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P7.1 Whole plant regulation of sulfur
uptake and assimilation in relation to
both the need for growth and the
potential sink capacity for secondary
sulfur compounds

L.J. De Kok and M. Durenkamp, Plant Physiology,
Groningen, The Netherlands

In general plants utilize sulfate taken up by the roots as
sulfur source for growth and prior to its assimilation
sulfate needs to be reduced to sulfide before it is metab-
olized into organic sulfur compounds. Under normal
conditions the rate of uptake and assimilation of sulfur
will be in tune with the plant’s sulfur need for growth.
The rate may strongly vary between species and it is
likely to fluctuate during the plants’ life cycle(vegeta-
tive growth period, seed production). The tuningyregu-
lation of the rate of sulfate uptake and assimilation in
relation to the sulfur need for growth and adaptation to
changes in environmental conditions is rather complex.
The current information on the shootyroot co-ordination
of the uptake of sulfateversus its assimilation and the
signal transduction pathways therein involved is rather
ambiguous. There may be a fast response regulation to
sudden changes in the environment, for instance sulfur
supply, via metabolite activationydeactivation and
expressionyde-repression of genes encoding the sulfate
transporters and the enzymes involved in sulfur assimi-
lation. In addition, changes in tuningyregulation may
occur via altered growth patterns(viz. changes root
development andyor shootyroot ratio). It is still largely
unclear to what extent sulfate itself andyor other meta-
bolic products of the sulfur assimilation are directly
involved in sensing or act as regulatory signals.
Atmospheric H S impact studies are helpful as tool to2

get insight into the regulation of sulfate uptake and sul-
fur assimilation and the dissection of the signal trans-
duction pathways involved. In addition to pedospheric
sulfate, plants are also able to utilize foliarly absorbed
H S as sulfur source and in some plant species there2

appears to be a good co-ordination between roots and

shoots in the tuning of the rates of sulfur uptake and its
reductionyassimilation. This will be illustrated by recent
data on the interaction between atmospheric H S and2

pedospheric sulfate nutrition inBrassica and Allium,
species which strongly differ in sulfur need for growth
as well as sink capacity for secondary(reduced) sulfur
compounds.

P7.2 Specialised functions of sulphate
transporter isoforms for the movement
of sulphate within the plant

P. Buchner and M.J. Hawkesford, Rothamsted Research,
Harpenden, UK

Sulphate is the main form in which sulphur is taken up
by plants, and is the predominant form for intracellular,
cell to cell and long distance sulphur movement within
the plant. The uptake of sulphate by the root is proton
coupled. In recent years a gene family of plant sulphate
transporters, which may be further subdivided into 4
groups, has been identified with examples from many
different plant species. It appears that each group rep-
resents sulphate transporters with distinct kinetic prop-
erties, patterns of expression and or cellytissue
specificity that enable specific roles in the uptake and
distribution of sulphate. High-affinity sulphate uptake,
low affinity vascular transport as well as vacuolar efflux
is controlled by the nutritional status of the plant, most
notably with an apparent increase in capacity for sul-
phate uptakey efflux during a period of sulphate depri-
vation. In addition, non-nutritionally regulated sulphate
transporters are involved in movement within the plant.
Within the Groups, the individual sulphate transporters
may be further subdivided by differences in expression
patterns on temporal, cellular or tissue basis, regulated
by the nutritional status of the individual tissue, allowing
a balanced movement of sulphate between sink and
source tissues. A review on the specialised functions of
the sulphate transporter isoforms will be presented.
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P7.3 Structure-function approaches for
sulfate transporters

J.-C. Davidian, H. Rouached, P. Berthomieu and P. Four-
croy, Biochimie et Physiologie Moleculaire des Plantes,´
ENSA-Montpelliery INRA y CNRS y UM2, Montpel-
lier, France

The function of a protein is strongly related to its pri-
mary sequence which is one of the determinants of its
3D structure. Interestingly, bioinformatics analysis of the
primary sequences of proteins which belong to a mul-
tigenic family reveal the presence of conserved regions.
In addition, amino-acid sequence comparisons of
membrane proteins whose membrane transport function
has been identified or postulated, can contribute to the
revelation of consensual motifs. These conserved
sequences can be assumed to be essential for the protein
function to proceed. To date in the field of plant
membrane transporter study, the role of these conserved
sequences has not yet been clearly understood. Studying
protein structure-function relations will contribute to a
better understanding of the role of such sequences in
membrane transporter regulation. Protein structures can
be modified by site-directed mutagenesis and the func-
tion of the mutated transporters assayed by using appro-
priate heterologous expression systems. Our contribution
shall contribute to a better understanding of the func-
tional regulation of plant sulfate transport by cross-com-
paring the protein sequences of several H -sulfateq

transporters as well as Na -dependent and Na -inde-q q

pendent sulfate transporters isolated from organisms of
different kingdoms.

P7.4 APS reductase – the key enzyme of
plant sulfate assimilation

S. Kopriva, Tree Physiology, Freiburg, Germany; A.
Koprivova, Plant Biotechnology, Freiburg, Germany

The sulfate assimilation pathway provides reduced sul-
fur for the synthesis of amino acids cysteine and methi-
onine, essential building blocks of proteins, and further
sources of reduced sulfur for coenzymes and various
secondary compounds. Flux control analysis revealed
the enzyme adenosine 59phosphosulfate reductase
(APR) to possess the highest control over the pathway.
APR was only recently identified to be the enzyme used
by plants to reduce activated sulfate to sulfite. An
extended biochemical analysis of APR identified an
iron–sulfur center as a cofactor and revealed that the
first reaction product is a free sulfite. In the past, two
alternative pathways, via ‘bound sulfite’ or via PAPS
reductase, an enzyme alternative to APR found in fungi
and some bacteria, were proposed to exist in plants. An
attempt to prove that plants use exclusively APR for
sulfate assimilation, using targeted knockouts in the

mossPhyscomitrella patens, however, resulted in clon-
ing of PAPS reductase from this plant. The phylogenetic
analysis of APR together with biochemical analysis of
bacterial APR homologues resulted in discovery of a
new type of bacterial assimilatory APR which also pos-
sesses an iron–sulfur cluster. We conclude that reduction
of APS is much more common than previously expected
and that the ability to use APS for reduction is depend-
ent on the presence of the iron–sulfur cluster. However,
our knowledge of the evolution of sulfate assimilation
and the origin of plant APR remains fragmentary.

P7.5 The biochemistry of APS reductase

T. Leustek, Biotechnology Center for Agriculture and
the Environment, Rutgers, USA

Abstract not supplied

P7.6 Overproduction of SAT andyor OAS-
TL in transgenic plants-a survey of
effects

A. Sirko, A. Btaszczyk and F. Liszewska, Institute of
Biochemistry and Biophysics, Polish Academy of Sci-
ences, Warsaw, Poland

Two last steps of cysteine biosynthesis are catalyzed by
the two enzymes capable of forming the complex, serine
acetyltransferase(SAT) and cysteine synthase(CS),
called also O-acetyl-serine(thiol) lyase(OAS-TL). SAT
is responsible for the production of O-acetyl-serine
(OAS) from serine and acetyl-coenzyme A, while CS
catalyzes formation of cysteine from OAS and hydrogen
sulfide. Several distinct nuclear genes for SAT and CS
enzymes exist in plants. Products of these genes are tar-
geted into at least three cellular compartments: cytosol,
chloroplasts and mitochondria. The SAT and CS
enzymes are strongly evolutionary conserved, both
structurally and functionally. Therefore, isoenzymes
from various cellular compartments can be substituted
not only by their plant counterparts from the other cel-
lular compartments but also by their bacterial homo-
logues. During the last decade transgenic plants
overproducing SAT, CS or both enzymes simultaneously
were obtained independently by several research groups.
These manipulations led not only to the elevated levels
of the respective products, namely OAS and cysteine but
also to the increased amount of glutathione and changes
in the levels of other metabolites and enzymatic activi-
ties. In several cases the transgenic plants were addi-
tionally shown to be less susceptible to the applied
abiotic stresses. In this review we discuss and summa-
rize all published and some of our unpublished results
related to heterologous overproduction of SAT and CS
in transgenic plants.



s231Abstracts / Comparative Biochemistry and Physiology Part A 137 (2004) S229–S242

P7.7 Functional analysis of
sulfurtransferase in higher plants

J. Papenbrock, Institut fur Botanik, Universitat Hanno-¨¨
ver, Germany

Sulfurtransferasesyrhodaneses(STs) comprise a group
of enzymes widely distributed in Archaea, Bacteria, and
Eucarya that catalyse the transfer of a sulfur atom from
suitable sulfur donors to nucleophilic sulfur acceptors.
The best characterized ST is bovine rhodanese which
catalysesin vitro the transfer of sulfane sulfur from thi-
osulfate to cyanide, leading to the formation of sulfite
and thiocyanate. However,in vivo neither substrates nor
sulfur acceptors could be clearly identified in any of the
organisms investigated. Therefore, despite the presence
of STyrhodanese activities in many living organisms, the
physiological role of the members of this multi protein
family has not been established unambiguously. InAra-
bidopsis 18 ST-like proteins containing typical rhoda-
nese signatures or domains have been identified by using
different strategies to mine the databases. A couple of
very similarArabidopsis STs consisting of two domains
(N- and C-terminal) of nearly identical size, similar to
the structure of the bovine rhodanese, and several single
domain STyrhodanese proteins were isolated and char-
acterized: The recombinant STs possess differentin vitro
enzymatic activities. The ST proteins are localized in
different cellular compartments as demonstrated by tran-
sient expression of fusion constructs with the green flu-
orescent protein. The STs are differentially expressed in
dependency on the lightydark rhythm, the developmen-
tal stage, and the nutritional status. Recent results on the
functional in vivo analysis of members of this diverse
protein family will be presented.

P7.8 Analysis of the promoter elements
required for the regulation of cytosolic
OASTL in Arabidopsis

C. Gotor, G. Gutierrez-Alcala, L. Calo and L.C.Romero,´ ´
Bioquımica Vegetal y Fotosıntesis, CSIC-Universidad de´ ´
Sevilla, Spain

The expression of theAtcys-3A gene coding for one of
the cytosolic isoforms ofO-acetylserine(thiol) lyase
from A. thaliana is highly regulated by abiotic stress,
such as the presence of heavy metal and salt stress. The
hormone ABA also mediates the regulation ofAtcys-3A
gene expression by salt. Besides, this gene shows a tis-
sue-specific expression, with the highest expression in
trichomes, which is observed very early in trichome cell
development. To further investigate the regulation of the
Atcys-3A gene we are characterizing its promoter region
by fusion to a GFP reporter gene. An 1809 nt fragment
containing the promoter, the 59untranslated region, the
first intron and two exon fragments is able to mimic the

expression pattern of theAtcys-3A gene when fused to
GFP. We have made series of 59 and 39 deletion con-
structs to characterize the minimal cis-elements respon-
sible of the abiotic stress regulation and the
trichome-specific expression. For each construct, we
generate different transgenic plants and visualize the
GFP fluorescence by Confocal Laser Scanning Micros-
copy. In addition, we quantify the amount of the GFP
protein in the transgenic plants by enzyme-linked immu-
noabsorbent assay(ELISA). Initial results suggest that
the first intron contained in the 59-untranslated region
may act as enhancer-like sequence for the trichome-spe-
cific expression.

P7.9 Enhanced GSH synthesis as a means
of regulating cellular redox state
during stress

C.H. Foyer, Rothamsted Research, Harpenden; L. Gom-
ez, Centre for Novel Agricultural Products, York; H.
Vanacker, Biotechnologie des Plantes, Orsay, France; P.
Buchner, Rothamsted Research, Harpenden, UK; M.
Knight, Plant Sciences, Oxford, UK; G. Noctor, Bio-
technologie des Plantes, Orsay, France

Glutathione has many functions in plant cells, including
redox signalling and regulation of gene expression. The
glutathione redox couple is also considered to be a key
player in homeostatic adjustment of the cellular redox
potential in plant and in animal cells. We have explored
the role of glutathione in signalling leading to changes
in gene expression and have estimated the influence of
the glutathione redox couple over the cellular redox
potential. We will show that the free calcium signature
of tobacco leaf discs is modified in a specific manner
following exposure to either reduced glutathione(GSH)
or glutathione disulphide(GSSG), and that gene expres-
sion is modified. To investigate the intercellular control
of glutathione synthesis and its influence on leaf redox
state in response to short-term chilling, maize leaves
were subjected to two days growth at low growth tem-
peratures(chill). This treatment had no effect on leaf
phenotype, whereas return to optimal temperatures
(recovery) caused extensive leaf bleaching. A 2-fold
increase in both leaf cysteine andg-glutamylcysteine
occurred during the chill but leaf total glutathione sig-
nificantly increased only in the recovery period, when
the GSHyGSSG ratio decreased 3-fold. The relative
roles of GSH and GSSG in phenomena that underpin
leaf chlorosis will be discussed, particularly the contri-
bution of the enhanced GSH accumulation to cellular
redox balance.
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P7.10 Control of assimilation and
glutathione synthesis: interaction with
N and C metabolism

H. Rennenberg and S. Kopriva, Tree Physiology, Uni-
versity of Freiburg, Germany

Sulfate assimilation is an essential pathway being a
source of reduced sulfur for various cellular processes.
Many reports showed that sulfate assimilation is well
coordinated with the assimilation of nitrate and carbon.
It was long known that during nitrate deficiency sulfate
assimilation is reduced and that the capacity to reduce
nitrate is diminished in plants starved for sulfate. Only
recently, however, it was shown that adenosine 59phos-
phosulfate reductase(APR), the key enzyme of sulfate
assimilation, is regulated by carbohydrates. In plants
treated with sucrose or glucose APR was induced where-
as the activity was strongly reduced in plants grown in
a CO free air. The molecular mechanisms for the coor-2

dination of S, N, and C assimilation are not known. O-
acetylserine, a precursor of cysteine, was proposed to be
the signal regulating sulfate assimilation, but most prob-
ably is not the outgoing signal to N and C metabolism.
cDNA arrays revealed induction of genes involved in
auxin synthesis upon S-starvation pointing to a possible
role of phytohormones. Clearly, despite significant pro-
gress in understanding the regulation of sulfate assimi-
lation and its coordination with N and C metabolism was
achieved, our knowledge is far from being sufficient.

P7.11 Regulation and compartmentation of
glutathione biosynthetic enzymes

A. Wachter and T. Rausch, HIP, University of Heidel-
berg, Germany

Higher plants respond to biotic and abiotic stress factors
with an increase in glutathione(GSH) content. While
cDNAs for the enzymes catalyzing GSH biosynthesis,
GSH1(g-glutamylcysteine synthetase) and GSH2(glu-
tathione synthetase), have been cloned for many plant
species, the complexities of regulation and subcellular
compartmentation are only partially understood. Also, as
GSH biosynthesis appears to be limited to the plastids,
other cellular compartments requiring GSH for mainte-
nance of the redox status have to import GSH, empha-
sizing a crucial role for intracellular GSH transport. Here
we summarize recent research on the compartmentation
of the GSH1 enzyme inA. thaliana andB. juncea. The
analysis of multipleGSH1 transcripts,in vivo targeting
studies with GSH1::GFP(RFP) fusions, and the immu-
nolocalization of GSH1 protein all confirmed an exclu-
sive plastidic localization of the GSH1 enzyme.
Conversely, a similar analysis for GSH2 indicated the
presence of transcripts encoding plastidic and cytosolic
proteins. As GSH is not rapidly exchanged between

plastids and cytosol, the dipeptideg-glutamylcysteine is
a likely candidate for plastid exit. The promoter of the
AtGSH1 gene is strongly up-regulated in response to Cd
and jasmonic acid exposure, confirming that the increase
of GSH1 protein observed under these treatments results,
at least in part, from a transcriptional up-regulation of
the GSH1 gene. Interestingly, the promoter of theAt-
OPT3 gene, a homolog of a GSH transporter fromB.
juncea, BjGT1, (Bogset al., 2003), is also up-regulated
by Cd, indicating that heavy metal exposure affects both
GSH biosynthesis and transport.

P7.12 Regulation of gene expression and
transport functions: S responsive
regions of sulfate transporter gene
promoters and regulatory factors

H. Takahashi, A. Maruyama-Nakashita, Y. Nakamura
and T. Yamaya, RIKEN Plant Science Center, Yokoha-
ma, Japan

Plants require the function of plasmamembrane-bound
transport machineries for the initial uptake of inorganic
sulfate. During sulfur limitation, plants are able to acti-
vate the expression of sulfate transporters that facilitate
the uptake of sulfate in roots. In Arabidopis, SULTR1;1
and SULTR1;2, are suggested to be the essential com-
ponents of the sulfate uptake system. The physiological
importance of SULTR1;1 and SULTR1;2 is supported
by their characteristics ideal to cope with sulfur defi-
ciency: They were(i) functional high-affinity sulfate
transporters;(ii) induced by sulfur limitation at the
mRNA levels; and(iii ) predominantly localized in the
root hairs, epidermis and cortex. The high-affinity sul-
fate transporters were primarily regulated by the
demands of sulfur nutrition.SULTR1;1 was regulated by
sulfur limitation at the level of mRNA transcription, and
was under the control of protein phosphatase. We iden-
tified a S responsive region in they3 kb promoter of
SULTR1;1. By contrast, the S responsive region of
SULTR1;2 was delimited within they0.5 kb promoter.
The analysis of promoter-GFP plants indicated that
SULTR1;1 andSULTR1;2 are negatively regulated by a
plant hormone, cytokinin. Thecre1-1 cytokinin receptor
mutant showed marked reduction of cytokinin sensitivity
for the repression of sulfate uptake, suggesting that cyto-
kinin-derived signaling circuitry is involved in the reg-
ulation of SULTR1;1 and SULTR1;2 in Arabidopsis
roots.
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P7.13 Transcriptome and metabolome
analysis of plant sulfur metabolism

V. Nikiforova, H. Hesse, L. Willmitzer and R. Hofgen,¨
MPI of Molecular Plant Physiology, Golm, Germany

Nutrient ion assimilation needs to be tightly controlled
at the biochemical level and to be interlinked with the
network of plant metabolism. As availability and distri-
bution of nutrient ions is neither in space nor in time
predictable for immobile plants we have to assume flex-
ible adaptation mechanisms. Sulfur is one of the major
plant nutrients. We challengedArabidopsis thaliana with
varying concentrations of sulfate at their rhizosphere.
The primary responses after sensing alterations in nutri-
ent availability are to be expected at the level of gene
regulation which led us to compare the transcriptome of
plants under sulfur depleted in comparison to sulfur suf-
ficient conditions. The ultimate effect of the physiolog-
ical response processes have to be expected at the
metabolite level. Therefore we performed a metabolite
profiling of the respective plant material. Hundreds of
changes at the transcript level and dozens of detected
changes at the metabolite level can be mirrored on
known pathways to visualize the network response and
draw conclusions on interlinkage of respective path-
ways. Yet, to further deduce important elements in the
systems response we applied bioinformatic tools such as
clustering and mutual information content analysis on a
fused transcript – metabolite dataset. We propose that
such an analysis helps to identify relevant key elements
in the system. The analysis of these elements will put
forth new knowledge on the regulation of sulfur
metabolism.

P7.14 Transcriptome and metabolome
analyses reveal a whole adaptive
process of plant to sulfur deficiency

M.Y. Hirai, Pharmaceutical Sciences, Chiba, Japan and
CREST, JST, Japan; M. Yano, Y. Fujikawa, Pharmaceu-
tical Sciences, Chiba, Japan; D. Goodenowe, Pheno-
menome Discoveries Inc., Canada; S. Kanaya,
Bioinformatics and Genomics, NAIST, Japan; K. Saito,
Pharmaceutical Sciences, Chiba, Japan and CREST, JST,
Japan

Plants have mechanisms to adapt to sulfur(S) deficien-
cy and optimize metabolic balance according to nutri-
tional status given to plants. To elucidate a whole
adaptive response, we analyzed transcriptome and meta-
bolome of Arabidopsis underyS and related nutritional
stresses. To elucidate long-term responses, Arabidopsis
was grown under continuousyS, ynitrogen (N) or
ySN conditions. On the other hand, to clarify early
responses and adapting process toyS, plants grown
underqS were shifted toyS and harvested at 3, 6, 12,

24, 48 and 168 hour-after-transfer. Plants grown under
qS were also transferred toO-acetylserine(OAS)-sup-
plemented medium. In both experiments, plants were
grown apparently normal. Transcriptome and non-tar-
geted metabolome of leaves and roots were analyzed
using DNA array and Fourier-transform ion cyclotron
MS, respectively. Targeted metabolic profiling was also
conducted using HPLC and capillary electrophoresis.
Global changes in transcriptome and metabolome were
clearly shown by principal component analysis. It
revealed the difference of responses between in leaves
and in roots, and also time-dependent changes in
response. OAS-treatment mimickedyS in global
changes in transcriptome and metabolome, suggesting
that OAS is one of the positive regulators of not only
gene expression in sulfate uptake and assimilation path-
way, but also global metabolism underyS. On the other
hand, self-organizing map analyses were performed to
classify genes and metabolites according to their expres-
sion and accumulation patterns, respectively. Specific
responses toyS and general responses to nutritional
stresses were suggested. For example, glucosinolate
metabolism was shown to be regulated in time-depend-
ent and treatment-specific manner.

P7.15 Current understanding of the
regulation of methionine biosynthesis
in plants

H. Hesse, O. Kreft, M. Zeh and R. Hofgen, Max-Planck-¨
Institut fur Molekulare Pflanzenphysiologie, Golm,¨
Germany

Major crops, such as cereals and legumes, are low in
cysteine and methionine and an attempt to manipulate
the biosynthetic pathway is a major interest of molecular
plant breeding. The accumulation of these amino acids
in crops would increase the nutritional quality. It can be
assumed that Met synthesis, accumulation and consump-
tion are under tight regulatory control. It is therefore of
importance to understand the physiological, biochemi-
cal, and molecular mechanisms that contribute to their
transport, synthesis and accumulation in plants. This
knowledge can be used to develop strategies allowing a
manipulation of crop plants to eventually improve their
nutritional quality.
This paper serves to highlight some recent findings
linked to the metabolism of methionine in plants and its
regulatory influence on the aspartate pathway and its
implication in plant growth. In recent years, several key
steps have been identified at the molecular level, ena-
bling us to initiate transgenic approaches to engineer the
methionine content of plants. Recent studies suggest that
Met synthesis in plants has to be controlled at the level
of competition between CgS and TS for their common
substrate OPHS. Other studies suggest that the sulfate
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reduction pathway may be limiting the sulfur amino-acid
biosynthesis. In this paper, a summary of our current
understanding of the regulatory network with the focus
on efforts to understand and manipulate the carbon flux
into Met is given.

P7.16 Understanding and manipulating
sulfur accumulation in seeds

L.M. Tabe, T.J.V. Higgins, N. Hagan, P. Chiaiese, L.
Molvig and D. Lewis, CSIRO Plant Industry, Canberra,
Australia

Evidence supporting the hypothesis that reproductive
sink organs are active in sulfur assimilation is summar-
ised. Developing seeds of chickpea(Cicer arietinum L)
and of wheat(Triticum aestivum L) were able to assim-
ilate S suppliedin vitro as sulfate, and contained quan-
titatively significant activities of the cysteine
biosynthetic enzymes, serine acetyl transferase and O-
acetylserine(thiol) lyase. Developing embryos of chick-
pea accumulated sulfatein vitro with kinetics consistent
with active, low affinity sulfate transport. Furthermore,
RT-PCR analysis identified putative sulfate transporter
transcripts present in developing seeds of both dicots
and monocots. In order to increase the storage of the
nutritionally essential sulfur amino acids in seed protein,
grain legumes and cereals were transformed with genes
encoding a protein sink for cysteine and methionine,
resulting in different effects on the composition of the
different types of seeds. In grain legumes, accumulation
of the methionine-and cysteine-rich sunflower seed albu-
min was associated with increases in total seed sulfur
amino acids, indicating an increase in sulfur assimilation
in the developing seeds in response to the added sink
for organic sulfur. The transgenic seeds also displayed
alterations in the relative abundance of endogenous stor-
age proteins that resembled the effects of sulfur nutri-
tional stress. Analysis of transgenic chickpeas grown in
conditions of controlled mineral nutrition suggested that
seed composition was modulated by free methionine and
OAS in response to the changes in both sulfur demand
and sulfur and nitrogen nutrition. Similar signalling
pathways appeared to operate in transgenic cereals
expressing the sunflower albumin.

P7.17 Biosynthesis of the flavour
precursors of onion and garlic

M.G. Jones, J. Hughes, A. Tregova, J. Milne, A.B. Tom-
sett and H.A. Collin, Biological Sciences, Liverpool, UK

Onion(Allium cepa), garlic (A. sativum) and other Alli-
ums are important because of the culinary value of their
flavours and odours. These are characteristic of each
species and are created by chemical transformation of a
series of volatile sulphur compounds generated by cleav-

age of relatively stable, odourlessS-alk(en)yl cysteine
sulphoxide flavour precursors by the enzymes alliinase
and lachrymatory-factor synthase. These secondary
metabolites areS-methyl cysteine sulphoxide(MCSO,
methiin; present in most Alliums, someBrassicaceae),
S-allyl cysteine sulphoxide(ACSO, alliin; characteristic
of garlic), S-trans-prop-1-enyl cysteine sulphoxide
(PECSO, isoalliin; characteristic of onion) andS-propyl
cysteine sulphoxide(PCSO, propiin; in onion and relat-
ed species). Information from studies of the transfor-
mation of putative biosynthetic intermediates,
radiolabelling and from measurements of sulphur com-
pounds within onion and garlic have provided infor-
mation to suggest a biosynthetic pathway. This may
involve alk(en)ylation of the cysteine in glutathione, fol-
lowed by cleavage and oxidation to form the alk(en)yl
cysteine sulphoxide flavour precursors. There is also
evidence that synthesis of the flavour precursors may
involve (thio)alk(en)ylation of cysteine or a precursor
such asO-acetyl serine. Both routes may occur depend-
ing on the physiological state of the tissue. There are
indications from the effects of environmental factors
such as the availability of sulphur that control of the
biosynthesis of each flavour precursor may be different.
Cysteine and glutathione metabolism are discussed to
indicate parallels with Allium flavour precursor biosyn-
thesis. Finally, possible avenues for exploration to deter-
mine the originin planta of the alk(en)yl groups are
suggested.

P7.18 Diagnosis of plant sulphur status

E. Schnug and S. Haneklaus, FAL Braunschweig,
Germany

Farmers need to have reliable information about the sul-
phur nutritional status of their crops in order to obtain
high yields and to produce high quality foodstuff. The
lack of accuracy and precision(sulphate or HI based
soil tests, highly variable mobile S compounds and met-
abolic derivates in plant tests), a too short time between
sampling and result reporting(plant analysis), and high
spatial variability of S supply under field conditions,
make soil and plant testing unsuitable for fertilizing pur-
pose. Modelling S-supply proved meanwhile to be the
most suitable and reliable method for the purpose of
fertilizer management. The diagnosis of mineral nutrient
status in farming systems always targets for a yield
which is some way in the future. Therefore the critical
values for target yields always carry the uncertainty of
any prognosis which increases with the time lag between
sampling and harvest. In physiological research on S,
not only the nutritional status of the plants for S, but
also for other mineral elements, is often only very poorly
defined if at all. Imbalanced mineral nutrition may cause
stress situations for metabolism yielding artificial results
of experiments. This is of special interest when scaling
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up the results of pot experiments under greenhouse or
growth chamber conditions to the field level. This con-
tribution compares different methods for the diagnosis
of the S status of plants under field and experimental
conditions and discusses the need for a better description
of the mineral composition of plants in nutritional
experiments.

P7.19 Interactions between sulphur and
selenium nutrition

P.J. White, H.C. Bowen, P. Parmaguru, M. Fritz, W.P.
Spracklen, R.E. Spiby, M.C. Meacham, L.J. Trueman,
B.M. Smith, B. Thomas, HRI, Warwick, UK; M. Har-
riman, Norsk Hydro, Norway; M.R. Broadley, Biosci-
ences, Nottingham, UK

The average diet in many countries does not provide
sufficient Se to the population. Agronomists aim to
increase the Se content of crops through Se-fertilization.
For this to succeed, it is important to determine the
potential for different crops to accumulate Se by char-
acterising how yield and Se content respond to Se-fer-
tilization. In addition, since selenate and sulphate
compete for uptake by plants, the effect of S-fertilization
on these responses must also be determined. Plant breed-
ers are developing crop genotypes with improved Se
accumulation and tolerance traits. This strategy may
benefit from knowledge of the genes that impact on Se
accumulation and tolerance.Arabidopsis thaliana has
been used to identify these genes. Arabidopsis has been
grown on agar containing various concentrations of sel-
enate and sulphate to determine how interactions
between selenate and sulphate affect growth and shoot
concentrations of Se and S. These studies indicate that
several transport proteins, with contrasting selectivities,
mediate the uptake of selenate and sulphate into plants,
and that the relative activities of these transporters are
governed by plant nutritional status. They also indicate
that Se toxicity is directly related to the SeyS concen-
tration ratio in the shoot. A screen for Se tolerance was
devised to obtain mutants lacking root selenateysulphate
transporters andyor enzymes involved in the reduction
and assimilation of selenate.

P7.20 Dimethylsulphoniopropionate
(DMSP) and related compounds in
higher plants

M.L. Otte, G. Wilson and B.M. Moran, Botany, Uni-
versity College Dublin, Dublin, Ireland

Dimethylsulphoniopropionate(DMSP) is produced in
high concentrations in many marine algae, but in higher
plants only in a few salt marsh grasses of the genus
Spartina, in sugar cane(Saccharum officinarum) and in

the Pacific strand plantWollastonia biflora. The high
concentrations found in higher plants(up to 250mmol
g dry weight) suggest an important role, but thoughy1

many functions have been suggested(including meth-
ylating agent, detoxification of excess sulphur, salt tol-
erance and herbivore deterrent), its actual functions
remain unclear. The fact that the ability to produce
DMSP in high concentrations is found in species that
have no taxonomic or ecological relationship suggests
that the compound evolved independently and serves
different functions in different plants. This is supported
by observations that DMSP inWollastonia biflora
behaves differently from that inSpartina species. While
DMSP concentrations inWollastonia biflora have been
found to increase with increasing salinity, suggesting a
role in osmotic control, such a relationship has not been
found for DMSP inSpartina species. Recent observa-
tions in our laboratory on tissue culture showed that
while undifferentiated tissue ofWollastonia biflora pro-
duced DMSP, such material ofSpartina alterniflora did
not. Our ongoing studies with tissue culture of both spe-
cies have opened up new avenues of research on DMSP
in higher plants, ultimately to elucidate the functions of
this enigmatic compound.

P7.21 The role of soil microbes in plant
sulfur nutrition

M.A. Kertesz and P. Mirleau, Biological Sciences, Uni-
versity of Manchester, UK

Only a very small proportion of the sulfur present in
agricultural soils is in form of inorganic sulfate. Chem-
ical and spectroscopic studies have shown that most soil
sulfur ()95%) is present as sulfate esters or as carbon-
bonded sulfur(sulfonates or amino acid sulfur). Plant
sulfur nutrition depends on uptake of inorganic sulfate,
and yet recent research has demonstrated that, surpris-
ingly, the sulfate ester and sulfonate-pools of soil sulfur
are also plant-bioavailable. This overview will summa-
rize the available evidence showing that cycling of soil
sulfur between carbon-bonded sulfur, sulfate esters, and
inorganic sulfate is catalysed by soil microbes. Microbes
are responsible for rapid immobilization of sulfate first
to sulfate esters and subsequently to carbon-bound sul-
fur, but they also catalyse the mineralization of bound
forms of sulfur in the soil, releasing inorganic sulfate for
utilization by plants. The rate of sulfur cycling depends
very strongly on the microbial community present, and
on its metabolic activity, though it is not yet known if
specific microbial species or genera control this process.
The genes involved in mobilization of sulfonate- and
sulfate ester-sulfur by one common rhizosphere bacte-
rium, Pseudomonas putida, have been investigated.
Mutants of this species that are unable to transform sul-
fate esters show reduced survival in the soil, indicating
that sulfate esters are important for bacterial S-nutrition
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in this environment.P. putida mutants that cannot
metabolize sulfonate-sulfur are also deficient in plant
growth promotion, suggesting that the ability to mobilize
bound sulfur for plant nutrition is an important role of
this species.

P7.22 Molecular bases of the sulfur-
induced resistance concept in plant-
pathogen interactions

R. Hell, Plant Sciences, University of Heidelberg,
Germany

The co-evolution of plants and their bacterial and fungal
pathogens resulted in the development of numerous
innate and inducible defense mechanisms such as phy-
otalexins and antifungal toxins. These compounds often
contain reduced sulfur in functional groups that are
essentially donated from the amino acids cysteine or
methionine. Prime examples are the sulfur-rich peptides
of the thionin and defensin family and several secondary
metabolites. Consequently, optimal plant sulfur nutrition
is required to provide reduced sulfur for the formation
of these defense compounds. Therefore, the recent dis-
covery of enhanced tolerance of crop plants to fungal
pathogens based on optimal sulfate supply provides a
new approach to improve plant health and yield. An
axenic pathosystem consisting ofArabidopsis thaliana
and either the necrotrophic fungusAlternaria brassici-
cola or the defense signal methyljasmonate has been
established that allows precisely defined nutritional con-
ditions. The experiments aim at the identification of can-
didate metabolites and genes that co-ordinately respond
to pathogen stress and optimal sulfate supply, but not to
either condition or sulfate deficiency alone. This
approach will lead to the dissection of this phenomenon
of quantitative resistance and eventually to the under-
standing of the underlying mechanisms. Analysis of sul-
fur metabolites and cDNA arrays indicate that indeed
key steps in sulfate reduction, sulfur amino acid biosyn-
thesis and glucosinolate formation are up-regulated in
response to induction under the condition that optimal
sulfate nutrition is provided.

P7.23 Elemental sulphur as an induced
antifungal substance in plant defence

R.M. Cooper and J.S. Williams, Biology and Biochem-
istry, Bath, UK

Man’s oldest fungicide has probably long functioned in
this role in plants, as a natural component of induced
antifungal defence. Elemental sulphur(S ) is the only0

inorganic phytoalexin and the only phytoalexin pro-
duced by so many different taxa. S(detected by GC-0

MS as S) is produced in representative spp. of32
8

Sterculaceae(cacao), Solanaceae(tomato, tobacco),
Malvaceae(cotton) and Leguminosae(French bean) in
response to xylem-invading fungal and bacterial patho-
gens. Production was more rapid and intensive in disease
resistant genotypes. Gene expression for S production0

may be xylem-specific as S was not present in leaves0

of six spp. undergoing hypersensitivity toPseudomonas
syringae. Anomalously, high constitutive S levels0

occurred in leaves ofArabidopsis and Brassica olera-
cea. S was highly toxic(ED50 0.8–3mgyml) to many0

fungal pathogens representing ascomycetes, basidiomy-
cetes and deuteromycetes, but not to an oomycete,Phy-
tophthora, or to bacteria. Levels in tomato xylem and
Arabidopsis leaves were potentially inhibitory, but in
other interactions were below theoretically toxic con-
centrations. However, S accumulation is highly locali-0

sed, suggesting the element is produced in sufficient
amounts, at the right time and place to be effective.
SEM-EDX revealed S in tomato and cacao xylem walls,
xylem parenchyma and vascular gels, all sites appropri-
ate to counter vascular pathogenicVerticillium dahliae.
Transient increases in sulphate, glutathione and cysteine
occurred in tomato xylem. The sulphate may reflect
over-expression of sulphate transporters, but the thiols
might be possible precursors. Analysis of differential
gene expression should reveal what may be a novel bio-
synthetic pathway of S formation in eukaryotes.0

P7.24 withdrawn

P7.25 Effect of cadmium on H ATPaseH

activity of plasma membrane vesicles
isolated from roots of different S-
supplied maize (Zea mays L.) plants

S. Astolfi, S. Zuchi, and C. Passera, Agrobiologia e
Agrochimica, Universita degli Studi della Tuscia, Italy`

Cadmium can be readily taken up and accumulated by
vascular plants. The plasma membrane of root cells con-
stitutes the major membrane barrier between cytoplasm
and soil environment and is the first functional site of
contact of the root with any ion, so this may have a
number of consequences for heavy metal toxicity. In
fact, plasma membrane contains potential metal-sensi-
tive enzyme systems, like H ATPase. It is well knownq

the role of sulphide in plant responses to Cd: chelation
of metal by high-affinity ligands, such as phytochelatins
(PCs), seems to have a primary and direct role in defen-
sive response. This observation gives the rationale for
studying the interactions between sulphur availability
and Cd exposure. Maize plants were grown for 10 days
in nutrient solution. Then, half of the plants were S-
deprived and half of the plants of each treatment(qS
andyS) were supplied with 100mM Cd. Roots were
collected 0, 1, 2, 3 and 4 days from the beginning of
treatment and used for chemical analysis and enzyme
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assays. In this work we report on the alteration of non-
protein thiols levels and on plasma membrane H AT-q

Pase activity, by measuring changes in its
phosphohydrolytic activity and H pumping capacity, inq

Cd exposed and differently S supplied maize roots. Cad-
mium showed a differential inhibiting effect on proton
transport activity and phosphohydrolytic activity, the
most pronounced one on ATP-dependent H -accumu-q

lation, suggesting thus that the metal would interfere
with permeability membrane properties. Cadmium
inhibitory effect was still more pronounced in S-defi-
cient maize plants.

P7.26 Molecular and biochemical
characteristics of sulfur-starved
tobacco plants

A. Blaszczyk and A. Sirko, Institute of Biochemistry and{

Biophysics, Polish Academy of Science, Warsaw,
Poland

Plants possess high physiological flexibility and ability
to adjust their metabolism to the conditions of the envi-
ronment. Higher plants are capable of sulfur assimila-
tion, therefore regulatory mechanisms must exist that
coordinate the demand with the availability of sulfur. To
elucidate this regulatory network, we have applied sub-
tractive hybridization method to tobacco plants subject-
ed to 48 hours of sulfur starvation in comparison to
non-stressed plants. Before treatment, plants were grown
on sulfur-sufficient hydroponics medium for two
months. The material, harvested separately from four
parts (young leaves, mature leaves, stems and roots),
was pooled from ten plants per condition to minimize
the effects of biological variation. The levels of sulfur-
related metabolites(total sulfur, sulfate, thiols, glutathi-
one and ascorbate) were assayed. We noticed most
significant changes in the young leaves fraction; there-
fore, we decided to choose this material to perform sup-
pression subtractive hybridization. A small fraction of
obtained cDNAs clones was subsequently screened on
the macroarrays to select true positives. After three
rounds of hybridizations, 18 up- and 11 down-regulated
clones were identified and their differential expression
was verified by Northern blots or semi-quantitative RT-
PCRs. Sequencing of the clones revealed their homology
to the number of previously reported genes, encoding
proteins involved in energy metabolism, general stress
response, protein degradation and also several unknown
cDNAs. Our challenge is now the identification ofcis-
and trans-acting elements responsible for regulation of
gene expression during sulfur deficiency and the inves-
tigation of the unknown cDNAs identified during
experiment.

P7.27 Lignification of young maize plants
under sulphate deprivation

D.L. Bouranis, S.N. Chorianopoulou, V.F. Siyiannis, V.E
Protonotarios, Plant Biology, Agricultural University of
Athens, Greece; M.J. Hawkesford, Rothamsted
Research, UK

Young maize(Zea mays L., Poaceae) plants were grown
in a complete, well-oxygenated nutrient solution and
then were subject to deprivation of their external source
of sulphate for 12 days. CoASH is required for the trans-
formation of p-coumaric acid to p-coumaryl-SCoA,
while S-adenosyl-methionine(SAM) is used for the
methylation process during biosynthesis of ferulic and
sinapic acids. As these are key transformations of the
lignification process, we hypothesized that the process
is affected during the treatment. Thus, we monitored the
changes in the lignification of leaf and root free hand
cross sectionsin situ by staining with phloroglucinol,
which provides an orange to deep purple colour in the
lignified areas, depending on the degree of lignification
in the light microscope, and by visualizing autofluoresc-
ence of the cross sections in a fluorescence microscope
using UV filter with excitation wavelength at 365 nm
and blue filter with excitation wavelength at 450–490
nm.
The sulphate deprivation treatment affected leaf and root
lignification. The lamina of the fully expanded 2 leafnd

of sulphate-deprived plants(yS) presented a more
developed lower sclerenchyma and an intense lignifi-
cation compared to the control at day 6, mainly in the
epidermal cells above the lower sclerenchyma as well as
in the vascular bundles(VBs). In the lamina of the
expanding 4 leaf ofyS plants, VBs were more devel-th

oped, with larger and more xylem vessels compared with
the control. In roots, lignins were found only in endo-
dermis cells and especially inyS roots and the width
of Casparian strip was 18% and 67% thicker compared
with the control, at days 6 and 12, respectively.

P7.28 Anion channels in roots – a role in
sulphate transport

E. Diatloff, R. Brown and S.K. Roberts(Lancaster
University)

The efflux of both organic and inorganic anions from
plant roots plays an important role in plant nutrition. We
are using the patch-clamp technique to investigate anion
channel activity in the peripheral cells ofArabidopsis
roots which are at the soil:rhizosphere interface. Plant
were grown on luxurious sulphate supply(1.7 mM) for
7–10 days and the patch clamp technique was applied
to root protoplasts derived from the epidermal cells of
the elongation zone and young root hairs. To study sul-
phate-efflux currents, the pipette was loading with a
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medium containing 25 mM Cs sulphate, 1 mM MgATP,2

5 mM EGTA, 10 mM HEPES, pH 7.2, and the proto-
plast bath solution contained 0.5 mM LaCl , 10 mM3

CaCl , 5 mM MgCl , 10 mM MES, pH 6.0. In the2 2

whole-cell configuration, all cells examined showed sul-
phate efflux currents which were time-dependent,
inward rectifying and showed an average maximum
peak current density of approximately 30"3 pAypF at
approximatelyy90 mV. These currents could be par-
tially blocked by the anion channel blocker niflumic
acid. Reducing the pipette sulphate concentration to 1
mM reduced the sulphate efflux currents to 8"2 pAy
pF. These results indicate that sulphate efflux does occur
from root cells ofArabidopsis and that this transport is
most likely be conducted by anion channels. It has been
shown that when plants are grown in luxurious supply
of nitrate or sulphate where influx greatly exceeds
demand, then efflux from roots can be as high as 70–
80% of the influx(1, 2). The presence of sulphate-efflux
channels together with the high influx through sulphate
transporters suggests extensive cycling of sulphate at
root plasma membrane. Sulphate-efflux channels could
play a role in the homeostasis of cellular sulphate con-
centrations and may limit the usefulness of over-expres-
sion of sulphate transporters without a sink for sulphate.
References:
1. Forde & Clarkson(1999) Advances in Botanical
Research 30, 1–90.
2. Lopez et al.(2002) Journal of Plant Nutrition 25(7),
1472–1485.
This work is funded by the BBSRC ‘Biological Inter-
actions in the Root Environment’ Initiative.

P7.29 The impact of atmospheric nitrogen
deposition on sulfur nutrition in
Brassica oleracea L.

Ana Castro, Ineke Stulen and Luit J. De Kok, Plant
Physiology, Groningen, The Netherlands

Inorganic carbon, reduced nitrogen and sulfur are
required for protein synthesis, therefore the coordination
between the assimilatory pathways of nitrate and sulfate
is necessary to meet the demand of amino acids avail-
able for protein synthesis. The mutual regulation of both
pathways has been demonstrated in cultured cells sys-
tems. Whether the same kind of regulation occurs at a
whole plant level remains an open question. The use of
NH as atmospheric reduced nitrogen source and the3

manipulation of the pedospheric nitrogen and sulfur sup-
ply is, to our knowledge a new approach in regulatory
studies in both metabolic pathways. The aim of our
research is to 1) obtain more insight into interrelated
regulatory aspects of uptake and assimilation of nitrogen
and sulfur, under steady state conditions at ‘a whole
plant level’, and 2) to assess the significance of the

impact of atmospheric nitrogen(NH ) deposition at suf-3

ficient as well as limiting pedospheric nitrogen and sul-
fur supply. This poster presents the results of a series of
experiments withBrassica oleracea (curly kale) seed-
lings, which were exposed to 0, 4 and 8ml l ofy1

NH for two weeks, under sulfur sufficient and sulfur3

deprived conditions. Growth, changes in biochemical
composition and nitrate and sulfate uptake rates were
determined.

P7.30 Secondary sulfur compounds in
onion: an infinite sink for reduced
sulfur?

Mark Durenkamp and L.J. De Kok, Plant Physiology,
Groningen, The Netherlands

Atmospheric hydrogen sulfide(H S), a phytotoxic gas,2

can be used as sulfur source for plant growth. It is taken
up by the stomates, directly incorporated as sulfide into
cysteine and subsequently into other organic sulfur com-
pounds. H S exposure, in combination with variations in2

sulfate nutrition, can be used as a tool to study sulfate
uptake and reduction and the interaction between shoot
and roots. Onions(Allium cepa L.) synthesize large
amounts, up to 80% of the total sulfur content, of sulfur
containing secondary compounds(alliins andg-gluta-
myl peptides), that are the precursors for the character-
istic flavor compounds of onions. After a 7-day
fumigation with 0, 0.15, 0.3 and 0.6ml l H S, they1

2

total sulfur content in shoots of onion was doubled. This
was partly caused by an increase in non-protein organic
sulfur compounds, presumably alliins andyorg-glutamyl
peptides, as concluded from a strong decrease in the
organic nitrogenysulfur ratio. An increase in the sulfate
content, which can be explained by direct oxidation of
H S, the breakdown of organic sulfur compounds or by2

a decrease in the reduction of sulfate, caused the other
part. The role of secondary compounds as sink for
reduced sulfur and the impact of H S exposure on the2

uptake and assimilation of sulfate will be discussed.

P7.31 Sulphur nutrition of poplar during
flooding

C. Herschbach, S. Mult and S. Kopriva, Forestbotany
and Treephysiology, Albert-Ludwigs-University Frei-
burg, Germany

Anoxic conditions caused by flooding of the flooding
tolerant species poplar(Populus tremula x P. alba)
influenced sulphur nutrition of the whole tree. In the
roots, activity and transcript of APS reductase, the high-
ly regulated key enzyme of the sulphate assimilation
pathway, completely disappeared, but the Cys content
increased. A higher glutathione content of phloem exu-
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dates after flooding seems to indicate an increased trans-
port of reduced sulphur to the roots. Still the export rate
of S-sulphur out of mature leaves after flap feeding35

S-sulphate was not different between flooded and con-35

trol poplar trees. Since the only allocation to the basip-
etal bark was enhanced but allocation to the roots was
diminished, enhanced phloem exudate contents of GSH
may indicate a reduced sink rather an enhanced source
strength in response to flooding. Hence an elevated
transport of GSH could not be responsible for the higher
Cys content in the roots. Since protein contents were
unaffected, the higher Cys content in roots could also
not originate from protein breakdown. Enhanced O-ace-
tylserine(thiol)lyase activity was measured in the roots
in response to flooding demonstrating an apparent
uncoupling of sulphate reduction and Cys synthesis. A
possible contribution of cysteine synthesis in detoxifi-
cation of sulphide produced in the anoxic soil is
discussed.

P7.32 ‘Smart Plant’ technology for sensing
sulfur deficiency in winter wheat

J.R. Howarth, P. Barraclough and M.J. Hawkesford,
Rothamsted Research, Harpenden, UK

We aim to identify novel plant genes whose expression
are specifically regulated by sulfur(S)-deficiency and
will use the promoters controlling the expression of can-
didate genes in a reporter system for diagnosing sulfur
status of winter wheat. Leaf samples from plots on
Rothamsted’s field experiments have been used to com-
pare wheat gene expression profiles under various nutri-
ent-deficient conditions(N, P, K, S, Mg). Differences in
gene expression between plants from trial plots have
been compared by cDNA-AFLP and microarray analysis
and initial screens have detected putative genes specif-
ically responsive to S limitation. Specificity of candi-
dates has been verified by large scale reverse-northern
primary screening. Regulated genes from the primary
screen were analysed for quantitative expression in rela-
tion to differential nutrient status by northern blotting.
The promoter regions of genes with nutrient-regulated
expression are being isolated. The promoters will then
be coupled to a reporter gene and be used in a transient
expression assay to monitor nutritional status following
re-introduction of the ‘reporter’ construct by biolistic
transformation. Specific deficiency-induced promoters
coupled to appropriate reporter genes will be suitable for
a number of diagnostic applications. Such ‘Smart Plant’
technology will aid precision farming, avoiding environ-
mentally-damaging excessive application of fertilisers.

P7.33 Microarray analysis of wheat grain
transcriptome: sulphur deficiency

C. Lu, M.J. Hawkesford, Peter Barraclough, Rothamsted
Research, Harpenden, UK; I. Wilson, G. Barker, K.J.
Edwards, Biological Sciences, Bristol, UK

Sulphur in UK soils has declined dramatically over the
last ten years making sulphur deficiency an increasingly
common problem, resulting in decreased crop quality,
yield and nitrogen losses. The Broadbalk winter wheat
experiment at Rothamsted is the longest running fertil-
iser experiment in the world and provides an invaluable
resource for wheat genomic studies. Since 2000, a treat-
ment was modified to test for sulphur deficiency, by
replacing potassium sulphate fertiliser with potassium
chloride. We compared this plot with a control(adequate
S-nutrition) as the source for materials at two stages of
grain development. Transcriptome profiling was per-
formed using the IGF 10 000 wheat unigene set(http:y
ywww.cerealsdb.uk.netyigf.htm), which represents a
substantial proportion of whole wheat genome. This was
created from 26 different wheat EST libraries. Analysis
of the microarray data using GeneSpring software and
real-time RT-PCR has revealed at least 7 genes which
are highly up-regulated in the S-deficiency treatment,
suggesting that these genes may be used for genetic
markers for S-deficiency status. Furthermore, many
genes that participate in sulphur uptake, metabolism,
transport and starch synthesis have been identified. In
addition there were many up-regulated genes of
unknown function plus several potential regulatory fac-
tors. Further analysis, of the results will lead to a better
understanding of plant responses to the genetic regula-
tion of sulphur deficiency.

P7.34 Sulfate and chromate uptake in
Brassica juncea: synergy or
competition?

M. Malagoli, M. Schiavon, N. De Prato and S. Quag-
giotti, Agricultural Biotechnology, University of Padua,
Italy

Chromium contamination of the environment can be
originated by waste products of several industries. In
particular, the presence of the high carcinogenic hex-
avalent form(chromate) is of major concern. Cr(VI) is
supposed to be taken up by plants through an active
mechanism mediated by sulfate carriers. In order to
understand the effect of the presence of Cr(VI) on sul-
fate uptake,Brassica juncea plants were conditioned for
7 days with different concentrations of sulfate(0.2 mM
and 1.0 mM) and chromate(0.2 mM and 1.0 mM). A
growth reduction of roots and shoot was observed
already after 2 days of treatment in plants grown in pres-
ence of Cr, independently from sulfate and chromate
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concentrations. Only after 7 days of Cr treatment a lower
foliar pigment content was observed. The presence of
both 0.2 mM and 1.0 mM Cr(VI) did not affect sulfate
uptake rates in plants grown in 0.2 mM SO . On the2y

4

contrary, sulfate uptake rates were enhanced in plants
supplied with 1.0 mM SO after 4 days of 1.0 mM2y

4

Cr(VI) treatment. The same amount of Cr was accu-
mulated in roots and shoot of plants grown with 0.2 mM
chromate and either 0.2 mM or 1.0 mM SO . Higher2y

4

Cr content was observed in plants treated with 1.0 Cr,
with no difference due to sulfate availability.

P7.35 Distribution of plant gamma-
glutamyl-transferase at subcellular and
tissue level

A. Masi, L. Turetta, T. Destro and M. Ferretti, Agricul-
tural Biotechnology – Agripolis, University of Padova,
Italy

Gamma-glutamyl transpeptidase(GGT) is an ectopep-
tidase that catalyzes the transfer of the gamma-glutamyl
moiety of gamma-glutamyl peptides to other amino acid
and peptide acceptors as well as the hydrolytic cleavage
of the gamma-glutamyl group of donor peptides.
Although thoroughly studied in animal science, in plants
GGTs have been poorly characterized and their role
probably underestimated. By means of an enzyme-his-
tochemical procedure, we localized GGT activity in dif-
ferent tissues from some plant species. Our results show
that GGT activity has an uneven distribution and is
localized in the parenchymal cells of conductive tissues
closely associated with vascular bundles, but also in sto-
mata, epidermal cells and root tips. An antibody directed
against a synthetic peptide corresponding to the last 20
aminoacids of the heavy subunit of human GGT was
used for immunoprecipitation of proteins from Arabi-
dopsis thaliana and Zea mays leaf extracts. The immu-
nocomplex catalyzes the release of p-nitroaniline from
the synthetic substrate gamma-glutamyl-p-nitroanilide, a
typical reaction used to assay GGT activity. The activity
was inhibited by serineyborate, a known competitive
inhibitor of GGTs. By means of SDS-PAGE we deter-
mined the molecular weight of the immunocomplexed
proteins. The same antibody was used for immunocy-
tochemical analysis by electron microscopy. This ena-
bled us to visualize the GGT protein in plasma
membranes and cell walls; GGT can therefore be prop-
erly defined as an apoplastic enzymes.

P7.36 The impact of artificially elevated
glutathione-concentrations on
symptom development in virus-
infected Cucurbita pepo L.

M. Muller, B. Zechmann, A. Urbanek, A. Wonisch and¨
G. Zellnig, Plant Physiology, University of Graz, Austria

Infection of cucurbit plants by viruses often results in
oxidative stress leading to a reduction in plant growth,
yellowing, mosaic and blistering of the leaves, and fruit
malfunction resulting in severe crop losses every year.
Infected-plants use various antioxidative defence reac-
tions to avoid excessive oxidative damage. The ascor-
bate-glutathione cycle is known to play significant roles
in the detoxification of reactive oxygen species gener-
ated by viruses within plants. Glutathione works syner-
gistically with other cellular antioxidants in order to
neutralize and scavenge oxygen and other free radical
species, thereby preventing or diminishing oxidative
damage. We performed various experiments to clarify,
whether compatibleZucchini yellow mosaic virus
(ZYMV )-infection lead to changed glutathione-levels in
Styrian pumpkin plants(Cucurbita pepo L. subsp. pepo
var. styriaca Greb.). Additionally, pumpkin seedlings
and callus cells were treated with different concentra-
tions of 1) the cysteine precursor OTC(L-2-oxothia-
zolidine-4-carboxylic acid), which is described to lead
to strong increases of glutathione- and cysteine- con-
tents; and 2) salicylic acid that acts as a component of
the signal transduction system, which plays important
roles in defence mechanisms during pathogen-attack. In
the present experiments pre-treated plants as well as
regenerated plants from callus cultures showed enhanced
glutathione-levels directly after the treatments and sup-
pressed and delayed symptoms three weeks after the
infection with ZYMV.

P7.37 Structure-function analysis of the C-
terminal domain of the Arabidopsis
thaliana Sultr1.2 sulfate transporter

H. Rouached, E. Elkassis, N. Cathala, P. Berthomieu, F.
Gosti, J.-C. Davidian and P. Fourcroy, UMR Biochimie
et Physiologie Moleculaire des Plantes, ENSA-Mont-´
pellier yINRA y CNRS y UM2, Montpellier, France

Amino acid sequence alignment of the 14 putative sul-
fate transporters identified inArabidopsis thaliana,
shows a high homology for 12 among 14, notably in
their carboxyl-terminal cytoplasmic regions which con-
tain about 120 amino acids. Bioinformatic analysis pre-
dicts the presence in this C-terminal region of a STAS
domain(Sulfate Transporters and AntiSigma antagonists
which seems to be consensual in many other sulfate
transporters of very diverse organisms. We focus on
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studying the SULTR1.2 Arabidopsis thaliana high-affin-
ity sulfate transporter by generating several structural
modifications using site directed mutagenesis and pro-
gressive deletions in the protein C-terminal region.
Functional analysis of all modified constructions, have
been performed by heterologous functional complemen-
tation of a yeast mutant defective in its sulfate transport
capacity by measuring the effects of the mutations on
the yeast doubling time and on their ability to transport
S-sulfate. Several key modifications of the SULTR1.235

transporter structure will be described.

P7.38 Cd induced changes in sulphur
metabolism of mosses – a specific
stress response

D. Wesenberg, M. Rother, S. Menge and G.-J. Krauß,
BiochemistryyBiotechnology, Martin-Luther-University
Halle-Wittenberg, Germany

Plants are able to cope with a heavy metal polluted envi-
ronment by a strict regulation of the cellular metal
homeostasis, which includes the biosynthesis of heavy
metal binding substances, subcellular metal compart-
mentation and adapted metabolism. The enzymatic syn-
thesis of complexing thiol peptides(e.g. phytochela-
tines) is a fundamental defense mechanism against
heavy metals in higher plants. Our research has shown
a singular effect of heavy metals in mosses: an increase
of the glutathione(GSH) pool, which is in contrast to
higher plants.Physcomitrella patens was exposed in liq-
uid culture with up to 10mM Cd in order to inves-2q

tigate the regulation of enzymes involved in assimilatory
sulfate reduction pathway by use of real-time PCR.
Cd lets increase all transcripts of tested genes2q

involved in sulfate assimilation.P. patens showed 4
times more products of genes coding for sulfate trans-
porter, for sulfite reductase and for phosphoadenosyl-
phosphosulfate reductase within 3 d. In addition, a
doubling of intracellular cysteine and GSH content was
noted, while the moss did not produce phytochelatins.
These results suggest an activation of the assimilatory
sulfate reduction pathway by increasing transcription of
related genes to enhance GSH biosynthesis as the
remarkable stress response.

P7.39 Response of two cultivars of Chinese
cabbage to elevated atmospheric SO2

L. Yang, I. Stulen and L.J. De Kok, Plant Physiology,
Groningen, The Netherlands

Previous experiments under field conditions in China
with two cultivars of Chinese cabbage(Kasumi F1) and
a local cultivar(Beijing 3) showed that ‘Beijing 3’ was
more sensitive to sulfur deficiency than ‘Kasumi F1’.

Both cultivars responded to application of fertilizer S
with increases in shoot biomass, and increases in S and
N content. The local cultivar ‘Beijing 3’ needed twice
as much kg S ha as ‘Kasumi F1’. The response ofy1

these two cultivars to atmospheric SO was studied by2

exposing the plants to a range of SO levels(0.10–0.802

ml l ) under controlled environmental conditions, andy1

measuring the effects on shoot biomass and organic and
inorganic S and N compounds. In these experiments
pedospheric nutrient supply was not limiting. The results
showed differences in response between the cultivars.
Shoot fresh weight of ‘Kasumi F1’ was not affected
upon exposure to 0.10 and 0.20ml l SO , while shooty1

2

fresh weight of ‘Beijing 3’ was reduced at these con-
centrations. Shoot growth of both cultivars was reduced
by exposure to SO levels higher than 0.20ml l . Shooty1

2

growth of ‘Beijing 3’, therefore, was more sensitive to
atmospheric SO than that of ‘Kasumi F1’. In both cul-2

tivars the contents of total S, sulfate and water-soluble
non-protein thiol compounds were increased. A large
proportion of total S was present as sulfate and SO2

exposure did not affect the ratio of organic S to total S.
In both cultivars organic N content was unaffected by
exposure to SO . In ‘Beijing 3’, however, nitrate content2

was increased upon exposure to SO levels of 0.40ml2

l and higher, resulting in a higher total N content.y1

P7.40 Changes of the subcellular
distribution of glutathione during virus-
attack in Cucurbita pepo L.

B. Zechmann, G. Zellnig and M. Muller, Plant Physi-¨
ology, University of Graz, Austria

The tripeptide glutathione is involved in various impor-
tant cell processes including the transport and storage of
sulfur, the detoxification of xenobiotics and the com-
pensation of oxidative stress evolving from various abi-
otic and biotic stress situations. During pathogen-attack,
elevated glutathione-concentrations are thought to pro-
tect plants against reactive oxygen species, which are
formed within plants to defeat the dangerous invader
(hypersensitive reaction). Since most of the data con-
cerning glutathione-contents within pathogen-infected
plants are gained from whole organs by using biochem-
ical methods, little is known about changes in the dis-
tribution and localization of glutathione within single
cells during pathogen-attack. Such data would be needed
to speculate about the mechanisms behind the generally
observed protective role of glutathione during pathogen-
infections.
In the present study a high resolution immunogold label-
ing method was used to study changes in the distribution
and localization of glutathione duringZucchini yellow
mosaic virus (ZYMV )-infection in Cucurbita pepo L.
subsp. pepo var. styriaca Greb.(Styrian pumpkin). Sta-
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tistical evaluation of the amount of gold particles bound
to glutathione revealed an increase of glutathione-con-
tents within the cytosol(3 fold), nuclei (2.1 fold), per-
oxisomes (1.8 fold) and plastids (1.5 fold) in
virus-infected younger leaves whereas mitochondria
showed slightly decreased glutathione-levels when com-

pared to the control. Older virus-infected leaves showed
an increase in glutathione-contents(between 1.2 to 1.7
fold) within all investigated organelles except plastids.
Within virus-infected root tip cells decreased amounts
of glutathione were found in all organelles of about 0.8
fold when compared to the control.


