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Abstract: In the present paper potato plants were cultivatdte presence of ammonium
sulphate or elemental sulphur supplementationthrecsoil to reveal the effects of different
sulphur forms on content of nitrogen, phosphorugagsium, calcium, magnesium and
sulphur, and yield of tubers. During the invesiigiatof the influence of different sulphur
forms on yield of potato tubers we did not obsesigmificant changes. Average weight of
tubers of control plants per one experimental pa$ 855 g. Application of sulphur in both
forms resulted in moderate potato tubers weighugedn per one experimental pot
compared to control group; average value ranged 880 to 350 g per one experimental
pot. Further we treated the plants with two différsupplementation of sulphur with
cadmium(ll) ions (4 mg of cadmium(ll) acetate pdodram of the soil). The significantly

lowest cadmium content (p < 0.05) was determinetissues of plants treated with the
highest dosage of elemental sulphur (0.64 mg Cdfkg)pared to control plants (0.82 mg
Cd/kg). We also aimed our attention on the cadmiomtent in proteins, lipids or soluble
carbohydrates and ash. Application of sulphate e & elemental sulphur resulted in
significant cadmium content reduction in lipid fi@on compared to control plants. In
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addition to this we quantified content of low malear mass thiols in potatoes tissues. To
determine the thiols content we employed diffeadmiulse voltammetry Brdicka reaction.
After twelve days of the treatment enhancing ofolghilevel was observed in all
experimental groups regardless to applied sulpbum fand its concentration. Finally we
evaluated the effect of sulphur supplementatioRloytophora infestanmfection of potato
plants.

Keywords: Thiols; Glutathione; Plant; PotataS¢lanum tuberosum Heavy metal;
Cadmium; Late blightRhytophora infestansElectrochemical methods; Differential pulse
voltammetry Brdicka reaction

1. Introduction

The sulphur oxides emissions into atmosphere wematically reduced in central Europe at the
end of the last century mainly due to thermal postation modernization, reduction of fossil fuels
combustion etc. Nowadays the level of sulphur oxigenissions is reduced for more than 70 %
compared to emissions in 1980 [1-5]. Sulphur itselbne of the most important macroelements. As
element it is a part of many important proteinszyaemes, secondary metabolites participating in
number of plant biochemical pathways including anplstress response. Sulphur, especially its form
and amount, plays important role in processes avyenetals ions uptake and subsequent distribution
and deposition in different plant organs. This pa® very important for certain plant species
cultivation. If thiols, compounds with free —SH gm are able to prevent plant from deposition of
higher heavy metals ions concentrations into tbefrsumption parts (such as fruits), they enabl®us
utilize them for safety (heavy metals free) fooddarction. The reduction of anthropogenic sulphur
deposition resulted in progressive sulphur deficyeim plant mineral nutrition [6-13]. Therefore the
sulphur or compounds containing sulphur (organiwel as inorganic forms) are supplemented most
frequently by two different ways; the first onetise foliar application where sulphur is introduced
directly onto aerial plant parts, especially leavesn where it is rapidly absorbed and integrated
directly into plant metabolism. The second wayhis &pplication of sulphur or its compounds directly
into soil. Plants obtain sulphur from soil by theeuof many mechanisms, which can effectively
regulate the rate of assimilation [14-23]. Theiliegrs containing sulphur in sulphate or elemental
form are commonly used. Sulphate form is highlyubtd and mobile in soil profile; in contrary
elemental form is water-insoluble and thus can Ibettaken up by plants. This form must be
metabolized by soil microorganisms, which resuitthieir oxidation to sulphates [24].

The reduction of sulphates tG Sesults in their incorporation into cysteine anethionine. These
sulphur amino acids are essential for biosynthesisther biologically important thiols such as the
most abundant non-protein thiol called glutathi@mel phytochelatins playing a key role in heavy
metals detoxification processes (Fig. 1). In additithere are synthesized cysteine-rich secondary
metabolites such as glucosinolates, which are a&ypfor Brassicalesplants. Other secondary
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metabolites, especially non-protein sulphur amicidsga were found in the most Aflium species [14-
23].
Figure 1. Possible scheme of metabolizing of sulphate ifaatp
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It was shown that plants sufficiently supplemenrtgdulphur are able to excrete hydrogen sulphide
out of the leaves surface to protect themselvemsigaathogens able to invade the plant [25,268dEX
mechanism of the action as well as of way of sysithand excretion of sulphide is still not cleaneT
most currently accepted opinion is that the synshissconnected with biosynthesis of low molecular
mass stress thiols. These features can be veryriampon attacking the potato plantSolanum
tuberosum Solanaceae) by the most dangerous pathogen daliedolight Phytophora infestans,
Pythiaceae). Late blight is still difficult to cant by common methods and, thus, causes econosnicall
considerable losses. The etiological agent is taeemmoldPhytophtora infestangMont.) de Bary
(Pythiaceag The critical period occurs when the temperatargges from 10 to 24 °C and the relative
humidity is higher than 75 % for consecutive 48rsolWnder these conditions the late blight infettio
develops very quickly, especially on the surfaceghef damp leaves, often despite of recommended
fungicides application.

This work was aimed on the investigation of sulpbupplementation on thiols content in potato
plants infected or non-infected by late blight teated with cadmium(ll) ions. To determine levél o
low molecular mass thiols differential pulse voltaetry Brdicka reaction was used.
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2. Material and Methods
2.1 Plant material

Potato cultivar Marabg|Solanum tuberosumy. Marabel) belongs to the early potato cultiveatt
develops low or medium-high semi-erect clusterstted transient type. Starting herb growth is
medium-fast. Stems are thin to medium-thick; leaaes medium to large-sized, leaflet of medium
size, medium wide, with weak to medium sinuate mmatgThe flowers are small to medium-sized,
corolla is white. The flowers frequency is very ldw low. This cultivar demonstrates very rapid
growth of medium-sized tubers with lower starchteah This cultivar is resistant to viral diseaaed
common scab.

2.2  Experimental scheme of pot experiment

Ammonium sulphate and elemental sulphur were psedh&rom Lachema (Czech Republic). They
were introduced into soil before own outplantingp(#). At all experimental groups the nitrogen leve
was balanced by the ammonium sulphate. One patagr ©f cultivars Impala or Mabel was potted
into one experimental pot. During vegetation expental plants were watered by demineralised water
and treated by the preparation Karate 2.5 WG agajisides. Sulphur foliar application was carried
out at the beginning of June.

Own annual vegetative pot experiment was carriedimuhe open cultivation hall. The hall is
placed in the area of Mendel University of Agricmé and Forestry, Brno - Cerna Pole, Czech
Republic. Temperature was measured daily by weattation placed nearby the hall. Geographical
latitude is 49°13°017, terrestrial longitude 163® " and elevation above sea-level 250 m.

Ammonium sulphate as well as elemental sulphurintasduced directly to soil according to Table
1. Each experimental group included four repetdidPlants were cultivated in medium-heavy alkaline
soil (10 kg soil-pot) with the determined value of exchangeable pH Q@b 7.55) and nutrients
content according Melich Il (P 218 mg/kg soil; ®2mg/kg soil; Ca 4718 mg/kg soil; Mg 346 mg/kg
soil). For our experiments the soil was taken frolough layer of the land in University agriculture
enterprise in Zatice, Czech Republic. This soil was typologicallyacicterized as fluvial gley soil
(FMg). Its granularity comes to the medium-heavy saihwumus content 2.44 %. Carbonates content
is lower than 0.5 %. Aerial plant parts were hatesat 18' July, which means at 6day of the
cultivation. The harvesting of subterranean partsibers — followed at 1B3July (79th day of the
cultivation). At the same time the soil was sampledplant mass the contents of P, K, Ca and Mg
were determined after mineralization by sulphudtand hydrogen peroxide. The determination of
nutrients (P, K, Ca and Mg) in soil samples wasiedrout according to Melich lll. In addition the
yield of tubers and herb, and total sulphur conirepiants and soil were also quantified.
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2.2.1 Preparation d¥hytophora infestansmoculum and evaluation éthytophorainfection

Foliar application oPhytophtora infestansoculum was carried out in the stage of standiofpat
the end of Jund?hytophtora infestanwas obtained from the isolate O1/6 and O1/3 seddly Czech
University of Life Sciences Prague, Czech Repulfiporangia were washed away by the sterile
distilled water. After spores releasing the susjensvas incubated for 2 hours at 7 °C. Then the
suspension was filtered and standardized to theulom density 2-1spores-mt. The rate of
infestation of individual plants was evaluated ke £ July 2004 (14 days after inoculation). The
evaluation was based on the leaves spots perceuatrence, which is obviously closely related with
the infection by this phyto-pathogen. These spats yellowish to bright green at first. In our
experiment only necrotic spots were evaluated.

Table 1. Scheme of pot experiment.

Experimental group Sulphur form used  Sulphur dosage (mg S/kg soil)  Way of application

Control Control 0 Without application
20 SA (NHy).SO, 20 Into soil

40 SA (NHy),.SO, 40 Into soil

60 SA (NHy),.SO, 60 Into soil

20 ES Elemental 20 Into soail

40 ES Elemental 40 Into soail

60 ES Elemental 60 Into soail

2.2.2 Cultivation of plants in soil supplementedcagimium(ll) ions

Cultivation of potato tubers was carried out inl 8ath natural cadmium content 0.182 mg-kat*.
The soil was further supplemented by 4 mg of cadmily acetate per kilogram of soil. Plants were
cultivated under the same conditions as it is dlesdrin section 2.2.1. The control plants were ¢hos
treated with cadmium(ll) ions but without supplenaion of sulphur.

2.3  Preparation of samples

Plants were washed with 1 M EDTA in 0.2 M phospHai#fer (pH 7.0) and centrifuged for 5 min
at 3000 xg (Eppendorf 5402, USA). Plants (about 20 mg) wasbfetheir cultivation media were
frozen three times in liquid nitrogen to disrupe ttells and then transferred to a test tube. Towefr
samples were homogenised by shaking on a VortexerleGor 5 min at 4 °C (Scientific Industries,
USA) and sonicated using a Bandelin Sonopuls HDDZ07 10 s at 7 W (Germany). The homogenate
was centrifuged (14 000 x g) for 15 min at 4°C gsanUniversal 32 R centrifuge (Hettich-Zentrifugen,
Germany). The supernatant was filtered through4® @m Nylon filter discs (Millipore, Billerica,
Mass., USA) prior to electrochemical analysis usitagionary electrochemical system.
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2.4  Determination of nutrients according to Mehlith

The contents of N, P, K, Ca and Mg were determineithe soil extracted by solution prepared as
follows: one litre of the solution: 20 g ammoniuntrate, 4 ml ammonium fluoride-EDTA solution
(per 500 ml: 69.45 g ammonium fluoride and 36.7B0TA was mixed at 50 °C), 11.5 ml nitric acid
and 11.5 ml acetic acid. Briefly, soil (10 g, figeined sol) was extracted with 100 ml of the
extraction solution under shaking for 10 min. Thespension obtained was filtered through paper
filter. The filtrate was analysed.

The spectral determination of phosphorus was chwig on apparatus UNICAM 8625 (Unicam,
Cambridge, Great Britain). The content of receieatdlcium and magnesium was determined by using
of atomic absorption spectrophotometer PU 9200Xlii3h Netherlands) in acetylene-air flame with
deuterium background correction. Atomic emissioacspmeter AAS 30 (Carl Zeiss Jena, Germany)
was utilized for the determination of receivablégssium content.

2.5  pH of the soil

The value of pH was determined by pH metre MS 2abdratorni fistroje Praque, Czech
Republic) measuring hydrogen ions activity in tbé siacerate with addition 0.01 M CacCl

2.6 Sulphur content in plants

Plant tissues were dissolved with the mixture gOHand HNQ in closed microwave system
(MILESTONE ML 1200 MEGA, Bergamo, ltaly). After thistep, the sample was analysed utilizing
optic emission spectrometry with inductively couplergon plasma (ICP-OES) using the instrument
JY-24 (JOBEN-YVON, France).

2.7  Determination of cadmium content in plants

Cadmium content was determined by flame atomic rptiem spectrophotometer with deuterium
background correction using apparatus Philips PQDS2Philips, Netherlands) after plant tissues dry-
way mineralization.

2.8  Electrochemical measurement — Differential pwsltammetry (DPV) Brdicka reaction

Electrochemical measurements were performed with VA Stand instrument connected to 746
VA Trace Analyzer and 695 Autosampler (Metrohm, t3eiland), using a standard cell with three
electrodes and cooled sample holder (4 °C). A mangiercury drop electrode (HMDE) with a drop
area of 0.4 mmwas the working electrode. An Ag/AgCl/3M KCI elemde was the reference and
glassy carbon electrode was auxiliary electrode Jupporting electrolyte (1 mM [Co(N)d|Cl; and
1 M ammonium buffer; Ng{aq) and NHCI, pH 9.6) was changed after five measurements. OBV
parameters were as follows: initial potential of ~¥, end potential of —1.75 V, modulation time
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0.057 s, time interval 0.2 s, step potential 2 mMgdulation amplitude -250 mV, g = 0 V. All
experiments were carried out at temperature 4 8@l§d F25, Germany). For smoothing and baseline
correction the software GPES 4.9 supplied by Eco@®evas employed.

2.8  Statistical analysis

Data were processed using MICROSOFT EXCEL® (USA) &CExpert software (TriloBite,
Statistical Software, Czech Republic). Results expressed as mean * standard deviation (S.D.)
unless noted otherwise. Differences with p < 0.@Fenconsidered significant (t-test was applied for
means comparison).

3. Results and Discussion
3.1 Influence of different sulphur forms on potalants growth, yield of tuber and element content

Tubers of Marabel cultivars were potted into sathwvell-balanced nitrogen level and with various
levels sulphur sulphates or elemental sulphur. pMints were growing without physiological and
growth disorders. Sulphate application resultedhimm moderate plant biomass enhancement, but no
changes in dry mass were determined compared twotgiants. On the other hand considerable
differences in biomass production were determineglants supplemented with elemental sulphur.
These experimental plants were depressed withtsliggduced aerial parts in comparison with control
plants (Fig. 2).

Figure 2. Pictures of plants exposed to ammonium sulphai¢ §8d elemental sulphur
(ES). Numeric data correspond to applied dosagegitkg introduced into the soil.

iy ¢
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It clearly follows from the results obtained thaihtent of nitrogen determined in aerial plant parts
did not significantly change between experimentaligs. Only plants treated with the highest dosage
of elemental sulphur demonstrated significantlyhleig(p < 0.05) nitrogen content compared to other
experimental groups. In addition the significantgmesium content increase was also determined in
the plants cultivated in the presence of the higtiese of elemental sulphur compared to plantsedea
with the lower dosages. Moderate phosphorus congtitancement was also determined at
experimental plants with application of elementapbur. The differences in potassium content were
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marked. These analyses showed that elemental swpplication resulted in the considerable changes
in levels of basic elements in plants. Supplementahe plants by ammonium sulphate (applied also
directly into soil) led to the significant changescalcium levels in plants. Particularly, undee th
highest sulphur concentration the calcium levegblemts increased more than four times compared to
control plants. Changes in sulphur levels were weident especially. All experimental data are
summarized in Tab. 2.

Table 2. Content of nitrogen, phosphorus, potassium, calcimagnesium and sulphur
in aerial plant parts (herb).

Form of sulphur application

Statistical )
Element Ammonium sulphate Elemental sulphur
parameter Control
20 SA 40 SA 60 SA 20 ES 40 ES 60 ES
_ mean 1.2 11 1.1 1.0 1.0 11 11
Nitrogen .
S.D. 0.1 0.3 0.1 0.1 0.1 0.2 0.2
mean 0.07 0.07 0.07 0.06 0.06 0.07 0.08
Phosphorus .
S.D. 0.02 0.03 0.01 0.01 0.01 0.02 0.02
) mean 55 5.6 5.8 5.6 5.0 4.6 4.8
Potassium .
S.D. 0.4 0.8 0.7 0.8 0.5 0.5 0.5
) mean 3.8 4.0 11 19 3.7 3.9 3.8
Calcium .
S.D. 0.7 0.1 1 15 0.5 0.1 0.4
_ mean 0.59 0.56 0.52 0.46 0.57 0.58 0.60
Magnesium .
S.D. 0.08 0.05 0.09 0.06 0.06 0.03 0.04
mean 410 550 624 692 613 614 627
Sulphur .
S.D. 1 1 3 1 1 1 1

... standard deviation.

During the investigation of the influence of di#at sulphur forms on yield of potato tubers we did
not observe significant changes. Average weightubérs of control plants per one experimental pot
was 355 g. Application of sulphur in both formsulésd in moderate potato tubers weight reduction
per one experimental pot compared to control grawprage value ranged from 320 to 350 g per one
experimental pot.

Chemical analyses of elements (basic nutrientsjubers demonstrated very low calcium and
magnesium content; during whole experiment themeat varied slightly. Similarly the phosphorus
level was almost constant at all experimental gsoulitrogen content was decreased at all
experimental groups compared to control plantstt@nother hand the sulphur contents were slightly
increased in comparison with control plants. Itadie follows from the results obtained that sulphur
application had negligible effect on monitored paeters. All data are summarized in Tab.3. In
contrary with our results Bloemt al. reported that total sulphur content considerableaaced after
sulphur supplementation in the potassium sulplata {25].



Sensor008 8 3173

Table 3.Content of nitrogen, phosphorus, potassium, calclmagnesium and sulphur in tubers.

Form of sulphur application

Statistical )
Element Ammonium sulphate Elemental sulphur
parameter Control
20 SA 40 SA 60 SA 20 ES 40 ES 60 ES
) mean 1.9 1.8 1.7 1.6 1.7 1.6 1.8
Nitrogen .
S.D. 0.1 0.1 0.1 0.1 0.1 0.1 0.2
mean 0.25 0.26 0.27 0.26 0.24 0.30 0.27
Phosphorus .
S.D. 0.01 0.01 0.01 0.01 0.01 0.06 0.01
_ mean 2.9 2.8 2.9 2.9 2.8 2.8 2.9
Potassium .
S.D. 0.1 0.1 0.1 0.1 0.1 0.1 0.1
_ mean 0.06 0.06 0.06 0.07 0.06 0.06 0.06
Calcium .
S.D. 0.01 0.01 0.01 0.02 0.01 0.01 0.01
_ mean 0.13 0.14 0.14 0.14 0.15 0.15 0.14
Magnesium .
S.D. 0.01 0.01 0.01 0.01 0.01 0.01 0.01
mean 168 179 174 168 169 164 183
Sulphur .
S.D. 1 1 1 2 1 1 1

... standard deviation.
3.2  Effect of sulphur application on growth chaextstics and cadmium uptake

McLaughlin el al. detected that despite of free Cd(ll) ions reductiue to presence of $O
cadmium content in plant tissues was similar totr@drones. In our experiments the influence of
sulphur supplementation on cadmium(ll) ions lewelpotato plants was investigated. We determined
that total cadmium content in fresh tuber massr atamonium sulphate addition did not change
(decrease of cadmium content about 1 % per 10 nuj/kge applied ammonium sulphate). In the case
of elemental sulphur total cadmium content in potabers was reduced about 5 % per 10 mg/kg of
the applied elemental sulphur. Thanks to this flaetas possible to determine decrease in cadmium
content in tubers of plants treated with the higledsmental sulphur dosage for more than 30 % in
comparison with control plants. The significanthyviest cadmium content (p < 0.05) was determined
in tissues of plants treated with the highest desagelemental sulphur (0.64 mg Cd/kg) compared to
control plants (0.82 mg Cd/kg). Besides fresh ntasnium content in dry mass of tubers was in close
relation to cadmium content in fresh tuber masgsindam content in both fresh tubers mass and dry
tubers mass positively correlated with aerial pargsght (r = 0.793 and r = 0.824, respectively) and
negatively correlated with the total sulphur cohier -0.540 and r = -0.620, respectively).

The work reporting on significant enhancement afnseum content in aerial plants parts of wheat
in environment with increasing sulphate ions cotregion was recently published. Increasing
cadmium uptake by roots of the plants can be censibas the result of easier formation of complexes
containing sulphur in their structures [27]. @tial. were interested in elemental sulphur influence on
cadmium uptake [28-30]. Their model plants — maizesponded to elemental sulphur application by
increasing of cadmium content in roots as wellegahplant parts. Our experiments with potato fdan
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(Solanum tuberosumdemonstrated moderate cadmium content increaseerfiial plant parts after
elemental sulphur application and more expressagenium content increase after sulphate application
as 3 % per 10 mg/kg of the applied ammonium sugphiafter elemental sulphur application changes
in cadmium content in aerial plant parts were ruggjie.

Figure 3. Cadmium content inA) proteins, B) lipids or (C) saccharides and ash
obtained from potato plants treated with elemestbhur and ammonium sulphate (O,
20, 40 and 60 mg/kg).
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We also aimed our attention on the cadmium conteptoteins. The content was slightly enhanced
with increasing amount of applied sulphate as wadl elemental sulphur. Cadmium content
enhancement was about 5 % per 10 mg/kg of theeapplilphur form (Fig. 3). The changes observed
can be related with the cadmium deposition intotgdns, where the toxicity of these ions can be
markedly lowered. The very interesting result wastamed in the case of cadmium content
determination in lipid fraction. Application of gilate as well as elemental sulphur resulted in
significant cadmium content reduction in lipid fian compared to control plants (Fig. 3). Moreover
the content of cadmium determined in soluble caydadtes and ash of plants treated with sulphates or
elemental sulphur slightly enhanced compared térobplants.

3.3  Total thiols content in plants

Peptides or proteins rich in sulphur aminoacidsy phl@any crucial roles in plants including
participations in detoxification of heavy metalsy bur several recently published papers we
demonstrated the importance of these moleculedaihppotection against heavy metals. To detect
these stress peptides and proteins we employettageemical techniques [31-45]. One of the most
sensitive electrochemical methods is differentialsp voltammetry Brdicka reaction. The main
drawback of this method was non-automated anabfsgamples. This obstacle can be overcome by
automated electrochemical analyzer (Fig. 4).
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Figure 4. Scheme of automated electrochemical detectiohiolfst
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In the extracts of plants prepared according tdgma mentioned in “Materials and Methods”
section low molecular mass thiols such as cystajh#athione and phytochelatins can be found. We
calibrated automatic analysers on detection ofntlest abundant low molecular mass thiol — reduced
glutathione (GSH). This peptide gives well-devebbpeatalytic signal Cat2. Typical DP
voltammogram of 100 uM GSH is shown in Fig. 5A. Tdependence of Cat2 signal height on GSH
concentration was strictly linear with the equatifnthe straight line as y = 0.012x + 16.044, R
0.9973 and relative standard deviation about 5.%F%. 5B). Thiols quantification (as GSH) was
carried out by the standard addition method. Thditimths of GSH (90, 180 and 360 pg/ml) into
extracts from potato plants are shown in Fig. 5€laive standard deviation additions measurement
was about 10 % and was probably caused by theemdki of biological matrix. The questions of low
molecular mass thiols detection are still highlgital, but their quantification is relatively diffilt due
to their physico-chemical properties and interaxgiavith other molecules in a biological sample.
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Figure 5. Electrochemical determination of glutathione bging of automated
electrochemical analyzer (sample injection wasud0 (A) Typical voltammogram of
100 uM GSH. B) Dependence of height of Cat2 signal on GSH canagon. C)

Height of Cat2 signal measured after standard G&titians (90, 180 and 360 pg/ml).
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Figure 6. DP voltammograms of plants extracts afi®y &mmonium sulphate an@)
elemental sulphur application.
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Typical DP voltammograms of extracts from plantdticated in the presence of ammonium
sulphate or elemental sulphur are shown in FigsB6Aespectively. Biological extracts gave well
distinguishable and typical electrochemical respensCatalytic signal Cat2 was utilized for
quantification of content of low molecular massothi Character as well as behaviour of curves of
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plant extracts (exposed to ammonium sulphate asmdezital sulphur) was similar. The content of low
molecular thiols was lower af"4ay of cultivation in the presence of sulphateglemental sulphur
compared to control (Fig. 7). Eight days after depyentation the highest thiols level was determined
in extracts of plants treated with 20 and 40 mgdkgelemental sulphur. After twelve days of the
treatment enhancing of thiols level was observedlinexperimental groups regardless to applied
sulphur form and its concentration.

Figure 7. Content of low molecular mass thiols in potattticated in the presence of
(A) ammonium sulphate oBf elemental sulphur.
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3.4  Sulphur supplementation influence on Phytophmiestans infection

We were interested in the issue if the foliar aggilon of ORIN (commercial product containing
elemental sulphur, doses and time of the cultivatvas the same as in case of application of eleahent
sulphur or sulphates, Tab. 1) could influence tifedtion of potatoes by late blight. Bloeshal. and
Mizuno et al.reported on the positive effect of elemental sutpdpplication tdRhizoctonia solanand
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Streptomyces spn infection development [26,46]. However sulphpplecation did not result in
statistically lower frequency of infection and dsvelopment compared with control plants. On the
contrary the highest applied concentration of ORdbllted in the highest frequency of infection.sThi
significant difference compared to control plant doe explained by the processes of elemental
sulphur oxidation on the leaf surface as well athm leaf mesophyll. During this process oxides of
sulphur can damaged the protective barriers, sactuticle or epidermis. Therefore this can lead to
easier penetration of late blight. In addition $wipoxides can entry to the leaves and may damage
leave structures as well as interfere with physgjmial processes, such as photosynthesis. We can
conclude that the higher content of elemental sulfbliar application assists to late blight infect
development.

Figure 8. (A) Typical DP voltammograms of extract from potalants exposed to
Phytophora infestansinfection. @) Changes in thiols levels during infection
development.
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Moreover we determined content of thiols. TypicaP Doltammograms of extracts of plants
harvested at the beginning and %t 8", 17", and 24' day of the experiment (Fig. 8A). The level of
thiols did not change much betweéh d@nd 3 day of the cultivation. Their content during thekss
varied, but the differences were not significartte Tmost significant differences were evident a@@r
hours long infection. We determined that total hicontent in plants supplemented with the lowest
concentrations of elemental sulphur was similacdotent of the substances in previous experimental
days. Nevertheless decrease in thiols content antpltreated with the highest elemental sulphur
concentration (40 and 60 mg/kg) was well eviderd.(8B).
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4. Conclusion

Multiinstrumental point of view on specific expeemtal task should bring unique results. Here, we
attempted to investigate the effects of supplentiemaf sulphur (as sulphates or elemental sulphur)
on nutrients and thiols content. Moreover we déscdtithe ability of these plants to withstand
treatment with toxic cadmium(ll) ions and infectiday late blight. It can be concluded that the
supplementation by sulphur has considerable effacplants and enhances protective mechanisms
against heavy metals.

Acknowledgements
Financial support from the grant MP 12/AF IGA MZli&highly acknowledged.
References

1. Vestreng, V.; Myhre, G.; Fagerli, H.; Reis, $arrason, L. Twenty-five years of continuous
sulphur dioxide emission reduction in Europémos. Chem. Phy2007, 7, 3663-3681.

2. Bailey, P.D.; Gough, C.A.; Millock, K.; Chadwickl.J. Prospects for the joint implementation of
sulphur emission reductions in Eurofgergy Policyl996 24, 507-516.

3. Altman, A.; Amann, M.; Klaassen, G.; Ruszczynski; Schopp, W. Cost-effective sulphur
emission reduction under uncertairtiyr. J. Oper. Resl996 90, 395-412.

4. Beveridg, G.S.; Macarthu, C.A. Sulphur EmissiorAtmosphereTransactions of the Institution
of Chemical Engineers and the Chemical Engirdé&#9 47, C304-C305.

5. Odowd, C.D.; Smith, M.H.; Consterdine, |L.E.; L@wl.A. Marine aerosol, sea-salt, and the marine
sulphur cycle: A short reviewAtmos. Environ1997 31, 73-80.

6. Hrivna, L.; Richter, R.; Losak, T.; Hlusek, Jfdet of increasing doses of nitrogen and sulphur o
chemical composition of plants, yields and seedityua winter rape.Rostl. Vyroba2002 48, 1-
6.

7. Smatanova, M.; Richter, R.; Hlusek, J. Spinant pepper response to nitrogen and sulphur
fertilization. Plant Soil Environ2004 50, 303-308.

8. Ruiz, J.M.; Lopez-Cantarero, I.; Rivero, R.MorRero, L. Sulphur phytoaccumulation in plant
species characteristic of gypsiferous sadiis. J. Phytoremedia003 5, 203-210.

9. Goh, K.M.; Pamidi, J. Plant uptake of sulphurelated to changes in the Hi-reducible and total
sulphur fractions in soiPlant Soil2003 250, 1-13.

10. Hawkesford, M.J. Plant responses to sulphucidety and the genetic manipulation of sulphate
transporters to improve S-utilization efficiendy Exp. Bot200Q 51, 131-138.

11. Nesheim, L.; Gautneb, H.; Myhr, K. Plant uptaesulphur and trace elements from pyrite
applied on grasslandcta Agric. Scand. Sect. B-Soil Plant €97, 47, 135-141.

12. Zhao, F.J.; Withers, P.J.A.; Evans, E.J.; Mbiaag J.; Salmon, S.E.; Shewry, P.R.; McGrath, S.P.
Sulphur nutrition: An important factor for the qgialof wheat and rapeseed (Reprinted from Plant



Sensor008 8 3180

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

nutrition for sustainable food production and eamment, 1997)Soil Sci. Plant Nutr1997, 43,
1137-1142.

Ceccotti, S.P. Plant nutrient sulphur - A rewief nutrient balance, environmental impact and
fertilizers.Fertil. Res.1996 43, 117-125.

Fitzgerald, M.A.; Ugalde, T.D.; Anderson, J.Bulphur nutrition affects delivery and metabolism
of S in developing endosperms of wheatExp. Bot2001, 52, 1519-1526.

Anderson, J.W.; Fitzgerald, M.A. Physiologieald metabolic origin of sulphur for the synthesis
of seed storage proteink.Plant Physiol2001, 158 447-456.

Fitzgerald, M.A.; Ugalde, T.D.; Anderson, J.@.nutrition affects the pools of S available to
developing grains of wheat. Exp. Bot1999 50, 1587-1592.

Fitzgerald, M.A.; Ugalde, T.D.; Anderson, J.8®Uulphur nutrition changes the sources of S in
vegetative tissues of wheat during generative groWtExp. Bot1999 50, 499-508.

McMahon, P.J.; Anderson, J.W. Preferentialcallimn of sulphur into gamma-glutamylcysteinyl
peptides in wheat plants grown at low sulphur tiotri in the presence of cadmiur@hysiol.
Plant. 1998 104, 440-448.

Sunarpi; Anderson, J.W. Effect of nitrogen itigin on the export of sulphur from leaves in
soybeanPlant Soil1997 188 177-187.

Sunarpi; Anderson, J.W. Inhibition of sulphedistribution into new leaves of vegetative soybean
by excision of the maturing lea@®hysiol. Plant1997, 99, 538-545.

Adiputra, 1.G.K.; Anderson, J.W. Effect of shlp nutrition on redistribution of sulphur in
vegetative barleyPhysiol. Plant1995 95, 643-650.

Sunarpi; Anderson, J.W. Mobilization of Sulfur Soybean Cotyledons During Germination.
Physiol. Plant1995 94, 143-150.

Adiputra, I.G.K.; Anderson, J.W. Distributiomd Redistribution of Sulfur Taken up from
Nutrient Solution During Vegetative Growth in Barl@hysiol. Plant1992 85, 453-460.

Boswell, C.C. Dryland lucerne responses to eteal sulphur of different particle sizes appliéd a
different rates and frequencies in North Otago, Nm&land N. Z. J. Agric. Resl997 40, 283-
295.

Bloem, E.; Haneklaus, S.; Schnug, E. Influeotaitrogen and sulfur fertilization on the alliin
content of onions and garlid. Plant Nutr.2004 27, 1827-1839.

Bloem, E.; Riemenschneider, A.; Volker, J.; é&dpock, J.; Schmidt, A.; Salac, I.; Haneklaus, S.;
Schnug, E. Sulphur supply and infection with Pypemwza brassicae influence L-cysteine
desulphydrase activity in Brassica napus.LExp. Bot2004 55, 2305-2312.

Zhao, Z.Q.; Zhu, Y.G.; Li, H.Y.; Smith, S.Em8h, F.A. Effects of forms and rates of potassium
fertilizers on cadmium uptake by two cultivars pfiag wheat (Triticum aestivum, L.Environ.

Int. 2004 29, 973-978.

Cui, Y.S.; Wang, Q.R.; Christie, P. Effect ¢draental sulphur on uptake of cadmium, zinc, and
sulphur by oilseed rape growing in soil contamidatéth zinc and cadmiunCommun. Soil Sci.
Plant Anal.2004 35, 2905-2916.

Cui, Y.J.; Zhu, Y.G.; Smith, F.A.; Smith, SEEadmium uptake by different rice genotypes that
produce white or dark graind. Environ. Sci2004 16, 962-967.



Sensor008 8 3181

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cui, Y.J.; Zhu, Y.G.; Zhai, R.H.; Chen, D.Y.uahg, Y.Z.; Qiu, Y.; Liang, J.Z. Transfer of metals
from soil to vegetables in an area near a smaité&fanning, ChinakEnviron. Int.2004 30, 785-
791.

Supalkova, V.; Beklova, M.; Baloun, J.; Singér; Sures, B.; Adam, V.; Huska, D.; Pikula, J.;
Rauscherova, L.; Havel, L.; Zehnalek, J.; Kizek,A®ecting of aquatic vascular plant Lemna
minor by cisplatin revealed by voltammetBioelectrochemistrg008 72, 59-65.

Supalkova, V.; Huska, D.; Diopan, V.; Hanustigk Zitka, O.; Stejskal, K.; Baloun, J.; Pikula,
Havel, L.; Zehnalek, J.; Adam, V.; Trnkova, L.; B®ka, M.; Kizek, R. Electroanalysis of plant
thiols. Sensor007, 7, 932-959.

Zitka, O.; Stejskal, K.; Kleckerova, A.; Adaw, Beklova, M.; Horna, A.; Supalkova, V.; Havel,
L.; Kizek, R. Utilizing electrochemical techniquies detection of biological sampleShem. Listy
2007, 101, 225-231.

Adam, V.; Krizkova, S.; Zitka, O.; Trnkova, LPetrlova, J.; Beklova, M.; Kizek, R.
Determination of apo-metallothionein using adsemptiransfer stripping technique in connection
with differential pulse voltammetr§lectroanalysi2007, 19, 339-347.

Vitecek, J.; Petrlova, J.; Petrek, J.; Adam,Rbtesil, D.; Havel, L.; Mikelova, R.; Trnkova,;L.
Kizek, R. Electrochemical study of S-nitrosoglutatte and nitric oxide by carbon fibore NO
sensor and cyclic voltammetry - possible way of iwowimg of nitric oxide.Electrochim. Acta
2006 51, 5087-5094.

Petrlova, J.; Mikelova, R.; Stejskal, K.; Klec&va, A.; Zitka, O.; Petrek, J.; Havel, L.; Zeleial
J.; Adam, V.; Trnkova, L.; Kizek, R. Simultaneowst@&rmination of eight biologically active thiol
compounds using gradient elution-liquid chromatpbgsawith Coul-Array detection]. Sep. Sci.
2006 29, 1166-1173.

Potesil, D.; Petrlova, J.; Adam, V.; Vacek,Klgjdus, B.; Zehnalek, J.; Trnkova, L.; Havel, L.;
Kizek, R. Simultaneous femtomole determination ysteine, reduced and oxidized glutathione,
and phytochelatin in maize (Zea mays L.) kernelagukigh-performance liquid chromatography
with electrochemical detectiod. Chromatogr. 2005 1084 134-144.

Kizek, R.; Vacek, J.; Trnkova, L.; Jelen, F.cldy voltammetric study of the redox system of
glutathione using the disulfide bond reductani2rsarboxyethyl)phosphin@ioelectrochemistry
2004 63, 19-24.

Huska, D.; Krizkova, S.; Beklova, M.; Havel; Eehnalek, J.; Diopan, V.; Adam, V.; Zeman, L.;
Babula, P.; Kizek, R. Influence of cadmium(ll) ioasd brewery sludge on metallothionein level
in earthworms (Eisenia fetida) - Biotransformingafic wastesSensor2008 8, 1039-1047.
Adam, V.; Beklova, M.; Pikula, J.; Hubalek, Trnkova, L.; Kizek, R. Shapes of differential pils
voltammograms and level of metallothionein at ddfé animal specieSensor2007, 7, 2419-
2429.

Petrek, J.; Baloun, J.; Vlasinova, H.; Have],Adam, V.; Vitecek, J.; Babula, P.; Kizek, R. lgea
analysis and activity of intracellular esterasesi@s analytical tools for determination of growth
and viability of embryonic cultures of spruce (Ri@p.) treated with cadmiur@hem. Listy2007,
101, 569-577.



Sensor008 8 3182

42.

43.

44,

45.

46.

Supalkova, V.; Petrek, J.; Baloun, J.; Adam,Bartusek, K.; Trnkova, L.; Beklova, M.; Diopan,
V.; Havel, L.; Kizek, R. Multi-instrumental invegttion of affecting of early somatic embryos of
spruce by cadmium(ll) and lead(ll) ior®ensork007, 7, 743-759.

Mikelova, R.; Baloun, J.; Petrlova, J.; Adam; Wavel, L.; Petrek, H.; Horna, A.; Kizek, R.
Electrochemical determination of Ag-ions in envmoent waters and their action on plant
embryosBioelectrochemistrg007, 70, 508-518.

Kizek, R.; Vacek, J.; Trnkova, L.; Klejdus, Blavel, L. Application of catalytic reactions on a
mercury electrode for electrochemical detectionrmeftallothioneinsChem. Listy2004 98, 166-
173.

Vacek, J.; Petrek, J.; Kizek, R.; Havel, L.gjus, B.; Trnkova, L.; Jelen, F. Electrochemical
determination of lead and glutathione in a plarkt cgture. Bioelectrochemistry2004 63, 347-
351.

Mizuno, N.; Yoshida, H.; Tadano, T. Efficacy eingle application ammonium sulfate in
suppressing potato common sc8bil Sci. Plant Nutr200Q 46, 611-616.

© 2008 by the authors; licensee Molecular Diver$itgservation International, Basel, Switzerland.
This article is an open-access article distributedier the terms and conditions of the Creative
Commons Attribution license (http://creativecommong/licenses/by/3.0/).



