleg
and Aspinall, 1981). This gave us reasons to accept the opinion of Aliaand Saradhi
(1991) that proline accumulation in heavy metal treated plantsis not so much related
to osmotic adjustment than to the mechanism for regulation of cytosolic acidity or it
is a possible enzyme protectant as suggested Shah and Dubey (1997/98).

Barcelo et al. (1986, 1989) established that turgor loss point in the leaves of Cd-
treated bush bean plantsis reached at higher RWC and Y than in the control plants.
The authors explain this phenomenon with the lowered elasticity of cell walls. They
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try to find the reasons for disturbed elasticity in phenols and callose deposition, as
well as partially Casubstitution from Cd in the middle lamella of cell walls. Accord-
ing to Vazquez (personal opinion, according to Barcel o and Poschenrieder, 1990) the
lowered elasticity could be due to decreased synthesis of cell wall components be-
cause of reduced functional activity of Golgi’s apparatus.

IV. Analysis of changes in net assimilation rate

IV. 1. Changes in dark respiration

Physiological response of plants to various stresses is connected largely with dark
respiration. As abasic source of energy resources, dark respiration playstheleading
rolein the regulation of cell metabolism. It iswell known that approximately half of
al the photosynthates produced per day are respired in the same period (Lambers,
1985), so the intensity of dark respiration has a significant importance for dry mass
accumulation.

Data about effect of Cd upon dark respiration are often controversial. We think
that is possibleto differentiate two basic effects of Cd: early and relatively late. This
differentiation is connected with the reach of a definite “critical” Cd concentration
in plant organs.

The early Cd effect is expressed by accelerated dark respiration and enzymein-
duction. In this physiological state, which Van Assche et al. (1988) define as stress,
despite of Cd induced disturbances, the cell control of metabolism is stable. Lee at
al. (1976) established that Cd increased dark respiration and activity of the enzymes
isocitrate dehydrogenase (E. C. 1.1.1.42), glutamate dehydrogenase (E. C. 1.4.1.2),
and malate dehydrogenase (E. C. 1.1.1.37). Van Assche et al. (1988) reported that the
activity of malic enzyme (E. C. 1.1.1.40) and the key enzyme of the oxidative pentose-
phosphate pathway — glucose-6-phosphate dehydrogenase (E. C. 1.1.1.49) in Cd-treat-
ed bean plants was enhanced. As both enzymes catalyze NADPH producing reactions,
these authors suggested that their induction might partially compensate NADPH defi-
cit originating from the limited electron transport in the chloroplasts. Ernst (1980)
hypothesized that accel erated dark respiration is acompensatory mechanism supplying
ATP through oxidative phosphorylation.

Itis considered that under stress the balance between production and quenching
of reactive oxygen species as superoxide radical, singlet oxygen and hydrogen per-
oxide is disturbed (Okuda et al., 1991). This results in generation of HO radicals
causing extensive damages of membranes by peroxidation of their constituent lipids.
In this state, the activity of the so-called antioxidative enzymes peroxidase (E. C.
1.11.1.7), catalase (E. C. 1.1.1.7), and superoxide dismutase (E. C. 1.15.1.1), that are
also terminal oxidases of dark respiration, isincreased. Shaw (1995) established that
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in Cd-treated Phaseolus aureus plantsthe activity of these three enzymes was enhan-
ced. Higher peroxidase activity, aswell as changesin itsiso-enzyme pattern in plants
subjected to Cd treatment is found by Lee et al. (1976), Van Assche and Clijsters
(1987), Van Assche et al. (1988).

The relatively late Cd effect is expressed on the inhibition both of dark respira-
tion and of the activity of a number of enzymes connected with that process. Inhibi-
tion of dark respiration rate in Cd-treated soybean plants is established by Oliveira et
al. (1994). According to Van Assche et al. (1988) when heavy metal concentrations
exceed the toxic level, the physiological state of the cell isirreversibly changed. Cd
inhibits enzyme activity directly — by interactions with SH-groups, or indirectly — by
disturbing cation balance at the subcellular level (Van Assche and Clijsters, 1990).
Lindberg and Wingstrand (1985), and Fodor et al. (1995) established inhibition of
ATP-ase activity, while Chugh and Sowhney (1996) reported of a retarded activity
of hydrolytic enzymesa- and b-amylase (E. C. 3.2.1.2).

On the base of the increasein activity of peroxidase, some hydrolytic enzymes,
aswell asintherate of the dark respiration, Lee et al. (1976) supposed that Cd causes
an anticipated premature senescence response. Other facts established later support-
ing this hypothesis are: increased ethylene production (Fuhrer, 1982), lowered solu-
ble protein content (Stiborova et al., 1986b; Sheoran et al., 1990a; Vassilev et al.,
1997), disturbed turnover of ribonucleic acid (RNA) (Shah and Dubey, 1995), etc.

IV. 2. Changes in photosynthetic rate

It was established that Cd inhibits the photosynthetic rate, and that the toxic Cd ef-
fect depends on the applied concentration, the species and cultivar characteristics,
the age of leaves and the phenological development of plants (Baszynski et al., 1980;
Becerril et a., 1989; Costaand Morel, 1994; Vassilev et al., 1995; Lang et a., 1995).
It is considered that the toxic Cd effect is stronger in the leaves functioning actively
and during the earlier phenophases of vegetation (Lang et al., 1995; Sheoran et al.,
19904, b; Vassilev et al., 1998).

Changesin the rate of leaf photosynthesis are not always anal ogous to those of
canopy photosynthesis. Landberg and Greger (1994) established increased leaf pho-
tosynthesis but decreased canopy photosynthesis due to the smaller leaf areain Cd-
treated wheat plants. Merakchijska and Yordanov (1983) observed the same fact in
Cd-treated bean plants.

Photosynthesisis an integral process with a high degree of self-regulation. Inhi-
bition of photosynthetic rate could be due to structural and functional disordersin
many different sites of this process. It is accepted that the factors limiting photosyn-
thesis have stomatal and non-stomatal nature.
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IV, 2. 1. Stomatal limitation of photosynthesis

In one of the first reports about the negative effect of Cd on the photosynthetic rate
it was suggested that inhibition is due to limited access of CO, (Bazzaz et a., 1974).
The potential possibility of such alimitation inin vivo Cd-treated plants was based on
inhibition of the transpiration established later in many studies (Poschenrieder et al .,
1989; Costaet a., 1994; Marchiol et al., 1996; Vassilev et al., 1997).

Barcelo and Poschenrieder (1990) consider that in the dynamics of transpiration
rate could be differentiated three phases that were confirmed by Leitaet al. (1995) in
Cd-treated soybean plants. Stomatal limitation of photosynthesisis possible only dur-
ing the first and second phase when transpiration rate is decreased by ABA-mediat-
ed closing of stomata. To what extent the decreased transpiration rate limits the photo-
synthetic rate could be explained after an analysis of the dependence of CO, assimil-
ation on theintercellular CO, concentration. At present, thereis one report establish-
ing equal stomatal limitation of photosynthesis in control and Cd-treated soybean
plants (Marchiol et al., 1996). Most of the investigations on photosynthesis response
to in vivo Cd stress are focused on non-stomatal limitations.

1V. 2. 2. Non-stomatal limitations of photosynthesis

IV, 2. 2. 1. Changes in chloroplast ultrastructure and composition of thylakoid
membranes

Baszynski et al. (1980) established disordersin chloroplast ultrastructurein Cd-treated
tomato plants expressed in disorganization of grana and increased both number and
size of plastoglobuli due to aloss of lipids in thylakoid membranes. Krupa (1988)
reported that Cd induced delay both in the formation of thylakoid membranesandin
the organization of granastacksin chloroplasts of radish. Chloroplastsin these plants
are smaller and the number of both granaand thylakoidsis reduced by 25%. According
to Skorzinska and Baszynski (1993) the degradation of stroma thylakoids is more
severe than the degradation of granaones. Barcelo et al. (19884a) noted the fact that the
negative Cd effect is not expressed to the same degree in all chloroplasts of bean
plants. In the most damaged chloroplasts the envelopeis partially disturbed and grana
are severely disorganized.

Stoyanovaand Chakal ova (1990) reported that Cd disturbs not only chloroplasts,
but cellular envelopes, plasmalemma, mitochondria and other organelles, too. They
noted that in cells of Cd-treated Elodea canadensis Rich thereisastructure-functional
associ ation between energy producing organelles (chloroplasts and mitochondria), and
interpreted it as an e ement of the compensatory energetic mechanism. Thiseffect was
also observed in our investigations with Cd-treated young barley plants (Vassilev et
al., 1995).

Analysisof the reasons for weaker development and degradation of lamellar struc-
turein chloroplasts of Cd-treated plants directs the next investigations towards stud-
ies of the changes in composition of the thylakoid membranes.
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Krupaand Baszynski (1989) reported that 14-day treatment with 20 uM Cd dec-
reased 25% the total content of acyl lipidsin thylakoid membranes of tomato plants.
The content of phosphatidilcholine (PC) was reduced to the greatest extent, followed
by mono- and digalactosyldiacylglicerol (MGDG; DGDG). Fatty acid composition
of thylakoid membranes was a so changed — the content of the major unsaturated fatty
acid decreased, asthe negative Cd effect was highest on trans-D3-hexadecenoic acid.
Staehelin (1986) suggested that due to the specific location of thisacid in PC molec-
ules, it has some influence on the association of protein subunitsinto oligomereforms
of light-harvesting chlorophyll a/b protein complex 11 (LHCII). Asthiscomplex plays
rolein the formation of the grana structure of chloroplasts, Krupa (1988) admits that
the delayed formation and weaker development of granain Cd-treated plantsis due
to disordersin LHCII.

Skorzinskaet al. (1991) established that both galactolipase activity (E.C. 3.1.1.26,
GL) and the content of extracted free fatty acids in chloroplasts of Cd-treated bean
plants are significantly higher. The content of 18:3 acid was increased to the great-
est extent. Despite changes in the lipid matrix, changes in polypeptide composition
of photosystem 2 (PS2), particularly in oxygen evolving complex (OEC), were also
observed (Skorzinska and Baszynski, 1993). The content of polypeptideswith M, 17,
23 and 33kDawas reduced.

Krupaand Baszynski (1995) noted that the above mentioned changesin thylakoid
membranes of Cd-treated plants are identical to a great degree with those in senes-
cent leaves: decrese of MGDG in thylakoids (Fong and Heath, 1977), high activity
of galactolipase and release of large amounts of 18:3 fatty acid (O’ Sullivan, 1987).
According to Siegenthaler et al. (1987) one of the magjor reasons for the degradation
of thylakoid membranes in senescence leaves is the higher activity of GL. This en-
zymeislocalized in the outer monolayer of the membrane, and it isimportant in main-
taining the native configuration of the thylakoid membrane.

From the observed resemblance, Krupa and Baszynski (1995) deduced that Cd
stress induces premature senescence of the photosynthetic apparatus. Their opinion
updates the hypothesis of Lee et a. (1976) about the accel erated senescence of plants
in response to Cd treatment.

1V. 2. 2. 2. Changes in plastid pigments and chlorophyll-protein complexes

It was established that Cd applied in vivo decreased plastid pigment concentrations.
Concentration of Chl a isredused more than that of Chl 5 and carotenoids. Baszynski
et al. (1980) reported first about this negative Cd effect in investigations with tomato
plants. Lately inhibiting effect of Cd was established in other speciestoo: wheat and
cucumber (Buszek, 1984; Malik et a., 1992), maize (Stiborovaet al., 1986b; El-En-
any, 1995), bean (Barcelo et al., 1988a; Siedlecka and Krupa, 1996), etc. Cd effect on
plastid pigments depends on leaf age and plant devel opment: young cucumber leaves
and true bean |leaves are more susceptible than old leaves and cotyledons (Buszek,
1984; Barcelo et al., 1988a).
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M ost researchers connect the reduction of chlorophyll in Cd-treated plants with
inhibition of its biosynthesis, regarding the investigations of Stobart et al. (1985).
These investigations were made in vitro with plant segmentsincubated with Cd for a
short period. The authors established that Cd inhibits chlorophyll biosynthesis on two
levels: in the synthesis of 5-aminolaevulinic acid and in the formation of photoactive
protochlorophyllide reductase complex. In arecent investigation made also in vitro,
Horvath et al. (1996) reported that the photoconversion of protochlorophyllide was
not inhibited, but Cd disturbed chlorophyll moleculesintegration in stable complexes.

Based on the expressed symptoms and the established lower concentrations of
Mg and Feinthe leaves of Cd-treated sugar beet plants, Greger and Lindberg (1986)
suggested that the lower chlorophyll concentrations in these plants were a result of
the deficiency of these nutrients. The decrease in Mg and Fe content in leaves as a
response to Cd treatment was established in other plant species also (Breckle and
Kahle, 1992; Rubio et al., 1994). More convincing data about the interactions between
Fe deficiency (this element is a co-factor of an enzyme taking a part in chlorophyll
biosynthesis) and chlorophyll concentrations were reported recently by Krupaet al.
(1995). They showed that 50 uM Cd induced Fe deficiency and decreased by 55%
chlorophyll level in bean plants. Lang et al. (1995) confirmed these statements estab-
lishing that translocation of the labeled Fe to the overground organs of Cd-treated
cucumber plantsisinhibited.

Chlorophyll concentrationsin in vivo Cd-treated plants could be lowered by the
activation of its enzyme degradation. Somashekaraiah (1992) established that after a
6-day treatment with 100 UM Cd in Phaseolus vulgaris plants, the lipoxygenase (E.C.
1.13.11.12) activity increased, while chlorophyll concentrations and activity of the
so-called antioxidative enzymes such as superoxide dismutase (E.C.1.15.1.1.) and
catalase (E.C.1.11.1.6.) significantly decreased.

Thylakoid membranes contain several types of chlorophyll-protein complexes:
CPlaand CP1-Chl a protein complexes of PS1, CPa-Chl a-protein complex of PS2
and LHCII a/b connected mainly with PS2. Krupa et al. (1987) established that Cd
does not influence significantly CPla and CP1-Chl a complexes but it changes the
ratio between monomeric and oligomeric forms of LHCII a/b in greening seedlings
of Raphanus sativus. Lang et a. (1995) found the contrary — the content of all chlo-
rophyll-protein complexesin Cd-treated cucumber plants was reduced.

1V. 2. 2. 3. Changes in photochemical processes

Investigations on the photochemical processes in Cd-treated plants apply two meth-
ods: destructive and non-destructive. In the first case electron transport is studied in
vitro, as chloroplasts extracted from Cd-treated plants are incubated in a medium with
different electron donors and acceptors with participation of suitable substances block-
ing el ectron transport. In non-destructive analysis as criteriafor the state of the photo-
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synthetic apparatus are used the main parameters of chlorophyll fluorescence: initial
(Fo), variable (F,), maximal (F,,) fluorescence, ratio F,/F,, t;, —haf-risetime of fluo-
rescence signal from F, to F,,, photochemical (qg) and non-photochemical (q) quen-
ching.

Baszynski et al. (1980) established that PS2 activity in Cd-treated tomato plants
was greatdly inhibited, while changesin PS1 were not observed. Using diphenylcarb-
azide—an electron donor aternative to water, these researchers located the disturban-
cesin OEC of PS2. The authors observed that adding Mnin the nutrient media entir-
ely restored electron transport in the system water—methylviologen. This fact made
them assume that Cd blocks the function of Mn or decreasesits content in OEC. This
hypothesisis shared by Clijsters et al. (1991), who consider that normal photolysis
of water requires aratio Mn/chlorophyll (ion/molecules) in thylakoid membranes of
5-8 to 400. Data about changes in the mineral content of thylakoid membranes (ex-
tracted from Cd-treated plants) are not available yet, but a tendency towards a de-
crease in Mn concentration in leaves of those plants was established by Breckle and
Kahle (1992), Rubio et al. (1994) and Abo-Kassem et al. (1995).

Becerril et al. (1989) and Tukendorf and Baszynski (1991) confirmed that elec-
tron transport in PS2 in Cd-treated lucerne, clover, and bean plantsis disturbed. But
at the same time, these authors showed that in high concentrations (50—75uM) Cd
inhibits the activity of PS1 also. According to Siedlecka and Baszynski (1993), the
disturbed functional activity of PS1 isdueto Cd-induced iron deficiency that limits
thelevel of ferredoxin and NADP*-oxydoreduction. Siedleckaand Krupa (1996) con-
firm this suggestion in their investigations on the interactions between Cd and Fein
bean plants.

The above mentioned results concerning the high susceptibility of PS2 to Cd
stress are not confirmed when judging its photochemical activity by theratio F/F,,..
Greger and Ogren (1991), Krupaet al. (1992, 1993), Vassilev et al. (1995), and Sied-
leckaand Krupa (1996) established that F,/F,,, in Cd-treated plants does not significan-
tly deviate from the rate typical for the normal functioning photosynthetic appara-
tus: 0.80-0.85 (Bjorkman and Demming, 1987). However, thereisadecreasein the
values of another parameter —t,,, the so-called half-rise time of fluorescence signal
from the minimal (F) to the maximum (F,,,) (Siedleckaand Krupa, 1996). It isavery
complex parameter sinceits values depend on the effective PS2 antennasize, adimin-
ished pool of plastoquinone or even, although very indirectly, on the number of PS2,
centers (Oquist and Waiss, 1988). Siedlecka and Krupa (1996) admit that the dec-
reased t,, isrelated with the reduced number of PS2, centers due to thelower number
of granal thylakoids and their ultrastructural disturbances.

Krupaet al. (1993) established that Cd reduces the values of the photochemical
quenching (gp) while those of the non-photochemical quenching (qy) are increased
significantly. Thisresearch connectsthe increased gy with its energy dependant com-
ponent ¢, that isindicative of an increase in the transmembrane pH gradient. They
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also consider that in Cd-treated plants the utilisation of stored photosynthetic energy
is disturbed. Asits major sink are the enzyme reactions from Calvin’'s cycle, these
authors suppose that the inhibition of enzyme reactionsresultsin an excess of reducing
equivalents and feedback inhibition of PS2. The decrease of g is discussed as a
mechanism to avoid over-reduction of Q,, which isthe primary electron acceptor of
PS2. The above hypothesis was recently confirmed by Siedlecka et al. (1997), who
assessed that the adenilate pool (ATP and ADP) inthe leaves of Cd-treated bean plants
isincreased. In accordance with this hypothesis there are data about the reduced val-
ues of the so-called “vitality index” (Ryy) in those plants (Siedleckaand Krupa, 1996).
According to Lichtenthaler and Rinderle (1988) Ry, valuesindicate the potential pho-
tosynthetic activity of aleaf, especially the CO, fixation rates of Calvin's cycle.

1V. 2. 2. 4. Changes in biochemical reactions of Calvin's cycle

Theinvestigations on the dark reactions of photosynthesisin Cd-treated higher plants
are few and are focused mainly on the changes of some key enzymes. Sheoran et al.
(1990b) and Malik et al. (1992) established that Cd inhibitsto agreat extent the activ-
ity of dmogt al enzymesfrom Calvin'scyclein pigeon peaand wheat plants. The mech-
anism of theinhibition of enzyme activity and, especially that of ribulose-1,5-bisphos-
phate carboxylase/oxygenase (Rubisco), in Cd-treated plantsis under discussion. Con-
sidered are two possihilities: inhibition of de novo synthesis and/or activity of theal-
ready functioning enzyme. Inhibition of de novo synthesis, but not of the activity of
the functioning enzyme was established in Cd-treated plants of Laminarina saccharina
(Kremer and Markham, 1982). Stiborovaet al. (1988) consider that Rubisco activity
is decreased due to two negative effects of Cd: @) interaction between this metal and
two SH-groups from the active enzyme center (Cys,,3 and Cys,sg); and b) changes
in the quaternary structure, followed by disassociation due to the irreversible bind-
ing with the heavy metal. The second effect was determined in vitro only.
Information about the functioning of primary carbon metabolism in Cd-treated
bean plants was recently presented by Siedlecka et al. (1997). On the basis of the
increased ratios; ATP/ADP. RuBP/PGA and DHAP/RuBP aswell as on the decreased
PGA/DHAP ratio the authors concluded that the main limitation caused by the onset
of Cd stressis at the Rubisco step and not in the following steps of Calvin's cycle
including the regeneration phase. That statement was confirmed in our investigations
with Cd-treated barley plants (Vassilev et al., 1997). We established that the rate of
14C-incorporation in the fraction of organic phosphates was lower whilein the frac-
tion of sugars it was higher than in the controls. The explanation was that the rela-
tively smaller pool of the labile phosphorylated compounds was metabolised faster
to the final compounds, such as sugars. We also determined that the rel ative share of
glucose and fructose in total sugar radioactivity increased by extending the duration
of dark metabolism for the control plants, while this tendency was not so clearly ex-
pressed in the Cd-treated plants. Partitioning of radioactivity inindividual sugarsin
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the control plants was characteristic for young, active leaves, while in Cd-treated
plantsit was more similar to ageing leaves.

Conclusion

Asaresult of thereductive analysis of the factorslimiting growth of Cd-treated plants,
the following conclusions could be made:

Cadmium suppresses RCR through inhibiting mainly NAR and to alesser extend
LAR. Suppression of NAR is caused by the disturbancesin the processes of dark res-
piration and photosynthesis. Dark respiration rate increases till reaching the “criti-
cal” concentrations of Cd in the organs, after which it is being inhibited. Suppression
of dark respiration isaresult of aset of negative effects of Cd on different structural
and functional units of the process, |ed by the mesophyl| limitations and mainly bio-
chemical processesin Calvin'scycle.

Decreased LAR in Cd-treated plants is caused by reduced SLA. The main rea-
son for that isthe decreased turgor potential and cell wall elagtisity, resulting in smaller
size of leaf cellsformed with smaller intercellular space area.

The analysed facts clarify to agreat extend the factors limiting the growth of the
Cd-treated plants. Nevertheless some incompletely explained points should be men-
tioned:

»  Thediscrimination between the early and relatively late effect of Cd on dark res-
piration is relative and could be further specified if more data on the usage of
ATPintheso called “growth respiration”, “ maintenance respiration” and “anion
supply respiration” (in the roots) would be available. Models exist that permit
for the quantitative discrimination of the respiration components (Van der Werf
et al., 1988), but they still have not been used for the analysis of ATP usage in
heavy metal treated plants.

e Changesin water relations of Cd-treated plants have been mainly studied using
water cultures. Under different conditions the water relations disorders and its
effect on other physiological processes could be even more significant. Increas-
ing the effect of stomatal limitation of photosynthesis could be expected.

e For amore complete description of theinhibition of growth processesin Cd-treat-
ed plants more data on the phytohormonal status of such plantsis essentially need-
ed. At present such information is scarce, except for the few data on the ABA
content changes (Poschenreider et al., 1989) and endogenous cytokinin levels
(Atanassova et al., unpublished data).

The insufficient information available on the subjects mentioned, as well as on
the interrelations of the Cd stress with other ecological factorslike drought, low and
high temperatures etc. motivates the need for further investigations.
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