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Abstract

The influence of two levels of artificial Cd soil contamination (2 and 20 mg Cd kg of soil)
on the weight of oat plants, chlorophyll content in leaves, rate of photosynthesis, stomatal con-
ductivity and transpiration rate was researched in a pot experiments with Avena sativa L.
Another objective was to detect the effect of cadmium contamination of soil on the content of
cadmium in the dry mass of oat panicles, stems, upper green and bottom yellow leaves and ro-
ots. The soil contamination was applied in the forms of nitrate Cd(NO,),, chloride CdCl,
and sulphate CdSO,>.

High correlation was found between the measured levels of photosynthesis rate, stomatal
conductivity and transpiration rates, but no correlation occurred between these levels and the
cadmium content in leaves. In the variants with Cd contamination, insignificantly higher levels
of photosynthesis rates were observed in the measurements than in the zero variant. A 10-fold
higher Cd application dose significantly manifested itself by a higher content of Cd in all the
analyzed parts of plants, including generative organs. A several-fold higher Cd level was found
in the roots than in other parts of the plant, whereas the lowest Cd content was observed in
panicles.

However, the results obtained by measuring the cadmium content in stems and green le-
aves were not significant. In most treatments, a notably higher Cd content was determined
in bottom yellow leaves than in upper green leaves. This indicates Cd accumulation in senescent
tissues and its difficult reutilization. The highest variance was discovered in treatments
with the accompanying SO,* anion. While estimating the effect of accompanying anions on the
Cd content, significant differences were observed only under the higher level of Cd contamina-
tion.
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The increase in the Cd content in bottom yellow leaves after CdSO, application was signi-
ficant when compared with the treatment in which Cd(NO,), was applied and insignificant ver-
sus the variant with CdCl,. On the other hand, a higher and more significant content of Cd in
phtosynthetically active green leaves was measured in the treatment with CdCl, than with
Cd(NO,),.

Key words: cadmium, photosynthesis rate, translocation, interaction, oat.

WPLYW DAWKI I FORMY KADMU NA PLON I DYSTRYBUCJE METALU W OWSIE
(AVENA SATIVA L.)

Abstrakt

W eksperymentach z Avena sativa L. zbadano wplyw 2 pozioméw sztucznego zanieczyszcze-
nia gleby Cd (2 i 20 mg Cd kg gleby) w postaci Cd(NO,),, CdCl, i CdSO,* na masg roélin owsa,
zawarto$é chlorofilu w liciach, tempo fotosyntezy, przewodno$é szparkowa i szybko$é parowa-
nia, a takze na zawarto$¢ kadmu w suchej masie wiechy, todyg, gérnych i dolnych zielonych i
z6ttych lidci oraz korzeni. Wysoki poziom korelacji stwierdzono miedzy mierzonymi poziomami
intensywnosci fotosyntezy, przewodnos$ci szparkowej 1 szybkoSci transpiracji, nie wykazano jed-
nak korelacji miedzy tymi poziomami i zawarto$cig kadmu w liSciach. W wariantach z zanie-
czyszczeniem Cd zaobserwowano nieznacznie wyzszy poziom fotosyntezy w pomiarach
w poréwnaniu z wariantem zerowym. W przypadku 10-krotnie wigkszej intensywnosci stosowa-
nia kadmu wykazano istotnie wieksza zawarto$é Cd we wszystkich monitorowanych cze$ciach
ro$§lin, w tym w organach generatywnych. Kilkakrotnie wyzszy poziom Cd niz
w innych czeéciach rosliny stwierdzono w korzeniach, a najmniejszy w wiechach, jednak dane
uzyskane podczas pomiaru zawartosci kadmu w todygach 1 zielonych li§ciach nie byly znaczace.
W poréwnaniu z gérnymi lisé¢mi, zauwazalnie wiekszg zawartos¢ Cd w wiekszoéci poddanych
eksperymentowi ro$lin stwierdzono w dolnych zéttych lisciach. Wskazuje to na akumulacje
Cd w starzejacych sie tkankach i trudnoéci z jego przetworzeniem. Najwieksza réznice wykazano
w prébkach z anionem towarzyszacym SO,*. Podczas ewaluacji wplywu anionéw towarzyszacych
na zawarto$¢ Cd istotne réznice wystapity jedynie w przypadku wyzszego poziomu zanieczysz-
czenia Cd. Znaczacy wzrost zawartosci Cd po zastosowaniu CdSO, zaobserwowano w dolnych
z6ltych lidciach, w poréwnaniu z prébkami, w ktérych zastosowano Cd(NO,), natomiast nieznacz-
ny — w poréwnaniu z probkami, w ktérych uzyto CdCl,. Zdecydowanie najwieksza zawartos¢ Cd
w zielonych liciach o aktywnej fotosyntezie stwierdzono w roslinach poddanych dzialaniu
CdCl, w poréwnaniu z tymi, w przypadku ktérych uzyto Cd(NO,),.

Stowa kluczowe: kadm, tempo fotosyntezy, translokacja, interakcja, owies.

INTRODUCTION

Plants absorb cadmium from soil mainly in the form of Cd?*" cations. The
bioavailability of soil-borne Cd can be affected by its total content, the form
of chemical bond and other factors, such as the type of soil, CEC (cation ex-
change capacity), pH, temperature, organic material content, soil redox po-
tential and effects of other ions (AbprRiaNo 2001, CLEMENS et al. 2002, HASAN et
al. 2009, KacaLkova et al. 2009). During the cadmium uptake by plant roots,
competition occurs between heavy metals and certain mineral nutrients that
have similar chemical characteristics (TLusTOS et al. 2006).
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The kinetics of Cd?** uptake indicates the presence of two transport me-
chanisms — lower and higher Cd?" activity in the solution (Costa, MOREL
1993). Absorption may occur in complex inorganic forms of CdCI*, CdCl, and
CdSO,, or in the form of an organic phytometalophore complex (MCLAUGHLIN
et al. 1996).

The Cd root uptake in plants mainly proceeds through Ca2?", Fe* and
Zn?" transporters (CLEMENS 2006). The nonspecific ZIP IRT transporter,
which is involved in the ferrum uptake, has been mentioned. By contrast,
higher specificity to Fe was expressed in other transporters (PLaza et al.
2007).

The transport of cadmium through plasma membranes of root cells de-
pends on the Cd concentration in a nutrient medium. The saturated charac-
ter of Cd absorption indicates that the uptake is achieved through a carrier-
mediated system (HART et al. 1998). DUARTE et al. (2007) used Halimione
portulacoides as a citric acid chelator in their experiments. At a dose of
25 puM, both the uptake of cadmium and its translocation increased; at
50 uM, a further increase of Cd uptake by roots was apparent.

In as much as Cd can make use of other transporters, its uptake can be
blocked on one side of the cell wall. On the other hand, Cd can block the
uptake of other cations. Cadmium uptake from soil increases at a higher Cd
content in soil and a low pH value. Such ions as Ca?" and, in some cases,
7Zn?*" can occupy sorption spaces better than Cd* and displace them in the
soil solution. Interactions between Cd and Zn have often been described in
the literature (McKENNA et al. 1993, WELcH 1995).

At high concentration levels, the results of determinations of Cd in a
nutrient medium demonstrated a marked reduction in the concentrations of
Mg, P, K, Mn, Cu and Zn in plant tissues (ABU-MURIEFAH 2008, KikucHI et al.
2009). After experimental Cd contamination of soil, less potassium was de-
termined in grains of oat and in aerial organs and roots of yellow lupine and
radish. A contrary effect was also noted, with higher K concentrations in oat
straw and roots, as well as in roots of maize (CiEcko et al. 2004). Lower K,
Ca and Mg content in tissues with a high Cd concentration in a nutrient
medium was noted in cucumbers and tomato plants (Burzynski 1988) and in
maize (WALKER et al. 1977).

The uptake of Cd may also be influenced by anions. Phosphates may af-
fect Cd uptake by the formation of stable complexes, particularly at higher
pH (Boran et al. 2003). Regarding mobile anions, these are mainly Cl- and
SO,”. Results by Znao et al. (2004) confirmed an increased uptake after the
application of KCl, along with K,SO,. Chlorides and sulphates created com-
plexes with Cd*" and, in this way, increased the Cd*" uptake by plants. Nitro-
gen fertilization increased the Cd content in oats, especially at high nitrogen
doses (160 kg N ha'') (Eurora et al. 2003).

Cadmium penetrates through the epidermis into the cortex of roots. It
can move within the cortex through the apoplast or symplast. At the en-
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doderm level, cadmium enters the symplast and conductive tissues, where it
flows through elements of the xylem. Here, for example, it creates complexes
with ligands, organic acids and phytochelatins. But most Cd (60-80%) rema-
ins in roots (MENCH et al. 1989). Therefore, the transport of Cd from the roots
to aerial parts of a plant is limited (CaraLpo et al. 1983). Guo, MARSCHNER
(1995) present results indicating that phytochelatins may also be involved in
the translocation of Cd to aerial plant organs. This suggests a relationship
between higher concentrations of cadmium and Cd-bound phytochelatins in
the roots of maize and other plant species.

As mentioned above, roots are the main organ for the accumulation of
Cd. Cadmium can accumulate in the vacuoles of root cells and, through the
tonoplast, it is transported by several mechanisms, for example the Cd*'/H*
antiport or via a phytochelatin-Cd transporter (HART et al. 1998), which may
be Mg-ATP dependent (SaLt, Rauser 1995). Phytochelatins are obviously also
involved in the detoxication of heavy metals through chelation into vacuoles.
Zinc phytates were found in cells of the root extension zones, where small
vacuoles are located, but Cd bound with phytine acid was not indicated (VAN-
STEVENINCK et al. 1992). Cadmium ions can create complexes with soluble
compounds, such as organic acids. Phytochelatines are degraded in vacuoles
by hydrolases, or they are transported back into cytosol (LEoroLD et al. 1999).

The most common symptoms of the toxic effect of Cd include the brow-
ning of root hairs, root tips and necrotic spots on leaves. Thus, Cd influences
the structure of leaves and brings about many physiological changes. This is
related to the negative effect of Cd on the production of chlorophyll, carote-
noids and the activity and reduction of the regeneration of enzymes which
participate in the fixation of CO, (Dt FiLippis, ZIEGLER 1993, Goula et al. 2003,
ExmEekcr et al. 2008). Consequently, a decrease in the gas exchange parame-
ters also occurs, the degree of stomata opening is reduced and the transpira-
tion and photosynthetic rates are decreased (D1 Toppi, GABBRIELLI 1999).
At the same time, with these diminishing life parameters, the synthesis
of defensive and reparation proteins is increased. This is true, for example,
about glutathione, which is connected with the onset of the plant’s adapta-
tion to cadmium (HaLL 2002).

The average content of cadmium equal 0.26 mg kg of soil (median 0.18 mg
kg') was established, based on the results of monitoring agricultural soils
in the Czech Republic. Minimum and maximum values ranged between
0.18 - 4.56 mg kg! of soil (all in a total solution of aqua regia) (PoLAKOVA et
al. 2010). According to the Regulation of the Ministry of Environment of the
Czech Republic, number 13/1994 Coll., the maximum permissible amount of
cadmium in soils is 1 mg kg.

The goal of this study was to study the translocation of cadmium to the
aerial parts of oat plants and its impact on selected physiological parameters.

Cadmium was applied in the nitrate, chloride and sulphate forms, in
dosages of 2 and 20 mg kg! of soil. The lower dose of cadmium is double the
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maximum permissible content in soil. The higher dose was established based
on a preliminary experiment, during which notable visual symptoms of phy-
totoxicity in oat plants were absent. Cadmium content was also evaluated in
individual parts of oat plants: roots, stem, lower yellowing leaves, upper
photosynthetically active leaves and panicles. Differences in the cadmium
content of yellowing leaves and the green, photosynthetically active leaves
indicates a possibility of the reutilization of Cd.

Another objective was to investigate the phytotoxicity of Cd, particularly
its impact on yield, chlorophyll content and the physiological characteristics:
photosynthetic rates (P), transpiration rates (E) and gas conductivity (g).

MATERIAL AND METHODS

The research was carried out as a pot experiment in an outdoor environ-
ment. The experiment took place in Cernozice (a region of Hradec Kralove,
the Czech Republic), situated at the altitude of 255 m above sea level. The
experimental crop was the common oat (Avena sativa L.), Atego variety. Oat
was grown in alluvial soil, which was clay loamy in texture. The agricultural
and chemical characteristics of the soil medium were as follows: pH/KCI —
6.20; content of available P 30.0 mg kg, K 382.2 mg kg, Mg 166.2 mg kg,
Ca 6700.0 mg kg! (in the Mehlich III. leach), CEC 211.5 mmol kg'. The total
heavy metal content in aqua regia was Cd <0.5; Ni 16.1; As 9.9; Cr 30.6;
Pb 42.8; Hg 0.179; Zn 182.0 mg kg!'. Thus, the soil was characterized by a
high content of potassium, at the K/Mg ratio 2.29, and a low phosphorus
content. The high potassium content may influence the absorption of Cd and
other cations. On the other hand, the effect of accompanying anions on Cd
absorption may be more obvious. The soil placed in pots for the trials was
air-dried, homogenized and sieved through a 10-mm stainless-steel sieve.

The experimental pots were 10-L plastic pots with perforated bottoms
(pot dimensions: height 0.28 m; top diameter 0.25 m; bottom diameter 0.21 m).
Each pot was placed in a polyethylene bowl, with a diameter of 26 mm m
and a depth of 40 mm. A 10-kg batch of air-dried and sieved (<10 mm) soil
was put into each 10-L plastic pot. Seven variants of cadmium treatment
were started in the experiment, with three replications. The scheme of the
experiment and doses of chemicals per experimental pot are given in Table 1.
Except for the control variant, the nitrogen dose in all variants was levelled
by means of NH ,NO,. In order to provide a nutrient supply, a weighed amo-
unt of chemicals was dissolved in 300 ml of distilled water (1 day) and the
solution was evenly applied to the soil in the experimental pots. Phosphorus
or potassium nutrition was not performed.

Subsequently, thirty grains of oat (Avena sativa L.) were sown into each
pot in May. Normally developed plants were singled out in June, i.e., twenty
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Table 1
Scheme of the experiment

Variant | Concentration Cd mg kg'/ Chemicals (g / pot)

No. accompanying anion | 0§(NO,), 4H,0 | CdCL2.5H,0 | CdSO,_8H,0 | NH,NO,
I. control
IL. Cd2/NO, 0.055 1.130
111 Cd 20/NO, 0.549 1.001
IV. Cd2/Cr 0.041 1.144
V. Cd 20/ Crl 0.405 1.144
VI Cd2/80%* 0.046 1.144
VII. Cd20/802* 0.456 1.144

-five best-developed plants remained in each pot. The pots were placed outdo-
ors, on an experimental plot of land. Individual pots were spaced at 0.15 m
from each other and their position within the group at the site was regularly
changed. Plants were grown under standard light and temperature con-
ditions. Soil moisture was kept at ~60% of WHC by watering with distilled
water. The average daily temperature levels for individual ten-day periods
and months at the Hradec Kralove site, located approximately 4 km away,
are given in Table 2.

Plants were harvested on 5 of August 2009, at the phase of milky ripe-
ness (75 DC). Twenty whole plants were harvested from each experimental
pot and their panicles, stems, upper green leaves and lower yellowing leaves
were collected separately. The individual samples were placed into paper
bags and immediately dried in a drying apparatus (Venticell 707; Ilabo, Bor-
sovska, Kyjov, CZ) at a temperature of 65°C until they reached constant
mass (ca 48 hours). The experimental pots were turned upside down and the
roots of the harvested plants were also taken. The roots were washed three
times in distilled water and also dried at 65°C. The dried parts of the plants
were then ground in a laboratory mill into fine powder.

Table 2

Average daily temperatures in 2009 at the Hradec Kralove
(the Czech Republic) site in °C

Month 1%t decade (mean) | 2" decade (mean) | 3'¢ decade (mean)
May 19.0 13.8
June 14.4 19.4 15.2
July 18.6 17.6 21.0
August 16.6

Source: Czech Hydrometeorological Institute
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The measurement of physiological characteristics, i.e. photosynthesis
rate (P), transpiration rate (E) and gas conductance (g ), took place at the
stage of 71 DC, by means of an infra-red gas analyser LCpro+ (ADC Bio-
Scientific Ltd., UK). The chlorophyll content was measured by a chlorophyll
-meter CCM 200 (OptiScience, USA).

Mineralization of the dried and ground samples was carried out by the
dry combustion method in a combustion muffle furnace (CALOR SN 305;
MIWY, Lipnik n. Becvou, CZ). A portion of each sample in a quartz cup was
0.2-1 g. The maximum incineration temperature was 450°C. While it was
still warm after combustion, the ash was dissolved in a 5% solution of nitric
acid on a heating plate, qualitatively transferred into a calibrated test-tube
and replenished with de-mineralized water up to the mark line. The actual
determination of the cadmium content was carried out by atomic absorption
spectrometry (Atomic Absorption Spectrometer SOLAAR M5; Thermo Elec-
tron Spectroscopy Ltd., Solaar House, Cambridge, UK). The identifiable limit
of atom absorption of cadmium was 0.050 mg 1''. A mixed-model procedure,
with a repeated statement for variants, was used to analyse the content of
cadmium in the oat plants. Data from each plant part was tested separately.
Analysis of variance (the Wilks’ lambda, P < 0.05) was used to determine
significant differences. All statistical tests presented in this study were per-
formed using a Statistica 9.1 (StatSoft Inc., Tulsa, OK, U.S.A.) software
package.

RESULTS AND DISCUSSION

During the experiment, the growth, development and health of the
plants were recorded. No incidence of diseases or pests was identified and no
symptoms of deficiency or damage resulting from higher doses of cadmium
were observed in any of the groups. In groups II - VII, no statistically signi-
ficant differences in the weight of dry matter of aerial parts of the plants
were observed (Table 3). Any larger decrease in the plant weight in the va-
riants with Cd contamination may have also been partly prevented by the
dose of nitrogen. No significant decrease of the chlorophyll content was ob-
served and no correlation between the Cd content and chlorophyll content in
leaves was identified. In the experiments carried out by LacriFFouL et al.
(1998) and CHENG et al. (2002), a decrease in the chlorophyll content was

Table 3
Weight of the dry matter (g)/pot of the aerial parts of oat plants
Variants I 11 111 1\ A% VI VII
Mean 175.39 163.44 172.95 160.96 167.1233 | 157.3567 155.21

SD (n=3) 5.99 5.99 5.991 5.99 5.99 5.99 5.99
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Fig. 1. Relationship between Cd content in green leaves (axis x)
and gas conductance (g, axis y)

observed only at the highest levels of Cd contamination. Figure 1 shows the
relation between the Cd content in green leaves and gas conductance (g).

In the variants with the Cd nutrition, insignificantly higher levels of
photosynthesis rates were identified in the measurements as compared with
the control variant. The initial response of plants to stress can be the inten-
sification of metabolic processes. Our results imply that oat is fairly tolerant
and adaptable to stresses induced by higher Cd?" ion content. For compari-
son, VassiLEV et al. (2004) reported the following findings for barley: the ma-
ximal shoot Cd concentration of 41 + 8 mg Cd kg' DW without any visual
toxicity symptoms on the shoots occurred at 28 mg Cd kg of sand. However,
at the highest contamination level (42 mg Cd kg of sand), reduced leaf gas
exchange, photosynthetic pigments content and electron transport activity,
but not altered lipid peroxidation status of thylakoids were found.

Table 4 gives data on Cd content in particular treatments of the experi-
ment. Statistically significant differences in the content of Cd, at p > 0.05,
are evident in the individual parts of the oat plant, i.e. panicles, stems, up-
per green leaves, lower yellow leaves and roots. Significantly, as is seen in
Table 4, the highest content of cadmium was observed in roots. A higher
content of Cd in roots than in the other parts of plant was indicated in all
the treatments where Cd was applied (II-VIL.).

These results are confirmed by numerous sources in the literature, which
document high content of Cd in roots relative to the comparatively simple
uptake from the soil environment and difficult translocation of Cd from roots
to aerial parts of a plant. OBaTa, UMEBAYASHI (1993) mention that over 50% of
cadmium intake remains in roots. The same results (60-80 % in roots) were
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further documented by CaraLpo et al. (1983) or MENcH et al. (1989). By con-
trast, the lowest content of Cd was indicated in panicles, which did not signi-
ficantly vary from the content of Cd in stems and green leaves. It is general-
ly understood that the concentration of Cd in plants decreases in the
sequence of root> leaves> fruit> seeds (SHARMA et al. 2006).

A significantly higher content of Cd in lower yellowed leaves than in
green leaves was determined in most of the treatments, except treatments I,
IT and V. That suggests the accumulation of Cd in senescent tissues and its
difficult reutilization. The biggest difference was detected in the treatment
with accompanying SO,* (treatment VII). Higher doses of sulphate could be
predicted to cause higher accumulation Cd in yellow leaves and lower reuti-
lization in other parts of the plant. Our earlier experiments, in which the
translocation of zinc (Tuma et al. 2008) and nickel (Tuma et al. 2010) were
examined, provided similar results.

These findings may confirm the important role of sulphur in the synthe-
sis of phytochelatins, with which cadmium creates complexes. These com-
plexes, of low and medium molecular weight, are bound to unstable acid
sulphides (S%), which in turn are stabilized by complexes. These complexes
obviously play an important role in the detoxication of cadmium (NociTo et
al. 2007, KnHaN et al. 2008), after which they are transported into vacuoles,
where they are dissociated and Cd creates complexes with acids (D1 Toppr,
GABBRIELLI 1999).

Statistical significances between individual treatment variants are
shown in Figure 2, in contrast to Table 4. Evidently, a 10-fold higher supply
of cadmium (III, V and VII) was significantly linked to higher Cd content in
all parts of plants, including generative organs, in which (see above) the lo-
west content of Cd was detected. This is related to the simple uptake of Cd
through the root system. Thus, the amount of Cd absorbed by plants depends
on its concentration in the nutrient medium (HorMm et al. 1995). Most of the
Cd which remains accumulated in roots is transported into all aerial parts of
the plant when the degree of soil contamination increases.

PacE, FELLER (2005) suggested that, in this case, Cd was released more
slowly from the roots to the leaves and subsequently redistributed only at
trace levels in the phloem to the youngest leaves. HART et al. (1998) mention
that results indicate that excess Cd accumulation in durum wheat grain is
not correlated with the seedling-root influx rates or root-to-shoot transloca-
tion, but may be related to phloem-mediated Cd transport to the grain.

The influence of the accompanying mobile anions (NO,, CI, SO,*) on the
content of Cd in roots was not significant. A significant increase in the con-
tent of Cd appeared in leaves, but only at lager cadmium loading.

A significant increase in the content of Cd in bottom yellow leaves was
indicated in treatment VII, after the application of CdSO, _relative to treat-
ment III (Cd(NO,),); the said increase was insignificant compared with treat-
ment VI (CdClL). On the other hand, the highest cadmium content in photo-
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Fig. 2. Changes in the cadmium content according to the treatment variants. Error bars
represent means + SD (n = 3)

synthetically active green leaves appeared in treatment VI (CdCl,). HERREN,
FELLER (1997) state that the long distance translocation of cadmium may
depend on the availability of other elements. McLAUGHLIN et al. (1996) men-
tion that sulphate had just a limited effect on the availability Cd for chard,
especially when compared with CI-.

These results have been contrasted with some earlier work on the effect
of CI' salinity on Cd availability in Swiss chard. Possible mechanisms expla-
ining a weaker effect of SO,* compared to Cl on Cd*" availability have been
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proposed. Experiments by ZHao et al. (2004) showed that ClI' and SO,* anions
increased Cd uptake by plants, which can be interpreted as Cl and SO,* re-
adily complexing with Cd?", thereby increasing the bioavailability of Cd?" in
soils. The effect of potassium itself on the plant uptake of Cd was also ob-
served.

In our experiments, cadmium behaved somewhat differently than nickel
(Tuma et al. 2010) and zinc (Tuma et al. 2008). Nickel was much more easily
transported through the plant. In the treatments in which NiSO, was ap-
plied in higher doses, a significant increase in Ni content was observed in all
the analyzed parts of plants, including panicles. Roots were the only excep-
tion. Zinc is less mobile in plants than nickel. Nevertheless, an increase in
Zn content was found in the treatments with ZnSO, compared to treatments
with the application of Zn (NO,),. The effect was significant in stems at both
lower and higher nutrition, and in upper green and bottom yellow leaves of
oat plants at higher nutrition. Obviously, the mobility of Cd through the
plant is substantially lower than that of Ni and lower than the mobility of
Zn, so the influence of the accompanying mobile anions on the translocation
of Cd was less significant (ZELLER, FELLER 1999, ZHU et al. 2003, YURUK, Boz-
KURT 2006, GONDEK 2010).

CONCLUSIONS

In all the variants with Cd contamination, the weight of aerial parts of
oat plants decreased only insignificantly. No significant decrease in the chlo-
rophyll content in leaves was observed. Based on the measured photosynthe-
sis rate, stomatal conductivity and transpiration rate, no correlation between
these characteristics and the cadmium content in leaves was proven. Oat
developed fairly good tolerance to stress induced by a higher cocentration of
Cd?*" ions.

A 10-fold higher Cd application dose manifested itself significantly by a
higher content of Cd in all the analyzed parts of plants, including generative
organs. A several-fold higher Cd content was determined in roots than in the
other parts of the plant, whereas the lowest content of Cd was observed in
panicles. However, the results obtained by measuring the content of cad-
mium in stems and green leaves were not significant. A notably higher con-
tent of Cd in most treatments was determined in bottom yellow leaves than
in upper green leaves. This indicates the accumulation of Cd in senescent
tissues and difficulties in its reutilization. The biggest difference was disco-
vered in the treatments with the accompanying anion SO, *. A higher sulpha-
te application level, along with Cd, could lead to higher accumulation and
deposition of Cd in yellow leaves, and to lower reutilization of the metal in
other parts of the plant. The assessment of the effects of accompanying
anions on Cd content revealed significant differences only at higher levels of
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Cd contamination. An increase in the Cd content after CdSO, application was
determined in bottom yellow leaves. It was significant versus the treatment
in which Cd(NO,), was applied and insignificant compared with variants in
which CdCl, was applied.

On the other hand, significantly the highest content of Cd in green le-
aves with active photosynthesis was measured in the treatment with CdCl,
compared to the treatment with Cd(NO,),. The above results were certainly
connected with the lower mobility of Cd through the plant, as compared with
Ni and Zn.
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