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PREFACE 

This book contains the invited papers of the second Workshop on Sulfur Metabolism 
in Higher Plants, which was heJd in Garmisch-Partenkirchen, F .R.G., from April21 
to 25, 1992 and organized by the Fraunhofer Institute for Atmospheric Environmen
tal Research, and the Universities of Bern, Guelph and Groningen. 

The book is the second volume reviewing sulfur metabolism in higher plants. The 
irrst volume: Sulfur Nutrition and Sulfur Assimilation in Higher Plants, edited by 
H. Rennenberg, Cb. Brunold, L.J. De Kok and I . Stulen, published in 1990 by SPB 
Academic Publishing, Tbe Hague, dealt mainly with tbe fundamental, environmen
tal and agricultural aspects. Although the present volume also covers various en
vironmental and agricultural aspects of sulfur metaboJism, the emphasis is set on the 
regulatory aspects of sulfur uptake and assirnilation and the physiological function 
of the various sulfur compounds in plants. In addition, tbe present knowledge on the 
molecular aspects of sulfur assimilation as well as the interaction of sulfur 
metabolism with nitrogen and selenium metabolism is discussed. 

A selection of papers derived from the posters shown at the workshop are published 
in a special issue of Phyton (Austria) entitled: "Progress in Sulfur Metabolism of 
Higher Plants", Phyton (1992) 32(3): 1-159. The content oftbis issue is listed in this 
book. 

We are pleased to dedicate this book to Prof. dr. L. Bergmann, University of Köln, 
F.R.G. for bis outstanding contribution to a better understanding of tbe synthesis 
and function of glutathione in plants. 

Luit J. De Kok 
Ineke Stulen 

Heinz Rennenberg 
Christian ßrunold 

Wilfried E. Rauser 

editors 





FOREWORD 

Exploring Glutathlone and Homoglutathione Metabolism 

Ludwig Bergmann 

First, I want to thank the editors for having aone me the great honor of dedtcating 
this book to me. These proceedings wiiJ certainly be stimulating to all interested in 
tbe field öf sulfur nutrition and metabolism, as they contain a wealth of new informa
tion and the formulation of principal questions that should be investigated. 

Having worked mainly on metabolism and development of plant cell cultures, I 
came to the field of sulfur metabolism as an outsider more by chance than by careful 
planning. At a time where much science is done in form of carefully planned projects 
and where research very often is confined by the policy of advisory committees and 
regulations of granting agencies, it may be illuminating to trace the way that led to 
our interest in -y-glutamyl-cysteinyl-tripeptides in higher plants. 

Our original interest in this group of thiols arose from studies on substances 
released into the media of suspension cultures of Nicotiana tabacum. Some of these 
substances are required to induce cell division and growth in single cells plated in low 
population densities on agar, and can be replaced by adding of kinetine and gluta
mine to the basic media. We became interested in the nature of these substances when 
a student of rnine, Heike Logemann, observed that conditioned media of cultures 
grown photoheterotrophically were more effective in sustaining growth of single 
tobacco cells than those of heterotrophic cultures (Logemann & Bergmann 197 4). W e 
were surprised by this result as roots rather than green leaves are thought tobe the 
main sources of cytokinins and so we tried to quantify the cytokinin in the condi
tioned media. Using the farnaus soja test of C.O. Miller we found that the growth 
of the so ja calli was severely inhibited by the conditioned media derived from tobacco 
cells. 

Since the conditioned media induced cell divisions in tobacco but not in soja, I 
asked Heinz Rennenberg, who was then looking for a subject for his thesis work, to 
isolate and identify the inhibitory substances. This was difficult because there was 
a vast array of carbobydrates, amino acids and phenylpropane derivatives in the me
dia whicb allbadtobe separated and tested. Nevertheless, Rennenberg was success
ful and one day came up with a peptide fraction tbat inbibited the growth of soja 
calli at high dilutions. Fortunately, there was only one peptide in this fraction and 
this turned outtobe glutathione (Rennenberg 1976). We soon found that the green 
tobacco cultures released nearly 30 times as much glutathione into the cultured media 
as chloroplast-free heterotropbic suspension cultures. We also observed that glu
tathione was not only released into the medium but was also taken up by the cells 
and used as sulfur source after depletion of the sulfate provided in tbe medium (Berg
mann & Rennenberg 1978). This led to the suggestion tbat glutatbione in plants may 
function as a storage and transport form of reduced sulfur, which was subsequently 
proved by transport experfments with whole plants (Rennenberg et al. 1979; Bonas 
et al. 1982) and bas been elegantly demonstrated more recently in translocation 
studies in maize seedlings by Rauser et al. (1991). 
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The overproduction of glutathione in photoheterotrophically grown tobacco cul
tures also led to the idea that glutathione was probably synthesized in plastids and 
that a high rate of glutathione synthesis in green cells might be associated with the 
differentiation of chloroplasts. Although the first report on high glutathione con
tents of chloroplasts by Foyer & Halliwell (1976) seemed to support this idea, it was 
shown tobe wrong. Glutathione in chlorenchyma cells can be synthesized in chloro
plasts as well as in the cytosol. To demonstrate this, we bad to study the enzymes of 
glutathione synthesis, -y-glutamyl-cysteine synthetase and glutathione synthetase, 
and to localize them inside the cell. This proved to be much more difficult than we 
bad expected. Despite several attempts we were unable to repeat the experiments of 
Webster & Varner (1955) who claimed to have measured the activities of both en
zymes in plants. 

Our efforts were only successful with the development of methods for derivating 
thiols with monobromobimanes and the publication of the pilot paper by Newton et 
al. (1981) on the separation of bimane derivatives by reverse phase HPLC. These 
methods allow the determination of 'Y-glutamyl-cysteine synthetase and glutathione 
synthetase activity in crude extracts by measuring simultaneously the formation of 
-y-glutamyl-cysteine and glutathione, respectively, and the consumption of cysteine 
and/ or 'Y-glutamyl-cysteine as substrates. In bis thesis work, Rüdiger Hell charac
terized both enzymes with this technique and demonstrated that the activities of both 
enzymes can be found in isolated chloroplasts of several plant species as weil as in 
cytosol (Hell & Bergmann 1988, 1990). These results provide evidence for fhe synthe
sis of glutathione in the chloroplasts andin the cytosol. However, both compart
ments may be independent, because all experiments to demonstrate the uptake of 
glutathione or glutathione disulfide by isolated chloroplasts have failed so far, but 
further studies are necessary to establish this point. 

In additioo to glutathione we were also attracted by homoglutathione, the 'Y
glutamyl-cysteinyl-tripeptide, which is characteristic for several members of the Fa
ba/es. There were two reasons for this interest. First, to support our idea of the func
tion of glutathione as a transport form of reduced sulfur we wanted to know if 
homoglutathione was also used in legumes for the long distance transport of reduced 
sulfur. This indeed proved to be the case. Experiments by Peter Macnicol (Macnicol 
& Bergmann 1984) demonstrated that in Vigna radiata homoglutathione serves as a 
majortransportform of organic sulfur from the leaves to the developing seeds, which 
fits nicely into the scheme. 

The second reason we became interested in homoglutathione was the question of 
its synthesis. Like glutathione synthetase frQm mammalian cells, we found that the 
glutathione synthetase from tobacco and from pea leaves exhibited high specificities 
for glycine and did not accept ß-alanine as a substrate. We were therefore puzzled 
by the finding of Webster (1953) who reported, in his first paper on glutathione syn
thesis, high rates of glutathione synthesis by incubating enzyme preparations of 
Phaseolus vulgaris with 14C-glycine. As homoglutathione is the main thiol present in 
Phaseolus vulgaris the data of Webster (1953) either are incorrect or indicate the exis
tence of a glutathione synthetase in Phaseolus which has a different specificity than 
those of tobacco or pea. 

To elucidate this question we firstbad to elaborate an efficient method for the iso
lation of homoglutathione, since homoglutathione required as HPLC standard was 
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not on the market. This was done by Sigrid Klapheck (1988) who purified homo
glutathione from seeds of Phasealus coccineus by using anion-exchange chroma
tography and Cu02-precipitation. In this way she achieved yields which were nearly 
100 times higher than those obtained by the classical method of Carnegie (1963). 

Having chromatographically pure homoglutathione as a standard, it was then pos
sible to characterize the tripeptide synthetase of Phasealus ·coccineus. This charac
terization revealed a high affinity of the enzyme for ß-alanine and a poor rate of 
glutathione synthesis even at 100 ~-tM glycine, which led us to designate the enzyme 
as homoglutathione synthetase (Klapheck et al. 1988). By comparing the rates of 
homoglutathione and glutathione synthesis in leaf eXtracts of different species of 
Phaseolus, it becarne apparent that the occurrence.of a ß-alanine specific hornogluta
thione synthetase is a general feature of the Phaseoleae . 

. Like glutathione, oxidized homoglutathione is reduced by NADPH in the.presence 
of glutathione reductase and it has been tacitly assumed thathomoglutathione is used 
as the reductant in photo-scavenging of hydrogen peroxide produced during pho
tosynthesis instead of glutathione. However, the concentrations of homoglutathione 
we found in chloroplasts of Phasealus coccineus and of Glycine max. were much 
lower than the concentrations of glutathione in chloroplasts of Spinacia oleracea and 
Pisum sativum, where the ascorbate-glutathione-reduction-pathway has been estab
lished. These low concentrations led us to question the function of homoglutathione 
in photo-scavenging hydrogen peroxide and to Iook for the enzyrnes involved in the 
ascorbate-glutathione-reduction-pathway in chloroplasts of plants containing homo
glutathione. In cantrast to the activities of ascorbate peroxidase and monode
hydroascorbate reductase, that were comparable to the activities measured in isolated 
chloroplasts of Spinacia oleracea and Pisum sativum, no or only very .small activities 
of glutathione dehydrogenase and of glutathione disulfide reductase could be detect
ed in chloroplasts of Phasealus occineus and G/ycine max. This finding strongly sug
gests that the regeneration of ascorbate in these chloroplasts mainly proceeds by 
monodehydroascorbate reductase activity, whereas homoglutathione only plays a 
secondary role in H 20rscavenging (Klapheck et al. 1992). To rne, this result is a fine 
example that we should be very careful with generalizations. 

There is another point which made the low homoglutathione content in the chlo
roplasts of Phasealus coccineus interesting to us. Several experiments have sbown 
that the rate of glutathione synthesis in plant cells can be modulated by substrate 
availability and may be regulated by feedback inhibition of 'Y-glutamyl-cysteine syn- · 
thetase, as glutathione in vitro produces substantial inhibition of 'Y-glutamyl-cysteine 
synthetase activity at concentrations found in plant cells. Thus, the question arises, 
how is the homoglutathione concentration in the chloroplasts of Phasealus kept so 
low. The enzymes needed for hornoglutathione synthesis, 'Y-glutamyl-cysteine syn
thetase and homoglutathione synthetase, are both found in isolated chloroplasts of 
Phasealus coccineus and in the cytosol. Assessing the amino acid pools, Heinrich 
Zopes (Zopes et aJ. 1992) recently found very Iow ß-alanine concentrations in the 
chloroplasts. The concentrations were one order of magnitude smaller than the ap
parent Km value for ß-alanine of the homoglutathione synthetase and probably 
could Iimit the rate of homoglutathione synthesis. Zopes et a/. (1992) further demon
strated that the chloroplasts apparently are unable to synthesize ß-alanine because 
one of the key enzymes of ß-alanine synthesis in Phasealus coccineus, ß-ureido-
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propionase is lacking in the chloroplasts. ß-Ureidopropionase cleaves N-carbamoyl
ß-alanine, a product in the uracil degradation pathway, into C02 , NH3 and ß
alanine. Its absence in the chloroplasts Ieads to the interesting question of how 
pyrimidine nucleic acids are degraded in chloroplasts. 

Fina:Jly, I would like to mention one more result that came out of our engagement 
with glutathione synthesis. Several of the experiments of Webster & Varner (1955) 
on glutathione synthesis were done with wheat germ as the enzyme source. Therefore, 
we have worked also with wheat and by careful analysis of the thiol composition of 
Triticum aestivum detected a new homologue of glutathione, -y-glutamyl-cysteinyl
serine (Klapheck et al. 1992). This new thiol is widespread within the family of Poa
ceae and its functions seem to be similar to those of glutathione (Bergmann & Ren
nenberg, this volume). 
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MEMBRANE AND JLONG-DiSTANCE TRANSPORT OF 
SULFATE 

David T. Clarkson1, Maleolm J. Hawkesfordl and Jean-Claude Davidian2 
1Department of Agricultural Scienc~. University of Bristol, AFRC Institute oj 
Arable Crops Research, Long Ashton Research Station, Bristol, BSI8 9AF, UK 
and 2Biochimie et Physiologie vegetales, ENSA-INRA, 34060 Montpellier 
Cedex 01, France 

New opportunities 

It is not easy to add very significantly to the excellent review of many topics related 
to sulfate transport written by Cram (1990) in the proceedings of the first Sulfur
Workshop volume. Progress has not been spectacular in any aspect of sulfate trans
port strictly related to high er plants, which may reflect the limited number of workers 
in the field. In the last few years, however, two quite unrelated developments have 
increased our interest in the properties of the sulfate transporter of crop plants and 
have given hope that we may soon learn much more about molecular aspects of its 
structure and the regulation of its expression. 

FirstJy, legislation has enforced a clean-up of the atmosphere. For many years for
tuitous additions of sulfur from pollutants and from compound fertilizers, such as 
triple superphosphate, provided sulfur inputs which exceeded the growth require
ments of crops and natural vegetation. Both of these sources are in sharp decline so 
that, many crops now respond to sulfur fertilization and there is a need to understand 
plant factors which ensure efficient acquisition and utilization of sulfur. 

Secondly, success in cloning the gene for the sulfate permease in Neurospora has 
given us a glimpse of what the higher plant transporter may Iook like (Ketter et al. 
1991). Another success has been the complementation of yeast mutants with genes 
from higher plant cDNA libraries; this approach has yielded a gene for a potassium 
channel from Arabidopsis (Sentenac et al. 1992). Molecular genetics quickens the 
pace of research and in a short while we will probably learn more than we have ever 
known. 

There is, then, both the chance and the practical need to have a more complete pic
ture about the uptake of sulfate and the internal management ofthe sulfur economy 
of plants. This t:eview takesstock of what is known as we prepare to leave the dark
ness and welcome the new dawn. 

T~e cone~~tuaS m'!)«i~i of !mlfa·~e co-!ransport et Hte piesm.a &:~emhrane 

The energization of the thermodynamically "uphill" transport of anions into cells 
is widely believed tobe driven by the proton electrochemical potential gradient across 
the plasma mem brane (PM} (Fig. 1). This idea is so firmly fixed that it seems heretical 
to point out that actual evidence on this point is hard to find and usually incomplete, 
especially with regard to SOi-. The observations of Lass & Ullrich-Eberius (1984) 
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Fig. 1. A hypothetical scheme for the early events in SOl-transport in a root cell. The mechanism de
pends on a proton motive force built up by the ATPase (A} in the plasma membrane (PM). Protonsare 
shown as being co-transported with SOl· through a permease (B} with a stoichiochemistry of 3H+: 
lSOi·. The small pool of cytoplasmic SOi- can be depleted by a "downhill" (i.e. diffusive) m.ovement 
into the vacuole through an unknown mechanism D, the driving force being the insidepositive membrane 
potential created by the tonoplast (fP) protonpump (C}. Transport via the symplast towards the root xy
lem involves movement through plasmodesmata. In most circumstances the flux by this pathway is greater 
than lhe flux into the vacuoie (Bell 1991}. Some of the S04

2• is reduced by enzymes of the assimilatory 
pathway thus entering the metabolised pool (m.p.). This flux varies among species and must involve trans
port across the membranes of plastids where the ATP sulfury1ase is located. SOl- efflux at the PM is 
through an unknown mechanism D'. Some consequences of proton/SO/· co-transpört are predicted. 

with Lemna confirmed the first of the predictions in Fig. 1. The initial influx of 
SOi- after a period of deprivation was accompanied by a depolarization of the 
membrane potential, the magnitude of which depended an the external (SO/·] and 
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Fig. 2. Dependencc of sulfate uptake into isolated plasma membrane vesicles of Brassica napus roots on 
tbe pH gradient. Membrane vesicles, isolated by two phase partitioning were equilibrated at either pH 8 
(squares and open circles) or pH 6 (solid circles) were then transferred to pH 6 (squares and solid circles) 
or pH 8 (open circles) in thepresenceof 100 I'Msulfate. Uptake wasestimated atthe timeli indicated using 
radioactive tracer and a filtration method for vesicle Separation (Hawkesford & Davidian, in pres$). 

its influx. However, neither the external pH nor the cytoplasmic pH were measured 
at that time, so tbe other expectations of the scbeme were not verified. Given the 
probable ßpH across the PM and the observed depolarization of the membrane 
potential (ßy), energetic calculations demand a stoichiometry of 3H + per Sol
transported. In cells with a large PM influx some perturbation of cytoplasmic pH 
might occur. More recently, Ullrich & Novacky (1990) have shown that, for CI- and 
H2P04-, depolarization of the membrane potential was, indeed, accompanied by 
cytoplasmic acidification in the roots bairs of Limnobium. In this species, unlike 
Lemna, electrodes measuring ßy and pH can be specifically located in the cytoplasm, 
close to the PM surface. Sulfate was not examined in these experiments. The much 
larger influx of N03-, which might have caused an even more marked acidification 
of the cytoplasm than either CI- or H2P04-, did exactly the reverse. Alkalinization 
of the cytoplasm was thought to be due to nitrate reduction and the contributions 
of K + transport to the "strong ion difference" . Ullrich & Novacky (1990) pointout 
that whether or not changes in the internal or external pH are measured during Co
transport depends, not on )-[+ movements tbemselves, but on the movement of 
strong counter ions (e.g. K + or CJ-). Thus the pH of a compartment is determined 
by tbe concentration differences of the strong ions present (see Stewart 1983), and 
we should not expect pH changes to report directly the numbers of protons co
transported with a substrate. 

An alternative approach to the role of ApH in SO 4~ transport has been to explore 
the energization of SO/- accumulation in right-side-out PM vesicles using pH 
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equilibrated at pH 8 prior to transfer to 100 ~-tM sulfate at pH 6, and uptake was estimated at the times 
ind.icated using rad.ioactive tracer and filtration method for vesicle separation (Hawkesford & Davidian, 
in press). 
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Fig. 4. Concentration dependence of sulfate uptake into isolated plasma membrane vesicles of Bras.sica 
napusroots. Membranes were equ.ilibrated at pH 8 and then transferred to 100 ~-tM sulfate at pH 6. Vesicles 
were fittered eilher immed.iately, or after two minutes. The data as plotted are the results of two minute 
labeling minus the results for time zero (non-specific binding). Theinsetshows an Eadie-Hofstee Iransfor
mation of tbis data and two possible components which may be derived from it. 
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jumps (this report, and Hawkesford & Davidian, in press). With no other form of 
energization, a switch of the external pH from 8 to 6 brings abcut 35SOi· uptake 
into the vesicles (Fig. 2). SOl- transport by this system depended critically on the 
magnitude of the ~pH across the PM and on the sulfur status of the roots from which 
the PM preparations were made (Figs. 2, 3). Kinetic analysis of the concentration de
pendence of SO/· transport indicates discontinuities of the absorption isotherm 
(Fig. 4), suggesting " multiphasic" behaviour described for intact roots and cells 
(Nissen 1974, 1991). This matter will be discussed below. In the lower range of 
{SOi-J the Km· for S04

2- ··transport was dependent ·on external pH, being least 
(12 ~tM) at pH 5 and greater <Km 67 ~tM) at pH 6.5 or above. The ~ for H+ was 
also affected by [SOi-l being lowest (0.5 ~tM) at high [SOi·) . A detailed report of 
this work is in preparation; to our knowledge this is the first report of SO/· trans
port from isolated, higher plant membranes. It suggests a method for studying the 
stoichiometry of H +/SOl co-transport. 

Multiple forrns or states of tbe suUate carrier 

The strenuous debate about the interpretation of uptak:e kinetics in terms of a single 
transport system existing in a number of discrete states which are determined by ex
ternal substrate concentration (Nissen 1971, 1991), or of several kinds of Lransporter 
system operating over different substrate concentration ranges (e.g. Epstein 1973, 
1976; Borstlap 1983), shows no signs of being over. The genetic separation of constit
utive, low affinity, and facultative, high affinity transport in micro-organisms, e.g. 
in Neurospora (Marzluf 1970), has been advanced to support the latter point of view. 
However, it has been questioned, particularly with respect to SOi-, H2P04- and K + 
whether higher plants really do bave separate facultative transport systems switched 
on by nutrient starvation (Ciarkson & Lüttge 1991). This makes the "argument-by
analogy" with microbes less potent. In addition, many authors have poi.nted out that 
major shifts in~ arenot a feature of higher plant response to SOi· deprivation 
(Lee 1982; Clarkson et a/. 1983) and it is, therefore, probable that higher plants de
pend on the tight regulation of a constitutive system. Over the "environmental" 
range of [SO/-) encountered by plants in natural and agricultural conditions the evi
dence is compatible with transport by a single mechanism . .i.t is only at unusually !arge 
external [S04

2-] that uptake becomes apparently less dependent on metabolism and 
may displaylinear k.inetics. The real point of dispute becomes whether tbe discon
tinuities in absorption isotberms represent discrete states of the transport system, 
which must be explained ultimately in molecular terms, or whether they are mani
festations of other changes which occur as the concentration of an ion changes in the 
external medium. A theoretical explanation of departures for normal Michaelian ki
netics is available (Sanders et al. 1984; Sanders 1986). A random Iigand-binding 
model (Sanders 1986) for a Co-transport system, such as the nH+ / S042- discussed 
above, predicts both sing]e and multiple kinetics in response to substrate concentra
tion. If, for example, [H+] is saturating, single Michaelian functions always result 
and increasing internal [SOi-1 could cause non-competitive inhibition of transport. 
Small relative differences in such factors as [H +] or membrane potential (see also 
Gersan & Poole 1971) or in the rate constants of the reactions of the carrier cycle, 
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can be reactily shown to generate dual isotberms. An idea, which is more compatible 
with the most recent paper by Nissen (1991), in which he advances some ideas on the 
molecular aspects of multiphasic behaviour, isthat there can be "slip" in a carrier 
mechanism which gives it the versatility to transport the substrate with or without 
driver-ion (Eddy 1980). Transport without the driver ion, e.g. H +, is necessarily 
''downhill" thermodynamically and is typically a low-affinity system, while the high 
affinity transport depends on H+ /substrate transport. This resembles the idea ad
vanced by Nissen (1991) wbere it is postulated that, at high external concentrations, 
the transporter is transformed into a cb.annel (sie). It is clear that "channel" is not 
used in the conventional way since Nissen excludes the possibility of diffusive move
ment through it. In the case of S042- uptake, however, there is no way in which the 
transport could be downhin given its double negative cb.arge and membranepotential 
of -100 to -150 mV in mostplant roots, unless the cytoplasmic [SOl·J is assigned 
very low values. While there is no direct evidence on this latter point, campartmental 
analyses suggest that cytoplasmic ISOi·J is not negligible (see below). We conclude 
that there is likely tobe only one transporter protein (or permease) in higher plant 
membranes operating over a wide range of sulfate concentrations. If true, this simpli
fies the process of searching for mutants, defective in sulfate transport, and their 
phenotypic complementation using cDNA libraries. 

Molecul&r aspects of a plasma mem!Jrane sulfate transporter 

The genes encoding enzymes of tbe sulfate uptake and assimilatory pathway in fungi 
and yeast show increased expression when cellular Ievels of sulfur become lirniting 
(e.g. Jarai & Marzluf 1991). In Neurospora crassa a number of regulatory genes, 
eys-3 (Fu & Marzluf 1990) and scon1 and 2 (Paietta 1990), control expression of the 
structural genes, and are, in turn, regulated via intracellular pools of available sulfur 
compounds, possibly cysteine. An analogaus complex regulatory pathway for sulfate 
uptake and assimilation exists in Saccharomyces cerevisiae (see e.g. Thomas et al. 
1990; Cherest & Surdin-Kerjan 1992). Neurospora crassa possesses two distinct sul
fate transporters, encoded by separate genes, whose expression is regulated by sulfm: 
repression and which show a specific developmental regulation of expression. Sulfate 
permease I (CYS13) occurs in the conidiospores and permease II (CYSI4) in the 
mycelia (Marzluf 1970). The structural gene for the Neurospora crassa sulfate per
mease li was recently isolated, sequenced and shown to encode for a plasma mem
brane polypeptide of 781 amino acids, of molecular weight 87 kDa (Ketter et al. 
1991). In common with many secondary transporters including two other fungal 
H+ / anion Co-transporters, e.g. the H + / pbosphate transporter (Mannet al. 1989), 
twelve transmembrane helices may be postulated (Ketter et a/. 1991; Fig. 5). No sig
nificant stretches of primary sequence similarity between any of these transporters 
have been observed. Cf some note however is the !arge extracellular hydrophilic loop 
between helices 11 and 12, and the preponderance of basic residues in both this loop 
andin the loop between helices 8 and 9. Similarly, in the model for the phospbate 
transpartet (Mannet al. 1989) a large number of positively charged residues are locat
ed on one side of the membrane (possible the extracellular side) and a large 
hydrophilic loop is precticted (on the postulated intracellular side). The significance 
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Fig. 5. Secondary structure model predicted for the Neurospora crassa sulfate permease ll. The sequence 
ofKetter et al. (1991) was used to predict the bydropathy proftle of the predicted protein (panel A) using 
the algorithm of Kyte & Doolittle (1982) with a window of 19 amino acids. Positioning of transmembrane 
regions is based upon the analysis of Ketter et a/. (1991) with some modifications. Panel B shows the distri
bution of charged residues: in the acidic section, intermediate bars are aspartic acid and full sized bars 
are g]utamic acid, whilst in the basic section the small size bars indicate histidine, intermediate bars Iysine 
andfull bars, arginine. Panel C shows the hypothetical arrangement of transmembrane helices. The deri
vation of these helices (numbered 1- 12) from the bydropathy profile is shown by the shaded area, and 
directly corresponds with both panels A and B. Residue number is also indicated. 

of these charge clusters, or of buried charged residues, in the transport function is 
unknown, but it may be specuJated that they provide a binding site for sulfate ion 
at the vestibule to the transport channel. 

The activity of the sulfate transporter in barley roots was particularly sensitive to 
inhibition by the arginyl-binding reagents, phenylglyoxal and the more polar (and 
less membrane permeable) hydroxy-phenylglyoxal (Clarkson et al. 1992). This sug
gests that the arrays of arginine residues, seen in the loop between putative helices 
11 and 12 in the Neurospora sulfate permease n, may have Counterparts on the outer 
face of the plant SOi- transporter. 

The model of the sulfate transporter (Fig. 5) by placing clusters of positively 
charged groups on the outer face of the plasma membrane, does not conform to the 
"rules" for the location of charged residues predicted by von Heijne (1986). Such 
models are always tentative and other interpretations are possible, for instance. the 
final two transmembrane segments might be eliminated so that a long, hydrophilic 
C-terminal region would be present in the cytoplasm. 

Attempts to identify the plant plasma membrane sulfate transporter 

The commonly observed increase of sulfate uptake capacity following a period of sul
fur deprivation, suggests several strategies for the identification of the genes and gene 
products responsible for this behaviour, and specificaUy for the transporter. 
Differential protein synthesis in response to sulfate and phosphate deprivation has 
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Tab/e I. A hypothetical calculation of the rate at which the cytoplasm will fill with SOl- when starved 
cells are retumed to SOi·- medium. 

Consider 

A~sume 

Calculate 

Compare 

a tissue with a volume of lcm3 in which 
the volume fraction of cytoplasm (0.1} 

[S042-] in cytoplasm pool at t0 
[S042-] in cytoplasm when pool is full 
ISOi·J influx 

S042- content of cytoplasm 
time for delivery 

= 0.1 crn3 

= 0 
= 5 x 10-' mol cm-3 
= 2 x I~ mol cm-3 b-1 

= 0.5 x lQ-6 moles 
= 0.25 h 

t ~ for repressioo o-f transporter l . .S - 2.5 h (see text) 
t~>S for cytoplasmic 35S04 2- exchange "" 10 min 

been observed for cultured roots of Lycopersicon esculentum (Hawkesford & Beleher 
1991) and for Brassica napus (Davidian, in preparation). In L. esculentum, synthesis 
of a 28-kDa soluble and 38-, 43- and 47-kDa plasma membrane polypeptides were 
observed to have increased synthesis after 4 days sulfur deprivation. Langerperiods 
resulted in enhanced synthesis of additional polypeptides. Analysis of in vitro trans
lation products has confirmed increased translation of the corresponding mRNAs, 
or more likely an increased abundance of the specific mRNAs, and the induction of 
a 52 kDa translation p.roduct, probably ATP sulfurylase (Hawkesford, unpublished 
results). Confirmation that one or more of the induced polypeptides is the transport
er will require additional evidence, preferably derived from the isolation and recon
stitution of transporter activity in membrane vesicle. 

Regulation of sulfate transport observed at the physiological Ievel 

Higher plant cells display a remarkable degree of control over the activity of their 
sulfate transport system. It appears to be a constitutive transport system, which 
shows no sign of requiring a sulfate "signal" for induction as does the nitrate trans
porter. Its expression can be strongly repressed in cells with adequatel supra-optimal 
SOl- supply. Net uptake of SO/- by Lemna paucicostata was 500-fold morerapid 
in S042--starved fronds than in sulfur-replete controls without any significant 
change in~ (Datko &Mudd, 1984). The stability of the Km after large shifts in the 
V max of the system has also been seen in roots of intact barley plants (Lee 1982; 
Clarkson et al. 1983}, cultured haploid carrot cells (Furner & Sung 1982) andin intact 
seedlings of Zea mays genotypes (Renosto & Ferrari 1975). 

The high transpoft rates generated by SOl- deprivation are rapidly repressed 
when SO/- is restered to the external medium. The provision of other sulfur 
sources, such as reduced glutathione (GSH) (Rennenberg et al. 1988, 1989) and cy~ 
teine (Datko & Mudd 1984; Herschbach & Rennenberg 1991) also represses SOl
nptake rapidly. Some authors regard SO/· itself as a primary regulator but, at least 
in barley roots, its direct interaction with the transporter in some kind of allosteric 
regulation does not appear tobe compatible with the kinetics of repression. In Table 
1 there is a hypothetical calculation showing that the cytoplasmic pool of SOl-
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Fig. 6. A comparison of the effects of CHM (50 mmol m·3) and SOl· (150 mmol m·3) on repressing the 
uptake (measured over 10 min) of 35SOi·· Tbe barley roots used had been deprived of S042- for 2 d be
fore the experiment began. Data for effects of CHM on Pi uptake arealso shown. Tbe roots were doubly 
labeled with 3SS and 32p . Standard errors are sbown when larger than symbols (from Clarkson et al. 
tm). 

would go from zero to being "full" in a period of 0.25 b wben sulfate supply is re
stored to a starved cell or organ. Export from the cytoplasmic pooJ to the vacuole 
of an intact root would be small ( = I OOfo of influx) over such a period and would 
not, therefore, substantially increase tbe time taken to refiU the cytoplasmic pool. If 
we compare this with the data in Fig. 6 it becomes clear that repression is much slower 
than the estimated refilling of the sulfate pool. The similarity between the collapse 
ofthe SOl- transportsystem when cycloheximide (CHM) is added to sulfur-starved 
roots and repression due to SOi- in the absence of CHM, may be fortuitous but it 
is clear that continued S042- transport depends on protein synthesis (Clarkson et a/. 
1992). This point has been made several times before using different species (Renosto 
&Ferrari 1975; Jensen & König 1982; Rennenberget al. 1989). Allthese reports lead 
to tbe conclusion that the S042- transporter turns over rapidly (t 14 1.5 - 2.5 h). 1t 
is by no means clear how SOl· interacts with this process. Control could be exer
cised over the transcription of the gene for the transporter or the translation of the 
mRNA. The relatively slow effects of cordycepin (which blocks polyadenylation of 
mRNA) and a -amanitin (which blocks transcription) on sulfate uptake in tobacco 
cells led to the suggestion that the effects of GSH and S042- in regulating transporter 
activity migbt be at the translational level, the implication being that the mRNA 
might turn over more slowly than the transport protein (Rennenberg et al. 1989). The 
resolution of this question wiU come when the gene for t be t ransporter has been iden
tified so that its control can be investigated. Meanwhile, we have seen that cordycepin 
acts rather slowly in the inhibition of in vivo synthesis of most proteins in cultured 
tomato roots. The effectiveness ofthe cordycepin treatmentwas indicated by marked 
inhibition of some PM proteins, while others, including the 28 kD polypeptide in
duced by sulfate-starvation (Hawkesford & Beleher 1991) was unaffected. Similar 
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results were obtained with in vitro translation experiments on mRNAs isolated from 
identical treatments (Hawkesford, Beleher & Clarkson, unpublished data). 

In Neurospora the sulfate permease II protein (CYS-14) turns over with a half-life 
of approximately 2 h (Jarai & Marzluf 1991) while the half-life ofthe cys-14 mRNA 
is much faster (tYl I 15 min) (Ketter et al. 1991). While the principal regulation of 
transport activlty is assigned to the transcription of the cys-14 genevia the positively 
acting DNA binding protein CYS-3, it seems that protein turnover provides an addi
tional Ievel of control in the Operation of the sulfur regulatory circuit in Neurospora. 

Transport at tlee tonoplast 

Proton pumping mechanisms m the tonoplast, transport H.,. trom the cytoplasm 
into the vacuole. This electrogenic transport, which can be driven by the hydrolysis 
of ATP or of PPi by different mechanisms, sets up a membranepotential across the 
tonoplast which is inside positive (characteristically between + 10 to +30m V) and 
a ApH which is insideacidrelative to the cytoplasrn. The transport of SOl- into the 
vacuole may be "downhill" therrnodynarnically, a membranepotential of +29 mV 
being enough to maintain at equilibrium a [SOl·] ten-fold greater than that of the 
cytoplasrn. The kinetics of tracer exchange between the cytoplasrn and the vacuole 
were reviewed by Cram (1990) and there is littlethat can be added here. When tissues 
are in a steady state with respect to their SO/- content it can be shown that the rate 
constant for the exchange or turnover of vacuolar SOl- (kv) is slow relative to that 
in the cytoplasrn (kc). The kv for intact roots of Macropti/ium atropurpureum was 
9.5 x 10-2 h-1 while kc was 4.03 b-1 (Belll991). Tracerexchange kinetics revealed that 
the quantities of SOl- in the cytoplasm and vacuole were 0.6 and 4.2~-tmol g·1 root 
fresh weight respectively. Assuming volume fractions of 0.1 for the cytoplasm and 
0.8 for the vacuole and 0.1 for the apoplast, the concentrations would be 6 mol m~3 

and 5.25 mol m-3 in the cytoplasm and vacuole respectively. These values are com
parable to those measured in the organelles and the vacuoles of barley rnesophyll pro
toplasts by Kaiser et al. (1989). These authors showed that any substantial increase 
in SOi- content, brougbt about by greater provision of external SOl-, was found 
in vacuole rather than the cytoplasm. Isolated vacuoles retained their SOl· for ex
tended periods ( > 20 rnin) as long as a rnembrane potential (Al/!) was maintained 
across the tonoplast. Collapse of the ill/; in the presence of gramicidin resulted in the 
loss of SOl- to the external medium, but collapse of ilpH by nigericin did not. La
beled 35SOi· frorn the external medium entered isolated vacuoles without direct 
energization of the membrane, but the addition of Mg ATP to the external solution 
increased the rate of 35SOl- entry 1.7-fold. This effect was due to the maintenance 
of the mernbrane potential. Chemical analysis of the SOl- content of the vacuoles 
treated with 4 mol m-3 SOl· over a 40 rnin period showed that only in the presence 
of Mg-ATP was there any net uptake of SOl-. In the absence of Mg-ATP, only 
tracer exchange occurred. 

The·above results have implications for the net removal of S04
2- from vacuoles. 

Given the membrane potentials expected between the vacuole and cytoplasm, the 
cytoplasrn [SO i ·] would have to fall to a value < 200Jo ofthat in the vacuole before 
export from the vacuole becomes a "downhill" process, thus the diffusion of S04

2-
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out of vacuoles may occur only when the cytoplasmic SOl· has been substantially 
reduced. Forthis reason, and because of the relatively slow rate constant for vacuolar 
exchange (kv), the cytoplasm may not be effectively buffered by the vacuole against 
changes in cöncentration. This may contribute to the highly responsive behaviour of 
the SO,?· transport system at the PM to variations in the external SOl· supply. 

There are some well-documented cases where the leaf vacuoles of stress-tolerant 
species are found to contain [SO i·J of 100 mol m·3 or greater. Clearly such accumu
lation serves an important osmotic role, maintaining turgor in the face of drought 
or salinity-stress. Kaiser et al. (1989) speculate that tonoplast SOl· transport may 
need tobe energized in such circumstances, perhaps via H+ /SOl· antiport as has 
been suggested by Zhen et al. (1991) for N03· uptake into vacuoles. 

Transport across plastirl envelope membranes 

ATP sulfurylase, the first enzyme of the assimilation patbway, is located in plastids. 
Hence in Fig. 1, entry of SOl· into the metabolized pool is shown to involve trans
poft into a membrane-bound compartment. The exact nature of this process is 
unknown, particularly in root plastids, but in Chloroplasts there are some clues that 
the phosphate translocator (Heldt & Rapley 1970) may be involved. Firstly, it was 
noted that when spinach chloroplasts were suspended in 20 mol m·3 SOl·, there was 
complete inhibition of C02-dependent 0 2 evolution (Baldry et al. 1968), whicb may 
be explained by depletion of stomatal Pi by exchange with SOi· across the envelope 
membrane (Mourioux & Douce 1979). In intact spinach chloroplasts, SOl- uptake 
occurred at a slow rate (14 .n mol mg chlorophyll· 1 min-1) via a non-saturable 
mechanism (Hampp & Zeigler 1977). Rates of Pi exchange across the envelope are 
more that ten times greater. Far from competing witb SOl· uptake, provision of 5 
mol m·3 Pi doubled the rate of SOl· uptake from solutions containing 1-4 mol m·3 
SOl-. This result is hard to interpret because there may be interactions between Pi 
and energization of the membrane and the synthesis of metabolites which can ex
change with SO/·. If chloroplasts were preloaded with 35SO/· or 35SOl· exchange 
occurred when phosphoglyceric acid (PGA) and dihydroxyacetone phosphate 
(DHAP) were put in the bathing medium. Pi also promoted exchange, but malate 
and glucose-6-phosphate did not (Hampp & Zeigler 1977). Another study with barley 
showed that SO/· inhibited 35S042- uptake into chloroplasts and that pyridoxal
phosphate (a potent inhibitor of the phosphate translocator) eliminated S03

2·uptake 
(Pfanz et al. 1987). 

There are some attractions in the idea that SO i · and Pi influxes into the stroma 
are linked. Exchange of SO/· for photosynthetically synthesized PGA and DHAP 
(both divalent anions at stromal pH) would ensure that SO/- entry into the chloro
plast occurs in conditions where ATP will be available for sulfate activation ATP 
sulfurylase. It is hard to see, however, that such a mechanism can operate in non
green plastids so some other pathway needs to be looked for. 

Analysis of the chloroplast genome in the liverwort Marchantia (Umesono et al. 
1988) has revealed two genes (mbpX and mbpY) with 390Jo and 450Jo identity respec
tively to genes of the cyanobacterial sulfate permease. In Synechococcus the genes 
encoded an ATP-binding protein (cys Al) and one of the channel-forming proteins 
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(cys A2) (Laudenbach & Grassman 1991). There is no similarity between these genes 
and those of the phosphate translocator (Flügge et al. 1989). An energized SOl
transport system may be needed to get enough SOi- into the plastid if cytosolic 
[SO/-] is low <Km for SO/- ofthe ATP sulfurylase is reported as 0.5-3 mol m-3; see 
Stulen & De Kok, this volume), or if, as in non-green plastids, no metabolite is avail
able for ex.change. Root plastids might be an interesting place to look for some A TP
binding transport mecbanism. 

Reiease of su:fste into xylem vessels 

It is probable that sulfate crosses the root by radial movement through the symplast. 
Entry of SOl· into the root apoplast is repelled by the arrays of fixed negative 
charges in tbe walls. In at least one species, Allium cepa, it has been proposed that 
there is, in addition, a pbysical barrier to sulfate movement in the apoplasm in the 
walls of root hypodermis (Peterson 1987). Passage from cell to cell probably occurs 
through plasmodesmata. Since these structures are generally undisturbed by secon
dary and tertiary wall development of the endodermis, it seems probable that a large 
proportion of the root surface will contribute to the flow of suJfate passing to the 
shoot in the xylem. Tbe innermost region of the root symplasm is comprised ofxylem 
parenchyma cells. Across the plasma membranes of these interesting, but inaccessible 
cells, solutes pass into the x.ylem vessels. There is, therefore, a net efflux from these 
cells. The management of this process is not weil understood and has long been the 
subject of speculation. Recent explanations are attempting to incorporate what is 
known about ion channe]s, and their regulation by such factors as voltage, calcium 
and turgor, in a scheme for solute deposition in the xylem (e.g. Scl)wencke & Wagner 
1992). lt is clear that these processes of ion release inust interact with the rate at which 
water moves across tbe root and up the xylem (e:g• Pettersson 1966; Smith & Lang 
1988). For example, when water fluxes are great, solutes released from the xylem 
parencbyma will be diluted to a greater extent thaq wbere flows are less, (e.g. in an 
excised root). Dilution wil1 steepen the electrochemical potential gradient down 
which S04

2- can diffuse into the xylem. Hightranspiration will also have more far
reaching effects in reducing [K +J; the membranepotential of many cells can col
lapse quite abruptly when [K+] increases in the range 1-10 mol m-3 and changes over 
this range could quite easily occur wben transpiration is shut down at night or for 
any other reason. Channel opening may qccur as cells depolarize. It is hard to find 
direct ways of verifying that such events occur but the behaviour of guard cells, which 
also preside over net salt efflux, can be used as a conceptual model. 

Excised roots of tobacco have been used in a study to compare the effects of GSH 
and cysteine on sulfate uptake and moyement into the xylem (H~rscbbach & Rennen
berg 1991). Using a partitioned treatment cell, both uptake and exudation of tracer 
(35S042-) from the cut end could-be measured. In these experiments, exogenaus GSH 
(0.1 mol m -3) inhibited SOi- fluxes by 701tfo in the first hour of treatment (a more 
rapid response than noted earlier with cultured tobacco cells (Rennenberg et al. 
1988). The effect on 35S042- movement into the xylemwas inhibited to a greater ex
tent than uptake, but the method used precluded any measurement of volume flow 
through the system. lt is hard to decide, therefore, if there is some additional flow-
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related effect on the release of SO/- from the symplasm. Theseexperiments were 
also of interest because both uptake and loading of the xylem were very sensitive to 
the provision of exogenaus cysteine. Within 3 h, the provision of 0.1 m mol m·3 L
cysteine bad diminished Sulfate influx by 600Jo and transport to the xylem by 80%. 
Again the loading step appeared more sensitive, but as the authors point out, the 
proportion of S042- entering the xylem became appreciably greater as the influx in
creased. This might explain why roots which bad been grown for 2 d in tbe absence 
of S042-Joaded a far higher proportion of tbe uptake into the xylem over a 1 b peri
od than SOi·-sufficient roots. As calculated in Table 1 of the present paper, 
cytoplasmic SO/- may have risen greatly above normal steady state Ievels due to tbe 
derepressed transport system. 

Using a similar experimental system with excised roots of M. atropurpureum, Bell 
(1991) found that decreasing the external [SO/·] from 0.25 mol m-3 to zero in
creased the normally slow loss of sulfate from root vacuoles to tbe xylem. This may 
weil have been due to rapid lowering.of cytoplasmic SOl-, reversing the direction 
of the gradient for SO/- diffusion across the tonoplast, as discussed above. 

Translocation in tbe pbloem and cycling in the plant 

Palegreen or yellow-green young leaves on a plant, where older leaves remain dark 
green, is a well-recognized symptom of sulfur deficiency whicb poiots to some curi
ous features about the compartmentation and translocation of sulfur. At first sight, 
it seems that there may be a failure to translocate sulfur in the phloem but several 
lines of evidence show that this is not the case. Working witb tobacco plants, in which 
an incision has been made in mature leaves, Rennenberget al. (1979) showed that 
35SO/- introduced into tbe cutwas translocated out of the leaf and recovered short
ly after in the stem, as SO/-. Normally, such mature leaves appear to export little 
ofthe SOi· they contain if the S04

2- supply to the plant is withdrawn, so that young 
leaves quickly develop the sulfur stress symptoms referred to above. Thus, we bave 
to conclude that it is not that mature leaves cannot translocate S042- butthat they 
do not. Where leaves are cut, SOi· can enter the leaf apoplast and gain direct access 
to the veins. In the intact Ieaf, most of the sulfatewill be present in the mesophyU 
vacuoles: it seems probable that net export of this su1fate in times of sulfur stress is 
slow (Clarkson et al. 1983; Smith & Lang 1988; Dietz 1989). A further curiosity of 
bebaviour was found in soybean plants by Smith and Lang (1988). Tbey found that, 
despite transpiring at a rate equal to or greater than that of young leaves, mature 
leaves retained very little of the daily delivery of 35SOi· tbey would bave received 
in the transpiration stream; > 95% of the Iabel ending up in the developing leaves. 
The data suggested that scarcely any of the Jsso42- delivered to mature leaves es
caped from tbe veins to mix with the SOl- in the mesophyll cells. Such results indi
cate a very effective xylem to phloem transfer. The rapid internal cycling of 35SOi·, 
absorbed by donor roots, but then quickly translocated from leaves to unlabeled 
receiver roots in wheat plants, points to the same conclusion (Larsson et a/. 1991). 
In similar cycling experiments witbRicinus, phloem sap contained 35S (largely SOi·> 
witba specific activity > 20-fold greater than that in the leaves from which it originat
ed, again suggesting that labeled sulfate entered and left the mature leaves without 



16 D. T. Clarkson et al. 

mixing with the bulk (mesophyll) sulfate pooJ (Saker et al. 1989; Saker, unpublished 
results). 

It seems that, once their growth has been completed, mesophyll cells become cut 
off from events influencing the sulfur nutrition of other parts of the plant. This is 
curious behaviour, quite unlike that of Pi or N which can be drawn readily from ma
ture leaves to mitigate deficiencies in other parts of the plant. There is some net ex
port of SOl· during prolonged sulfur stress but the rate is too slow to support new 
growth and does not set in motion the leaf senescence program. This apparent isola
tion is not found in all cell types within a plant. In M . atropurpureum, for example, 
the S042- in the vacuoles of cells in the stem and in the roots is quickly exported 
(Clarkson et al. 1983). Bell (1991) and Bell et al. (1990) have attempted to anaJyze 
this situation by comparing rates of tracer exchange and fluxes across the tonoplast 
in root and leaf tissue of M. atropurpureum. The results conform to expectations by 
showing the rate constant for vacuolar exchange, kv, was 3 to 5-fold greater in roots 
than in mature leaves under steady sulfur nutrition and 8 to 10-fold greater when 
plants were deprived of SO i·. To study tracer exchange in leaves they must first be 
cut into narrow strips so as to expose the mesophyll cells to the bathing solution. In 
view of the restrictions on SOi· movement into the leaf apoplasm which seem tobe 
imposed by rapid xylem/phloem exchange in leaves, it is probable that the results 
from leaf strips may overestimate the exchanges and fluxes which occur in the intact 
leaf. 

The phloem also contains GSH and usually very much smaller amounts of methio
nine and cysteine; these can, therefore, be delivered to roots from the shoot. It has 
been proposed (Rennenberg et al. 1989; Herschbach & Rennenberg 1991) that GSH, 
because of its strong interactions with the transport of SOl· by the root, may modu
late transport activity and thus act as a quantitative message which informs the root 
about the sulfur status of the shoot: in many species, excessive sulfur Ievels are 
reflected by large increases in GSH in leaves (De Kok 1990). Sulfate ls also translo
cated to roots and, arguably, could perform a similar function. In cycling experi
ments with wheat (Larsson et al. 1991) and Ricinus (Saker, unpublished results) only 
labeled sulfate appeared to be re-exported from receiver roots in the xylem. It is not 
entirely clear what the functional significance of this difference might be. 

Concluding remarks 

The most immediate task is to isolate the genes for the plasma membrane sulfate 
transporter. Jt will then be possible to resolve quickly the question whether the phys
iologicaJ regulation, which has been evident for years, is primarily a matter of gene 
transcription, mRNA translation or allosteric regulation. It will also be possible to 
see whether the regulation of transporter activity is part of a regulatory circuit in 
which the expression of a nurober of structural genes of sulfur metabolism can be 
co-ordinated. 

The unknown nature of the sulfate transport processes at the tonoplast and plastid 
envelope would benefit from some closer analysis at the physiological level. Both 
storage and assirnilation of SOl- can be influenced by these transports and there is 
a need to see if they are regulated in parallel with what is going on at the PM. 
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Studying control over the release of SOi- into xylem vessels in roots and of 
xylem/phloem excbange poses major tecbnical difficulties due to inaccessibility and 
the delicacy of tbe tissue involved. Much ingenuity will be required to understand 
such matters. 
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lntroduction 

Our aim in what follows is to try to tie tagether what is known about the various reac
tions of sulfate metabolism insofar as present information permits and to indicate 
where new research directions might Iead. We will be mainly concerned with persis
tent questions which continue tobe asked and stil1 demand answers. Since these areas 
have, for the most part, been recently reviewed (Rennenberg et al. 1990), we wiU 
build upon this background and endeavor to add some new Iiterature and ideas. In 
this way, we hope to comprehensively examine some long-standing questions in the 
light of newer information. 

The nutritional, ecological and evolutionary background of sulfate metabolism 
has previously been reviewed (Schiff 1983; Brunold 1990). Sulfateis the most com
mon and ubiquitous form of sulfur in the environment. Cycles exist, involving 
diverse organisms, which reduce sulfate and oxidize the reduction products back to 
sulfate. Only the oxidation of sulfur compounds such as hydrogen sulfide by the 
chemosynthetic bacteria has been observed to be energetically coupled to the reduc
tion of carbon dioxide, but these organisms have recently achieved prominence as the 
primary producers of biological communities near volcanic vents deep in the ocean 
where chemosynthesis traps energy and makes it available to tbe other members of 
the community (Jannasch & Taylor 1984). 

Assimilatory sulfate reduction appears to be present in all pbotosynthetic organ
isms and their close relatives, in the fungi, andin most procaryotic organisms (Schiff 
1983). Sulfate reduction, along with nitrate reduction and carbon reduction fades out 
in the more animal-like groups and is generally absent in protozoa and in multicellu
lar animals. In photosynthetic eucaryotes and a number of photosynthetic procary
otes, tbe pathway of assimilatory sulfate reduction is thought to begin with adenosine 
5'-phosphosulfate (APS) as the sulfo donor (Schiff 1983; Brunold 1990) without the 
participation of thioredoxin. Altbough a thioredoxin-requiring PAPS reductase has 
been reported frörn spinach leaves, its significance remains to be ascertained 
(Schwenn 1989). The PAPS-thioredoxin system of sulfate reduction is characteristic 
of certain fungi such as yeast and bacteria such as Escherichia coli and Salmonella 
(Schiff 1983; Brunold 1990). Various other combinations of APS or PAPS witb or 
without thioredoxin have been noted arnong the photosynthetic procaryotes 
(Schmidt 1982). 

The most primitive sulfate reducers appear to be the anaerobic sulfate reducing 
bacteria such as Desuljovibrio that use sulfate as the electron acceptor for respiration 



22 J.A. Schiffet al. 

rather than oxygen. APS serves as the sulfo donor for this dissimilatory sulfate reduc
tion and ATP is formed during the process of oxidative phosphorylation (Schiff 
1983). These organisms may have arisen during the anaerobic phase of the origin of 
life. When oxygen entered the atmosphere through the action of oxygenic photosyn
thesizers, it became available as an electron acceptor in respiration. It appears that 
dissimilatory sulfate reduction which served both as a source of reduced sulfur corn
pounds and A TP gave way to organisrns carrying out assimilatory sulfate reduction 
(for formation of reduced sulfur compounds) and aerobic respiration (for ATP for
mation) as separate processes (Schiff 1983). This would Iead to the evolution ofmost 
of the organisms we know today that have assimilatory sulfate reduction including 
photosynthetic aerobic procaryotes and eucaryotes. Sulfate reduction, as already 
mentioned, disappeared in the evolution of the primitive animals. 

Our concern in what follows is the situation in the modern photosynthetic organ
isms, chiefly the photosynthetic eucaryotes such as the algae and multicellular plants. 

Sulfate uptake 

Although a fair amount of information has been gathered about sulfate uptake into 
eucaryotic cells (Cram 1990), little is known of the actual molecular mechanisms that 
underlie sulfate transport. Even in procaryotes where the powerful aid of genetics 
and related techniques has provided a more detailed description of the components 
of the sulfate transport system (which would also presumably be applicable to or
ganelles such as the chloroplast and mitochondrion) (Silver & Walderhang 1992), the 
molecular mechanisms underlying sulfate transport remain elusive. 

Multipie forms of enzymes of sulfate. reduction and tßeir Cocalization 

ATP sulfurylase (A TPS) 

ATP sulfurylase (ATP: sulfate adenylyltransferase (EC 2.7.7.4)) catalyzes the reac
tion of ATP and sulfate to form adenosine 5'-phosphosulfate (APS) and pyro
phosphate (PPi): 

ATP + SO/- = APS + PPi 

This enzyme catalyzes the first reaction in sulfate utilization in all cells, as far as is 
known, and is, therefore, the first enzyme of sulfate reduction and of the formation 
of adenosine 3' -phosphate 5' -phosphosulfate (PAPS), the universal donor ofthe sul
fo group in the formation of sulfate esters. The enzyme has been detected in a wide 
variety of organisms, and has been purified from several sources (Li et al. 1991 ). The 
enzyme varies widely in molecular weight and number of subunits depending on the 
source. 

The reaction as written favors ATP and sulfate formation because the free energy 
of hydrolysis of the phosphate-phosphate anhydride bond is less than the free energy 
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of hydrolysis of the phosphate-sulfate anhydride bond. However, this free energy 
deficit is offset by the hydrolysis of PPi catalyzed by inorganic pyrophosphatase and 
by removal of APS by enzymatic reactions having a low Km for this compound; this 
enables the ATP sulfurylase reaction to proceed in the direction of formation of 
APS, although APSis frequently an inhibitor of ATP sulfury1ase, apart from kinetic 
or equilibrium considerations. PAPS has also been found tobe an inhibitor of ATPS 
from certain filamentaus fungi but is not a strong inhlbitor of A TPS from spinach 
leaves, cabbage leaves, Saccharomyces cerevisae or rat liver (Renosto et a/. 1990). It 
was suggested that allosteric regulation of the A TPS reaction by PAPS may be 
characteristic of those organisms that use PAPS for two divergent sets of reactions, 
assimilatory sulfate reduction and sulfate ester formation. 

Earlier work indicated that multiple forms of A TPS may be present in cells. Thus 
two forms separating on DEAE-cellulose chromatography or on electrophoresis were 
obtained from Furth mouse mastocytoma cells but no differences were found in en
zymatic properties (Shoyab & Marx 1970). Earlier work with higher plants indicated 
that ATPS was primarily in the chloroplasts (Bumell1984; Schmidt 1986; Gerwiek 
et al. J 980) with two electrophoretic forms in the bundle sheath cbloroplasts of 
Panicum miliaceum (Gerwick et a/. 1980) and multiple forms in hypocotyls of beet 
(Paynter & Anderson 1974). A more recent study (Lunn et a/. 1990) has shown that 
there are two forms of ATPS in spinach leaves that are separable by anion-exchange 
chromatography; activity in the major peak is localized in the chloroplasts and the 
minor peak is found in the cytosol. No ATPS activity was attributable to the 
mitochondria. 

ATPS appears tobe absent from the chloroplasts of Euglena gracilis var. bacillaris 
(Saidha et al. 1988). A mutant of this organism W10BSmL lacking plastids yields 
two forms of ATPS which have been purified to homogeneity (Li et a/. 1991); 
A TPSm is located mainly in the mitochondria as part of the sulfate metabolizing 
center on the outside of the inner membrane while ATPSc is mainly in the soluble 
fraction of the cells. Although they are similar in molecular weight, the two forms 
yield different CNBr cleavage patterns indicating differences in amino acid sequence, 
are different in pH optima and isoelectric points and show different sensitivities to 
inhibition by APS. Much higher concentrations of inorganic pyrophosphate and 
Mg2+ are required to saturate the reverse reaction of ATPSc compared with 
ATPSm; therefore one might expect that pyrophosphate would more readily prevent 
the forward reaction of A TPSm compared to ATPSc. The situation in Euglena 
between mitochondrion and cytosol may be similar to that in higher plants between 
chloroplast and cytosol. In higher plants, the chloroplast contains inorganic pyro
pbosphatase and correspondingly low Ievels of pyrophosphate while the cytoplasm 
has little inorganic pyrophosphatase and accumulates pyrophosphate to serve as 
substratein various reactions of carbohydrate metabolism (Dancer et al. 1990). In 
Euglena A TPSm which is sensitive to pyropbosphate is located on tbe outside of the 
inner mitochondrial membrane along with inorganic pyrophosphatase (Saidha et al. 
1985) wbich would keep tbe pyrophosphate Jevels low. If the Euglena cytoplasm is 
similar to that of higher plants, inorganic pyrophosphate would accumulate but 
ATPSc is, appropriately, relatively insensitive to pyrophosphate. 

The role of A TPS in high er plant plastids and in Euglena mitochondria seems 
clear; the enzyme is present to provide APS for sulfate reduction and for PAPS for-
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mation (Schiff 1983; Saidha et al. 1988; Brunold 1990). The function of ATPS in the 
cytoplasm, however, is far from clear and requires further study. For example, it is 
not known whether the cytoplasmic enzyme is active in the forward or reverse reac
tion (or both) in vivo. 

APS suljotransjerase (APSST) and the putative sulfo-carrier 

APS sulfotransferase is thought to be the first step in assimilatory sulfate reduction 
in all photosynthetic eucaryotes and in some photosynthetic procaryotes (Schiff 
1983; Brunold 1990). The enzyme has been known for some time and a nurober of 
its properties were studied in partially purified preparations from Chlorella and 
higher plants (Schmidt 1976; Tsang & Schiff 1976) because it was difficult to purify 
the enzyme extensively in active form. Recently, it has been possible to purify an ac
tive APS sulfotransferase from Euglena to apparent homogeneity; this was facilitat
ed by the unusual resistance of the Eug/ena enzyme to irreversible denaturation by 
sodium dodecylsulfate (SOS); in fact, low concentrations of SDS stimulate enzyme 
activity (Li & Schiff 1991). 

APS sulfotransferase is usually assayed in a reaction in which AP35S and a thiol 
participate to form acid-volatile radioactivity assayed as 35S02 (Brunold 1990; Li & 
Schiff 1991). Almost any thiol is active in this reaction and the product formed is sul
fite (35SOl-), with monothiols and ring-forming dithiols (such as dithiothreitol), 
and thiosulfate (-S-35S03-) with vicinal dithiols such as BAL {2,3-dithiopropan-1-ol). 
In all cases the acid-volatile S03- portians originate from APS; the -s portion of 
thiosulfate when it is formed appears to come from the thiol (Tsang & Schiff 1976). 
Although the acid-volatile assay using AP35S and a thiol (usually dithiothreitol or 
mercaptoethanol) has become commonplace, the reaction in vivo is thought to in
volve a carrier as the acceptor for the sulfo group of APS (Schiff 1983; Brunold 
1990). 

APSST is found in higher plant chloroplasts (Fankhauser & Brunold 1978) and on 
the outside of the inner mitochondrial membrane of Euglena along with the sulfate 
activating enzymes and the rest of the assimilatory sulfate-reducing system (Saidha 
et al. 1985, 1988). The highly purified active enzyme from Euglena is a 102 kDa 
tetramer and exhibits multiple forms with pl values from 5.0 to 5.5 on isoelectro
focusing. The tetramer is held tagether by disulfide bonds; treatment with thiols 
yields inactive monomers of24kDa (Li&Schiff 1991). The presence of AMP (acom
petitive inhibitor of the enzyme from Euglena (Li & Schiff 1992) and other sources 
(Schmidt 1975) and adenosine 5' -phosphoramidate (APA), an uncompetitive inhibi
tor of the Euglena enzyme (Li & Schiff 1992), protect the Euglena enzyme from thiol 
inactivation (Li & Schiff 1991), as does adenosine 5' -monosulfate (Li & Schiff 1991). 

As already noted, APSST will use almost any thiol as an acceptor for the sulfo 
group of APS in the formation of acid-volatile radioactivity. Fractionation of ex
tracts of Chlorella led to the identification of glutathione as the endogenaus thiol that 
was most active in the APSST reaction (Tsang & Schiff 1978). PhytÖchelatin, a thiol
containing metal-binding polypeptide related to glutathione, was active as the thiol 
in the APSST reaction from maize (Brunold, personal communication). However, 
due to the lack of specificity of the APSST for thiols, this information does not help 
to identify the endogenaus acceptor(s) for the sulfo group of APS, which presumably 
include the postulated sulfo-carrier. 
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Some years ago, it was found tbat the protein of fairly emde or partially purified 
extracts of Chlorella containing APSST would bind the radioactivity from AP35S in 
the absence of thiols (Abrams & Schiff 1973); the binding activity was at least an ord
er of magnitude lower in extracts from Chlorella mutants lacking APSST activity. 
The main findings in this work have been confirmed and extended using more highly 
purified APSST preparations from Euglena (Li & Schiff 1992). Incubation of these 
APSST preparations with AP35S, but no thiol, yields labeled APSST which moves 
to the position of the acti ve enzyme tetramer on SOS-PAGE in the absence of thiols 
and heat. Since most of the Iabel is not exchangeable with APS, most of the radioac
tivity is not in the form of bound substrate. Radioactivity is associated with at least 
two sites on the enzyme. Pronasedigestion of the labeled enzyme followed by paper 
electrophoresis yields 35S-Jabeled S-sulfocysteine indicating that the sulfo group of 
AP35S is transferred to the thiol group of at least one cysteine residue of the APSST 
protein resulting in covalently-bound radioactivity in the form of a Bunte-salt (E-S
S03-). Radioactivity not covalently bound to the protein can be extracted from the 
enzyme using acidic reagents such as formic-acetic acid, trifluoroacetic acid or trich
loroacetic acid. This extract yields one major spot on paper electrophoresis at pH 2.0, 
and one or two other spots including sulfate (sulfate may arise from acidic decompo
sition of residual APS). The major spot called compound A, is stable in acid and 
from its mobility on paper electrophoresis at various pH values appears to have a 
high negative charge to mass ratio (since it moves quite rapidly towards the positive 
pole), is a strong acid (it moves rapidly at pH 2 and very likely contains at least one 
S03- group) and probably Iacks carboxyl and amino groups since its mobility does 
not change with pH in the range of 2.0-5.8. Althougb stable in acid, compound A 
decomposes to form other compounds including sulfate and thiosulfate as the pH is 
raised. This decomposition can be slowed or eliminated by treatment with iodoaceta
mide before the pH is raised indicating the presence of at least one reactive thiol 
group in the compound. Presumably a free thiol group is necessary for decomposi
tion in base and this group is, or becomes, a thiol group of the thiosulfate that is 
formed when the pH of compound A (untreated with iodoacetamide) is raised. Since 
the non-covalently bound material becomes labeled with AP35S, it is an excellent 
candidate for the sulfo-carrier. lt should be pointed out, bowever, that it is not cer
tain whether compound A itself is the native form of the non-covalently bound 
material of APSST. Extraction in acid may preserve its native configuration or might 
modify it somewhat during detachment from the protein. However, compound Ais 
an acid-stable, isolatable form of the non-covalently bound radioactivity associated 
with the APSST after incubation with AP35S and may, therefore, represent either 
the sulfo-carrier or a derivative of it. 

The properties of compound A do not appear to accord with those of known com
pounds. Its rather high mobility on paper electrophoresis suggests a compound of 
rather low molecular weight. However, acid stability and decomposition with in
creasing pH rule out a large number of compounds including polythionates and sul
fane sulfonates of various chain lengths. Barring some unusual oxidation state of in
organic sulfur, the usual compounds we are farniliar with do not seem to fit the 
known properties of compound A in all particulars. It might be pointed out, for ex
ample, that free thiosulfate and sulfite are unstable in acid and yield S02, plus 
eiemental sulfur in the case of thiosulfate, under conditions wbere compound A is 
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stable. Ooe possibility that should be considered seriously is a metal complex in
volviog a positively-charged metal with ligands to negatively-charged groups on the 
APSST and to negatively-charged sulfur anions, as is found in ferredoxin and other 
non-heme iron proteins for example. Metal complexes of the phytochelatins offer 
another example; some of these complexes are reported to contain acid-volatile sul
fur in the form of sulfite and sulfide (Rauser 1990; Steffens 1990). It would appear 
that certain positively-charged metal cations bound to polypeptides are very versatile 
in binding available sulfur anions. The ferredoxin and the phytochelatin complexes 
are unstable in acid, however, and release volatile sulfur. Thus they do not presently 
seem tobe closely related to the APSST-carrier complex (compound Aisstablein 
acid) but they may serve as models for how the APSST-carrier complex is con
structed. Using the information already presented, we might visualize a divalent 
metal cation (M2+) which is bound through, say two Jigands to negatively-charged 
(perhaps thiol) groups on the APSST apoprotein. Other ligands of tbe metal may 
then bind sulfur anions including sulfate and thiosulfate forming an enzyme-metal
sulfur anion complex. This complex may be stable enough to be released intact when 
tbe APSST protein is denatured with acid. However, treatment with increasing pH 
would provide hydroxyl ions (OH-) which might displace the sulfur anions (includ
ing sulfate and thiosulfate) leading to their release and the observed decomposition 
of compound A. Presumably the thiosulfate in the metal complex would be protected 
from acid decomposition by being bound to the metal. Similarly, tbe base-catalyzed 
decomposition of compound A would be prevented in the intact enzyme (which oper
ates at high pH (Li & Schiff 1991) by complex formation witb tbe enzyme. Iodoaceta
mide might stabilize compound A and prevent base decomposition by substituting 
the tbiol group of the thiosulfate thereby stabilizing the complex. 

It might be pointed out that several otber sulfur-labeled compounds besides sulfate 
and thiosulfate are released during base-catalyzed decomposition of compound A, 
so other sulfur-containing anions may be involved. Sulfite and sulfide, if present 
tagether in the complex, would have the potential to form a large variety of sulfur 
compounds of intermediate oxidation state, a complex mixture long known as 
Wackenroeder's liquid. However, the information already gathered indicates that if 
sufficient amounts of APSS1 can be isolated, physical techniques may be useful in 
determining whether meta! complexes are present and, if they are, more about their 
composition and structure. Experiments with APSST are presently limited by the 
small amounts of purified enzyme available. Perhaps physiological conditions can 
be ut.ijized which Iead to an increase in the formation of APSST or molecular biologi
cal techniques might be employed to manufacture !arge amounts of the enzyme. This 
would have to be done under appropriate physiological conditions, however, if tbe 
correctly configured enzyme containing the non-covalently-bound fraction is to be 
obtained. 

After removal of the non-covalently bound radioactivity by treatment of the la
beled APSST with TF A, the precipitated protein still contains radioactive S-sulfo
cysteine indicating that the S-sulfocysteine remains covalently bound to the protein 
(as a modified cysteine residue) when the non-covalently bound radioactivity is ex
tracted with TF A (Li & Schiff 1992). The radioacti vity in tbe intact, untreated Iabeted 
Euglena APSST is exchangeable with sulfite and, even more actively, with thiosulfate 
(Li & Schiff 1992). The exchange of the S03• group of the S-sulfocysteine of tbe 
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Fig. 1. Possible intermediates in the adenosine 5'-phosphosulfate (APS) sulfotransferase (APSST) reacc 
tion from Euglena (Li & Schiff 1992). ·, non-covalent bond; -, covalent bond; AMP-35SOf ( = AP3SS), 
35S-labeled adenosine 5'-phosphosulfate; Car-s- represents a sulfo-carrier (perhaps compound A) bound 
non-covalently to the APSST (E-S·, where S- represents the thiol group of a cysteine residue); OAS, 0-
acetyl-L-serine; APA, adenosine 5'-phosphoramidate. Starting top center, AP35S binds to the enzyme 
and the sulfo group is transferred to E-s- to yield E-s-3sso3 -. Reactions of E-s- and the enzyme-substrate 
complex with the inhibitors AMP and APA, respectively, are shown as side reactions. In the usual assay 
(shown to the left) E-S-35S03- probably reacts with the added thiol (in this case dithiothreitol, DTT) to 
yield 35S-sulfite and, ultimately, acid-volatile radioactivity as 35S02• However, in vivo the reaction may 
involve transfer of the sulfo group of E-S-35SOf to a carrier (heavy arrows to the right). This carrier rnay 
be identical with the non-covalently bound material of the APSST ("compound A"). Further reduction 
would then occur on the carrier (perhaps via organic thiosulfate reductase) and reaction with OAS would 
yield cysteine. Altematively, free sulfite might be released reductively from the carrier and be reduced via 
sulfite reductase to sulfide which could react with OAS to form cysteine (Schiff 1983; Bruno~d 1990). 

APSST protein with sulfite is expected since Bunte salts (in this case E-S-S03 ·) are 
known to exchange readily with sulfite (Saidha & Schiff 1989). However, exchange 
of E-S-S03- with thiosulfate would not be expected to t&ke place. Thus the high ex
change ofJabeled APSST with thiosulfate (and, perhaps some of the exchange witb 
sulfite) probably represents exchange with the non-covalently bound radioactivity 
and is yet another reason to suspect that the non-covalently bound material (com
pound A, the putative sulfo-carrier) contains a thiosulfate moiety. 

These results with Euglena APSST can be assembled in the form of a hypothetical 
scheme whicb suggests a mechanism for the APSST reaction (Fig. 1) (Li & Schiff 
1992). Starting top center, the APSST bearing at least one free thiol group (E-S-) 
forms an enzyme-substrate complex with AP35S ( = AMP-35S03 ·). The labeled sulfo 
group of AP35S would then be transferred to the thiol group of a cysteine residue of 
the enzyme forming S-sulfocysteine (E-S-35S03 ·). The usual acid-volatile assay is 
shown to the left where E-S-35S03- reacts with an added thiol (in this case dithio
threitol) to yield sulfite and, ultimately, S02 when acidified. However, the reaction 
of APSST in vivo probably involves a carrier (perhaps compound A) as shown to the 
right (heavy arrows). E-S-35S03- could transfer the sulfo group to the carrier yield
ing Car-S-35S03- and reduction of the sulfo group could take place on the carrier to 
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yield tbe persulfide (Car-S-35S-) and, ultimately, cysteine. If the carrier is a metal 
ion, the two sulfurs indicated could constitute a thiosulfate moiety attached to the 
metal. Because free sulfite and sulfide usually are not found during assimilatory sul
fate reduction in the APS system, a pathway involving bound intermediates and 
reduction via an organic thiosulfate reductase has been favored (Schiff 1983; 
.Brunold 1990). However, more recently, free sulfite has been found to accumulate 
during assimilatory sulfate reduction in Euglena mitochondria (Saidha et al. 1988) 
and a path involving reductive release of free sulfite and reduction via sulfite reduc
tase to free sulfideisnot ruled out. Although the scheme (Fig. 1) suggests a sequential 
transfer of the sulfo group of APS to the enzyme and then to the non-covalently 
bound material as tbe probable sequence, a parallel route in which the sulfo group 
is transferred independently to the enzyme and to the non-covalently bound material 
is not ruled out. 

0-acetyl serine suljhydry/ase 

0-acetyl serine sulfuydrylase (0-acetylserine (thiol)lyase, EC 4.2.99.8) whicb cata
lyzes the last reaction in the assimilatory sulfate reducing patbway forming cysteine 
(see Fig. 1) has also been reported to exist in multiple forms within the cell. Enzyme 
activity has been found both inside and outside the chloroplast in leaves (Schmidt 
1976) and multiple forms have been reported by various authors (Masada et al. 1975; 
Bertognelli & Wedding 1977; Nakamura & Tarnara 1989). Fankhauser and Brunold 
(1979) found tbat one form was particularly associated with chloroplasts in spinach 
leaves. More recently (Lunn et al. 1990) three forms of tbe enzyme separable by 
anion-exchange chromatography were found in spinach leaves; each of the forms is 
found in a different compartment, either the cytoplasm, the Chloroplasts or the 
mitochondria. Tbe authors suggest that cysteine may not be able to move between 
each of_ the cellular compartments capable of protein synthesis and that tbe enzyme 
is present in each of these compartments to supply cysteine for protein formation. 
Forms of 0-acetyl serine sulfhydrylase separable by anion-exchange chromatogra
phy were assignable, respectively, to proplastids, mitochondria and to cytoplasm in 
cauliflower (Brassica oleracea) inflorescence (Rolland et al. 1992). 

Euglena mutant W10BSmL lacking plastids (Osafune & Schiff 1983) yields two 
forms of 0-acetyl serine sulfhydrylase which are separable by ion-exchange chro
matography on Reactive Blue Agarose (type 3000); one form is associated with 
mitochondria, the other appears tobe soluble (Li & Schiff, unpublished results), in 
agreement with previous work using separation of organelies on gradients (Brunold 
& Schiff 1976). 

Sulfonoli~~ds 

The thylakoid suljolipid (diacylsu/foquinovosylg/ycerol) 

Since its discovery by Benson. many years ago, the thylakoid sulfolipid has been 
found in a wide variety of pbotosynthetic organisms, both eucaryotic and procaryot
ic (Benson et al. 1959), but its biosyntbesis has not yet yielded to investigation 
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(Kleppinger-Sparace et al. 1990). The sulfonic acid group of the 6-sulfoquinovose 
moiety of the sulfolipid appears to originate from sulfite, or a compound at the 
oxidation-reduction level of sulfite (Kleppinger-Sparace et al. 1990}; in Euglena chlo
roplasts the sulfur of sulfite or cysteine are precursors (Saidha & Schiff 1989). Thus 
an important source of the sulfonic acid group is probably the sulfate-reducing path
way of each organism synthesizing the sulfolipid. In photosynthetic eucaryotes, APS 
appears tobe themajor sulfo donor for sulfate reduction (Schiff 1983; Brunold 1990) 
and would be expected to also be tbe source of the sulfo group of the sulfolipid in 
these organisms. In procaryotes (Schmidt 1982) some organisms use APS and others 
PAPS as the sulfo donor for sulfate reduction and, therefore, the sulfo donor for 
sulfolipid formation should correspond to the donor used for sulfate reduction. 

In higher plants, sulfate reduction (and sulfolipid formation) is Iocalized in the 
plastids (Kleppinger-Sparace et al. 1990). Thus tbe pathway would be expected to 
proceed via APS and sulfite to sulfolipid in this compartment. Indeed, exogenaus 
APS is preferred over PAPS for sulfolipid formation in spinach chloroplasts 
(Kleppinger-Sparace & Mudd 1990). In Euglena, sulfate activation and reduction are 
present on the outside of the inner mitochondrial membrane and the sulfite and cys
teine formed are released from the organeHe and serve as precursors of the sulfonic 
acid group of the sulfolipid formed in the chloroplasts. Sulfate activation and sulfate 
utilization are absent frorn BugJenachloroplasts (Saidha et al. 1988). Carbon 3 and 
sulfur of cysteic acid were found to be incorporated into the 6-sulfoquinovose of the 
sulfolipid by Euglena cells (Davies et al. 1966). However, added non-radioactive cys
teic acid failed to interfere with the labeling of chloroplast sulfolipid from 35SOi
when mitochondria and cbloroplasts were incubated tagether or when the labeled 
mitochondrial products (including sulfite and cysteine) were incubated with Euglena 
chloroplasts (Saidha & Schiff 1989), indicating that cysteic acid itself does not partici
pate in either the mitochondrial or chloroplast portians of sulfolipid biosynthesis. 
Perhaps cysteic acid is converted to other sulfolipid precursors in intact cells before 
reaching the plastids. Two excellent inhibitors of sulfur labeling of sulfolipid in Eu
glena chloroplasts incubated with 35SO/- and mitochondria are S-sulfocysteine and 
cysteine sulfinic acid. Both compounds act on the mitochondrial side of the process 
and probably dilute the Iabel in the sulfite pool through exchange with sulfite or by 
releasing non-radioactive sulfite. Both compounds are also higbly effective in 
preventing labeling of the sulfolipid from 35SOl· in spinach chloroplasts (Saidha & 
Schiff 1989). 

Although some sense can be made of the metabolic source of sulfur for sulfolipid 
formation, the steps between sulfite (or a compound at the level of sulfite) and the 
formation of the sulfolipid remain obscure. Many investigators have considered the 
problern and tbe several reviews on the subject present a nurnber of interesting ideas. 
However, in the absence of data, none can be favored at present. An interesting Iead 
is the finding that UDP- (and to a lesser extent GDP-) sulfoquinovose stimulates sul
folipid forrnation in osmotically-shocked chloroplasts {Heinz et al. 1989). Another 
direction is indicated by the isolation of mutants of the photosynthetic purple nonsul
fur bacterium Rhodobacter sphaeroides which are deficient in sulfolipid accumula
tion; although one genewas isolated having a putative gene product of 33.6 kDa, the 
function of the protein is unknown (Benning & Somerville 1992). 
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Fig. 2. Taur-olipids in Eug/ena (Saidha et al. 1990). Dark-grown cultures of Euglena gracilis var. bacillaris 
aplastidic mutant W 10BSmL were used to inoculate cultures grown on Hutner's pH 3.5 glutamate/malate 
medium (Saidha & Schiff 1989) in darkness with added 35SQ42-. Alternatively, the cultures growing in 
darkness were mixed with resting medium (Stem et al. 1964) (containing KH2P04, MgC12 and mannitol 
(a non-utilizable osmotic agent)) and when division ceased (1-2 days) these cultures received 35SQ42- (zero 
time of resting) and were allowed to incubate in darkness for the indicated time. The cells were then har
vested by centrifugation, extracted with chloroform/methanol (2: I v/v) and the extracts weresubjected 
to chromatography on silica gel thin layers along with 35S-labeled thylakoid sulfolipid extracted from la
beled wild-type cells grown in the light as a Chromatographiestandard (Saidha & Schiff 1989). After de
velopment in chloroform: methanol: acetic acid: water (65: 35: 8: 4 by volume) the thin layer plate was 
placedon film and the developedautoradiogram is shown. Lane I, extract of growing cells incubated with 
35SOl·; lanes 2-5, extracts of resting cells incubated with 35SOl- for 24, 48, 72 and 96 hours, respective
ly. A, Band C indicate Iipid spots wbich yield 35S-taurine on mild acid hydrolysis (C' is probably similar, 
but was not tested). SL indicates thylakoid sulfolipid standard. (Since W 1oßSmL lacks plastids, no 
thylakoid sulfolipid is formed in the various incubations (Saidha & Schiff 1989.) Note that only very small 
amounts of labeled taurolipids are labeled in growing cells; the amounts increase greatly under resting con
ditions. 

Taurolipids 

A group of sulfonic acid-containing lipidsdifferent from the thylakoid sulfolipid has 
become of interest recently (Saidha et al. 1990; Saidha, Stern & Schiff, unpublished 
results). Unlike growing cells, resting (non-dividing) cells of Eug/ena gracilis var. 
bacil/aris incubated with 35SOl· accumulate a series of 35S-containing Iipids which 
can be separated on silica-gel thin layers (Fig. 2); each of these Iipids yields 35S
taurine on mild acid hydrolysis. Treatment of the 35S-lipids with dinitrofluoroben
zene (DNFB) (which forms dinitrophenyl (DNP) derivatives of free amino groups) 
followed by hydrolysis yields only taurine; treatment of the Iipids after hydrolysis 
with DNFB yields DNP-taurine. This shows that the amino group of taurine is un
available for reaction with DNFB in the intact Iipid, and indicates that the taurine 
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is bol;Uld to the Iipid through at least the amino group. The taurolipids of dark-grown 
resting wild-type Euglena (which forms anormal chloroplast on light exposure) and 
mutant W3BUL {in which a proplastid remnant undergoes only limited light
induced development) both show an increase in taurolipid labeling from 35SO/- on 
light exposure. Dark-grown resting cells of mutant W 10BSmL (whicb lack plastids 
completely) show much higher labeling than wild type or W 3 and the labeling is not 
very sensitive to light. This indicates tbat the presence of a plastid exerts an inbibitory 
effect on taurolipid formation which is relieved by light. The same group of 
taurolipids found in whole cells of W 1oßSmL is also found in purified mitochondria 
from W 10 indicating tbat the mitochondrion is a signüicant depot for taurolipids in 
resting Euglena cells. The increased labeling of taurolipids in W 10 would be consis
tent with the faet that elimination of plastids Ieads to formation of increased mito
chondria1 material in Euglena (Lefort 1964; Buetow 1989). Similar taurolipids have 
been described from cells and mitochondria of Tetrahymena (Kaya & Sano 1991) and 
since Euglena is close1y related to the flagellated protozoa, this group of Iipids might 
be found in other protozoa as weil A different sort of Iipid in which taurine residues 
are linked by carbon-carbon bonds to long carbon cbains are found in the diatom 
Nitzschia alba (Anderson et al. 1 978, 1979) and the bacterium Capnocytophaga 
(Godchaux & Leadbetter 1980). 

Taurine has been implicated indirectly in the preservation of membrane integrity 
(Hayes et al. 1975; Wright et al. 1986). The sulfonic acid groups of the taurolipids 
(and perhaps other Iipids such as the thylakoid sulfolipid) might be present to provide 
negative charges which would repe1 negatively-charged deleterious oxygen species 
from tbe vicinity of membranes. The sulfonic acid group is appropriate for such a 
function since it has a low pK and, therefore, is ionized at physiological pH, is very 
unreactive, is resistant to hydrolysis from the carbon to which it is attached and 
would be expected to provide stable negative charges to a membrane with which it 
is associated. Thus the formation of taurolipids in resting Euglena cells might 
represent a protective stress response to nutritional deprivation. 

As already noted, Euglena mitochondria convert sulfate to sulfite which is then 
used for chloroplast sulfolipid biosynthesis; the sulfite formed by the mitochondria 
might also be used for taurolipid formation within the mitochondrion itself. 

Sulfotransfer from PAPS and formation of tyrosine-0-s!llfate 

There are numerous enzymatic reactions known in which the sulfo group of adeno
sine 3' -phosphate 5' -phosphosulfate (PAPS) is transferred to form a sulfo derivative, 
usualJy a sulfate ester, of a phenol, a polysaccharide or a steroid, for example. In 
animals, the enzymatic transfer of the sulfo group of PAPS to phenols to form tbe 
corresponding phenol sulfates is a well-known detoxification reaction leading to the 
excretion of the phenol as tbe sulfate ester (DeMeio 1975; Roy 198·; Ramaswamy & 
Jakoby 1987). This reaction is catalyzed by phenol sulfotransferases of broad speci
ficity for phenols but high specificity for PAPS; APS is not used as a substrate. 

Although the naturally-occurring phenol, tyrosine, is excreted by animals as the 
sulfate ester (tyrosine-0-sulfate), none of the known phenol sulfotransferases appear 
to use free tyrosine as a substrate (DeMeio 1975; Roy 1981). It was, therefore, of 
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some interest to find that Euglena mitochondria and chloroplasts excrete 358-
tyrosine-0-sulfate into the surrounding medium when supplied with P .AP35S (Saidha 
et al. 1989); no tyrosine need be added indicating that the organelles supply the tyro
sine from internal sources. This raises the interesting possibility that sulfation of 
tyrosine might not only serve as a detoxifying mechanism but may also serve as a 
mechanism fortransportlog tyrosine out of the organelles. 

The phenol sulfotransferase from Euglena has been purified to homogeneity 
(Saidha & Schiff 1991; Saidha & Schiff, unpublished results). The enzyme is a single 
polypeptide of 25 kDa and accepts free tyrosine as a substrate forming tyrosine-0-
sulfate. This appears to be the only phenol sulfotransferase present in Euglena. 
However, although the Euglena enzyme will use free tyrosine as a substrate, like 
other phenol sulfotransferases it is comparatively non-specific and will use other 
phenols besides tyrosine. Like other phenol sulfotransferases it is specific for PAPS 
as the sulfo donor and will not use APS. Since this enzyme may be membrane-bound 
in Euglena mitochondria and chloroplasts, it is strategically-placed to participate 
both in tyrosine transport and detoxification. 

Concluding remarks 

Like any area of fundamental research, sulfur metabolism continues to generate new 
findings that suggest still further experiments. Certainly the nature of the reactions 
in the pathway of assimilatory sulfate reduction in photosynthetic organisms between 
APS and reduced intermediates forming cysteine continues to be an linportant and 
intriguing problern requiring much further work. In addition, branchesoff this path
way, particularly in the direction of sulfolipid formation, for example, still offer 
challenging questions for future work. The function of the sulfonolipids and other 
compounds containing oxidized sulfur is still obscure and requires further explora
tion. The existence of multiple forms of various enzymes of sulfur metabolism and 
their cellular localization raise questions concerning compartmentation of sulfur bi
ochemistry. Indeed, because we are fortunate to have a useful isotope of sulfur (35S) 
available and because sulfur metabolism is somewhat more specialized than the 
global carbon metabolism of the cell, a study of the movement of sulfur compounds 
between cellular compartments can offer insights into intracellular metabolic traffic 
and organeile nutrition, particularly in relation to the development of the cell and 
its organelles. There is clearly much tobe done and interesting explorations and find
ings await US-

Acknowledgements 

Supported by grants from the National Science Foundation. JAS is the Abraham and 
Etta Goodman Professor of Biology. J .L. was a Goodman Graduate Fellow. We 
thank Ann Blanchard and Nancy O'Donoghue for the preparation, respectively, of 
the manuscript and the illustrations. 



Some molecular aspects oj suljate metabolism 33 

References 

Abrams, W.R. & Schiff, J.A. 1973. Studies of suUate utilization by algae. 11. An enzyme-bound inter
mediate in the reduction of adenosine 5' -phosphosuUate (APS) by cell-free extracts of wild-type Chlo
rella and mutants blocked for sulfate reduction. Arch. Mikrobiol. 94: 1-10. 

Anderson, R . , Kates, M. & Volcani, B.E. 1978. ldentification of the sulfolipids in the non-photosynthetic 
diatarn Nitzschia alba. Biochim. Biophys. Acta 528: 89-106. 

Anderson, R., Kates, M. & Volcanl, B.E. 1979. Studies on the biosynthesis of the sulfolipids in the diatarn 
Nitzschia alba. Biocbim. Biophys. Acta 573: 557-561. 

Benning, C. & Somerville, C.R. 1992. Isolation and genetic complementation of a sulfolipid-deficient 
mutant of Rhodobacter sphaeroides. J. Bacteriol. 174: 2352-2360. 

Benson, A.A., Daniel, H. & Wiser, R. 1959. A sulfolipid in plants. Proc. Natl. Acad. Sei. USA 45: 1582-
1597. 

Bertognelli, B.L. & Wedding, R. 1977. Purification and initial kinetic charact.erization of different forms 
of 0-acetylserine sulfhydrylase from seedlings oftwo species of Phaseolus. Plant Physiol. 60: 115-121. 

Brunold, C. & Schiff, J .A. 1976. Studies of sulfate utilization by algae. 15. Enzymes of assimilatory sul
fate reduction in Euglena and their cellular localization. Plant Physiol. 57: 430-436. 

Brunold, C. 1990. Reduction of sulfate to suJfide. In: Rennenberg, H. , Brunold, C., De Kok, L.J. & 
Stulen, 1. (eds.), Sulfur Nutrition and Sulfur Assimilation in Higher Plants. SPB Academic Publishing, 
The Hague, pp. 13-31. 

Buctow, D.E. 1989. Tbe mitochondrion. In: ßuetow, D. E. (ed.), The Biology of Euglena, vol. IV. Aca
demic Press, New York, pp. 247-314. 

Burnell, J .N. 1984. Sulfate assimilation in C4 plants: lntercellular and inuacellular locatlon of ATP sul
furylase, cysteine synthase and cystathionine beta Iyase in maize leaves. Plant Physiol. 75: 873-875. 

Cram, W .J. 1990. Uptake and transport of sulfate. In: Rennenberg, H. , Brunold, C. , De Kok, L. J. & 
stulen,l. (eds.), Sulfur Nutrition and Sulfur Assimilation in Higher Plants. SPB Academic Publishing, 
The Hague, pp. 3-11. 

Dancer, J ., Veith, R., Feil, R., Komor, E. & Stitt. M. 1990. Independent changes of inorganic pyro
phosphate and the A TP I ADP or UTP IUDP rarlos in plant cell suspension cuJtures. Plant Sei. 66: 
59-63. 

Davies, W.H., Mercer, E.l . & Goodwin, T.W. 1966. Some observations on the biosynthesis of theplant 
sulfolipid by Euglena gracilis. Biochem. J. 98: 369-373. 

DeMeio, R.H. 1975. Sulfate activation and transfer. In: Greenberg, D. M. (ed.), Metabolism of Sulfur 
Compounds. Academic Press, New York, pp. 287-358. 

Fankhauser, H. & Brunold, C. 1978. Localization of adenosine 5'-phosphosulfate sulfotransferase in 
spinach leaves. Planta 143: 285-289. 

Fankhauser, H. & Brunold, C. 1979. Localization of 0-acetylserine sulfhydrylase in Spinacia oleracea L. 
Plant Sei. Lett. 14: 185-192. 

Gerwick, B.C., Ku, S.B. & Black, C.C. 1980. Initiation of sulfate activation: A variation in C4 pho
~osyntbesis plants. Science 209: 513-515. 

Godchaux 111, W. & Leadbetter, E.R. 1980. Capnocytophaga ssp. contain sulfonolipids that are novel 
in procaryotes. J. Bacteriol. 144: 592·602. 

Hayes, K.C., Carey, R.E. & Schmidt. S. Y. 1975. Retina! degeneration associated witb taurine deficiency 
in tbe cat. Science 188: 949-951. 

Heinz, E. , Schmidt, H., Hoch, M. , Jung, K-H., Binder, H . & Scbmidt, R.R. 1989. Synthesis of different 
nucleoside 5'-diphosphosulfoquinovoses and their use for studies on suUolipid biosynthesis in chlo
roplasts. Eur. J . Biochem. 184: 445-454. 

Jannasch, H.W. & Taylor, C.D. 1984. Deep-sea microbiology. Annu. Rev. Mlcrobiol. 38: 487-514. 
Kaya, K. & Sano, T . 1991 . Definition oftotal biosynthesis pathway of taurolipids in Tetrahymena cells. 

Biochim. Biophys. Acta 1084: 101-104. 
Kleppinger-Sparace, K.F., Sparace, S.A. & Mudd, J.B. 1990. Plant sulfolipids. In: Rennenberg, H., 

Brunold, C., De Kok, L.J. & Stulen, I. (eds.), Sulfur Nutrition and Sulfur Assimilation in Higher 
Plants. SPB Acadernic Publisher, The Hague, pp. 77-88. 

Kleppinger-Sparace, K.F. & Mudd, J .B. 1990. Biosynthesis of sulfoquinovosyldiacylg)ycerol in higher 
plants: Use of adenosine-5'-phosphosulfate and adenosine-3'-phosphate-5'-phosphosulfate as precur
sors. Plant Physiol. 93: 256-263. 

Lefort, M. 1964. Modifications du chondriome dans les cellules etiolees de l'Euglena gracilis (Klebs). 



34 J.A. Schiffet al. 

Comptes Rendus de L'Academie Des Sciences, Paris 258: 4318-4321. 
Li, J. & Schiff, J .A. 1991. Purification and properties of adenosine 5' -phosphosulphate sulphotransferase 

from Euglena. Biochem. J . 274: 355-360. 
Li, 1., Saidha, T. & Schiff, J.A. 1991. Purification and properlies of two forms of ATP sulfurylase from 

Eug/ena. Biochim. Biophys. Acta 1078: 68-76. 
Li, 1. & Schiff, 1.A. 1992. Adenosine 5'-phosphosuifate sulfotransferase from Eug/ena: Enzyme-bound 

intermediates. Plant Cell Physiol. 33: 63-72. 
Lunn, J .E., Droux, M., Martin, 1. & Deuce, R. 1990. Localization of ATP sulfurylase and 0 -acetyl serine 

(thiol)lyase in spinach leaves. Plant Physiol. 94: 1345-1352. 
Masada, M., Fukushima, K. & Tamura, G. 1975. Cysteine synthase from rape leaves. J. Biochem. 77: 

1107-1115. 
Nakamura, K. & Tamara, G. 1989. Five isoforms of cysteine synthase in rape leaves. Agric. Biol. Chem. 

53: 2537-2536. 
Osafune, T . & Schiff, J. A. 1983. W10BSmL, a mutant of Euglena gracilis var. baciflaris lacking plastids. 

Exp. Cell Res. 148: 530-535. 
Paynter, D.I. & Ander~on, J.W, 1974. Comparative enzymology of the adenosine triphosphate sulfury

lases from leaf and swollen hypocotyl tissue of Beta vulgaris- multiple enzyme forms in hypocotyl tis
sue. Plant Physiol. 53: 180-186. 

Ramaswamy, S.O. & 1akoby, W.B. 1987. Sulfotransferase assays. In: Jakoby, W.B. & Griffith, O.W. 
(eds.), Methods in Enzymology, vol. 143. Academic Press, New York, pp. 201-207. 

Rauser, W. E. 1990. Phytochelatins. Annu. Rev. Biochem. 59: 61-86. 
Rennenberg, H., Brunold, C. , De Kok, L.J. & Stulen, I. 1990. Sulfur Nutrition and Sulfur Assimilation 

in Higher Plants. SPB Academic Publishing, The Hague. 
Renoste, F., Martin, R . L., W ailes, L.M., Daley, L.A. & Segal, I.H. 1990. Regulation of inorganic sulfate 

activation in filamentaus fungi: Allosteric inhibition of ATP sulfurylase by 3'-phosphoadenosine 
5'-phosphosulfate. 1. Bio!. Chem. 265: 10300-10308. 

Rolland, N., Droux, M. & Douce, R, 1992. Subcellular distribution of 0-acetylserine (thiol)lyase in 
cauliflower (Brassica o/eracea L.) inflorescence. Plant Physiol. 98: 927-935. · 

Roy, A.B. 1981. Sulfotransferases. In: Mulder, G. 1. (ed.), Sulfation of Drugs and Related Compounds. 
CRC Press, Boca Raton, Florida, pp. 83-130. 

Saidha, T., Stern, A.I., Lee, D.-H. & Schiff, J .A. 1985. Localization of a sulphate-activating system with
in Eug/ena mitochondria. Biochem. 1. 232: 357-365. 

Saidha, T., Na, S.-Q., Li, 1. & Schiff, 1.A. 1988. A sulphate metabolizing centrein Euglena mitochon
dria. Biochem. J . 253: 533-539. 

Saidha, T. & Schiff, J.A. 1989. The roJe of mitochondria in sulfolipid biosynthesis by Eug/ena chlo
roplasts. Biochim. Biophys. Acta 1001: 268-273. 

Saidha, T., Hanfstingl, U. & Schiff, J.A. 1989. Formation of tyrosine-0-sulfate by mitochondria and 
Chloroplasts of Eug/ena. Arch. Biochem. Biophys. 272: 237-244. 

Saidha, T., Stern, A.l. & Schiff, J.A. 1990. 'Taurine conjugates in the Iipid fraction of Euglena. Plant 
Physiol. 93 (Suppl.): 145. 

Saidha, T. & Schiff, 1.A. 1991. A purified PAPS: Phenol sulfotransferase from Euglena gracilis using 
free tyrosine as substrate. Plant Physiol. 96 (Suppl.): 155. 

Schiff, J .A. 1983. Reduction and other metabolic reactions of sulfate. In: Lauchli, A. & Bieleski, R. L. 
(eds.), Encyclopedia Plant Physiol. New Series ISA, Inorganic Plant Nutrition. Springer, Berlin, 
pp, 402-421. 

Schmidt, A. 1975. Inhibition ofthe adenosine 5' -phosphosulfate sulfotransferase activity from spinach, 
maize and Chlorella by adenosine 5'-monophosphate. Planta 127: 93-95. 

Schmidt, A. 1976. The adenosirre 5' -phosphosulfate sulfotransferase from spinach (Spinacia o/eracea L.). 
Stabilization, partial purification and properties. Planta 130: 257-263. 

Schmidt, A. 1982. Assimilation of sulfur. In: Schiff, 1. A. & Lyman, H. (eds.), On the Origins of Chlo
roplasts. Elsevier/North Holland, New York, pp. 179-191. 

Schmidt, A. 1986. Regulation of sulfur metabolism in plants. Progr. Bot. 48: 133-150. 
Schwenn, J.D. 1989. Sulfate assimilation in higher plants: A thioredoxin-dependent PAPS-reductase 

from spinach leaves. Z . Naturforsch. 44C: 504-508. 
Shoyab, M. & Marx, W. 1970. Two forms of ATP sulfurylase in Furth mouse mastocytoma. Life Sei. 

9: 1J51-1158. 
Silver, S. & Wa!derhaug, M. 1992. Generegulation of plasmid and chromosome-determined inorganic 



Some molecuiar aspects of sulfate metabolism 35 

ion transport in bacteria. MicrobioL Rev. 56: 195-228. 
Steffens, J.C. 1990. The heavy metal-binrling peptirles of plants. Annu. Rev. Plant Physiol. Plant Mol. 

Biol. 41: 553-575. 
Stern, A.I., Schiff, J.A. & Epstein, H.T. 1964. Sturlies of chloroplast rlevelopment in Eug/ena. V. Pig

ment biosynthesis, photosynthetic oxygen evolution anrl carbon rlioxirle f'IXation rluring chloroplast rle
velopment. Plant Physiol. 39: 220-226. 

Tsang, M.L.-S. & Schiff, J .A. 1976. Sturlies of sulfate utilization by algae. 17. Reactions ofthe adenosine 
5' -phosphosulfate (APS) sulfotransferase from Chlore/la and sturlies of morlel reactions wbich explain 
tbe cliversity of side prorlucts witb thiols. Plant Cell Physiol. 17: 1209-1220. 

Tsang, M.L.-S. & Schiff, J.A. 1978. Sturlies of sulfate utilization by algae. 18. Irlentification of 
glutathione as a physiological carrier in assimilatory sulfate rerluction by Chlorella. Plant Sei. Lett. 11: 
177-183. 

Wright, C.E., Tallan, H.H. & Lin, Y.Y. 1986. Taurine: Biological update. Annu. Rev. Biocbem. 55:427-
453. ~ 



GENE REGULATION OF SULFUR ASSIMILATION 

Niebolas M. Kredich 
Departments of Medicine and Biochemistry, Duke University Medical Center, 
Durham, North Carolina 27710, U.S.A . 

introduction 

Sulfurassimilation is a fundamental biologic process in which oxictized torms ot sul
fur are reduced and then incorporated into organic molecules, usually cysteine or 
homocysteine. These two amino acids then provide sulfur for most if not all other 
cellular organic compounds containing reduced sulfur with a valency of -2. Given the 
global importance of such compounds, one might predict the regulation of sulfur as-, 
similation to be as complex and interesting as the comparable systems for nitrogen 
and carbon assimilation. Studies of the gene regulatory system known as the cysteine 
regulon in S. typhimurium and E. coli are confirming that expectation, and it seems 
likely that further elucidation of this process in plants and other organisms will be 
equally rewarding. 

S. typhimurium and E. coli provide well-recognized advantages for studying 
regulatory systems owing to their relatively simple genome and the ease with which 
genetic manipulations can be accomplished. Cysteine auxotrophs were among the 
first isolated and characterized in S. typhimurium in pioneering studies by Clowes 
(1958a, 1958b) and by Demerec and his co-workers (Demerec et al. 1955; Mizobuchi 
et a/. 1962), who had identified most of the genes involved in cysteine biosynthesis 
by 1962. The availability of these well-defined mutant strains allowed Monty and his 
co-workers (Dreyfuss & Monty 1963; Leinweber & Monty 1963) to delineate most of 
the steps in sulfur assimilation in S. typhimurium, which were subsequently con
firmed in E. coli (Jones-Mortimer 1968a, 1973). More recently, the genes for these 
activities have been cloned and factors regulating their expression have been studied 
in vitro. The focus of this article will be on the regulation of this pathway in S. 
typhimurium and E. coli with special emphasis on gene regulation. 

The cyst:ine biosynthetic patilw2y and its overall regulation 

The pathway for assimilatory sulfate reduction inS. typhimurium and E. coli (Fig. 1) 
differs from that of plants by requiring synthesis of PAPS and it's reduction to sul
fite, which is then reduced to sulfide by NADPH-sulfite reductase (Dreyfuss & 
Monty 1963; Kredich 1987). Serine acetyltransferase catalyzes the synthesis of 
0-acetylserine, which reacts with sulfide to give cysteine in a reaction that can be 
catalyzed by either of two isozymes, 0 -acetylserine (thiol)-lyase-A and -B (Becker et 
a/. 1969; Becker & Tomkins 1969). The -B isozyme can also use thiosulfate instead 
of sulfidein this reaction to give cysteine thiosulfonate as a product (Nakarnura et 
a/. 1984). Reduction of cysteine thiosulfonate to cysteine provides an alternative 
pathway for cysteine biosynthesis that shares some features with the glutathione 
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Fig. I. Pathway of cysteine biosynthesis inS. typhimurium and E. coli (Kredich 1987). There are three 
branches to this pathway: synthesis of 0-acetylserine from serine and acetyl-CoA; sulfate uptake and 
reduction to sulfide; and thiosulfate uptake. The reduction of S-sulfocysteine has not yet been attributed 
to a. specific enzyme. 

thiosulfonate reduction pathway proposed for sulfate assimilation in Chlorella 
(Tsang & Schiff 1978) andin higher plants (see Schmidt 1986 for a review). 

Cysteine biosynthesis is regulated inS. typhimurium and E. coli through an inter
play between feedback inhibition of catalytic activity and a complicated system of 
gene regulation termed the cysteine regulon, in which metabolites in the pathway act 
as inducers or anti-inducers. The end-product cysteine plays a major role by feedback 
inhibiting serine acetyltransferase (Kredich & Tomkins 1966; Kredich et al. 1969), the 
enzyme that synthesizes 0-acetylserine. In turn, 0-acetylserine or its derivative N
acetylserine acts as an inducer that is required for expression of genes required for 
sulfate reduction (Jones-Mortimer et al. 1968; Kredich 1971; Ostrowski & Kredich 
1989). There is no evidence for significant feedback inhibition of enzymes of the sul
fate assimilation pathway by sulfide or other metabolites, but sulfide and thiosulfate 
do act as anti-inducers of the pathway at the level of gene regulation (Ostrowski & 
.Kredich 1990; Hryniewicz & Kredich 1991). Thus, synthesis of the carbon precursor 
of cysteine is sensitive to the end product cysteine; the reductive branch of the path
way is sensitive to its end product sulfide; and the third branch, which consists only 
of a permease (Hryniewicz et al. 1990), is sensitive to its end product thiosulfate. Fur
thermore, cysteine inditectly regulates the overa11 pathway by inhibiting synthesis of 
inducer (Fig. 2). 

Gene1al as~eds cf geil!.'! :eg»l&tSoc 

Approximately 20 genes function to provide :l. typhimurium and ß. coli with cys
teine, either through de novo synthesis from inorganic sulfur or by the uptake of ex
tracellular cystine (Baptist & Kredich 1977). Thesegenes are arranged in nine or more 
groups on the chromosome (Table 1). Most.are expressed at very low to unmeasura
ble Ievels when cells are grown on cysteine or on sulfide and at much higher levels 
when sulfur is limiting. High Ievel expression ("derepression") requires a transcrip
tional activator protein, which is the product of cysB, and an inducer, which serves 
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Fig. 2. Regulatory mecllamsrns m the cysteine biosynthetic pathway. Cysteine feedback inhibits serine 
acetyltransferase with a ~ of approximately l ILM (Kredich & Tomkins 1966; Kredich et al. 1969). The 
product of this reaction, 0-acetylserine, is not only a ·direct precursor of cysteine, but also serves as an 
inducer of genes required for sulfate uptake and reduction and for thiosulfate uptake. The end products 
of these two pathway brancbes, sulfide and thiosulfate, also act at the Ievel of gene expression as anti
inducers. 

as a Signal for sulfur limitation (Jones-Mortimer 1968b; Kredich 1971). Genesthat 
are regulated by CysB protein and its inducer comprise the cysteine regulon (Kredich 
1987). 0-AcetyJserine was considered for many years tobe the inducer, but recent 
findings have attributed that function to N-acetylserine {Ostrowski & Kredich 1989). 
N-Acetylserine is derived from 0-acetylserine by an intramolecular 0 - to N-acyl 
migration that occurs non-enzymatically at a rate of about 1 Ofo per min at neutral pH 
(Fiavin & Slaughter 1965) (Fig. 3). Comparison of in vivo inducer activities of the 
two compounds suggests that tbe activity of 0-acetylserine is in large part or perhaps 
entirely due to its inevitable contamination by N-acetylserine (Ostrowski & Kredich 
1989). Although the conversion of 0-acetylserine to N-acetylserine occurs spontane
ously, it is interesting to speculate whether an enzyme might be required to speed up 
the reaction in vivo. 

Derepression of the cysteine regulon requires sulfur Iimitation, which is due to 
both inhibition of 0-acetylserine synthesis by cysteine and the anti-inducer activities 
of sulfide and thiosulfate. Cysteine itself is not an anti-inducer in vitro, but behaves 
as one in vivo when added to a cell culture together with inducer (Jones-Mortimer 
et al. 1968; Kredich !971) because it is degraded to sulfide by the inducible enzyme 
cysteine desulfhydrase (Kredich et al. 1972). 
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Table I. Chromosomal organization of genes of the cysteine biosynthetic patbway. "Chromosomalloca
tions are from the maps of Sandersan & Roth (1988) for S. lyphimurium and Bachmann (1990) for E. 
co/i; b sbp was cloned and sequenced by Hellinga & Evans (1985); c CTS-1 is an L-cystine transport sys
tem that is regulated as part of the cysteine regulon (Baptist & Kredich, J 977). lt is probably encoded for 
by four genes, which have not been identified. 

Gene 
{Cluster) 

(cysPTWAM) 
cysP 
cysTWA 
cysM 

cysK 

(cysJIH) 
cysJ 
cysT 
cysH 

(cysDNC) 
cysDN 
eysC 

eysB 
cysE 
cysG 
sbp 
CTS-1 genes<-

Location {min)" Regulation by Activity 
s . typh. E. coli CysB proleiD 

49 52 

49 52 

60 59 

60 59 

33 28 
79 80 
72 73 

? 89 
? ? 
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Fig. 3. Cooversion of 0-acetylserine to N-acetylserine "by an intramolecular acyl shift The reaction occurs 
spontaneous\y at a rate of J lllo per min at pH 7.6 (Flavin & Slaugbter 1965). 
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Fig. 4. Topology of binding sites for CysB protein in the cysK, cysJIH, cysP and cysB promoters. Each 
site extends for approximately 45 bp. The sites just upstrearn of the -35 region in the cysK, cysl/H and 
cysP promoters are required for positive regulation. Other sites in the cysK and cysP promoters are of 
unknown function may may act to sequester CysB protein at the promoter even when sulfur is replete. 
The cysB binding site is situated right over the transcription start site at + 1, where it allows CysB protein 
to negatively autoregulate its own expression (Ostrowski & Kredich 1991). 

Molecul&r mechanisms of gel3e regulation 

Considerable information now exists regarding the molecular mechanism of gene 
regulation in the cysteine regulon. The transcriptional activator CysB protein has 
been purified to homogeneity and found tobe a tetramer of identical36-kDa subunits 
(Miller & Kredich 1987). The deduced arilino acid sequence of cysB (Ostrowski et al. 
1987) identifies this protein as a member of the LysR family of activator proteins 
(Henikoff et a/. 1988). In addition, the promoter regions of several cys genes have 
been isolated and sequenced, and their interactions with purified CysB protein have 
been studied in vitro by gel mobility shift binding assays, DNase I footprinting and 
transcription run-off experiments (Ostrowski & Kredich 1989, 1990, 1991; Monroe 
et al. 1990; Hryniewicz & Kredich 1991). 

Specific binding of CysB protein to cys promoter DNA occurs over an expanse of 
approximately 45 bp and does not require inducer. A total of seven different CysB 
protein binding sites have been characterized in four different cys promoters from 
S. typhimurium. The positively regulated cysJIH, cysK and cysP promoters each 
contain a site located immediately upstream of the -35 region, and these are desig
nated CBS-J, CBS-K1 and CBS-P1, respectively (Fig. 4). As reported for many other 
positively regulated promoters, these -35 regions bear little resemblance to the con
sensus sequence TTGACA, and require upstream binding of an activator protein (in 
this case CysB protein) to form a transcription initiation complex (Raibaud & 
Schwartz 1984; Hoopes & McCJure 1987). In vitro studies have demonstrated that 
transcription initiation from these three promoters requires CysB protein and in
ducer, and that sulfide and t hiosulfate inhibit this process in a manner that is com-
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Fig. 5. A model for regulation of cys promoters (in this case cysJIH} by CysB protein, inducer (~ 
acetylserine or N-aeetylserine) and the anti-inducers sulfide and thiosulfate. CysB protein binds to the 
promoter region even in the absence of inducer. In the presence of inducer binding is tighter and qualita
tively different in a way that allows RNA polymerase to bind and form a transcription initiation complex. 

petitive with inducer. Suchexperiments have provided the strongest evidence for con
cluding that N-acetylserine is an inducer and that sulfide and thiosulfate are anti
inducers. 

lnteractions between a cys promoter, CysB protein, inducer, anti-inducers and 
RNA polymerase are shown in Fig. 5. In this model, CysB protein binds to the 
promoter in the absence of inducer, but cannot activate formation of a transcription 
initiation complex. Inducer, either 0-acetylserine or N-acetylserine, stimulates bind
ing to the promoter, but more significantly, it causes a qualitative change in binding 
that is required for transcription initiation to occur. This may involve an interaction 
between CysB protein and RNA polymerase or a change in DNA conformation or 
both. Anti-inducers interfere with the effects of inducer in a competitive manner, 
perhaps by binding to the same site on CysB protein. 

Three additional binding sites have been identified in the cysK and cysP promoters, 
which are of unknown function. CBS-K2 is located just upstream of CBS-Kl in the 
cysK promoter, and CBS-P2 and CBS-P3 are situated downstream of CBS-Pl in the 
cysP promoter (Fig. 4). CBS-P3 is considered to be a hybrid binding site consisting 
of the downstream portion of CBS-Pl and the upstream portion of CBS-P2. These 
"secondary" binding sites have the interesting effect of allowing a single CysB pro
tein molecule tobend promoter DNA by binding to two sites simultaneously. DNA 
bending only occurs in the absence of inducer (Monroe et al. 1990; Hry!liewicz & 
Kredich 1991), giving rise to complexes with anomalously slow electrophoretic mobil
ity (Fig. 6). Addition of inducer prevents DNA bending by causing CysB protein to 
bind to the "primary" site alone, i.e. CBS-Kl or CBS-Pl. It seems unlikely that 
DNA bending lays a direct ro1e in promotet activation, since it occurs only in the ab
sence of inducer. Furthermore, deletion of the CBS-K2 site abolishes DNA bending 
and has no measurable effect on cysK promoter activity in vivo or in vitro. We believe 
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Fig. o. DNA bending by Cysß protein at the cysK promoter. In the absence of inducer a single CysB pro
tein molecule binds to both CBS-lU and CBS-K2, a distance of approximately 80 bp. Bindingover this 
long a distaoce requires beoding of the promoter DNA, wbich occurs at a point betwcen the two binding 
sites. Inducer stimulates binding lo CBS-Kl and inhibits binding g to CBS-K2 giving a complex in which 
Cysß protein is bound only to CBS-Kl, and the DNA is no Ionger bent (Monroe et al. 1990). 

that the function of these secondary sites is to sequester CysB protein at cys pro
mote.rs when sulfur is replete, thereby ensuring rapid gene activation in the event of 
a sudden decrease in sulfur availability. 

A seventh binding site, designated CBS-B, has been identified in the cysi1 pro
moter, wbere it is centered over the transcription start site at approximately the posi
tion occupied by RNA polymerase (Fig. 4). In vivo studies have sbown that cysB is 
negatively autoregulated by its own product (Bielinska & Hulanicka 1986; Jagura
Burdzy & Hulanicka 1981), andin vitro experiments have provided a molecular basis 
for this phenomenon by showing that binding of CysB protein to CBS-B inhibits 
transcription initiation (Ostrowski & Kredich 1991). 

DNA sequence comparisons among six CysB protein binding sites in S. typhimu
rium and their counterparts in E. coli have shown a moderate degree of homology 
among the three primary sites CBS-J, CBS-Kl and CBS-Pl, and with the secondary 
binding site CBS-P2 (Hryniewicz & Kredich 199 J ). It may be significant in tbis regard 
that inducer stimulates binding of CysB protein to all four sites. Inducer inhibits 
binding to CBS-K2 and CBS-B, and the sequences of these sites are similar to each 
other but different from the other sites. The specific features that determine the bind
ing properties of a site in the presence of inducer bave not been determined. 
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Structure-function relatiGnships in CysB p!'otefn 

Very little data exists regarding functional domains or CysB protein or of other 
regulatory proteins of the LysR family. A high degree of homology in the amino
terminal portion of these proteins (Henikoff et al. 1988) and the resemblance of this 
region to other helix-turn-helix motifs (Brennan & Matthews 1989) suggest that this 
portion of the molecule binds DNA. This conclusion is supported by the observation 
that a mutant protein containing an amino acid substitution in this region (Colyer 
& Kredich, unpublished results) no Ionger autoregulates cysB, presurnably because 
it has lost the ability to bind to CBS-B (Baptist et al. 1982). 

Substitutions at amino acid residue Thr-149 give a. CysB proteinthat no Ionger re
quires inducer to activate cys genes and is resistant to anti-inducers (Kredich 1971; 
Colyer & Kredich, unpublished results), suggesting that this portion of the protein 
is involved in the recognition of effector molecules or is influenced by their binding. 
Additional studies are required to explore this possibility and to determine which, if 
any, region of CysB protein interacts with RNA polymerase. 

Gene regulation in plants 

Brunold & Suter (1982) have shown that the activity of spinach leaf serine acetyl
transferase activity is inhibited by 500Jo by 0.1 mM cysteine. lt is not known whether 
this feedback inhibition is coupled to gene regulation as it is in bacteria, where 0 -
acetylserine and N-acetylserine are inducers of the reductive pathway. 

Sulfur assirnilation in plants is generally thought to proceed via a pathway in
volving bound intermediates rather than free sulfite and sulfide (Tsang & Schiff 1978; 
see review by Schmidt 1986). Adenosine 5' -phosphosulfate (APS) sulfotransferase is 
a key enzyrne in this pathway and transfers a sulfonyl group from APS to glutathione 
or some other thiol carrier. The resultant thiosulfonate is then reduced to the Ievel 
of a persulfide (R-S-SH), which then transfers a sulfide equivalent to 0-acetylserine. 
APS sulfotransferase expression is decreased in certain species by sulfide or cysteine 
(Brunold & Schmidt 1976; von Arb & Brunold 1980; Jenniet al. 1980) and increased 
in response to cadmium, which is known to induce synthesis of a cysteine-rich metal
lothionine (Nussbaum et al. 1988). Regulatory elements involved in this phenomenon 
have not yet been identified. For more detailed accounts of plant regulation of sulfur 
assimilation see Brunold (this volume) and Stulen & De Kok (this volume). 

Conclnding remarks 

Most if not all the S. typhimurium and E. coli genes and activities required for sulfur 
assimilation under aerobic, 1aboratory growth conditions have been identified, 
cloned and sequenced, and appear to be regulated as part of the cysteine regulon. 
Considering the variety of sulfur sources encountered by these bacteria as they adapt 
between free-living and enteric conditions and between aerobic and anaerobic 
environrnents, one would not be surprised to find additional genes for sulfur 
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metabolism, which might also be regulated as part of the ~ysteine regulon. Jt is also 
possible that other forms of regulationwill be discovered, particularly for anaerobic 
sulfur assimilation. We may even discover some day that such mechanisms are more 
closely related to the regulation of sulfur assimilation in plants than the cysteine regu
lon. 
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SELENIUM INTERACTIONS IN SULFUR METABOLISM* 

J ohn W. Anderson 
Botany Department, La Trobe University, Bundoora, Victoria 3083, Australia 

Introduction 

Sulfur is an essential element for life, most importantly because it occurs in the two 
protein amino acids cysteine and methionine. Selenium, the high er isologue of sulfur, 
shares many of the characteristics of sulfur (Anderson & Scarf 1983) and, at con
centrations in excess of trace amounts, interacts strongly with sulfur in plant 
metabolism. 

In organisms, selenium and sulfur interact at severallevels. In mammals and bac
teria, selenium is required in trace amounts for seleniurn-specific processes which, 
strictly speaking, do not exhibit selenium/sulfur interactions as they do not support 
analogaus reactions with sulfur. These processes include the specific incorporation 
of selenium into certain proteins known as selenoproteins which serve an essential 
function. Thus, organisms with these characteristics (e.g. mammals and some bacter
ia) require selenium as an essential micronutrient for growth. 

In cantrast to the selenium specific mechanisms for the synthesis of selenoproteins 
in mammals, many if not all of the reactions of the sulfate assimilation pathway in 
plants leading to the synthesis of cysteine and methionine are open to selenium there
by resulting in the synthesjs of the selenium isologues of the intermediates and 
products of this pathway (e.g. selenocysteine, selenocystathionine, selenomethio
nine, etc.). Since the sulfur atom in cysteine and methionineisessential for the func
tion ofmany ofthe molecules into which these two amino acids are incorporated (e.g. 
the thiol groups derived from cysteine in proteins and coeozyme A) incorporation of 
the correspondiog selenoamino acids into these compounds causes loss or impair
ment of their biological activity resulting in selenium toxicity as the selenium concen
tration is increased. Incorporation of selenium in place of sulfur in this way is non
specific and proteins which contain selenium by non-specific replacement are not 
referred to as selenoproteins. The ratio of the selenium concentration which causes 
toxicity (i.e. non-specific replacement of sulfur) relative to the selenium concentra
tion which is regarded as essential is much smaller thim for any other element thus 
making control of selenium availability in biological systems extremely difficult. 

Some plants support the metabolism of sulfur in secondary pathways, resulting in 
the accurnulation of sulfur containing metabolites (e.g. methylcysteine in Phaseolus 
lunatus), often at quite high concentrations. In at least some species, these pathways 
are also open to selenium resulting in the accumulation of high concentrations of 
seleniurn isologues of the secondary metabolite (e.g. methylseleoocysteine). Indeed, 
some species, known as selenium accumulators which are indigenous to seleniferous 
soils, accumulate very high concentrations of selenium, mostly as selenium isologues 
of secondary sulfur compounds although the accumulatioo of selenocystathionine in 

* Dedicated to the late Alex Shrift, 1923-1992. 
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some selenium-accumulators is an important exception. Plants with these charac
teristics are extremely toxic to animals which ingest them and they are reportedly 
responsible for many colorful events involving the horses of explorers and armies 
throughout history (Rosenfeld & Beath 1964). Since selenium-accumulator plants ac
cumulate very high concentrations of selenium isologues of organic metabolites der
ived from the sulfate assimilation pathway, mechanisms mustexist to prevent the in
corporation of selenium isologues of key intermediates of the pathway, particularly 
selenocysteine, from being incorporated into important functional compounds (e .. g. 
proteins) to avoid selenium toxicity. Only a few details of these processes are under
stood. 

Selenium metabolism in plants has been reviewed by Brown & Shrift (1982) and 
Anderson & Scarf (1984) and the biochemistry of selenium in mammals and bacteria 
by Stadtman (1979, 1980, 1990). Sulfur metabolism in plants has been reviewed by 
Anderson (1990). 

s~lenium-se?ecific pra~sses 

Se/enoproteins in bacteria and animals 

Selenium was first recognized as an essential element for growth oi tne bacterium 
Escherichia co/i when grown under anaerobic conditions with nitrate as the terminal 
eiectron acceptor and formate as the sole source of organic carbon (Pinsent 1954). 
The requirement for seleniurn could not be replaced by any other element. Moreover, 
formate dehydrogenase activity involving an Fe-S complex of 12 subunits (a4ß4y4) 
was also not expressed in the absence of selenium. It was subsequently established 
that each complex consists of 4 Se, 4 Mo, 4 heme Fe, 56 non-heme Fe and 53 acid
labile S with the 4 Se atoms believed to be associated with each of the 4 a -subunits, 
probably in the form of selenocysteine (for reviews, seeStadtman 1979, 1980, 1990). 
The enzyme complex also contains various sulfur containing cysteine residues at 
specific sites in the peptidyl chain. These data imply the existence of mechanisms 
which distinguish between selenocysteine on the one band and cysteine on the other 
during formation of the peptide and also the selection of sulfur for the Fe:S clusters. 

The formate dehydrogenases associated with some anaerobic bacteria (e.g. 
Clostridium spp. and Methanococcus vanneilii) arealso selenoproteins. The formate 
dehydrogenases associated with obligate aerobic organisms do not contain selenium 
but not all anaerobic bacteria and anaerobically grown facultative anaerobes contain 
the selenium form of the enzyme and some (e.g. M . vanneillii) contain both forms 
of the enzyme. 

The glycine reductase complex of the anaerobic bacterium Clostridium stick/andii 
also contains a selenoprotein component (protein A). lt contains two sulfur-con
taining cysteinyl residues and one selenocysteinyl residue with the respective thiol and 
selenol groups occurring jn their reduced forms in vivo (Cone et al. 1977). 

Whereas the selenium-containing forms of formate dehydrogenase and glycine 
reductase are restricted to a few bacteria grown under restricted conditions, the 
selenium-containing form of glutathione peroxidase (GSH-Px) is common to the red 
blood cells of birds and mammals. GSH-Px is a critically important, high affinity 
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enzyme which catalyses the detoxification of the organic peroxides and H20 2 pro
duced through the action of oxidase and superoxide dismutase activities. Peroxides 
cause rapid Iysis of cellular membranes if they arenot reduced. Selenium-containing 
GSH-Px has 4 subunits, each containing I residue of selenocysteine in which sele
nium occurs in the reduced (selenol) form. The selenol group is instrumental in sup
porting reduction of peroxide. Eacb subunit also contains 2 cysteine residues which, 
if alkylated, cause inactivation of the enzyme indicating that the reduced thiol groups 
arealso important determinants of enzyme activity. Again, the structure of the en
zyme implies specific mechanisms for the recognition of cysteine and selenocysteine 
during synthesis of the enzyme. Animals also contain a selenium-independent form 
of GSH-Px whlcb is active towards organic peroxides but inactive with H20 2• 

Some geographical regions have soils witb very low Ievels of selenium. In the ab
sence of any corrective measures, selenium deficiency is common in livestock and, 
to a lesser extent, humans in these areas. Selenium deficiency in livestock is com
pounded by the application of Superphosphate which further depletes the selenium 
content of pastures, the principal source of selenium for grazing animals (Gardiner 
1969; Anderson & Scarf 1983). In this regard, the GSH-Px of erythrocytes is a useful 
indicator of the selenium status of grazing animals and humans. 

Other selenoproteins have also been reported (Stadtman 1990). They include 
selenoprotein-P from mammalian plasma and bydrogenases from several bacteria 
which contain selenium as selenocysteine. Nicotinic acid hydroxylase and xanthine 
dehydrogenase arealso selenoproteins but the selenium is not associated with seleno
cysteinyl or selenomethionyl residues within the peptidyl chains of these proteins. 

Mechanism jor the specific incorporation of selenocysteine into selenoproteins 

The occurrence of selenocysteine at specific positions within a selenoprotein involves 
a specific selenocysteine recognition and processing system (Stadtman 1990; Böck et 
al. 1991a, 199lb). This is determined by genes containing a TGA codon which, 
although specifying termination in most genes, in selenoprotein genes directs the 
cotranslationaJ incorporation of selenocysteine. The UGA codon in the correspond
ing mRNA is recognized by the anticodon of a unique tRNASer. The tRNAser is 
aminocylated with serine in the presence of a corresponding seryl-tRNA synthetase 
and the seryl residue is phosphorylated. The resulting phosphoseryl residue reacts 
with aß unidentified selenol to form selenocysteinyl-tRNNer (Fig. 1). '!'hus, the acy
lation of the tRNNer by seJenocysteine is achieved by modification of serine after 
attachment to the appropriate tRNA and not from preformed seJenocysteine. It is 
evident that the selenium-specific step is not the recognition of selenocysteine by an 
appropriate tRNA but the modification of phosphoseryl-tRNNer by an appropriate 
selenium-donor to form selenocysteinyl-tRNA5er. 

Evidence for selenoproteins in higher plants 

As a first step towards establishing whether plants contain selenoproteins, leaf ex
tracts have been examined for various enzymes which are known tobe selenoproteins 
in animals and bacteria. ParticuJar emphasis has been directed at GSH-Px in pho-
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Fig. 1. Scheme for the aminoacylation of a unique tRNA•er by selenocysteine following preliminary acy
lation by serine. 

tosynthetic cells since on theoretical grounds this enzyme, if present, and given the 
very active NADPH-dependent glutathione reductase of chloroplasts, wouJd afford 
a logical mechanism for detoxifying H20 2 fonned from superoxide through 
superoxide dismutase activity (Wolosiuk & Buchanan 1977) according to the follow
ing sequence of reactions. 

202- + 2H+ ..;:. H20 2 + 0 2 
2GSH + H20 2 ...;;.. GSSG + 2H20 
GSSG + NADPH + H + -7 2GSH + NADP-

(1) 
(2) 
(3) 

Although there have been some reports of GSH-dependent reduction of H20 2 in 
crude extracts of higber plants which have been attributed to GSH-Px activity, 
Jablonski & Anderson (1984) found that an endogenaus flavonoid was essential to 
support this activity in crude pea extracts, indicating that GSH-Px was not involved. 
Further, in a comprehensive survey of GSH-Px in many organisms, Smith & Shrift 
(1979) found no evidence of GSH-Px activity in plants. However, as discussed below, 
tbere is now strong evidence that GSH-Px occurs in various algae. 

Other approaches have been used to investigate whether selenoproteins are essen
tial for plant function. One has involved growing plants in water cultures containing 
hlghly purified salts, with and without added selenium. These experiments showed 
that added selenium did not enhance growth. However, since the plants gained trace 
amounts of selenium during the course of the experiment the possibility that selenium 
is essential cannot be ruled out (Broyer et a/. 1966). In our laboratory, we have grown 
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Fig. 2. Formation of H20 2 in reactions involving light-dependent reduction of 0 2 (1) and superOJride dis
mutase (2) activity. Schemes for the detoxification of H, 0 2 involving GSH-Px (3) (operative in algae at 
low C02 concentrations) and ascorbate peroxidase (4) linked to glutathione dehydrogenase (5) (all green 
plants, including algae) are also shown. The GSSG produced by both schemes can, in theory, be reduced 
by NADPH in a reaction catalyzed by glutathione reductase. Abbreviation: DHA, dehydroascorbate. 

plants in water cultures cont.Uning [75Se]selenlte or [35S]sulfate in the nutrient solu
tion and analyzed the Ieaf proteins for the presence of 75Se and 35S. Wehave found 
no evidence for a protein with a significantly higher 75Sef35S ratio relative to other 
proteins. However, the sensitivity of these experiments was confounded by the un
av.Ulability of [15Se]selenite with a very high specific radioactivity. Thus, at this 
point in time there is no compelling evidence that selenium is essential for plant 
growth or plant function or that plants synthesize selenoproteins. 

Evidence jor selenoproteins in unicellu/ar algae 

Some progress has been made in the search for selenoproteins in unicellular algae, 
largely because the conditions for growing them, unlike those for higher plants, can 
be readily manipulated. At low concentrations of C02, algae divert electron flow 
from photosystem I into 0 2 rather than C0 2 assimilation products, resulting in the 
production of superoxide (Fig. 2). H20 2 is produced from supermtide through the 
action of supermeide dismutase at rates of 100-150 IJ.IDOI mg chlorophyU-l b-1 
(Sueltemeyer et al. 1986, Yokota & Kitaoka 1987). GSH-Px has been demonstrated 
in various unicellular algae (Overbaugh & Falll985; Price & Harrison 1988; Yokota 
et al. 1988) where presumably it is involved in the detoxification of H20 2 in associa
tion with the enzyme glutathione reductase (reactions (2) and (3), Fig. 2). ln support 
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of this proposal, Yokota et al. (1988) reported that the GSH-Px activity of 
Chlamydomonas grown at 50Jo co2 in the presence of 17.3 ~tM Selenite supported 
H;z02 detoxification at ca. 361-1-mol mg chlorophy]]-I h-1 whereas the activity of cells 
grown with selenite at 0.03% C02 was approximately 10-fold higher though only 
2-fold higher in cells grown at Iow light intensity. GSH-Px activity was not detected 
in cells grown in the absence of selenium although ascor'bate peroxidase, wbich, when 
linked to glutathione reductase activity provides an alternative mechanism for GSH
reduction of ~02 (reactions (4) and (5), Fig. 2), was present in selenium-free cul
tures at an activity of 15-20 1-1-mol mg chlorophyH-1 b-1• These results demonstrate 
that conditions which favour light-dependent production of H20 2 at rapid rates also 
support the expression of GSH-Px activity, provided that selenium is available. The 
data are consistent with the possibility that GSH-Px is a selenoprotein. More direct 
evidence for this possibility is provided by studies with the marine diatarn Thalas
siosira pseudonana which has a specific requirement for selenium for growth (Price 
et al. 1987). Thalassiosira produces two GSH-Pxs, one of which is active with both 
H20 2 and tertiary-butyl hydroperoxide (BuH02) but the other is active with BuH02 
only (Price & Harrison 1988). When the diatarn was grown in medium containing 10 
nM [15Se]selenite, it produced two 75Se-labeled proteins, one of which co-rnigrated 
with the H20ractive GSH-Px on non-denaturing polyacrylamide gels. Information 
on the kinetic properties of this enzyme and the form of the selenium associated with 
it are not available. However, the Thalassiosira enzyme appears to be distinct from 
the H20 2-active enzyme in Euglena gracilis which has a high affinity for H20 2 (Km 
= 30 ~tM) and is selenium independent (Overbaugh& Fall1985). Unlike the selenium 
dependent enzyme from Thalassiosira, the activity of the selenium independent en
zyme in Euglena was not significantly different in light- and dark-grown cells, sug
gesting that it has a different function. 

!at~ractions of selenium wi!h essential sadfu:- metaboUsm 

Plants readily metabolize selenium non-specifically to form the selenium isologues 
of the products and intermediates of the reactions involyed in the assimilation of in
organic sulfur into cysteine and methionine, processes which are essential for plant 
growth and function. Thus, for a particular reaction, the selenium- and sulfur Sub
strates compete for the active site on the relevant enzyme so that the production of 
the selenium isologue diminishes as the concentration of the sulfur substrate in
creases and vice versa. Quantitatively, the relative yields of the selenium and sulfur 
products for a particular enzyme/process depend on the kinetics <Km and V max> 
towards the selenium- and sulfur substrates. 

Several examples of nonspecific selenium/sulfur interactions have been described 
for the reactions of cysteine and methionine synthesis in plants (Table 1). The best 
known are the sulfate/ selenate interaction by the sulfate uptake mechanism and the 
sulfate/selenate interaction by the enzyme ATP sulfurylase. The physiological sig
nificance of the selenate/ sulfate interactions is unclear sinc~ there is some debate 
whether selenate or selenite is the form of selenium most readily available to plants 
grown in soil. If selenate is the most available form, then it can be taken up by the 
sulfate uptake mechanism and undergo activation to adenosirre phosphoselenate 
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Table 1. Enzymes of essential sulfur metabolism from selenium-accumulator and non-accumulator plants 
which catalyze a corresponding reaction with the selenium isologue of the sulfur Substrate. 

Enzyme 

Sulfate upta1ce 

ATP sulfurylase 

Cysteine synthase 

Cystathionine 'Y-synthase 

ß-Cystathionase 

Non-accumulators 

Ferrari & Renosto (1972); 
Smith (1976) 

Dilworth & Bandurski (1977); 
Shaw & Anderson (1972) 

Ng & Anderson (1978) 

McCluskey et al. (1986) 

Dawson & Anderson (1988) 

References 

Se-accumulators 

Ziebur & Shrift (1971) 

Shaw & Anderson (1974) 

Ng & Anderson (1978) 

McCluskey et al. (1986) 

Dawson & Anderson (1989) 

(A?Se) catalyzed by ATP sulfurylase (Shaw & Anderson 1972; Dilworth & Banduc
ski 1977). APSe can react non-enzymically with endogenous thiols (RSH) to produce 
thioselenites (RSSe03·) which are progressively reduced to the corresponding 
selenols (Dilworth & Bandurski 1977). If however, selenite is the most available 
source of selenium, then, rather than interacting with sulfite for the enzyme sulfite 
reductase, it reacts non-enzymically with reduced glutathione (GSH) to form 
selenodiglutathione (GSSeSG) which is then reduced in two stages, either enzymically 
using NADPH as reductant in a reaction catalyzed by glutathione reductase or 
nonenzymically by further reactions with GSH (for a review, see Anderson & Scarf 
1983). The reduction of selenite in this way can be linked to tbe very active 
glutathione reductac;e of chloroplasts which in turn is coupled to light-generated for
mation of NADPH. Thus, in the presence of catalytic amounts of NADP(H) and 
glutathione, disrupted chloroplasts in the light readily support selenite reduction with 
the concomitant evolution of 0 2 and, in the presence of NADPH(H), GSSeSG
dependent 0 2 evolution (Jablonski & Anderson 1982). The selenide produced by 
these processes competes with sulfide as a substrate for the enzyme cysteine synthase 
resulting in the production of selenocysteine/cysteine. The rate of selenocysteine syn
thesis by the pea enzyme is about 25% of cysteine synthesis but the affinity of the 
enzyme for selenide relative to sulfide is unknown. Similarly, the possibility that 
bound selenide (e.g. GSSe·) competes with bound sulfide (GSS-), the presumed 
physiological substrate of cysteine synthase (Tsang & Schiff 1978), has not been in
vestigated. 

Some reactions of methionine synthesis have also been studied. The enzyme cys
tathionine 'Y-synthase from spinach supports the synthesis of selenocystathionine 
from selenocysteine and the formation of cystathionine from cysteine using phospho
homoserine as the aminobutyryl donor (Dawson & Anderson 1988). The spinach en
zyme exhibited higher affinity for selenocysteine (Km ca. 70 J.LM) than cysteine CKm 
ca. 240 J.'M) and the V max values for the two substrates were similar, indicating that 
selenocysteine was a very active substrate. The cystathionine 'Y-synthases from vari
ous selenium-accumulator plants showed similar properties (Dawson & Anderson 
1989) indicating that any differences in selenium metabolism between selenium
accumulator and non-accumulator plants cannot be attributed to differences in sub-
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strate specificity of this enzyme. In peas and spinach, the associated enzyme, ß
cystathionase, supports the a,ß-elimination of both selenocystathionine and cys
tathionine (McCiuskey et al. 1986). The rate of the reaction and the affinity of the 
enzyme for both substrateswas similar. If the other enzyme of methionine synthesis, 
homocysteine methyltransferase, should also prove tobe active towards the selenium 
substrate (selenohomocysteine) then the entire pathway from cysteine to methionine 
would be open to selenium and, on a molar basis, sulfur and selenium would compete 
on approximately equal terms. In contrast, theincorporation of inorganic selenium 
into selenocysteine competes with inorganic sulfur relatively weakly (Anderson & 
Scarf 1983). 

Non-accumulator plants readily incorporate selenium non-specifically into pro
tein. In mature wheat for example, selenium is incorporated into the storage proteins 
of developing gnuns where it occurs principally as selenomethionine (Olson et a/. 
1970). This not only demonstrates that the methionine biosynthetic pathway is open 
to selenium in vivo but implies that the processes involved in the incorporation of 
one of the amino acids (presumably methionine) permit the non-specific incorpora
tion of selenomethionine into protein. In wheat, methionyl-tRNA synthetase sup
ports the synthesis of both selenomethionyl-tRNAmet and methionyl-tRNAmet and 
both selenomethionyl and methionyl residues are incorporated into internal positions 
within peptides during peptide chain elongation (Eustice et a/. 1980, 1981a). Peptide 
bond initiation, however, is more specific to the methionyl isologue (Eustice et al. 
198la). There has been only one report describing the non-specific. occurrence of 
selenocysteine in proteins in plants (Brown & Shrift 1980). fn this regard, the 
cysteinyl-tRNA synthetase from mung beans supports both selenocysteine- and 
cysteine-dependent PPi-ATP exchange at approximately equal rates. However, 
aminoacylation of tRNAcys by selenocysteine and the incorporation of seleno
cysteine from selenocysteinyl-tRNAcys has not been examined in plants. 

The incorporation of selenium into protein in selenium accumulators is much less 
than in non-accumulators (for reviews, see Anderson & Scarf 1983; Brown & Shrift 
1982). This may have more to do with the diversion of selenium into secondary path
ways in selenium-accumulators than some selective process which discriminates 
against selenium isologues since cell-free systems from both selenium-accumulators 
and non-accumulators incorporate selenomethionine into protein (see above). 

lnteractions of selenium witb non-essential sulfur metabolism 

Various plants produce a range of non-essential compounds which contain sulfur 
(e.g. various S-alkylcysteine derivatives in many members of the Brassicaceae and 
Alliaceae). The sulfur in these compounds is commonly derived from an essential sul
fur compound (e.g. cysteine) thereby diverting sulfur from essential (or primary) 
metabolism. Plants which synthesize non-essential (or secondary) sulfur-containing 
compounds commonly form the selenium isologues when supplied with inorganic 
selenium (see Shrift 1973 for examples) and can attain quite high concentrations in 
some species. 

The formation of selenium isologues of secondary sulfur compounds is of some 
interest. Most selenium-accumulator plants accumulate selenium in this form. How-
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ever, all of the reactions of essential sulfur metabolism which are open to selenium 
in non-accumulators (see above) arealso open to selenium in selenium-accumulators 
(Table 1). The incorporation ofmethionine into non-terminating positions in protein 
is also open to selenium (Eustice et al. 1981 b). Thus, in the absence of mechanisms 
in vivo to either prevent selenium entering primary sulfur metabolism or to divert 
selenium out of the prirnary sulfur pathway, then selenium would be expected to be 
toxic to both types of plant. Selenium-accumulators, however, are extrernely tolerant 
of selenium, both externally and internally. Most selenium-accumulators produce 
selenium isologues of secondary sulfur metabolites, most commonly related to inter
mediates of primary sulfur metabolism (e.g. se-methylselenocysteine). Thus, it has 
been postulated that the enzymes involved in catalyzing the synthesis of selenium iso
logues of secondary sulfur cornpounds in selenium-accumulator species could be 
especially active towards the selenium isologues, especially those enzymes involved 
in diverting intermediates of essential sulfur metabolisrrt into secondary sulfur 
metabolism, thereby draining selenium isologues out of primary sulfur metabolism. 
Some earlier labeling experiments on the synthesis of se-methylselenocysteine, 
reviewed by Anderson & Scarf (1.983), are consistent with this proposal. Also, Nigam 
& McConnell {1973) observed that, in the absence of selenium, developing seeds of 
the non-accumulator Phasealus lunatus accumulate s-methylcysteine, but if selenium 
is supplied (as selenate), it is readily incorporated into se-methylselenocysteine but 
not into storage proteins. Conversely, leaves of the same species, which do not ac
cumulate s-methylcysteine, incorporate selenium into selenomethionine. 

Mechanisms in plants for avoiding seienium toxicity and for minimizing the seleniwn 
content of shoots 

The best documented examples of plants which can survive and grow in selenium-rich 
environments are the selenium-accumulator plants. In water cultures they can survive 
and grow at Se/S ratios which are Iethai to non-accurnulator species. Since these 
plants, by definition, accumulate selenium, then differences in the rates and specifici
ty of S/Se uptake are unlikely to explain the tolerance of selenium-accumulators to 
selenium. As noted above, selenium can enter the reactions of primary sulfur 
metabolism in both accumulators and non-accumulators, but, in selenium-accu
mulators selenium is thought tobe diverted preferentially into secondary sulfur path
ways in place of sulfur thus preventing selenium toxicity. If this hypothesis is correct, 
then species which accumulate high concentrations of secondary sulfur compounds 
derived from el!sential sulfur metabolism could, in theory, be active selenium
accumulators. A corollary would be that they would also be very toxic to animals. 
Other rnechanisms could also be important in avoiding selenium toxicity in selenium 
accumulators. There is some evidence that the cysteinyl-tRNA synthetase from 
Astragalus bisulcatus (but not in the other accumulators studied) does not activate 
selenocysteine (Burnell & Shrift 1979) and tbat selenium-accumulators are less active 
in incorporating selenium into protein (Brown & Shrift 1981). Also there has been 
speculation that the selenium isologues of secondary sulfur-compounds are accumu
lated within the cells of selenium-accumulators in metabolic compartments which do 
not support essential sulfur metabolism. 
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Various factors influence selenium uptake by roots and its accumulation in the 
shoots. The most important of these are (i) the selenium and sulfur status of the soil 
since selenium uptake is profoundly influenced by the availability of sulfur, (ii) the 
form of the selenium present (Smith & Watkinson 1984), and (üi) whether the plant 
is a selenium-accumulator or non-accumuJator. However, other factors also contrib
ute and are of considerable practical importance in agriculturally important non
accumulator species supplied with high sulfate/saline irrigation water (see references 
in Shennan et al. 1990; Wu & Huang 1991). The shoots of plants grown under these 
conditions often contain quite high concentrations of selenium and pose a threat to 
human health. In a study with 6 taxa of Lycopersicon and 8 cultivars of L. esculen
tum, Shennan et al. (1990) found considerable variation in the rate of selenium up
take and its sensitivity to inhibition by sulfur, particularly between different species 
but also between cultivars. Considerab1e variation also occurred in the short term 
selenium distribution rates from root to shoot andin the root weight relative to total 
weight of the plant (specüic root ratio). This also influenced the selenium distributed 
to the shoots; the higher the ratio the smaller the proportion of selenium taken up 
that was distributed to the shoot. Selenium accumUJation in the shoot was also 
decreased by high chloride/salinity (Shennan et al. 1990; Wu & Huang 1991). Collec
tively, these data provide some possibilities for action to minimize the selenium con
tent of crop plants. It would also seem pertinent to establish whether plants with an 
active secondary sulfur metabolism tend to accumulate selenium. This might provide 
important infonnation on which plants to avoid growing for human consumption in 
these areas. Conversely, they could provide a way of depleting the selenium content 
of the soil for subsequent food crops. 

Concloding remarks 

The issue that continues to be of greatest interest is whether higher pJants have an 
absolute and specific requirement for selenium. Technical difficulties have frustrated 
attempts to use nutritional approaches and the search for selenoproteins in plants has 
been confounded by non-specific replacement of sulfur by selenium. However, the 
discovery of a non-terminating codon in the genome of microorganisms which specif
ically codes for selenocysteine provides a new and novel opportunity to address the 
question in plants. If the genomes of higher plants are found to contain non
terminating TGA codons then this will provide strong (though indirect) evidence for 
the existence of selenocysteine-containing selenoproteins. Much interest will then 
focus on identifying the putative selenoproteins and identifying their function. None
theless, since selenoproteins have been described which do not contain selenocysteine 
(Stadtman 1990), failureto detect non-terminating TGA codons in higher plantsdoes 
not necessarily rule out the possibility that selenium is essential for their growth and 
function. 
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REGULATORY INTERACTIONS BETWEEN SULFATE AND 
NITRATE ASSIMILATION 

Christian Brunold 
Pflanzenphysiologisches Institut der Universität Bern, Altenbergrain 21, 
3013 Bern, Switzerland 

Introduction 

Sulfate and nitrate, which contain sultur and nitrogen in their most highly ox:idized 
form, are the dominant species available to many plants for covering their needs for 
these elements (Schiff 1983; Cram 1990; Oaks 1992). Assimilatory sulfate and nitrate 
reduction are therefore necessary for the synthesis of amino acids including sulfur
containing amino acids like cysteine and methionine, in which both sulfur and nitro
gen are present in reduced form. The dominant portion of the amino acids is used 
for protein synthesis. Therefore, the S/N ratio in plants is usually about 1/20 (Dijk
shoorn & van Wijk 1967) reflecting the proportion of these elements in proteins. Only 
in species where sulfur is accumulated in the form of sulfate or of secondary plant 
products is the ratio significantly higher (Cr.am 1990; Ernst 1990). Plants appear to 
possess mechanisms to coordinate assimilatory sulfate and nitrate reduction so that 
the appropriate proportians of hoth sulfur containing and other arnino acids are 
availahle for protein synthesis. This review focuses on these reciprocal regulatory 
mechanisms at the level of assimilation, hut the regulation of th,e uptake of N03-

and SO/- may be at least as important for coordinating hoth assimilatory pathways 
(Saccomani & Ferrari 1989; Cram 1990; Clarkson et al., this volume). 

Assimilatory nitrate (Solomonson & Barber 1990; Oaks 1992) and sulfate (Brunold 
1990; Giovanelli 1990; Schmidt 1992) reduction have heen reviewed very recently. 
Therefore, only aspects of both pathways are discussed here which form the basis for 
reviewing regulatory interactions hetween them. 

Assimilatory sulfate and nitrate reduction 

The first step of nitrate reduction from nitrate to nitrite is catalyzed by nitrate reduc
tase (Fig. 1). NADH is the most common physiological electron donor for this reduc
tion in higher plants (NADH nitratereductase; EC 1.6.6.1 ), some of which also con
tain NAD(P)H nitrate reductase (EC 1.6.6.2.). The second step is a six-electron 
reduction of nitrite to ammonium catalyzed hy nitrite reductase (EC 1.7 .7 .1)_ This 
step is coupled to the photosynthetic electron transportvia reduced ferredoxin, which 
serves as physiological electron donor for the enzyme (Beevers & Hageman 1980; 
CampheU & Kinghorn 1990; Solomonsan & Barher 1990). The ammonium is then in
corporated into the arnide nitrogen of glutamine via the action of glutamine synthe
tase (Miflin & Lea 1980). 

The rate-limiting step of nitrate assimilation appears to be the initial reaction, cata
lyzed by nitrate reductase (Beevers 1981) which is considered tobe a limiting factor 
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Fig. I . Scheme of assimilatory sulfate and nitrate reduction in plants. To stress the analogy between both 
pathways, assimilatory sulfate reduction via adenosine 5'-phosphosulfate (APS), carrier-bound sulfite 
(CARS-SOf), free sulfite (S032-) and free sulfide (Sf) is presented. The carrier thiol (CARSH) and the 
thiolliberating SQ32- from CARS-S03- (RSH) may both be glutathione (GSH). Glutamic acid functions 
as as acceptor for ammonium (NH4 +), forming glutaminevia glutamine synthetase. 0-acetyl-L-serine 
accepts sulfide, forming cysteine via 0-acetyi-L-serine sulfbydrylase. 0-acetyl-L-serine is formed from 
serine and acetyl-CoA, catalyzed by L-serine acetyltrans-ferase (EC 2.3.1.30). For further explanations 
see text. 

for growth, development, and protein production in plants and has therefore been 
extensively studied with respect to its regulation (Solomonson & Barher 1990). 

The first step of assimilatory sulfate reduction (Fig. 1) is an activation catalyzed 
by ATP sulfurylase (EC 2.7.7.4). The adenosine 5'-phosphosulfate (APS) formedin 
this reaction is the substrate for adenosirre 5' -phosphosulfate kinase (APS-kinase; 
EC 2.7.1.2.5) which forms adenosine 3'-phosphate 5'-phosphosulfate (PAPS) in a 
second activation step. The subsequent reaction of the pathway is catalyzed by a sul-
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fotransferase. Two types of sulfotransferases have been described: APS sulfotrans
ferase transfers the sulfate activated in APS to an as yet unidentified carrier molecule 
(CarSH) thereby forming "bound sulfite" (CarS-S03-) and AMP (Schmidt 1972; 
Schmidt 1976 a; Tsang & Schiff 1976; Schiff 1983; Li & Schilf 1991; Schmidt 1992). 
PAPS sulfotransferase reacts with PAPS and reduced thioredoxin to form free sul
fite, oxidized thioredoxin and adenosine 3' -phosphate 5' -phosphate (PAP) (Dreyfuss 
& Monty 1963; Ostrowski & Kredich 1989; Schwenn 1989; Thomas et al. 1990; 
Kredich, this volume). Free sulfite can also be formed, when CarS-S03- reacts with 
a suitable thiol (RSH) (Tsang & Schiff 1975). Correspondingly, free 35SQ32- was de
tected during cysteine formation from 35S-APS in a reconstituted spinacb chlo
roplast system containing the naturally occurring glutathione concentration (Schür
mann & Brunold 1980). APS sulfotransferase activity has been detected in many 
higher plants (Schmidt 1975) and algae (Tsang & Schiff 1975) and has recently been 
purified to homogeneity from Euglena mitochondria (Li & Schiff 1991). Using this 
preparation, Li and Schiff, 1992, labeled the enzyme with radioactive 35S-APS and 
demonstrated enzyme-bound 35S-sulfite in the form of S-sulfocysteine residues. 
They suggest a subsequent reaction witb a carrier (CarSH) to yieJd CarS-35S03-. 

PAPS sulfotransferase seems to be the only type of sulfotransferase of bacteria 
(Dreyfuss & Monty 1963; Ostrowski & Kredich 1 989; Kredich, this volume) and yeast 
(Schwenn et al. 1988; Thomas et al. 1990), whereas APS (Schmidt 1976a; Tsang & 
Schiff 1976; Fankhauser & Brunold 1978b) as weil as PAPS (Schwenn 1989) sulfo
transferases were detected in spinach leaves. Tbe reduction of sulfite to the Ievel of 
sulfide may involve sulfite reductase (EC 1.8. 7 .1) which acts on free sulfite to form 
free sulfide (Krüeger & Siegel 1982), or organic thiosulfate reductase which uses 
carrier-bound sulfite (CarS-S03-) as a substrate and forms carrier-bound sulfide 
(CarS-S·) (Schmidt 1973; Scbmidt 1992). For both types of reductases in chloro
plasts, reduced ferredoxin has been shown tobe the electron donor (Schmidt 1973; 
Krüeger & Siegel 1982). Free sulfide is incorporated into 0-acetyl-L-serine via 0-
acetyl-L-serine sulfhydrylase (EC 4.2.99.8), thus fonning cysteine (Giovanelli & 
Mudd 1968; Kredich 1971). The mechanism for formation of cysteine from CarS-S· 
is not cJear. lt is obvious, however, that a two electron step is involved (Li & Schiff 
1992; Schmidt 1992). 

According to our present knowledge, the reaction steps of assimilatory sulfate 
reduction in higher plants most susceptible to regulatory signals appear to be those 
catalyzed by ATP sulfurylase and APS sulfotransferase. Therefore, these enzymes 
have been most intensively studied in order to understand their cataJytic efficiency 
and regulation (Brunold 1990; Giovanelli 1990). 

Both nitrate and light are required for the synthesis of nitrate reductase and nitrite 
reductase proteins (Beevers & Hageman 1980; Somers et al. 1983; Duke & Duke 1984; · 
Gupta & Beevers 1984; Remmler & Campbell1986). Recently with the cJoning of ni
trate reductase and nitrite reductase genes it has become possible to demoostrate that 
the induction by nitrate occurs at the level of transcription (Cheng et al. 1986; Craw
ford et al. 1986; Calza et al. 1981; Backet al. 1988; Lahners et a/. 1988). A rapid 
and reversible decrease of nitrate reductase activity was detected in spinach leaves 
during darkening (Riens & Heldt 1992). Apparently in these leaves nitrate reductase 
is very rapidly inactivated at sudden darkness avoiding an accumulation of the toxic 
nitrite in the cells. 



64 C. Brunold 

In cantrast to assimilatory nitrate reduction, where the substrate nitrate functions 
as an inducer, assirnilatory sulfate reduction seems to be repressed at normallevels 
of the substrate sulfate and derepressed at low concentrations (Reuveny & Filner 
1977; Reuveny et al. 1980; Brunold et a/. 1987). In cultured cells oftobacco (Reuveny 
& Filner 1977) and rase (Haller et al. 1986) ATP sulfurylase activity was derepressed 
in the absence of a sulfur source, reaching Ievels which were 100 and 5000Jo higher 
than controls with sulfate for rose and tobacco, respectively. APS sulfotransferase 
activity of Lemna minor (Brunold et· al. 1987) was increased by 50 to l OOOJa after 
transfer to 0 or 0.0088 mM sulfate, transfer back to 0.88 mM sulfate rapidly 
decreased the enzyme activity to the initiallevel. Cultivation with 17.6 mM instead 
of 0.88 mM SOi- reduced extractable APS sulfotransferase by 50"lo, indicating that 
extremely high sulfate concentrations enhance repression. 

Alsomost evidence points to a cytoplasmic location of nitrate reduetase (Solomon
son & Barher 1990), recent experiments raise the interesting possibility that there is 
a plasma membrane bound form of this enzyme which may function as a nitrate 
transporter (Wardet al. 1988; Tischner et al. 1989 ). Nitrite reductase is clearly locat
ed in the chloroplast (Solomonson & Barher 1990). 

The extractable activity of A TP sulfurylase, APS sulfotransferase and sulfite 
reductase increased when etiolated spinach, bean or pea seedlings were transferred 
from dark to light (Fankhauser & Brunold 1978b; Wyss & Brunold 1979; von Arb 
& Brunold 1986). Theseobservations indicate that full·development of these enzyme_ 
activities is light-dependent. This is consistent with their predominant or even exclu
sive location in chloroplasts as demonstrated with organeile preparations (Mayer 
1967; Schwenn & Hennies 1974; Sawhney & Niebolas 1975; Fankhauser & Brunold 
1978b; Gerwiek et a/. 1980; Lunn et al. 1990). 

lt is commonly considered that regardless of the culture conditions, most nitrate 
assirnilation is carried out predominantly in the root of some genera, e.g. Lupinus 
and Vicia or in the shoot, in partiewar in Jeaves, of others e.g. Xanthium and Ste//ar
ia (Beevers 1981 ; Crafts-Brander & Harper 1982; Srnirnoff & Steward 1985; Oaks 
1992). 

The contribution of roots to the needs of plants for reduced sulfur is not clear and 
may be greatly influenced by the developmental stage and the environmental condi
tions. Reduced sulfur compounds are normally absent from xylem sap or present 
only in low concentrations (Pate 1965; Rüegsegger & Brunold 1992). This is consis
tent with the finding that the Ievel of APS sulfotransferase of sunflower roots was 
at SIIJo of the Ievel in shoots (Schmidt 1976b), and that ATP sulfurylase activity of 
soya bean seedling is at 5 to 10 times higher in the leaves than in the roots (Adams 
& Rinne 1969). This situation can change dramatically, when roots are exposed to 
increased Ievels of heavy metals or to herbicide safeners and start synthesizing !arge 
amounts of glutathione for phytochelatin production (Grill et a/. 1985; Nussbaum 
et al. 1988; Grill et al. 1989; Rüegsegger et a/. 1990) or for herbicide conjugation 
(Farago & Brunold 1990). It may also be different in young seedlings because sub
stantial amounts of the activity of all enzymes of assimilatory sulfate reduction were 
detected in the roots of 5-day-old pea seedlings (Brunold & Suter 1989). 

On sucrose density gradients A TP sulfurylase, APS sulfotransferase and sulfite 
reductase activity from homogenates of roots of these seedlings were distributed in 
a manner very similar to nitrite reductase activity (Brunold & Suter 1989), an enzyme 
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localized in tbe proplastids (Emes & Fowler 1979; Suzuki et al. 1981). This indicates 
that the three enzymes of sulfate assimilation bave the same intracelluJar localization 
as nitrite reductase. Since proplastids from pea roots also contain 0-acetyl-L-serine 
sulfhydrylase (Brunold & Suter 1989) theseorganelies have the capacity to synthesize 
cysteine from SOl·· 

SuJ!ar nu!riHon and assimilatory mtra!e reduction 

Sulfur deficiency induces rather consistent biochemical changes in plants, including 
especially a greatly expanded free amino acid pool with a composition different 
from that of non-deficient plants (Coleman 1957; Thompson et al. 1960; Smith 1980; 
Macnicol 1983; Macnicol & Randalll987). The altered composition is mainly caused 
by the accumulation of particular amino acids like arginine and asparagine, and also 
0 -acetyl-L-serine, and a depressed Ievel of sulfur amino acids. Tbe accumulated 
amino acids may be one reason for the decrease of nitrate reductase under conditions 
of suJfur deficiency, since this enzyme activity is low in plants cultivated with amino 
acids (Beevers & Hageman l%0; Suter et al. 1986; Neuenschwander et al. 1991). 

The effect of the Ievel of sulfur fertitization on nitrate reductase acti vity was 
studied in whole plants and cultured plant cells (Palet al. 1976; Friedrich & Sehrader 
1978; Reuveny et al. 1980; Saccomani et al. 1984; Haller et al. 1986). In general, 
decreasing activities of the enzyme were detected with decreasing Ievels of sulfur 
availability (Palet al. 1976; Friedrich & Sehrader 1978; Reuveny et al. 1980; Haller 
et al. 1986) unless the experimental period was too short for establishing a clear situa
tion of sulfur deficiency (Saccomani et al. 1984). The activity of leaf nitrate reductase 
from maize was significantly dimioished by suJfur deprivation before soluble protein 
declined and before visual symptoms of sulfur deficiency became evident (Friedrich 
& Sehrader 1978). By day 12 nitrate reductase activity in sulfur deprived plants was 
decreased to SOO'Jo of normal plants. The activity of leaf glutamine synthetase ex
pressed on a fresh weight bases was also diminished by sulfur deprivation, but the 
percent reduction was less than for nitrate reductase (Friedrich & Sehrader 1978). 

In cultured tobacco cells sulfate and nitrate reduction were studied as influenced 
by nutrient solution availability of nitrate and sulfate (Reuveny et al. 1980). Nitrate 
reductase activity was induced when nitrate was available in the nutrient solution 
provided that there was an accumulation of reduced sulfur in the tissue. Todetermine 
the effect of the sulfur supply on the regulation of nitrate reductase stationary tobac
co cells were transferred to fresh medium containing nitrate at 2. 5 rnM and sulfate 
at 0.1 (control), 0.033, 0.005 mM or "no sulfate" (Reuveny et al. 1980). After 24 
hours there was a linear relationship between the sulfate added to the culture medium 
and the nitrate reductase activity induced. The decreased induction of nitrate reduc
tase detected with the decreasing initial suJfate concentrations cannot be attributed 
to a decline in the ability of tbe cells to syntbesize protein. Two pieces of evidence 
showed that the protein synthesizing machinery of suJfur starved cells was function
al: (l) by the large increase in soluble protein during the first 24 hours for all initial 
suJfate concentrations and (2) the derepression of A TP sulfurylase that occurred in 
the same cells (Reuveny et al. 1980). This indicates tbat the regulatory interaction be
tween assimilatory sulfate and nitrate reduction is not at the Ievel of protein syn
thesis. 
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Nitrogen 111utrition and ass!miJatory sulfate reduction 

Derepression by sulfur Iimitation of A TP sulfurylase does not occur in cells starved 
for nitrogen. Upon addition of a nitrogen source to such cells the increase in enzyme 
activity begins within 12 hours (Reuveny et al. 1980). Thus the ATP sulfurylase of 
tobacco cells appears tobe regulated by both negative feedback mechanisms in which 
sulfate or an endproduct of the sulfate assimilation pathway is the effector and by 
a positive mechanism which serves to couple the sulfate assimilation pathway to the 
cells potential for nitrogen assimilation. The rate of derepression of ATP sulfurylase 
is proportional to the initial nitrate concentration. Taken tagether with the effect of 
limiting sulfate concentrations on nitrate reductase these results demoostrate a 
reciprocal regulatory coupling between the nitrate and sulfate assimilation pathways. 

The results obtained with cultured tobacco cells were corroborated using cell cul
tures of Rosa (Haller et al. 1986) and Ipomoea (Zink 1984) and tobacco and maize 
plants (Barney & Bush 1984; Saccomani et al. 1984). Ipomoea grown in cell suspen
sion cultures form lower levels of ATP sulfurylase on slowly assimilated nitrogen 
sources such as proline, histidine or nitrate than cells grown on readily assirnilated 
nitrogen sources such as ammonium, ammoniumplus nitrate or casein hydrolysate. 
In tobacco plants the activity of ATP sulfurylase was derepressed when SOi· was 
limited in the nutrient solution provided that there was a net accumulation of reduced 
nitrogen in the tissue (Barney & Bush 1985). In maize plants ATP sulfurylase activity 
was depressed by N deficiency (Saccomani et al. 1984). Even though all these results 
are consistent with a regulatory role of A TP sulfurylase in assimilatory sulfate reduc
tion, it should be mentioned here that Bergmannet al. (1980), realized. that this en
zyme activity did notrunparallel with the in vivo rates of sulfate assimilation. This 
was taken as evidence that ATP sulfurylase did not catalyze the main regulatory step 
of this reduction pathway (Bergmann et al. 1980). It had already been discussed by 
Ellis, 1969, that in higher plants APS, the product of the ATP sulfurylase reaction, 
is not only the substrate for sulfate reduction, leading to· the formation of cysteine, 
but functioned also as an intermediate of sulfolipid biosynthesis. He concluded, 
therefore, that in higher plants regulatory mechanisms involving ATP sulfurylase 
had to integrate this bifunctional roJe of APS. Consistent with this conclusion cys
teine failed to decrease A TP sulfurylase activity in Lemna minor (Ellis 1969), because 
such a repression would lead to an inhibition of sulfolipid synthesis which does not 
seem to proceed via cysteine (Kleppinger-Sparace & Mudd 1990) in higher plants. 

Results from various systems 'indicate that the second enzyme of assimilatory sul
fate reduction, APS sulfotransferase, is more susceptible to regulatory signals than 
ATP sulfurylase (Brunold 1990). Using cell suspension cultures of Rosa (Paul's 
Scarlet rose) Haller et al., 1986, showed that the ornission of a nitrogen source did 
not affect ATP sulfurylase during the experimental period of 24 hours, whereas a 
prominent decrease in APS sulfotransferase activity was detected after this time peri
od. Nitrate reductase activity was already decreased after 6 hours. 

Addition of NH4Cl instead of N03- to Rosa cell cultures induced an increase in 
APS sulfotransferase whereas no effect on ATP sulfurylase activity was detected un
der these conditions (Haller et a/. 1986). This increase in APS sulfotransferase activ
ity can be explained by the fact that Rosa ce11s produced more proteins (Mohanty & 
Fleteher 1980) and that the flow through assimilatory sulfate reduction was therefore 
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increased to provide the necessary sulfur amino acids for the increased protein syn
thesis. Corresponding results were obtained in experiments using Lemna minor L. 
(Brunold & Suter 1984). After 24 hours on a medium without a nitrogen source the 
specific activity of APS sulfotransferase and nitrate reductase was less tban 300Jo of 
tbe original Ievel, wbereas ATP sulfurylase was still at about 80o/o. Addition of 
10 mM NH4Cl to the culture medium induced a rapid increase in APS sulfotransfer
ase activity followed by a slow decrease. Nitrate reductase activity was lost under 
these conditions with a half life of 14 bours, whereas the protein content increased. 
There was no detectable change in ATP sulfurylase activity during the experimental 
period of 72 bours. Labeling experiments using 35SOi- sbowed that more radio
active sulfurwas incorporated into the proteins in tbe presence of ammonium instead 
of NO) as nitrogen source, indicating an increased flux of sulfur tbrough the sulfate 
assimilation pathway based on an increased Jevel of APS sulfotransferase activity. 

0-acetyl-L-se~e 

0-acetyl-L-serine is synthesized from L-serine and acetyl-CoA catalyzed by serine 
acetyltransferase (EC 2.3.1.30). lt is well established that in microorganisms 0-
acetyi-L-serine is the substrate for the formation of cysteine according to: 

0-acetyl-L-serine + S2- ~ cysteine + acetate. 

This reaction is catalyzed by 0-acetyl-L-serine sulfhydrylase (EC 4.2.99.8). 
The centrat role of 0 -acetyl-L-serine and its derivative N-acetyi-L-serine in coor

dinating assimilatory sulfate and nitrate reduction has been studied in detail with 
Salmonella typhimurium {Ostrowski & Kredicb 1989; Kredicb, tbis volume). Several 
lines of evidence indicate tbat in higber plants 0 -acetyl-L-serine is also the substrate 
for cysteine formation and that the strategic position of this compound seems also 
to be exploited for coordinating assimilatory sulfate and nitrate reduction. 

Both L-serine acetyltransferase and 0 -acetyi-L-serine sulfhydrylase have been 
detected in plants (Giovanelli & Mudd 1968; Smith & Tbompson 1971; Smith 1972; 
Ascaito & Niebolas 1977; Fankhauser & Brunold 1978a; Brunold & Suter 1982; 
Nakamura et a/. 1988; Lunn et al. 1990) and 0 -acetyl-L-serine bas been demonstrat
ed in cultured tobacco cells {Smith 1980). In extracts from bacteria a 500Jo inhibition 
of serine acetyltransferase activity at a cysteine concentration of 1.1 ~M was detected 
(Kredich 1971). The enzyme from Phaseolus vulgaris seems tobe less sensitive to L
cysteine since at 1 mM there was only a 650Jo inhibition (Smith & Tbompson 1971). 
At this concentration, there was an almost complete inhibition of serine acetyltrans
ferase from spinacb cbloroplasts {Fig. 2), whereas 50 ~M cysteine inhibited the en
zyme by more than 40% {Brunold & Suter 1982). Since cystine bad no effect in vitro 
on serine acetyltransferase activity (Brunold & Suter 1982) it seems essential that oxi
dation of cysteine is prevented in studying inhibition of the enzyme by tbis amino 
acid. 

Serine acetyltransferase was detected in mitochondrial fractions obtained from 
leaves of Phaseolus vulgaris by differential centrifugation {Smith 1972) andin an un
cbaracterized particulate fraction of extracts of wheat leaves {Ascano & Niebolas 
1977). Intact chloroplasts isolated from spinach Jeaves by density gradient centrifu-
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Fig. 2. Inhibition of in vitro L-serine acetyltransferase activity from spinach chlorop1asts by L-cysteine 
added to the assay system at 0.05 to I mM. The enzyme activity obtained in an assay system without L
cysteine was 66.9 pkat mg-1 protein. (According to Brunold and Suter 1982). 

Fig. 3. Effect of 0.5 mM 0-acetyl-L-serjne on adenosine 5'-phosphosulfate (APS) sulfotransferase activity 
of Lemna minor L. transferred to the dark ( lt. )- Control plants were cultivated without 0-acetyl-L-serine 
either in the dark ( •) or in the light ( o) (according to Neuenschwander et al. 1991). 

gation contained about 350Jo of totalleaf serine acetyltransferase activity (Brunold 
& Suter 1982) and of 0-acetyl-L-serine sulfuydrylase. (Fankhauser & Brunold 1978a). 
More recent experiments using spinach leaves (Lunn et al. 1990) make it clear that 
0-acetyl-L-serine sulfuydrylase is located primarily in the chloroplasts and the 
cytosol, but is also present in mitochondria. Consistent with this result, Rotland et 
al., 1992, demonstrated this enzyme activity in the proplastids, the mitochondria and 
the cytosol of cauliflower inflorescence, indicating the possibility of cysteine bi
osynthesis in each subcellular compartment where synthesis of proteins occurs. 

The function of the extrachloroplastic portion of serine acetyltransferase and 0-
acetyl-L-serine sulfuydrylase is not clear. It was suggested that plant cells may be una
ble to transport cysteine between the different cell compartments, so that the cysteine 
required for protein synthesis must be formed in situ (Lunn et a/. 1990). lt seems in
teresting in this connection that under certain conditions, plants emit H2S (Wilson 
et al. 1978; Rennenberg 1983; Rennenberg 1984; Rennenberg 1989; Rennenberget 
al. 1990). The H2S emission could mean that in the chloroplasts the flux of sulfur 
through the pathway of assimilatory sulfate reduction to sulfide exceeds the forma
tion of the acceptor 0-acetyl-L-serine. Indeed, chloroplast 0-phospho-L-serine 
aminotransferase (EC 2.6.1.5), which catalyses one step in the synthesis of L-serine 
from 3-PGA, has a rather low in vitro activity (Larsson & Albertsson 1979). 1t is 
tempting to speculate that the cytoplasmic serine acetyltransferase and 0-acetyl-L
serine sulfhydrylase could be involved in incorporating at least a portion of the H2S 
escaping from the chloroplast into 0-acetyl-L-serine formed outside the chloroplast. 

The possible limiting role of 0 -acetyl-L-serine in assimilatory sulfate reduction 
was studied in detail using pumpkin leaf discs (Rennenberg 1983), which r.educe ex
cess sulfur in the presence of 25 mM sulfate and emitted H2S into the atmosphere. 
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Feeding of 0-acetyl-i.-serine or its metabolic precursor S-acetyl-CoA and CoA to 
leaf discs enhanced the incorporation of 35SO i· into reduced sulfur compounds, 
mainly into cysteine, at tbe cost of lowered H2S ernission. The uptake and reduction 
of sulfate were not affected by these treatments. ß-fluoropyruvate, an inhibitor of 
tbe generation of S-acetyl-CoA via pyruvate dehydrogenase, stimulated H2S emis
sion in response to sulfate. This stimulation was overcompensated by addition of 0-
acetyl-L-serine, S-acetyl-Co A or CoA. Since the feeding of S-acetyl-CoA enhanced 
cysteine synthesis and reduced H2S emission it was not tbe activity of serine 
acetyltransferase but rather the availability of S-acetyl-CoA that was limiting 0-
acetyl-L-serine synthesis and thus incorporation of S2- into cysteine in this artificial 
system, in which the control function of the roots in sulfate uptake bad been eliminat
ed. A limiting roJe of 0-acetyl-L-serine in assirnilatory sulfate reduction can also be 
deduced, however, from pbysiological measurements in which the emission of vola
tile sulfur compounds from spruce trees was detected (Rennenberg et al. 1990). H2S 
was the predominant reduced sulfur compound continuously emitted from the 
branches of spruce with high rates during the day and low rates in the night, indicat
ing that also under natural conditions the formation of the acceptor 0-acetyl-L
serine and of sulfur reduced to the thiol level may not be perfectly coordinated. 

The restricted availability of 0-acetyl-L-serine for cysteine formation is also evi
dent from experiments in which detached spinacb leaves were fumigated with H2S 
(Buwalda et a/. 1992). Fumigation with 0.75 ~tl J-1 H2S and parallel feeding with 10 
mM 0-acetyl-L-serine in tap water resulted in a fourfold increase of the cysteine con
tent of the leaves compared to controls on tap water alone. 

The dependence of sulfate assimilation on light is weil establisbed {Trebst & 
Schmidt 1969; Schürmann & Brunold 1980; Passera et al. 1989; Brunold 1990). Witb 
cucumber Jeaf discs, however, it has been shown that under dark conditions in the 
presence of 25 mM 35SOl· 35S is incorporated into organic compounds at 600Jo of 
the rate in the light (Sekiya et al. 1982). When culti vated on 50 mM sulfate, leaf discs 
of spinach produce glutathione in the dark at a rate which is 59o/o ofthat in the light 
{De Koket al. 1985). These findings taken tagether seem in cantrast to the idea of 
a strict control of sulfate assimilation by the light reaction of photosynthesis 
(Schwenn 1989) and show that sulfate assirnilation in green tissues can also proceed 
in the dark, albeit at reduced rate and at very high sulfate concentrations. This was 
studied in detail using Lemna minor at normal sulfate concentrations (Neuen
schwander et aJ. 1991). When these plants were transferred to the dark there was a 
parallel decrease in APS sulfotransferase and nitrate reductase activity {Neuen
scbwander et al. 1991). Tb.e relatively slow decrease of APS sulfotransfet:ase {Fig. 3) 
suggests that regulation by the thioredoxin system of the chloroplasts was not in
volved (Schürmann & Kobayashi 1984). The dark induced decrease in APS sul
fotransferase activity of Lemna minor could be partly prevented by the addition of 
0-acetyl-L-serine to the culture medium (Fig. 3). Transfer to the dark did not affect 
the activity of ATP sulfurylase during the first 24 hours in darkness indicating again 
that this enzyme is less susceptible to regulatory signals than APS sulfotransferase. 
Serine and a combination of L-asparagine and L-glutamine also slowed down the 
dark induced decrease of APS sulfotransferase activity, a significant increase in the 
thiol content, however, was only detected in plants treated with 0-acetyl-L-serine. 
Addition of N-acetyl-L-serine had no effect. In view of the importance of this com-
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pound in the regulation of the cys JIH promoters of Salmonella typhimurium and 
Escherichia coli (Ostrowski & Kredich 1989; Kredich, this volume), thls fmding is 
astonishing. It may point to a different mechanism of regulation, but also, of course, 
to problems in tbe uptake of N-acetyl-L-serine by Lemna. ln plants transferred to 
the dark and cultivated in the presence of 35SOl- 0-acetyl-L-serine caused a massive 
incorporation of radioactivity into cysteine and glutathione, demonstrating assimila
tory sulfate reduction at high rates in the dark, which was dependent on 0-acetyl-L
serine. When 0 -acetyl-L-serine was added to the nutrient solution of Lemna minor 
that bad been precultivated in the dark for 24 hours and which contained low APS 
sulfotransferase activity, there was an increase of the extractable activity of the en
zyme within 9 hours. A constant Ievel of enzyme activity was reached and maintained 
up to 24 hours that was 500Jo of the controls kept in continuous light. A comparable 
level of APS sulfotransferase activity was also induced by L-serine and a combina
tion of L-asparagine and L-glutamine, but the content of acid soluble thiols in the 
plants was only increased by 0-acetyJ-L-serine. These results lead to the conclusion 
that not only amino acids like serine, asparagine and gJutamine, but also 0-acetyl-L
serine are involved in regulating the extractable activity of APS sulfotransferase. 
This is substantiated by the fact that this enzyme activity was also increased when 
0-acetyl-L-serine was added to the medium of Lemna minor cultivated in light (Neu
enschwander et al. 1991). 

Co!!lchJ~ing remar~ 

The general features of assimilatory nitrate reduction are well understood, whereas 
several open questions remain tobe answered for assimiJatory sulfate reduction. The 
most intriguing open questions are the physiological significance of the PAPS sul
fotransferase pathway and of the reduction of free versus carrier-bound sulfite. The 
methods of molecular biology and the study of regulatory phenomena, including the 
coordination between sulfate and nitrate assimilation, will certainly Iead to further 
progress, especially when the lines established du ring the work on assimilatory nitrate 
reduction of plants and on assimilatory sulfate reduction of bacteria and yeast are 
taken into account. 

An area which may also turn out to be very rewarding in future research is the 
regulatory interaction between roots and shoots in coordinating suJfate and nitrate 
assimilation on a wbole plant basis. 

In view of the strategic role of 0-acetyl-L-serine in the mutual regulation of as
similatory sulfate and nitrate reduction, the physiological knowledge about this com
pound needs further work, especially as far as its synthesis and concentration in the 
various cellular compartments and its effects in regulating enzyme Ievels are con
cemed. 
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Introduction 

Research on assimilatory suu·ate reduction and metabo1ism has been focused on 
elucidating the pathways and characterizing the enzymes involved in the reduction 
of sulfate and incorporation of the reduced sulfur into organic sulfur compounds. 
Conclusions regarding the regulation of the pathways are for the greater part based 
on changes in extractable enzyme Ievels and modulation of enzyme activity in vitro. 
The observed cbanges in enzyme Ievels were a result of changes in environmental fac
tors or occurred during development of the leaf. Modulation of enzyme activity in 
vitro was found upon addition of various compounds, as products or substrates, to 
the assay mixtures (Brunold 1990). 

In this paper a summary is given of the current ideas on the regulation of sulfate 
uptake, assimilatory sulfate reduction and further metabolism. We also attempt to 
quantify the fluxes of various sulfur compounds in the plant, necessary to meet the 
demand for growth, using a model, and to calculate fluxes into reduced sulfur com
pounds which are then compared with data on the level and affinity of the enzymes 
involved. Where possible, acomparison is made with the current ideas on the regula
tory control of nitrate uptake, reduction and further metabolism. 

Throughout the paper the term e;;!zyme Ievel is used consistently when dealing with 
the amount of extractable enzyme, as measured with an in vitro assay. The term ec
zyme acilvUy is used to describe: a) changes in the rate of product formation, brought 
about by addition of compounds during the in vitro assay ("modulation"); and b) to 
describe the functioning of the enzyme in situ. 

Cu!Ten! jdeas on the reguJation of suliate nptake, reduction and further metabclism 

Uptake and transporl of sulfate 

Many experiments oo the uptake of sulfate, and the influence of various sulfur com
pounds on the uptake process, have been performed with excised roots. Since uptake 
rates in excised roots can be less than those of intact roots (Smith & Cbeema 1985), 
some caution is needed when extrapolating these findings to the Ievel of the whole 
plant (Cram 1990). 

It has been shown that both uptake and trauspart of sulfate in the intact plant are 
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affected by the nutritional sulfur status; roots of plants grown at a high sulfur Ievel 
generally bad a less efficient sulfate uptake than those grown at a low sulfur Ievel 
(Holobrada 1977; Clarkson et al. 1983). Barley plants showed a ten-fold increase in 
net sulfate uptake (measured with 35S-sulfate) after sulfur deprivation for one to 
five days, compared to plants continuously supplied with sulfur. At present it is 
thought that sulfate uptake may be regulated by negative feedback from sulfate itself 
(Cram 1990) and/ or by repression of the uptake system by reduced sulfur compounds 
such as glutathione (Rennenberg et al. 1988; Herschbach & Rennenberg 1991). 
However, this repression appears tobe rather unspecific, since for instance various 
amino acids at micromolar concentrations appear to have the same effect as various 
reduced sulfur compounds (Gunz et al. 1992). It should be noted that these experi
ments were performed by supplementing the various compounds to isolated cells or 
excised roots. 

Sulfate reduction and assimilation 

The reactions involved in assimilatory sulfate reduction of higher plants have been 
dealt with extensively by Brunold (1990), and the assimilation of the reduced sulfur 
into amino acids has been reviewed by Giovanelli (1990). The reactions of the main 
assimilatory sulfate reduction pathway and the synthesis of cysteine can be summa
rized as follows: 1) an activation step of sulfate, catalyzed by ATP sulfurylase with 
formation of adenosine 5'-phosphosulfate (.APS); 2) APS sulfotransferase, leading 
to the formation of sulfite; 3) sulfite reductase, leading to the formation of sulfide; 
4) incorporation of sulfide into cysteine., catalyzed by cysteine synthase. 

In the next sections the current ideas on the regulatory control of these enzymes 
have been summarized. Attention was paid to the occurrence of the following regula
tory mechanisms: 1) changes in enzyme Ievel, 2} modulation of in vitro activity, and 
3) substrate availability at the site of the enzyme. 

ATP sulfurylase. The level of ATP sulfurylase increased with chloroplast develop
ment and development of the leaf (Schmutz & Brunold 1982; Von Arb & Brunold 
1986). From the fact that the level ofATP. sulfurylase was not decreased significantly 
by S02, in cantrast to APS sulfotr.ansferase (Brunold et a/. 1983; Tschanz et al. 
1986), the conclusion was drawn that the Ievel of ATP sulfurylase is less subjected 
to regulatory control than the leyel of APS sulfotransferase (Brunold 1990). 
However, data on changes in thelevel of A TP sulfurylase should be interpreted with 
care, especially when drawing :C,Onclusions on the regulation of the enzyme in situ, 
since the in vitro activity of th1s . enzyme is often measured in the reverse direction. 
From data on the effect of the addition of the product and other compounds (APS, 
5'-AMP and 5'-ADP) (Tweedie & Segell971; Shaw & Anderson 1972; Schwenn & 
Depka 1977) to the in vitro assay medium, the conclusion was drawn that feed-back 
inhibition by APS of A 1fP sulfurylase might be a point of control. That the availabili
ty of the substrate, viz. the sulfate concentration iit the A TP sulfurylase site may play 
a significant role in the in situ rate of sulfur assimilation was concluded by De Kok 
& Kuiper (1986) ~d De Kok (1989; 1990). 

APS sulfotfansferase. The level of APS sulfotransferase changed with age and 
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environmental conditions; it increased during development of the leaf (Schmutz & 
Brunold 1982; Von Arb & Brunold 1985) and under conditions of sulfur deprivation 
(Barney & Bush 1985), while it decreased upon exposure to atmospheric S02 and 
H 2S (Brunold et al. 1983; Tschanz et al. 1985). These findings, togetber with the fact 
that the level of APS sulfotransferase is the Iowest of the enzymes of assimilatory 
sulfate reduction, led to the conclusion that APS sulfotransferase is a principal site 
at which assimilatory sulfate reduction is regulated (Brunold 1990; Farago & Brunold 
1990). 

Sulfite reductase. The Ievel of sulfite reductase also increased during development of 
the Jeaf (Schmutz & Brunold 1982; Von Arb & Brunold 1986). By addition of 18~-tM 
sulfide to the in vitro assay medium, sulfite reductase activity was reduced by 500Jo 
(Von Arb & Brunold 1985). Brunold (1990) speculated that this mechanism might be 
of importance in situations where the acceptor for sulfide, 0-acetyl-L-serine, is not 
available, thus preventing the accumulation of sulfide. 

Cysteine synthase. Oiovanelli (1990) reported that the changes in the Ievel of cysteine 
synthase found as a result of changes in sulfur nutrition were conflicting. The Ievel 
of cysteine synthase was not affected by sulfur nutrition in the experiments of Smith 
(1980), while Bergmannet al. (1980) found that sulfur starvation resulted in a ten
fold increase in the Ievel of this enzyme. Based on the present knowledge it seems un
Jikely that regulation of cysteine biosynthesis might take place by changes in the Ievel 
of cysteine synthase or inhibition of the activity of the enzymein situ. Tbe enzyme 
cysteine synthase was inhibited in vitro by cysteine and a nurober of other amino 
acids of the sulfur assimilation pathway, but the high concentrations required suggest 
that these inhibitions arenot of physiological significance (Oiovanelli et al. 1980). 
Oiovanelli (1990) speculated about the possibility that cysteine biosynthesis might be 
regulated by the availability of 0-acetyl-L-serine, in the same way as in bacteria. 
Brunold (this volume) postulated tbat 0-acetyl-L-serine might even play a Strategie 
role in the regulation of assimilatory sulfate reduction. However, its significance as 
a regulating factor is still unclear. For instance, when excess sulfur is given to foliar 
tissue as sulfate, S02 or H 2S, the plant is able to accumulate a considerable amount 
of cysteine and its metabolites, even \\rtthout supptemental 0 -acetyi-L-serine (Oe Kok 
1989, 1990; Buwalda et al. 1992; DeKok &Stulen, this volume). These fmdings indi
cate that even under conditions of an excessive sulfur supply, apparently sufficient 
0-acetyl-L-serine is available for additional cysteine synthesis. 

There is circumstantial evidence that cysteine desulfbydrase in its reverse reaction 
might be involved in the synthesis of cysteine, at least in case of the assimiJation of 
atmospheric H2S (Schützet al. 1991), but the significance of this reaction in the in
tact plant needs further investigation. 

Conclusions. The current ideas on the site of regulatory control of the assimilatory 
sulfate reduction pathway can be summarized as follows. The pathway may be regu
lated in at least four ways: 1) by modulation of the activity of ATP sulfurylase, 2) by 
tbe availability of sul fate in situ, at tbe site of ATP sulfurylase, 3) by cbanges in the 
Ievel of APS sulfotransferase and 4) by the availability of 0 -acetyl-L-serine for cys
teine synthase. 
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Tobte 1. Estimated contents (in ,.mol g fresh weight·1) and caicuJated fluxes (in nmol g fresh weight·1 h·1) 

of sulfur and nitrogen compounds in a model spinach plant with a RGR of 0.2 g g·l day·I and a shoot! 
root ratio of 3.4. Concentration vaiues are from tbe following references: 2 De Kok et ol. (1985); 
bJGeppinger-Sparace et ol. {1990); 0Maas et o/. (1985); dSteingröver (1986); esteingröver et a/. (l986a); 
fSteingröver et ol. (1986b); cvan Dijk et a/. (1986) and unpublisbed data. Protein N was calculated from 
data on total reduced N concentration, minus amrnonium and arnino N fraclion. Tbe value for protein 
S was derived by assuming an N/ S ratio of 30 (Dijkshoom & V an Wijk 1967). 

Compound Concentration Flux 

Shoot Root Sboot Plant Reference 

sulfate 4 2.5 31 33 a,c 
sulfolipid S I 0.3 7 8 b 
arnino S 0.3 0.2 2 3 g 
protein S 9 4.5 67 76 d,g 

nitrate 50 30 380 e,f 
ammonium N 0.8 0.5 6 g 
aminoN 6 4 46 g 
protein N 270 135 1990 d,g 

Partiticning of sulfu.r and oitrogen compounds within tbe plsot - calculation of 
Dux es 

Sulfur and nitrogen fluxes in relation to growth 

In the absence of a complete description of the distribution of suJt'ur compounds in 
a given plant, we made a modelplant to explore the relationship between enzyme 
Ievels and the sulfur fluxes needed to maintain steady-state conditions during growth. 
Experiments from our Iabaratory with spinach plants provided much of tbe input 
data (Table I) but information on sulfolipids was taken from IUeppinger-Sparace et 
al. (1990). Using the measured plant contents sulfur fluxes (in nmol g fresh weight·1 

h-l) were calculated for a relative growth rate of 0.2 g g·1 day-1• The partitioning of 
the various sulfur compounds over the plant were calculated with a shoot/root (S/R) 
ratio of 3.4 and are given in Fig. 1. For the sulfur compounds the fluxes were calcu
lated on a sboot as weil as a plant basis, since the major part of sulfur reduction and 
metabolism is still considered to take place in the Jeaf (Evans 1974; Brunold 1990). 
Similar calculations were carried out for the various nitrogen compounds, with the 
exception that the fluxes were calculated only on a plant basis (fable 1; Fig. 1): the 
extensive cycling of nitrogen compounds between shoot and root makes it hard to 
establish the part that sboot and root each play in the reduction and assimilation of 
nitrate (Simpson et a/. 1982; Simpson 1986; Cooper & Clarkson 1989). Table 1 shows 
that the calculated fluxes vary considerably between the various sulfur and nitrogen 
compounds. For both sulfate and nitrate, fluxes into proteins were highest. 

Significance of su/fur emission 

Even though plants may form a sink for atmospberic sulfur gases, which may be as
similated into cysteine and its metabolites (De Kok J 989, 1990; De Kok & Stulen, this 
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Fig. 1. Distribution of various sulfur and nitrogen compounds in a model spinach plant as OJo of total sul
fur and nitrogen content. The values werc calculated from the contents givcn in Table 1 and a S/ R ratio 
of 3.4. 

volume), they also may emit gaseaus sulfur, mainly as H2S (Schröder, tbis volume). 
This emission may only be substantial upon exposure of plants to non-realistic high 
Ievels of sulfur e.g. high Ievels of S02 (Ernst 1990). At normal sulfur supply the H2S 
emission rate is rather low. For instance, the ratio between carbon and sulfur assimi
lation in plants is in the order of 6 x I0-3 (Cram 1990), whereas e.g. for spruce the 
ratio of photosynthetic C02 fixation!H2S emission was about 3 x I0-7 (Schröder, 
this volume). Therefore it can be concluded that H2S emission under anormal sulfur 
supply is very likely a negligible fraction of the total sulfur flux in plants. 

Speculaüons on ti3e reguldion of sulfate reducüoc and !'il!!~er meta~o~m 

Level of enzymes in relation to sulfur flu.xes 

In order to be able to link the calculated fluxes of the various sulfur compounds 
(Table 1), with the potential activity of the various enzymes in the plant, data on 
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Table 2. Level of extractable enzyme (in JUDO! g fresh weighr-' h-1) of various enzymes, involved in sulfur 
and nitrogen metabolism, as measured with in vitro a~says andin vivo assay, if necessary recalculated on 
a fresh weight basis with available data in the foUawing references: aßarney & Bush (1985ab); bßosma et 
al. (1991); cßrunold (1983); dßrunold et al. (1987); •Brunold & Sclunidt (1978); Cßrunald & Suter (1984); 
BDe Koket al. {1986b); bFankhauser & Brunold (1978); iHewitt et al. (1979); iSteingröver et al. (1986a); 
kSchmutz & Brunold (1982); lSuter et a/. (1986); mTschanz et a/. (1986). 

Enzyme Level Species Refetence 

A TP sulfurylase 36- 66 Lemna minor c, d, e, 1 
29-240 herbaceaus species a, 1c: 
13 - 36 trees b, c 

APS sulfotransferase 4 - 6 Lemna minor e, f, I 
1- 2 Spinacia oleracea h 
1 - 5 trees a, d, m 

sulfite reductase 5 trees b 

cysteine synthase 30 Lemna minor e 
4800 herbaceaus species h 
1560 trees b 

nitrate reductase 
in vitro 3 - 4 Lemna minor f, I 

16 - 29 Spinacia oleracea g, j 
1 - 65 herbaceaus species a, g, i 

in vivo 1 - 4 Spinacia oleracea g, j 
4 - 29 herbaceaus species 

enzyme Ievels, expressed on a fresb weight basis, were summarized (Table 2). It 
should be noted that in vitro enzyme activities from the Iiterature usually are assayed 
at a temperature of 30°C, while plants are usually grown at a much lower tempera
ture. 

By comparing the calculated sulfur fluxes in the intact plant (Table 1), with the 
data on enzyme Ievels (Table 2), the following conclusions can be drawn. To maintain 
the sulfur content in the protein fraction a reduced sulfur flux of 76 nmol g fresh 
weight-1 h-1 is required. The level of ATP sulfurylase (which in vitro is often meas
ured in the reversed way) is much higher, viz. 13,000-29,000 nmol g fresh weight-1 

h-1 at the lowest for trees and herbaceaus species, respectively. The Ievel of APS sul
fotransferase is lower, but still much higher, viz., minimally 700-1300 nmol g fresb 
weight-1 h-1 for trees and spinach, respectively, than the calculated required flux. 
Therefore, the Ievel of APS sulfotransferase can be reduced substantially for trees 
and spinach, respectively, before the level of this enzyme becomes rate-limiting for 
the assimilatory sulfur tlux needed for growth. lt should be noted that the calculation 
of fluxes was based on a plant growing with a RGR of 200Jo. In slower growing species 
the flux can be expected tobe lower, and the difference between t he flux needed and 
the potential enzyme activity will be relatively higber. 

Affinity and intracellular localization oj enzymes in relation to intracelfular 
concentration of su/fur compounds 

Affinity and intracel/ular localization oj enzymes. The affinity of ATP sulfurylasc 
for sulfate seems tobe relatively low. Km values in the range of 0.5-3.1 mM (the 
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latter value for spinach) were found (Sbaw & Anderson 1972; Anderson 1980). Tbe 
affinity of APS sulfotransferase from spinacb for APS apparently is mucb greater 
e.g. Schmidt (I 976) found a Km of lO JLM. Sulfite reductase from spinach leaves also 
has a high affinity for sulfite. A Km value of 6 ~tM was found by Aketagawa & 
Tamura (1980). Theseenzymesare predominantly or even exclusively localized in the 
chloroplast (Brunold 1990; Brunold this volume). 

Intracellular concentrations oj suljate and cysteine. The concentration of sulfatein 
the cbloroplast, the predominant site of sulfate reduction in the plant (Anderson 
1980) appears to be strongly regulated, both at excess and at limited sulfur supply 
to the roots (Schröppel-Meier & Kaiser 1988; Kaiser et al. 1989). When barley and 
spinacb plants were grown hydroponica1ly on 250 and 200 mM sulfate, respectively, 
this resulted in an up to ten-fold increase in sulfate concentration of the leaf cells, 
from 5-10 to 60-70 mM, while the sulfate concentration of barley chloroplastswas 
only doubled, from 4-5 to 10-12 mM, (Kaiser et al. 1989) and that of spinach chlo
roplastswas unaffected (Schröppel-Meier & Kaiser 1988). Kaiser et al. (1989) ob
served that excess sulfate in tbe leaf cells was actively transported into the vacuole, 
the major storage site of sulfate in tbe cell up to a concentration of 100 mM (Smitb 
1981; Tboiron et al. 1981; Kaiser et al. 1989). De Kok (1989) a1so concluded that the 
rate of sulfate transport into the vacuole may be significant in tbe regulation of the 
sulfate conceotration at the site of its activation, the chloroplast, under normal con
ditions of sulfur nutrition. From the observed accumulation of sulfbydryl com
pounds in spinach leaf discs upon continuous exposure of leaf cells to high Ievels of 
sulfate, it was concluded that the sulfate concentration in the chloroplast may in
crease to such an extent that sulfate reduction exceeds the metabolic needs for 
reduced sulfur (De Kok 1989). 

GiovanelH et al. (1980) concluded that in Lemna the concentration of cysteine is 
maintained at a very low concentration (10 ~tM). Same autbors postulated tbat the 
cysteine pool in the plant is carefully regulated (Rennenberg 1982, 1984; Filne.r et a/. 
1984). Rennenberg (1984) proposed thatglutathione functions as a storage and trans
port form of sulfur. in plants, helping to maintain a constant concentration of cys
teine. Experiments in which excess sulfur was supplied to tbe shoot as H2S, how
ever, showed that even·after two weeks of exposure cysteine concentration was still 
elevated (De Koket a/. 1986a). Furtherexperiments showed tbat the cysteine fraction 
of the water-soluble SH poolwas strongly enriched when tbe synthesis of glutathione 
was inhibited by buthionine sulfoxirnine (De Kok & Kuiper 1986). Basedon tbese ex
periments tbe conclusion was drawn that the intracellular cysteine pool is poorly 
regulated in tbe presence of H2S (De Kok 1990). 

Conclusions. With respect to these conflicting results and interpretations, at present 
it is not possible to draw a definite conclusion on the regulation of the sulfur reduc
tion pathway, baiied on data of enzyme affinities and pool sizes of substrates. In view 
of the fact that the sulfate pool in the cbJoroplast might be well regulated, bowever, 
we conclude that A TP sulfurylase, wbich is located in the chloroplast (Fig. 2), seems 
to be the most likely candidate for regulatory control. 
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Fig. 2. Intracellular localization of enzyrnes of assimilatory sulfur reduction in relation to compartmenta
tion of sulfur compounds. IATP sulfurylase; 2APS sulfotransferase; 3sulfite reductase; 4cysteine syn
thase. 

Comi)arison with caiTent ideas on tl!e regulatima of nitr~ie reduction and fsrther 
metabolism 

Nitrate reductase has been considered the rate-limiting step in the reduction pathway 
of nitrate to ammonium and the incorporation of ammonium into amino acids. This 
assumption is based on a) the fact that nitrate reductase is an adaptive enzyme and 
the first in the reduction pathway, b) the fact that the Ievel oftbis enzyme is low com-
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pared to the abundant nitrite reductase level, and C) the rapid turnover rate of the 
enzyme (Beevers & Hageman 1969; Hewitt 1975; Hageman 1990). By comparing the 
Ievel of nitrate reductase with the calculated flux of reduced nitrogen into protein in 
the model spinach plant (Table 1; Table 2) it can be seen that the Ievel of the enzyme 
is excessive. The same conclusioncan be drawn from experiments in which the incor
poration of 15N nitrate into the reduced nitrogen fraction was .compared with the 
Ievel of nitrate reductase measured in vitro (Stulen et al. 1973; Steingröver et al. 
1986a). In some cases the in vivo assay for nitrate reductase provided a closer approx
imation of the accumulation of reduced nitrogen in the plant (Brunetti & Hageman 
1976; Stulen et al. 1981). This conclusion is also valid for the model spinachplant 
(Table 1, 2). NADH availability in vivo might determine the rate of nitrate reduction. 
This conclusion was also reached from experiments in which the influence of at
mospheric H2S on nitrate reduction at low light intensity was investigated (De Kok 
et al. (1986b). 

The group of Hageman carried out many experiments witb wheat and maize, in 
order to investigate whether a correlation between nitrate reductase activity in vitro 
or in vivo, and protein yield could be established (summarized in Hageman 1990). 
Fora given genotype, in vitro nitrate reductase activity of the wbole plant, integrated 
over time, was closely associated with the actual amount of protein accumulated by 
the plant. However, the view that such measurements of in vitro nitrate reductase ac
tivity would provide an estimate of the input of reduced nitrogen to the plant was 
not valid among diverse genotypes. Likewise, no correlation was found between 
measurements .of nitrate reductase activity in vivo and eventual crop protein-nitrogen 
yield. Based on all these experiments the conclusion was drawn that the in situ ac
curnulation of reduced nitrogen could also be affected by the amount of nitrate at 
the induction and assimilation site of nitrate reductase, and the availability of reduc
tant and metabolites for generation of reducümt (Hageman 1990). Other authors also 
reached the conclusion that the amount of nitrate reduced in the plant is mainly regu
lated by the supply of nitrate to the plant and the light conditions, which affect the 
supply of reductant (Sawhney & Naik 1990; Sopory & Sharma 1990). 

lt has lang been established that the flux of nitrate from the root to the leaves deter
mines the Ievel of nitrate reductase in the leaf (Shaner & Bayer 1976). The dependence 
of the induction of the nitrate reductase protein and the in vitro nitrate reductase 
activity was investigated by Oaks et al. (1988, 1990). From experiments with maize 
seedlings the conclusion was drawn that there is an inactive form of the nitrate reduc
tase protein that is synthesized in the presence of low nitrate concentrations and that 
this inactive protein is activated at higher nitrate concentrations. They concluded that 
the appearance of the nitrate reductase protein and the nitrate reductase activity in 
vitro represent two phases in the induction process, and that these two phases do not 
occur parallel in this system. There is evidence that in barley both phases appear in 
parallel (Melzer et al. 1989; Oaks et al. 1990). The latter authors finally concluded 
that nitrate reductase protein and activity in vitro are indeed induced by nitrate but 
that there are important differences in the timing and the responses of these events 
to environmental cues. They stated that studies at the genetic and molecular Ievels 
will certainly help in understanding the details of these interactions. But these studies 
rnay be less successful in developing plants that use ttitrate rnore efficiently, if the 
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emphasis of research continues to be on the enzyme nitrate reductase and not on 
other aspects of nitrate assimilation (Oaks et al. 1990). 

Summarizing we postulate that, although the Ievel of nitrate reductase is controlled 
by the cytoplasmic nitrate pool, the Ievel of the enzyme itself is not the main point 
of control of the reduction pathway. The availability of reductant for the functioning 
of the enzyme in situ may be important as weil. 

Ajfinity ofnitrate reductase in relation to intracel/ular nilrate concentration. Nitrate 
reductase is generally considered a cytosolic enzyme, although it may be loosely as
sociated with the chloroplast or microbody-like particles (Grant et al. 1970; Lips & 
Avissar 1972; Hewitt 1975; Sopory & Sharma 1990). Fora partly purified enzyme 
from spinach leaves a Km of 110 p.M for nitratewas found (Hewitt et al. 1979). After 
using a more purified extract, a Km of 40 ,uM for nitrate was found in squash 
(Campbell & Smarelli 1978; Campbell 1990). The newly developed specific nitrate 
electrode has made it possible to measure the cytoplasmic nitrate concentration 
(Zhen et al. 1991). For barley root cells a concentration of 5.4 and 3.2 mM was found, 
for epidermal and cortical cells, respectively (T. Miller, personal communication; 
Zhen et al. 1992). However, it should be noted that these experiments were done with 
excised roots, and that the authors themselves question the physiological significance 
of measurements made on excised roots. By assuming that the cytoplasmic nitrate 
concentration in the leaf is in the same range, we can conclude that the ~ of nitrate 
reductase for nitrate is weH below the cytoplasmic nitrate concentration. 

The catalytic efficiency of an enzyme can be expressed as the ratio of V max to Km, 
referred to as V /K. The V / K ratio for the squash nitrate reductase preparation was 
calculated to be 0.5 x 107 s·l M·l (Campbelll990). The highest catalytic efficiency 
an enzyme can have is about 108 s·1 M-1• Nitrate reductase, therefore, is among the 
most efficient catalysts known (Campbel11990). 

Regulation ojoverall nilrate reduction in theplant. Plants apparently maintain their 
protein concentration within a certain range. A value of 20% crude protein is 
representative for many plants (Hewitt et al. 1979). How is the overall reduction and 
incorporation of nitrate-nitrogen controlled, so that under non-limiting conditions 
of nutrient supply and light intensity nitrate reduction apparently reaches a maxi
mum and no more reduced nitrogen is accumulated? Rodgers & Barneix (1988) 
showed with wheat cultivars, differing in nitrate uptake rate, that the major differ
ences in uptake rate were related to the growth rate of the plants, which indicates that 
these differences were a consequence oflarger plant dem:and, as postulated by Clark
son (1986) and Barneix (1990). But the regulation of protein synthesis in relation to 
nitrate availability and uptake seems to be rather complex. Nitrate accumulation in 
the vacuole can be considerable (Hewitt et al. 1979), which shows that the nitrate 
taken up and transported to the shoot can be channeled into the vacuole rather than 
being reduced. How is the partitioning of nitrate between reduction in the cytoplasm 
and storage in the vacuole regulated? Is regulation by the concentration of nitrate 
at the site of nitrate reductase involved or is the affinity of the transport mechanism 
of nitrate over the tonoplast the decisive factoi? 

Conclusions. Summarizing we can conclude that the knowledge on the regulatory 
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control of nitrogen metabolism is more advanced than the knowledge on the regula
tory control sulfur metabolism. The main similarity between the regulatory control 
of both pathways may lay in the fact that the nitrate concentration at the site of the 
enzyme is tb.e most important factor for the functioning of nitrate reductase in situ, 
and the chloroplastic sulfate concentration for the functioning of A TP sulfurylase 
in situ. For both pathways the mechanism of the transport of nitrate and sulfate 
across the tonoplast and into the plastids clearly needs attention (Ciarkson et al., this 
volume). 

Speculaücns on ta.e regulat!cn of sul!ate upt~ke in relation to demand for growtb 

Plants apparently maintain their reduced sulfur protein concentration within a cer
tain range, between 0.1 and 1.5o/o of dry weight (Duke & Reisenauer 1986). As for 
reduced nitrogen (see previous section) the following questions can be raised: 1) how 
is the overall reduction and incorporation of sulfate controlled, so that under non
limiting conditions of nntrient supply and light intenslty sulfate reduction apparently 
reaches a maximum and no more reduced sulfur is accumulated, 2) how does the cell 
control the fluxes of sulfate into chloroplast and vacuole (marked with X in Fig. 2), 
and 3) how does the demand for growth regulate the uptake by the root, and wbat 
signals are involved - a reduced compound as glutathione or sulfate itself? 

Conclu<!ing remar~s 

The general condusion was drawn that data on enzyme Ievels and affinities alone are 
not sufficient to unravel the importance of various regulatory steps. Knowledge of 
the intracellular concentrations of metabolites, of the transport processes between 
cytoplasm and Organelles and between the various plant argans is also required. 

W e concluded that the availabi1ity of sulfate in the chloroplast, at the site of the 
first enzyme, ATP sulfurylase, rather than the Ievel of this enzyme, mightbe the most 
important point of control in the assimilatory sulfur reduction pathway. Likewise, 
the availability of nitrate for nitrate reductase, might control the assimilatory nitro
gen pathway. In order to confirm these hypotheses more research, aimed at elucidat
ing the exact intracellular compartmentation of the processes, in combination with 
quantitative measurements of fluxes and concentrations of the metabolites at the site 
of the enzymesandin the organelles, is needed. The main question then remains: how 
is the intracellular concentration of sulfate and nitrate regulated? In order to answer 
this question, more research on the mechanism of the transport of nitrate and sulfate 
into the vacuole and the chloroplast, and of the affinity of these processes mutually 
andin relation to the affinity of cytoplasmic processes as nitrate reduction, is needed. 
Newly developed techniques have made it possible to measure nitrate concentrations 
in individual cells (Zhen et al. 1991 ), but have not been developed yet for the measure
ment of sulfate concentrations. These techniques may also make it possible to inves
tigate if, and to what extent a division of labour between individual cells takes place. 

Based on the current knowledge of nitrogen demand in relation to nitrate uptake, 
the conclusion was drawn that the sulfur demand for growth probably regulates the 
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sulfate uptake by the root, rather than vice versa. For regulation of both sulfate and 
nitrate uptake, sulfate or nitrate, or reduced compounds might act as regulators. In 
the regulation of sulfate uptake, glutathione seems to be a likely candidate, and 
knowledge on the transport and cycling of this compound needs tobe expanded. 
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lntroduction 

The catabolism of methionine and cyst(e)ine in ,higher plants has not been the major 
focus of most reviews on sulfur metabolism. The emphasis has usually been on the 
process of incorporation of lhe sulfur atom and its primary precursor in the pathway, 
e.g. sulfate, sulfite, and sulfide and the role of methionine as a methylating agent 
(Anderson 1980; Giovanelli et a/. 1980). More recently the involvement of S-adeno
sylmethionine in the production of polyamines has been an active field of study 
(Tiburcio et al. 1990). The catabolism of the sulfur amino acids and their derivatives 
was briefly discussed by Mazelis (1980). Recently Anderson (1990) has produced an 
excellent review on sulfur metabolism in plants in which he discusses the most recent 
findings on the catabolism of methionine and cysteine and attempts to incorporate 
and reconcile results from peripheral pertinent studies. 

In this short review I will not attempt to reprise the entire Iiterature in this area 
but will focus on those aspects of recent current interest and those of which some 
uncertainty exists as to their significance. 

Metbiorune 

Catabolism of the methyl group 

Tbe methionine molecule, CH3SCH2CH2CH(NHi)COOH, has tb.ree d.istinct moie
ties. Theseare the methyl group, the sulfur, and the 2-aminobutyryl portion. An 
early study by Splittstoesser & Mazelis (1967) examined the catabolic fate of the 
methyl group in a nurober of plant families with seedlings of pea, koblrabi, pumpkin, 
and Sesbania. Using 14CH3 methionine they found up to 40Jo of the total Iabel added 
produced as C02 within 24 hours. Methionine, methyl methionine suJfonium 
(SMM), and serine were the major Iabeted compounds found in the amino acid frac
tion in each species. Mudd & Datko (1986) did a very thorough study of the fate of 
the methyl group in Lemna. They grew the plants in the presence of 14CH3-Jabeled 
methionine and examined the distribution of Iabel in the various dasses of com
pounds extracted from the homogenate of samples removed at different time per
iods. They concluded that tbere was little, if any, oxidation ofthe methyl group. Tbe 
greatest amounts of Iabel were in protein methionine, methylated ethanolamine 
derivatives, pectin methyl esters, and chlorophyll methyl esters. They found no 
labeled C02 or serine. The possibility of differences between the monocot Lemna 
and the dicot species used in the earlier study was suggested. Although it may be sur
prising that serine should be labeled, thus indicating the potential for the existence 
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of a C1 path from methionine to glycine, there is a precedent in that it has been 
reported that rats fed L-methionine-14CH3 produced serine labeled almost exclusive
ly in the beta carbon (Kisliuk et a/. 1956). 

The S-methylmethionine (SMM) cycle 

The conversion of methionine to SMM in higher plants is well-established (Sato et 
al. 1958; Greene & Davis 1960; Splittstoesser & Mazelis 1967; Baur & Yang 1972; 
Hanson & Kende 1976; Mudd & Datko 1986). The studies by Mudd & Datko (1986) 
with Lemna showed that the labeled methionine was converted readily to S-methyl
methionine (SMM). Tbe rate of incorporation of the Iabeted methyl group was very 
close to that of the incorporation into the methylated etbanolamine derivatives. 
However, the total amount of Iabel in tbe SMM pool decreased over time. This sug
gested that it was acting as a precursor or intermediate in some otber reactions. Tbe 
following sequence of reactions was proposed to account for their findings: 

(1) ATP + metbionine...;;. S-adenosylmethionine(SAM) + PPi + Pi 
(2) SAM + methionine ...;;. S-methylmethionine + S-adenosylhomocysteine 
(3) S-adenosylhomocysteine ...;> bomocysteine + adenosine 
(4) Homocysteine + S-methylrnethionine...;;. 2 methionine 

SUM: ATP...;;. adenosine + PPi + Pi 

The ability of SMM to .act as a methyl donor to homocysteine and thus able to 
regenerate 2 molecliles of methionine has been well established. Tbe enzyme S
methyl-L-methionine: bomocysteine S-methyltransferase (EC 2.1.1 .10) has been 
demonstrated in extracts of seeds of many plant species as weil as in 1-day old pea 
seedling cotyledons (Giovanelli et a/. 1980). The sequence of reactions above appears 
tobe a 'futile' cycle since it results in only a net bydrolysis of all the phosphate groups 
of ATP. This anomaly was addressed in the review by Giovanelli et al. (1980) who 
suggested that SMM could act as a reservoir of methyl groups for periods wben 
methyl group synthesis de novo might be limiting. Since SAM is an effector of threo
nine synthase whicb competes for the precursor of bomocysteine, the authors sug
gested that storage of methyl groups in SMM, which does not stimulate threonine 
biosynthesis, allows the continued accumulation of tbe metbionine precursors, 
methylmethionine and homocysteine without slowing methionine biosynthesis. 

In a very recent paper Mudd & Datko (1990) examined tbe cycle above in intact 
plants of Lemna paucicostata and cell suspension cultures of carrot (Daucus carota) 
and soybean (Glycine max). Lemna was incubated with S-[3H3C]-methyl-L-metbio
nine sulfonium in one experiment and with labeled methylmetbionine + L-[14CH3]

methionine in another. Mter a 1.5 minute incubation the radioactive medium was 
removed, the plants washed and placed in fresh unlabeled growth medium. At vari
ous times samples were removed and assayed for the labet in various fractions. These 
chase experiments sbowed that the Iabel from the SMM entered tbe same pools as 
that from the methionine albeit there was some time lag in entering these pools com
pared to tbe Iabel from the metbionine itself. This suggested strongly that the metbyl 
groups from SMM were transferred to the methionine pool prior to other methyla-



Catabolism oj suljur-containing amino acids 97 

tion reactions. The presence of SAM:methionine S-methyltransferase (EC 2.2.1.12) 
and SMM:homocysteine-S-transferase (EC 2.2.1.10), the enzymes required for the 
formation of SMM and its retum to methionine, was demonstrated in Lemna 
homogenates. 

The results with carrot suspension cultures showed that the Iabel in the SMM pool 
decreased rapidly during a chase period but studies with soybean did not give this 
result. The authors conclude that this cycle, because of its prevalence (my interpreta
tion), must have some physiological utility. Their Suggestionisthat the flux through 
SAM is so high and the pool of methionine so small that methionine could be trapped 
in SAM leaving insufficient methionine available for protein synthesis. The cycle 
above would regenerate methionine at the cost of A TP hydrolysis. 

SMM catabolism 

The enzyme S-methy.l-L-methionine hydrolase (EC 3.3.1.2) capable of cleaving SMM 
by the following reaction has been found in bacteria (Tanaka & Nakamura 1964; 
Mazelis et al. 1965) and partially purified: 

(CH3hS+C~CH2CH2(+NH3)COO· + H20 -7-

(CH3hS + OH-CH2CH2CH(+NH3)COO· + H + 

This enzyme could also utilize SAM as a substrate. A similar activity has been report
ed in cabbage homogenates by Lewis et al. (1971) andin onion by Hattula & Gran
roth (1974). The results of Lewis et al. (1971) were obtained in studies of selenium 
metabolism in cabbage. This plant incorporates inorganic selenium into the seleno
mium analog of S-methylmethionine. Lewis et al. (1971) found djmethyl selenide in 
volatile compounds produced by fresh leaves of cabbage grown on nutrient media 
containing selenite or selenate. A homogenate of cabbage leaves was treated with 
(NH.J2S04 to 500Jo saturation and the precipitate obtained used as the source of en
zyme. Tbis enzyme fraction utilized botb Se-methylselenomethionine and SMM to 
produce dimethylselenide or dimethylsulfide respectively, and homoserine. 

Methionine catabolism 

In plants and tissues which produce ethylene as a ripening or wound hormone the 
2-aminobutyryl moiety of SAM is utilized to produce ethylene, HCN; and C02• An 
intermediate in tbis conversion is the cyclic amjno acid 1-aminocyclopropane carbox
ylate. This sequence bas been reviewed recently by Miyazald and Yang (1987). 

Several other catabolic reactions involving methionine have been reported from 
time to time but have not been studied to the same extent as those discussed above. 
Sato et al. (1958) found that oat seedling sections oxidized methionine to its sulfoxide 
in vivo and in vitro. The methionine sulfoxide was able to donate its methyl group 
to pectin and protopectin. It was also able to donate its metbyl group to methionine 
to yield SMM. Doney & Thompson (1966) found L-methionine sulfoxide and S
methyi-L-cysteine sulfoxide were reduced to methionine and S-methyl cysteine in tur
nip (Brassica rapa) and bean (Phaseolus vulgaris) leaves. Splittstoesser & Mazelis 
(1967) showed that methionine sulfoxide was a major product after feeding [14CH3]-
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methionine to various seedlings. In addition they found that these seedlings could 
also convert [14CH3]-methionine sulfoxide to methionine to some extent. The en
zymatic reduction of methionine sulfoxide to methionine has been found to occur in 
yeast, bacteria, plants, and animals (Brot & Weissbach 1991). This reaction was 
analyzed in yeast by Black et al. (1960). They described a complex system requiring 
three proteins and NADPH which reduced one of the methionine sulfoxide isomers, 
viz. L-methionine sulfoxide to L-methionine. In the presence of only two of these 
proteins cystine as well as other disulfides could also be reduced to the sulfuydryl con
stituents. 

The oxidation of methionine residues in proteins to methionine sulfoxide takes 
place both in vivo and in vitro. A separate enzyme has been found in unicelluhtr 
eukaryotes, plants and animals which can reduce methionine sulfoxide in peptide 
linkage. The question as to whether the methylating ability of the sulfoxide is related 
to its prior reduction to methionine is still unanswered. 

The production of methanethiol by leaf discs of pumpkin (Cucurbita pepo) or by 
homogenates of leaf discs floated on 10 mM L-methionine has been reported by 
Schmidt et al. (1985). The production of methanethiol by leaf discs began after a 
6 hour lag period. The rate of production was greatly accelerated by light. The 
authors conjectured that these results conformed to the induction of a methionine-"
lyase (EC 4.4.1.11). 

In polyamine biosynthesis SAM decarboxylase (EC 4.1.1.50) produces the 
propylamine derivative of SAM which is utilized in spermine synthesis. This releases 
the methionine carboxyl group as C02. Another reaction which can decarboxylate 
methionine was reported by Mazelis (1959). A soluble preparation from washed 
cytoplasmic particles from cabbage leaf was able to decarboxylate methionine. The 
reaction required Mn2+ and pyridoxal phosphate. Since catalase was shown to in
hibit the reaction (Mazelis 1960), the involvement of peroxidasewas examined. Puri
fied horseradish peroxidase was found to carry out this decarboxylation under the 
same conditions (Mazelis 1962). The product ofthereaction was unexpected. Rather 
than 3-methylthiopropylamine the product was 3-methylthiopropionamide (Mazelis 
& Ingraham 1962). Other amino acids were also decarboxylated to the amide by this 
system. 

A methionine decarboxylase has been solubilized from the lyophilized fronds of 
many fern species (Hartmann et al. 1984). The enzyme decar'boxylates a number of 
alkyl amino acids, but is most active with methionine. Stevensan et al. (1990) has 
purified the enzyme from acetone powders of Dryopterisjilix-mas and characterized 
its properties. The product of the methionine decarboxylation was 3-methylthio
propylamine. 

Cystei9e and cystine 

Metabolie interconversion 

Even though these two amino aciC1s are readiiy interconverte<.t chemically, it is now 
apparent that they can be catabolized by different routes. Cysteine can be oxidized 
to cystine aerobically with cytochrome c and cytochrome oxidase (Keilin 1930). 
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Kramet & Schmidt (1984) found that that membrane fractions of Chlorella fusca 
catalyzed the oxygen dependent oxidation of cysteine to cystine. One mole 0 2 con
verted 4 cysteines to 2 cystines. 

The reduction of cystine to cysteine bas been reported in pea seed (Romano & 
Nickerson 1954). An extract from pea seed acetone powders was able to reduce cys
tine to cysteine utilizing NADH. This enzyme (EC 1.6.4.1) has not been purified to 
date. Mapson (1953) claimed to have verified this finding but presented no data. Very 
recently some preliminary efforts to repeat these results in my Iabaratory were unsuc
cessful. The status of this reaction is uncertain. Perhaps in view of the work by Black 
et al. (1960) cited above the system may be a complicated one. The reduction of cys
tine to cysteine has been reported recently using a cell-free extract of Clostridium 
thermoaceticum (Koesnandar et a/. 1991). These investigators found that their prepa
ration required molecular hydrogen and methylviologen. They suggested that the en
zyme hydrogenasein the extract reduced the methylvialogen which then reduced the 
L-cystine to L-cysteine and regenerated oxidized methylviologen. The addition of 
exogenous hydrogenase accelerated the rate of reduction. 

Catabolism oj cystine 

The production of pyruvate from cystine has been well-documented. Mazelis et al. 
(1967} demonstrated the following reaction catalysed by a soluble enzyme from 
rutabaga (Brassica napobrassica): 

-QOC-CH( + NH3)-CH2-S-S-CH2-CH(+ NH3)-COO- + H 20 ~ 
-QOC-CH(+NH3)-CH2-S-SH + CHrCO-COO- + +NH4 

The rutabaga enzyme was highly specific for L-cystine and S-methyl-L-cysteine sul
foxide as substrates. L-cysteine was not a Substrate but was an effective inhibitor of 
the reaction with L-cystine. The Km for L-cystine was 1 mM and the Ki for L
cysteine was 0.15 mM. Glutathione was equally effective as an inhibitor. Hall & 
Smith (1983) obtained two isozymes of this enzyme activity from cabbage (Brassica 
oleracea var capitata). These enzymes were able to utilize not only L-cystine as a 
substrate but were also quite active towards 0-acetylserine, L-cysteine, and S
methylcysteine sulfoxide. Hamamoto & Mazelis (1986) also found two isozymes of 
cystine Iyase in broccoli buds (B. oleracea var pompejana) and purified one of them 
to hoinogeneity. The homogeneaus enzymewas active only with L-cystine and alkyl 
cysteine sulfoxides. The enzymewas found tobe a glycoprotein containing 5 .8"1o car
bohydrate on a weight basis. By gel filtration the molecular weight was estimated at 
152,000 and SDS-PAGE analysis showed one subunit of 49,000 daltons. This strong
ly suggested the native enzyme exists as a trimer. Wehave recently purified cystine 
Iyase from turnip (Brassica rapa), another species in this genus, for comparative pur
poses. Two isozymes of this enzyme are present in this species and we have purified 
both of them to apparenthomogeneity. One isozyme is much more active than the 
other based on specific activity (Wongpaibool & Mazelis, unpublished results). 
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Catabolism of cysteine 

The production of pyruvate from L-cysteine by an L-cysteine desulfhydrase (EC 
4.4.1.1) in high er plants has been reported in several studies (Harrington & Smith 
1980; Rennenberget al. 1987; Schützet al. 1991). Rarrington & Smith (1980) utilized 
cultured tobacco cells. Acetone powders of these cells were prepared 24 hours after 
exposure to 0.5 mM L-cysteine. The acetone powders were extracted with pH 8.0 Bi
eine buffer plus dithiothreitol. After centrifugation the supernatant solution was 
used as the enzyme source. They found the sulfide and pyruvate were produced in 
equimolar amounts. Attempts at further purification of the enzyme were unsuccess
ful. Hall & Smith (1983) bad considered that cysteine desulfhydrase activity resides 
in the same protein as the cystine Iyase since their highly purified enzyme carried out 
both activities. 

The other studies referenced above utilized cultured tobacco cells and cucurbit Ieaf 
discs. Homogenates from leaf discs and tobacco cells were assayed for cysteine 
desulfhydrase activity by incubation with L-cysteine or D-cysteine. Enzyme activity 
was monitared by sulfide emission. No identification of pyruvate was attempted. 
Sulfide was produced with either substrate. Thein vitro studies found the D-cysteine 
desulfhydrase activity was significantly greater than that of the L-form. This con
formed with previous sturlies (Schmidt 1982; Schmidt & Erdle 1983) which demon
strated the presence of D-cysteine desulfhydrase in spinach leaves and Chlorella 
fusca. In the Iatter plant the L-and D- specific enzymes were separated in vitro. The 
D-cysteine enzyme was much more active and was purified over 100-fold. Balance 
studies of the products showed much less pyruvate and NH4 + were produced than 
H2S. Fractionation of crude homogenates (Rennenberg et al. 1987) found the D
cysteine enzyme was localized in the cytoplasm whereas the L-cysteine desulfhydrase 
was present in the chloroplasts and mitochondria. 

Although a significant body of evidence has been accumulated that L- and D
cysteine desulfhydrases exist in higher plants, the properties of these enzymes have 
only been cursorily described as yet. The enzyme in animals and bacteria which acts 
as a cysteine desulfhydrase is known as cystathione-'Y-lyase (EC 4.4.1.1). lt is a mul
tifunctional pyridoxal phosphate protein which cleaves L-cystathionine to yield 
L-cysteine, NH3, and. a-ketobutyrate. It also can utilize L-bomoserine, L-cystine, 
and L-cysteine as a substrate. The plant enzymes so far described do not appear to 
have this wide specificity. Giovanelli & Mudd (1971) were unable to show this 'Y
cleavage in plant extracts in which cystathionine ß-lyase was present, however 
Halaseh et al. (1977) did find that feeding 35S-amino acids to Astragalus pectinatus 
gave products which suggested a 'Y-cleavage of cystathionine did occur in this species . 

.In a very recent study Schützet al. (1991) found that fumigating cucurbit plants 
with H2S increased the thiol content of the cotyledons and primary leaves but 
decreased the activity of the L-and D-cysteine desulfhydrases in the cotyledons very 
markedly. When leaf homogenates were exposed to H2S the thiol content increased 
by 16-fold. The addition of pyruvate + NH4 + or various inhibitors of cysteine 
desulfhydrase like NH20H to the homogenate during the fumigation decreased the 
amount of thiols formed significantly. Since these inhibitors did not affect the in 
vitro activity of cysteine synthase, these authors suggested that the increase in thiol 
content may be due to the reversal of the cysteine desulfhydrase reaction. This is an 
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interesting speculation and should be readily proven by use of 14C-pyruvate and 
ISNH3 even with crude preparations. 

S-Substituted cysteines 

A distinctive feature of several plant families is the presence of a number of S-alkyl 
cysteines as secondary non-protein amino acids. These may be present as the 
thioether or the sulfoxide and also, in many instances, as the 'Y-glutamyl dipeptide. 
They are often of significant commercial interest since these are the precursors of the 
major flavor constituents in several important economic crops. Tbe monocot fami
lies Amaryllidaceae and Liliaceae, and the dicot farnilies Crucijerae and Legumino
sae, have many species which give off a characteristic odor upon maceration or bruis
ing. Garlic (Allium sativum), onion (Allium cepa), cabbage, cauliflower, broccoli 
(varieties of Brassica oleracea), turnip (Brassica rapa), rutabaga (Brassica napobras
sica), and kidney bean (Phaseolus vulgaris) are well-known examples of common 
vegetables which have a significant amount of these derivatives as secondary amino 
acids. 

A /Ii in Iyase 

Stall & Seeheck (1951) described the isolation and characterization of the sulfur ami
no acid of garlic responsible for the characteristic odor and flavor and the enzyme 
which degraded it. The aminoacidwas given tbe trivial name of alliin and was deter
mined to be ( + )-S-allyl-L-cysteine sulfoxide. The enzyme was named alliinase or 
alliin Iyase and the overall reaction is shown below: 

2 CH2 =CH-CH2-SO-CH2-CH(+NH3)-COQ- + H20 -7>-
CH2 = CH-CH2-SO-S-CHrCH = CH2 + 2 CHrCO-COO· + 2 + NH4 

The alliin Iyase (EC 4.4.1.4) of garlic has been purified to apparent homogeneity 
by several groups (Kazaryan & Goryachenkova 1975; Nock & Mazelis 1986, 1987; 
Jansen et al. 1989a). Each of these preparations had different physical characteristics 
and properties. The molecular weights reported were 130,000, 85,000 and 108,000in 
the order of references above. The isoelectric points in order were 6.2, 7 .0, and 4.9 
respectively. All agreed that the enzyme had a pyridoxal phosphate prosthetic group 
and consisted of two equal subunits. A recent brief abstract by Rabinkov et al. 
(1991), however, describes a homogeneaus garlic alliinase as a tetramer of 45,000 dal
ton subunits. Nock & Mazelis (1986, 1987) found the enzymetobe a glycoprotein 
however the homogeneaus enzyme of Jansen et al. (1989a) was not. Conlrrmation 
of the glycoprotein nature of the garlic enzyme and a subunit molecular weight of 
40,000 was recently obtained in a personal communication from Dr. P. Sirnon of the 
Horticulture Department at the University of Wisconsin, Madison. 

Tbere were some unusual aspects of the homogeneaus protein examined by J ansen 
et al. (1989a). The electrophoretically homogeneous fraction used for characteriza
tion bad a specific activity only 1/3 that of the previous purification step. It is con
ceivable that their results might be explained by the isolation and characteriazation 



102 M. Mazelis 

Tobte 1. Classification of Alllin Lyases of Allium species by pH optimum. 

I. pH 5.6-6.5 

II. pH 8.0-8.5 

Species 

A. sativum (garlic) 
A. chinense (rakkyo) 
A. odorum 

A. cepa {onion) 
A. parrum (leek) 
A . }tStulosum (Welsh onion) 

Reference 

Stoll & Seebeck (1951) 
Tsuno (1958) 
Tsuno (1958) 

Schwimmer & Mazelis {1963) 
Won & Mazelis (1989) 
Fujita et al. (1990) 

of a small fraction of modified or deglycosylated enzyme. They also reported that 
a flavin coenzymewas present in their preparation ( J ansen et a/. 1989b) and that rote
none inhibited very strongly at nanomolar concentrations. Efforts to confirm this in 
my laboratory were unsuccessful. 

Onion, a closely related Allium species, unlike garlic produces a very irritating 
compound upon cutting or macerating onion tissue. Tbis product is a transient 
lacbyramator. The major sulfur amino acid of tbe onion bas been found to be an 
isomer of the garlic alliin, viz. trans-( + )-S-(1-propenyl)-L-cysteine sulfoxide 
(Whitaker & Mazelis 1991). Although it was assumed that onion must possess an 
allün Iyase, it was 11 years after the finding by Stoll & Seeheck ( 1951) before a cell
free preparation from onions capable of alliin Iyase activity was demonstrated. 
Almost simultaneously two laboratories reported these results (Schwimmer et al. 
1960; Kupiecki & Virtanen 1960). 

The onion alliinase has been purified to homogeneity and characterized (Nock & 
Mazelis 1987). It was similar to the garlic enzymeinthat it was a glycoprotein. The 
native enzyme was, however, a tetramer consisting of subunits of 50,000 daltons. 
Pyridoxal phosphate equivalent to one mole/ mole of subunit was bound to both 
enzymes. A distinctive difference between these two enzymeswas in the pH optimum 
for the assay. Tbe garlic enzymebad an optimum at pH 6.5 whereas that of the onion 
alliinase was at pH 8.0. 

Alliin Iyase from two other Allium species, leek (A. porrum) and welsh onion 
(A. jistulosum), have also been purified to homogeneity (Won & Mazelis 1989; 
Fujita et a/. 1990). Both were glycoproteins and were similar in their properties to 
the onion enzyme. The alliin lyases from various species appear to divide into two 
distinct classes in regard to their pH optima for activity (Jacobsen etal. 1968). Abrief 
table of the allün lyases of various Allium species is shown in Table 1. 

S-methyl-L-cysteine sulfoxide is a common secondary amino acid in the Cruci
ferae. The enzymatic degradation of this substrate by cell-free extracts of Brassica 
species was frrst reported byMazelis (1963). After cystine Iyase had been discovered, 
further purification of this enzyme could not separate the two activities in tbe Brassi
ca species described previously. The homogeneaus cystine Iyase of broccoli utilized 
S-methyi-L-cysteine sulfoxide very effectively as a substrate (Hamamoto & Mazelis 
1986). The Allium enzymes were unable to utilize cystine as a substrate. 
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Other C-S lyases 

Tbe seeds of many species of Leguminosae contain a variety of S-alkyl cysteine 
derivatives as free non-protein amino acids. On germination they often give rise to 
volatile compounds of strong odor. Schwimmer & Kjaer (1960) obtained an enzyme 
frorn the ground endosperrn of Albizzia lophanta wbich bad a broad specificity in 
regard to substrate. It utilized botb S-alkylcysteines and their sulfoxides very effec
tively. L-Djenkolic acid, whicb is a :natural constituent in the seed, was the most 
active substrate. 

A similar enzymewas purified to homogeneity from seedlings öf Acaciafarnesiana 
(Mazel.is & Creveling 1975). lts substrate specificity was very similar to that of 
A. /ophanta. An unusual featureisthat L-djenkolate is the preferred substrate, but 
L-cystathionine, which might be considered almost a metbylene analogue of djenko
late, is an extremely poor substrate. The non-specific character of the enzyme was 
demonstrated by its ability to cleave 0-methyl-L-serine, the oxygen analogue of S
rnethyl-L-cysteine, very readily (Mazelis 1975). It also bad a significant activity witb 
the nitrogen analogue, ß-methylamino-a-aminopropionate. Like all the other C-S 
lyases described previously pyridoxal phospbate was a cofactor. 

Homology by immunology 

It is apparent that plant C-S lyases that utilize the S-substituted cysteines fall into 
three categories. They are tbe Allium type which are limited only to the sulfoxide; 
tbe Brassica type which not only utilizes the sulfoxide but also cystine even more 
effectively; and the Acacia class which has a very broad specificity using the thioether 
as readily as the sulfoxide, and can even utilize the 0- and N-analogues. 

The question arises as to the degree of homology present in the enzyme proteins 
from such different families. In fact even more curious, at least to me, was the fact 
that two closely related species such as onion and garlic bad enzymes of such different 
physical and kinetic properties. The enzymes differ greatly in rnolecular weight, num
ber of subunits, and pH optirnum (Nock & Mazelis 1987), yet tbeir substrate specifici
ty is similar. Polyclonal antibodies were obtained from rabbits challenged witb either 
homogeneaus garlic alliinase or onion alllinase. Using immunodiffusion the garlic 
and onion antisera were tested against homogeneaus onion, garlic, and leek enzyme. 
The only reaction occurred with the Iyase and the antiserum derived from it. The leek 
enzyme did not interact with either tbe garlic or onion antibodies {Nock & Mazelis 
1989). 

The antigens used were the native enzymes which are glycoproteins. The carbohy
drate moieties are very potent antigerne determinants and it is conceivable that they 
could be the dominant feature in the interactions witb the antibodies. Furified alliin 
Iyase from both garl.ic and onion was deglycosylated chemically and the denatured 
protein used to produce antibodies. Using a moresensitive ELISA test for antibody
antigen reaction, crude extracts of garlic, onion, and leek were tested for tbeir re
sponse to glycosylated garlic antibodies (Abg) and deglycosylated enzyme antibodies 
(Abd) after SOS-PAGE. Ab

8 
reacted strongly with garlic extract with one major 

band. There was also some response with onion and leek in tbe same location. When 
Abd was similarly tested, there was only a reaction witb emde garlic extract, purified 
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garlic enzyme, and with one of the subunits of the leek enzyme, but not with the 
onion Iyase (Ho & Mazelis 1993). This strongly suggests that the different Allium 
lyases are quite different in protein structure and makes them interesting subjects for 
studies in molecular evolution. 

Cystathionine 

This is a non-protein S-substit.uted cysteine which is ubiquitous in the autotrophic 
plant world. As an intermediate in methionine biosynthesis it is cleaved by a ß
elirnination to form homocysteine and pyruvate. Cystathionine-ß-lyase (EC 4.4.1.8) 
has been demonstrated in crude preparations from several plants and partially puri
fied from spinach leaves by Giovanelli & Mudd (1971). Because of its relationship 
to the C-S Iyases discussed above, Staton & Mazelis (1991) purified the enzyme from 
spinach to homogeneity for comparison to alliln Iyase and cystine Iyase. The enzyrne 
bad a very limited specificity in that it could only use cystathlonine, djenkolic acid, 
and cystine as substrates. The first two were much more active as substrates than cys
tine. This does mean, however, tbat cystine cleavage is potentially a universal plant 
phenomenon. 

The molecular weight was estimated at 210,000 consisting of a tetramer of subunits 
of 53,000 daltons. Polyclonal antiborlies were made to tbis antigen in rabbits and 
crude extracts of garlic, onion, leek, and spinach were examined by immunoblotting 
techniques for interaction with the antiserum. All of them showed a singleband at 
the same position. When purified alliin Iyase from garlic and onion was tested there 
was no reaction (Ho & Mazelis 1993). This suggests that there is a homologaus pro
tein present in the crude extract which is not related to the other C-S Iyase, alliin Iyase. 

c~mciuding remarks 

The catabolism of methionine in higher plants differs significantly trom that folUld 
in animals. Methionineis an essential amino acid for mammals and, depending on 
the diet, may be ingested in excess of requirements for growth and maintenance. In 
higher plants methionine is synthesized as needed by the organism and its production 
is under very strict regulatory control, primarily by feedback inhibition at certain 
critical steps in the biosynthetic pathway. One of the major differences between plant 
and animal mechanisms in methionine metabolism is at the level of cystathionine 
utilization. Animals can only utilize this important intermediate via a -y-cleavage to 
produce cysteine and a -ketobutyrate. Plants on the other band invoke a ß-elimi
nation to form homocysteine and pyruvate. Although there has been a report of the 
-y-cleavage of cystathlonine in Astragalus pectinatus (Halaseh et al. 1977) this ap
pears tobe a minor aspect of cystathionine degradation in plants. An additional func
tion ofmethionine in plants, lackingin animals, is the production ofthe ripening hor
mone ethylene. 

Because of the strict regulatory controls of methionine biosynthesis, plants appear 
to have established what might be called the Law of tbe Conservation of Methionine. 
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The presence of the SMM: cycle and the regeneration of methionine from 5-methyl
thioadenosine, a product of ethylene production from methionine, would support 
this contention. 

Although cysteine and cystine are readily interconvertible chemically, they are 
catabolized by independent routes in higher plants. The purification and characteri
zation of cystine lyase has been thoroughly documented, L- and D-cysteine desulfhy
drases have been found and characterized to some extent but the Ievel of purification 
required for critical specificity studies and physical characterization has not been ob
tained to date. Areal question is what is the roJe of such active D-cysteine desulfhy
drases biologically? 

The substituted S-alkyl cysteine lyases vary from the very limited specificity of the 
enzyme in the Allium species to the very broad specificity exhibited by the enzymes 
in tbe Leguminosae species studied. In every case L-cystathionine is a poor substrate 
for these enzymes and there is a specific C-S Iyase, cystatbionine-ß-lyase. It is of in
terest that this latter enzyme. can utilize L-cystine, thus making a cystine Iyase activity 
ubiquitous in all autotrophs. 

The biological rote ofthe S-alkyl cysteine lyases is uncertain. It is known that vola
tile sulfur compounds are toxic to many fungi. The amino acid substrate and the en
zyme are separated spatially within the cell in onion (Lancaster & Collin 1981) and 
the enzyme action does not take place until the tissue is ruptured. An invasive patho
gen could cause such a reaction, in effect, the plant creates its own antiseptic. 

Some final comments should be made concerning the potential utility of the 
products of the alliin Iyase reaction in onion and garlic. In recent years a spate of 
articles has been published in regard to the use of garlic and onion as a source of med
ical and pharmaceutical compounds (Block 1985; Jain & Apitz-Castro 1987). The ac
tivity of ajoene, a compound derived from allicin, as an antithrombotic agent has 
been weil documented. It has been suggested that it could be a very effective substi
tute for heparin during surgery (Jain & Apitz-Castro 1987). Ajoene has also been 
found to have a cytotoxic effect on various animal cell lines, with the tumorigenic 
line being the most sensitive (Scharfenburg et al. 1990). Allicin itself was found to 
be a specific inhibitor of the acetyl-CoA synthetases from plants, yeast, and mam
mals (Focke et al. 1990). 

The "old wives' tales" concerning the health and dietetic benefits of garlic may 
be another example of the intuitive wisdom of our forbears . 
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Introduction 

Reviews on glutathione ('Y-L-glutamyi-L-cysteinyl-glycine) usually start with tbe 
Statement that glutathione is the major low molecular weight thiol in most organisms. 
For plants, this statement is not fully correct. There are at least two groups of higher 
plants in which anotber 'Y-glutamyl-cysteinyl-tripeptide is found either in addition to, 
or instead of glutathione. As first reported by Price (1957) homoglutathione, a 
glutathione-homologue tripeptidein whicb the C-terminal antino acid is replaced by 
ß-alanine, is found in several members of the order Fabales. In gramineous plants 
that belang to the family Poaceae a second homologue of glutathione with the se
quence 'Y-L-glutamyl-L-cysteinyl-serine has recently been detected and identified by 
Klapheck et al. ( 1992); for this tripeptide the name '' hydroxymethylglutathione'' has 
been proposed. It cannot be excluded that further 'Y-glutamyl-cysteinyl-tripeptides 
will be found in extended surveys of the Plant Kingdom. 

The functions of both glutathione-homologues seem tobe similar to those of gluta
thione (Table 1). Leaves of Phaseolus vulgaris and Trifolium pratense exposed to 
H2S show increased levels of homoglutathione, indicating its function in the storage 
of reduced sulfur (Buwalda et al. 1993). Homoglutathione is used in the long-distance 
transport of reduced sulfur in Vigna radiata (Macnicol & Bergmann 1984). Like 
glutathione disulfide, oxidized homoglutathione is reduced by NADPH-dependent 
glutathione reductase (Kiapheck 1988). In the two species tested (Phaseo/us coccineus 
and Glycine max) homoglutathione is present in the cbloroplasts. However, it is still 
doubtful whether homoglutathione participates in the H20 2-scavenging pathway in 
this Organelle (Zopes 1990; Zopes et al. 1993). Like glutathione, homoglutathione 
serves as the substrate for the formation of homo-phytochelatins (Grillet a/. 1986) 
and can be used for the detox:ification of xenobiotics by glutathione-S-transferases 
(Lamoureux & Russness 1989b). 

Leaves of Triticum supplied with high concentrations of sulfate contained elevated 
levels of hydroxymethylglutathione and glutathione indicating a function of both 
tripeptides as storage forms of reduced sulfur (Klapheck et al. 1992). In its oxidized 
form hydroxymethylglutathione is reduced in a NADPH-dependent reaction by 
glutathione reductase from yeast (Klapheck et al. 1992). It is present in isolated chlo
roplasts of Triticum aestivum and probably can be used in the H20 2-scavenging 
pathway together with glutathione. Tbe presence of serine in hydrolysates of 
phytochelatins from Agrostis gigantea (Rauser et al. 1986) implies that hydroxy
methylglutathione is used as a precursor for the synthesis of phytochelatins with the 
structure ('Y-Glu-Cys)nSer. 
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Table 1. Functions of -y-glutamyl-cysteinyl-tripeptides in higher plants. 

Function -y-Glu-Cys-Giy -y-Giu-Cys-ß-Aia -y-Giy-Cys-Ser 

Storage and Smith (1975) Buwalda (pers. com.) Klapheck et al. (1992) 
transport of Rennenberget al. (1979) Macnicol & Bergmann (1984) 
reduced sulfur Bonas et al. (1982) 

Buwalda et ul. (1990) 
Rauser et al. (1991) 

Scavenging of H20l Foyer & Halliwell (1976) Klapheck et al. (1988) Klapheck et al. (1992) 
bythe Jablonski & Anderson Zopes et al. 1993 
ascorbate-GSH (1978) 
reduction pathway Gilham & Dodge (1986) 

Hossain & Asada (1987) 

Detoxification of Breaux et al. (1987) Breaux et al. (1987) 
xenobiotics Lamoureux & Rusness Lamoureux & Rusness (1989b) 

(1989a) 

Phytochelatin Grill et al. (1990) Grill et al. (1986) Klapheck et al. (1992) 
synthesis Rauser (1990) Rauser et al. (1986) 

Steffens ( 1990) 

Apparently, the homologues of glutathione play an important roJe in the thiol 
metabolism of numerous plants. Therefore, the present article willdealnot only with 
glutathione, but will include our knowledge on synthesis and degradation of 
homoglutathione and hydroxymethylglutathione. 

Synthesis of glutathione and glutat!done bomologues 

The results of experiments with several species show that plant cells contain 
glutathione synthetase- and -y-glutamyl-cysteine synthetase activity. Apparently, the 
synthesis of glutathione proceeds in the same two-step reaction sequence described 
for animal cells (Meister & Anderson 1983): 

Glu + Cys + ATP ~ -y-Glu-Cys + ADP + Pi (1) 
-y-Glu-Cys + Gly + ATP ~ -y-Glu-Cys-Gly + ADP + Pi (2) 

y-Glu-Cys synthetase 

The first reaction involves the ATP-dependent tormation of -y-glutamyl-cysteine 
catalyzed by -y-g1utamyl-cysteine synthetase (EC 6.3.2.2). The plant enzyme has first 
been analyzed in. Sephacryl eluents of extracts from suspension cultures of N. taba
cum by determination of -y-glutamyl-cysteine as its monobromobiman derivative 
(Hell & Bergmann 1990). The enzyme shows maximum activity at pH 8.0 and has 
an absolute .requirement for Mg2+. Gel flltration yi~lded a relative molecular mass 
(Mr) of 60 kDa. Treatment with 5. mM dithioerythritolled to a heavy loss of activity 
and dissociation into subunits (Mr J4 kDa). Incubation witb low concentrations of 
mercaptoethano1 also resulted in a heavy loss of enzyme activity. As both, mercap
toethanol and dithioerythritol are frequently used to protect thiol groups in plant 
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Km (mM) Ki (mM) 

Gtu Cys o<Amino GSH 
butyrate 

Nicotiana tabacum 10.4 0.19 6.36 0.42 Hell & Bergmann(1990) 
Petroselinum crispum 4.0 0.074 0.27 Schneider (1992) 

Cys+ Glu 

( 
8 -.......,...;;;..",.,--·• ·v-Gc 

( '\ 0 
ATP ADP +Pi 

Gly I 
;.'\ •GSH 

ATP ADP+ Pj 

"'(- GC -SYNTHETASE GSH-SYNTHETASE 

Fig, 1. 'Y-Glutamyl-cysteine synthetase: kinetic properties and regulation. 

extracts, the loss of -y-glutamyl-cysteine synthetase activity in the presence ot these 
compounds is probably a reason why earlier attempts to detect this enzyme in plants 
did not succeed. 

The enzymes from tobacco and parsley show high affinities for cysteine and Jow 
affinities for glutamate. The enzyme activity is inhibited by physiological GSH con
centrations. These data indicate that the rate of GSH synthesis may be regulated in 
vivo by feedback inhibition of -y-glutamyl-cysteine synthetase by GSH (Fig. 1). 

Like -y-g)utamyl-cysteine synthetase from mammalian cells the plant enzyme is in
hibited by buthionine sulfoximine (BSO) and L-methionine sulfoximine (Hell & 
Bergmann 1990). As a consequence, GSH synthesis can be blocked in plant cells by 
both inhibitors. However, inhibition of glutathione synthesis by BSO can be a tran
sient effect in plant cells and, therefore, has to be verified in each individual ex
periment. 

G/utathione synthetase 

In the second step of GSH synthesis glycine 1s adCI.eCI. to tbe C-termmal s1te of -y
glutamyl-cysteine in an A TP-dependent reaction. This reaction is catalyzed by 
glutathione synthetase (EC 6.3.2.3). The enzyme has been demonstrated in several 
plant species (Table 2). Its characterization showed similar affinities for -y-glutamyl
cysteine and glycine. The apparent ~ values for -y-glutamyl-cysteine measured in 
vitro are close to the concentrations of this dipeptide found in plant cells. The enzyme 
showed maximum activity at pH 8.0 to 9.0, an absolute requirement for Mg2+, and 
was slightly stimulated. by K +. 

The molecular masses (Mr) of the enzyme as estirnated by gelfiltration were 
113 ± 3 kDa for GSH synthetase from photoheterotrophic and beterotrophic sus-
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Table 2. Apparent Km values (in mM) for the various substrates and molecular mass (M,; kDa) of 
glutathione synthetase. (n .a. = not accepted as Substrate). References: I, Hell & Bergmann (1988); 
U, Schneider (1990); 111, Zimmer, personal communication; IV, Schlunz (1991). 

Km 

'Y-GC 'Y-GA Gly ß-Ala M, Ref. 

Nicotiana tabacum 0.022 0.030 0.30 n.a. 113 ± 3 
suspension cultures 

Petrose/inum crispum 0.018 0.093 n.a. 11 
suspension cultures 

Spinacia oleracea 0.032 0.72 n.a. III 
leaves 0.091 1.00 

Pisum sativum 0.071 0.23 n.a. 117 ± 5 IV 
leaves 

pension cultures of N. tabacum and 117 ± 5 kDa for the enzyme from leaves and 
roots of Pisum sativum. In former experiments a molecular mass of 68 kDa has been 
determined for GSH synthetase from tobacco suspension cultures (Hell & Bergmann 
1988), which is nearly half the molecular mass found in recent experiments. In the 
experiments of Hell & Bergmann (1988) the enzyme preparation has been dialyzed 
for several hours against EDTA-containing buffer, which probably resulted in a dis
sociation of the enzyme into two subunits. GSH synthetase from rat kidney showed 
a molecular mass of 118 kDa and also dissociated into two, apparently identical 
subunits at SDS gel electrophoresis (Meister 1985). 

With one exception all GSH synthetases so far tested were specific for glycine and 
did not accept ß-alanine as a substrate. Therefore, the enzyme does not catalyze the 
formation of homoglutathione. 

Homoglutathione synthetase; 

There has been a controversial discussion as to whether the formation of homogluta
thione in legumes is catalyzed by a specific homoglutathione synthetase or by a 
glutathione synthetase with a broad substrate specificity using glycine and ß-alanine 
as substrates. Macnicol (1987) described a synthetase isolated from Pisum sativum 
that showed a high affinity for glycine and a 100 times lower affinity for ß-alanine 
(Table 3). He also isolated a synthetase from Vigna radiata exhibiting a high affinity 
for ß-alanine and a low affinity for glycine. Analyzing the enzyme responsible for 
the synthesis of hGSH in primary leaves of Phaseolus coccineus Klapheck et al. 
(1988) reported a homoglutathlone synthetase with a high specificity for ß-alanine 
as compared to glycine. This enzyme synthesized hGSH and GSH in vitro in a ratio 
of 100 : 1 when supplied with equal concentrations of ß-alanine and glycine. 

For Vigna radiata and Phaseolus coccineus the enzyme characteristics are in agree
ment with the thiol composition found in both species. As the careful analysis of 
Klapheck (1988) revealed, leaves, seeds, and roots of these species contain high Ievels 
of hGSH and only traces of GSH. The ratio of GSH: hGSH found was in the order 
of 1 ; 100. 
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Table 3 . Apparent Km values (in mM) for lhe various substrates of homoglutathione syntbetase. Refer
ences: l , Klapheck. et al. (1988); li, Macnicol (1987). 

ß-Aia Gly -y-GC Ref. 

Phaseoll1s coccineus 1.34 98.0 0.073 
Vigna radiata 0.33 7.5 0.75 II 
Pisum sativum 14.0 0.19 0.35 rr 

Table 4. Concentrations (in nmol g fresh weight·l) of glutathione and homoglutathione in Jeaves and 
roots of Pisum sativum L. 

Varieties Leaves Roots 

GSH bGSH GSH hGSH 
rheinländerin 445 ± 83 0-3 117 ± 48 79 ± 16 
onward 418 ± 31 0-3 90 ± 46 81 ± 13 
siegerin 392 ~ 27 0-3 74 ± 29 83 ± 5 
allerfrüheste 441 ±. 70 0-3 140 ± 32 88± 8 
übereich 414 ± 10 0-3 88 ± 49 56 ± 3 

The pH optimum, the Mg2+ requirement, and the Stimulation by K + of the 
homoglutathione synthetases showed close simi!arities to the glutathione synthetases 
described above. The homoglutathione synthetase from P. coccineus ex.hibited a high 
affinity for 'Y-glutamyl-cysteine which is in agreement with thc data reported for GSH 
synthetase (Table 2). In cantrast the apparent ~ reported for the enzymes of 
V. radiata and P. sativum are relatively high as compared to the 'Y-glutamyl-cysteine 
concentrations of 5-10 JLM in plant cells. 

In Pisum sativum the thiol composition and content differ considerably between 
leaves and roots. In leaves of several varieties 400-450 nmol GSH g fresh weight-1 

and only traces of hGSH have been found; in contrast, roots of 14 days old plants 
contain 70-140 nmol GSH and 60-90 nmol hGSH g fresh weight·l (Table 4). As the 
ß-alanine content in the leaves is 5 times higher than in the roots at almost equal 
amounts of glycine, it is difficult to understand how this organspecific thiol composi
tion can be obtained by an individual glutathione synthetase with a broad substrate 
specificity. 

Therefore, the enzymes responsible for the synthesis of glutathione and homoglu
tathione were analyzed in leaves and roots of P. sativum by product determination 
of monobromobimane derivatives (ScWunz 1991). In leaves and shoots a glycine
specific GSH synthetase was found that did not accept ß-alanine as a substrate. In 
roots GSH synthetase activity as weU as hGSH synthetase activity were detected. The 
cxtractable hGSH synthetase activity in young roots increased by almost 4000Jo with
in 12 days, whereas the GSH synthetase activity remained constant (Fig. 2). This find
ing suggests that at least two enzymes are involved in the synthesis of GSH and hGSH 
in roots. This assumption is supported by investigations on the effect of cadmium 
on the GSH and hGSH synthetase activities in pea roots. Incubation of hydroponi
cally grown plants with Cd resulted in an increase of GSH synthetase activity by a 
factor of 3.5 as also observed by Rüegsegger et al. (1990). In contrast, hGSH synthe
tase activity did not change as compared to the controls (Fig. 3). This effect of Cd 
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Fig. 2. Activities of glutathionesynthetase and homoglutathionesynthetase in pea seedlings (from Schlunz 
1991). 

Pig. 3. Glutathione- and homoglutathionesynthetase activity in Cd-exposed roots of Pi:;um sativum (from 
Scblunz 1991). GSH syntheta.se, A + Cd, .1 - Cd; bGSH synthetase, o + Cd, o + Cd. 

Tob/e 5. Apparent K", values (in mM) for the various Substrates and molecular mass (Mr; kDa) of 
glutathione-lhomoglutatbione synthetase in Pisum sativum L. (in roots a = glutathione synthetase, 
b = bomoglutathione synthetase). References: I, Macnicol (1987); li, Schlunz (1991). 

Km 

Varieties Gly ß-Ala -y-GC Mr Ref. 

greenfast 0.19 14.0 0.35 85 1 
rheinländerin 

leaves 0.23 0.071 117 ± 5 II 
roots a 0.21 0.069 120 II 
roots b 4.5-6.0 0.83 0.113 120 11 

cannot be explained by the assumption thal an individual enzyme is responsible for 
GSH and hGSH syntbesis. 

In addition, measurements of enzyme kinetics have demonstrated the presence of 
two enzymes with different substrate specificities in root extracts: a GSH synthetase 
with substrate affinities corresponding with those of GSH synthetase found in the 
leaves; and a hGSH synthetase with a high affinity for ß-alanine and a low affinity 
for glycine corresponding weil with the substrate affinities of hGSH synthetase of 
Vigna radiata (fable 5). 
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These results indicate that legumes possess a specific hGSH synthetase that is 
responsible for the synthesis of hGSH and the small amounts of GSH found in plants 
of tbe tribe Phaseoleae. In Pisum sativum, a typical representative of the Vicieae, two 
enzymes are expressed, a GSH synthetase in the shoots and the roots, and a hGSH 
syntbetase that is only formed in the roots (Schlunz 1991). The organ-specific distri
bution of the enzyme activities as well as the changes in enzyme activities during 
development and at exposure to Cd suggest that GSH- and hGSH synthetase are en
coded on different sites and are subject to activation by different processes. It will 
certainly by a challenge to unravel the molecular mechanisms behind this phe
nomenon. 

Synthesis of hydroxymethylglutathione 

The synthesis of hydroxymethylglutathione has so far not been elucidated. Inhibition 
of 'Y-glutamyl-cysteine syntbetase in leaves of T. aestivum with BSO results in a dras
tic drop of both, GSH and hydroxymethyi-GSH Ievels. This fmding suggests that 'Y
glutamylcysteine is a precursor of hydroxymethyl-GSH synthesis {Kiapheck et a/. 
1992). However, all experiments to add serine to the C-terminal site of 'Y-glutamyl
cysteine similar to GSH or hGSH synthesis have failed so far. As hydroxymetbyl
GSH is always found tagether with glutathione in the species analyzed, it may be 
produced by processing the GSH molecule, e.g. by hydroxyrnethylation of the termi
nal glycine moiety. 

Loca/ization of the enzymes of g/utathione and homoglutathione synthesis 

The Jocalization of the enzymes of glutathione and homoglutathione synthesis has 
only been studied in few plant species. In all investigations the enzymes were found 
in isolated chloroplasts and in the cytosol. Chloroplasts of P. sativum contained 
about 72o/o of the 'Y-glutamyl-cysteine synthetase activity and about 48% of the GSH
synthetase activity found in leaf homogenates. In chloroplasts of Spinacia oleracea 
about 6111Jo of the total -y-glutamyl-cysteine synthetase activity and 58% of the total 
GSH-syntbetase activity of the cells were detected (Hell & Bergmann 1990). 

'Y-Glutamyl-cysteine synthetase has also been demonstrated by Zopes (1990) in iso
lated chloroplasts of P. coccineus, but an exact quantification of the subcellular dis
tribution has not been achieved due to tbe high instability of tbe enzyme. About 17% 
of the total hGSH-synthetase activity of leaf cells were found in isolated cbloroplasts 
of P. coccineus. 

These data are consistent with the intracellular distribution of the 'Y-glutamyl
cysteinyl-tripeptides (Table 6) and indicate that glutatbione and homoglutathione are 
syntbesized at least in two cellular 'compartments. So far information on the existence 
of isozymes of glutathione and homoglutathione syntbesis is lacking. Despite the 
localization of glutathione reductase in plant mitochondria (Klapheck et al. 1990) 
data on tbe synthesis of glutatbione in this organeUe have so far not been reported. 

Js homoglutathione involved in H20rscavenging in chloroplasts? 

Glutathione and glutathione reductase are thought to participate in the ~02-scav
enging pathway in chloroplasts as well as in the cytoplasm (Anderson 1990; Polle & 
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Tobte 6. lntracellular d.istribution of glutathione and homoglutathione in leaves. Data for whole-leaf 
ex.tracts and isolated Chloroplasts. Concentratioos were calculated on t he assumptioo of average volume/ 
chlorophyll ratios as inclicated. GSH (hGSH) contents of the cytosol were calculated by subtracting the 
GSH (hGSH) conteot of the isolated chloroplasts from tbat of the whole-leaf extracts. References: 
(I), Bielawski & Joy (1986); (2) Zopes (1990); (3) Foyer & Halliwell (1976); (4) Zopes et o/. 1993. 

GSH content GSH concentrarion 
(nmol mg ChJ.-1) (mM) 

Species Chloroplasts Leaves Stroma Cytosol Cytosol 
(21 lll mg ChJ.-1) (10 ILI mg ChJ.-1) (25 p.l mg ChJ.-1) 

Pisum sativum ( I) 26 264 1.24 23.7 9.5 
(2) 27 221 1.28 19.4 7.8 

Spinocio a/erocea (2) 49 313 2.33 26.3 10.5 
(3) 74.3 3.54 

Phasealus caccineus (2) 8.5 147 0.4 13.6 5.5 
G/ycine max (4) 16.2 186 0.77 17.0 6.8 

Tobte 7. Enzyme activities of the ascorbate-glutathione-reductioo pathway and thiol concentration in iso-
lated chloroplasts of glutathlone- and homoglutathione-containing plants (Zopes et ol. 1993). 

Spinacia Pisum Phasealus G/ycine 
oleroceo sativum coccineus max 

thiol concentration 
(nmol mg chl-1) 49 

(GSH} 27 (GSH} 9 (hGSH) 16 (hGSH) 
(mM) 2.33 1.3 0.43 0.65 

ascorbate peroxidase 213.6 207.6 70.8 187.6 
(ji.mol ASA mg chJ-1) 

monodehydro-ascorbate 
reductase 60.6 44.4 60.6 33.6 
(!'mol NADH mg cb!-1) 

GSH debydrogenase 
(ji.m.ol ASA mg chJ-1) 19.2 15.6 n .d . n.d. 

GSSG reductase 
(ji.mol mg chl-1) 84.0 54.0 12.6 o.d. 

intactness (0/o) 90 96 75 75 

Rennenberg 1993). In this context the question has to be addressed as to whether 
homoglutathione and hydroxymethylglutathione also function in this pathway. 
Table 6 shows that tbe concentrations of hGSH in chloroplasts of P. coccineus and 
Glycine max are much lower than the concentrations found in cbloroplasts of S. oler
acea and P. salivum, where the ascorbate-glutathione-reduction pathway bas been 
established. The activities of GSSG reductase and GSH dehydrogenase were found 
to be very low in leaf extracts of P. coccineus and Glycine max and could not be de
tected in isolated chloroplasts from these species (Table 7). In cantrast the activities 
of ascorbate perox:idase and monodehydroascorbate reductase in the chloroplasts of 
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P. coccineus and Glycine mox were comparable to those found in S. oleracea and 
P. sativum chloroplasts. These findings strongly suggest that regeneration of ascor
bate in cbJoroplasts of P. coccineus and Glycine max mainly proceeds by mono
dehydroascorbate reductase activity, whereas hGSH plays a secondary roJe in 
H20 2-scavenging. 

Degradation of glutatbionc 

Based on a series of experiments w1tt1 suspension cultures of Nicotiana tabacum 
it has been suggested that GSH degradation in plants is initiated by the cleavage 
of the C-terminal peptide bound of GSH yielding -y-glutamyl-cysteine and glycine 
(Rennenberg & Lamoureux 1990). The -y-glutamyl-cysteine,produced in this reaction 
is further degraded to cysteine and glutamate by the successive action of "f· 
glutamylcyclotransferase (-y-GCT) and 5-o:xo-prolinase which are both present in 
tobacco cells (Rennenberg & Lamoureux 1990). The fust step oftbis pathway is con
sistent witb the metabolism of GSH-conjugates of pesticides in plants, where 'Y
glutamyl-cysteine conjugates bave consistently been observed as first degradation 
products (Lamoureux & Russness 1989a). Therefore, this pathway has generally been 
accepted, although carboxypeptidase activities specific for GSH and/or GSH
conjugates have not been demonstrated. However, as -y-glutamyl-cysteine is also a 
substrate of GSH synthetase, the assumption of -y-glutamyl-cysteine as an intermedi
ate of glutathione degradation generates some theoretical difficulties. Both pro
cesses, glutathione degradation and glutathione synthesis, are supposed to take place 
in the cytoplasm. Therefore, it is not easy to conceive a mechanism by whicb a futile 
cycle of glutathione degradation and glutathione synthesis is avoided (Fig. 4). Fur
ther, the affinity of -y-GCT for -y-glutamyl-cysteine seems tobe much too low to com
pete successfully with GSH synthetase that showed a 100 times higher substrate af
finity in tobacco cells ('Y-GCT: Steinkamp et al. 1987; GSH synthetase: this paper, 
Table 2). 
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Fig. 5. Products of glutathione degradation in leaves of Olycine max L. (from Sommer 1991). 

Cysteinyl-g/ycine. a new intermediate in glutathione metabolism of plants 

Recent experiments with higher plants indicate another pathway of GSH degrada· 
tion. In this pathway degradation of GSH is initiated by the removal of the 'Y
glutamyl-moiety catalyzed by 'Y-glutamyltranspeptidase ('Y-GT; EC 2.3.2.2). The 
resulting dipeptide is then hydrolyzed by a dipeptidase, yielding cysteine and glycine. 
Evidence for this pathway that bypasses the fonnation of -y-glutamyl-cysteine and, 
thus, the interference with GSH synthesis comes from the finding of cysteinyl-glycine 
as an intermediate of GSH degradation and from studies of the enzymes involved 
(Sommer 1991, Schneider & Rennenberg 1992). 

Detached primary leaves of Glycine max fed GSH with the transpiration stream 
degrade GSH at a rate of about 225 nmol g fresh weight-1 h-1• The degradation of 
GSH results in considerably increased Ievels of cysteine and 'Y-glutamyl-cysteine and 
the appearance of small amounts of cysteinyl-glycine (Fig. 5). Inhibition of 'Y
glutamyl-cysteine synthetase by BSO completely prevents the accumulation of 'Y
glutamyl-cysteine. At the same time the cysteine content increases, whereas the 
cysteinyl-glycine Ievel does not change significantly. These results indicate that the 
accumulation of 'Y-glutamyl-cysteine is not caused by GSH degradation but is the 
result of stimulated -y-glutarnyl-cysteine synthesis caused by an increase in the cys
teine and glutamate Ievels of the cells. Similar results were obtained with suspension 
cultures of Hordeum vulgare incubated witb GSH. Feeding of cysteinyl-glycine to 
these cultures resulted in an accumulation of cysteine and glutathione. Apparently, 
cysteinyl-glycine is hydrolyzed at a high rate and the reaction products are used for 
GSH synthesis (Table 8). These results suggest that GSH is degraded in G/ycine max 
and H. vu/gare via the -y-glatamyltranspeptidase-dipeptidase patbway that has previ
ously been described by Jaspers et al. (1985). 

Tbe enzymes needed for these reactions are present in leaves of Glycine max and 
suspension cultures of H. vulgare. In soybean leaves 630Jo of the 'Y-GT activity are 
soluble and have been found in the cytosolic fraction; 37% of the activity were as
sociated with the 100,000 g fraction and could be solubilized with.Triton X 100. The 
cytosolic 'Y-GT exhibited a higher affinity to GSH (Km = 0.21 ± 0.03 mM) than to 
the artificial substrate 'Y-glutamyl-p-nitroanilide (~ = 0 .54 ± 0.09 mM). Also the 
rate of transfer of the 'Y-glutamyl group to an amino acid acceptor was more than 



UJutathtone metolJolism in plants 119 

Table 8. Degradation of glutatbione and cysteinyl-glycine in suspension cultures of Hordeum vulgare L. 
Suspension cultures in GAMBORG 285 medium were incubated with and wit.hout 5 mM glutalhione or 
1 mM cysteinyl-glycine. After 12 h of incubation the cells were harvested, washed and extracted with 0. I 
N HCI. Thiols were detennined as monobromobimane derivatives by reverscd phase HPLC as described 
by Klapheck (1988). 

Control 5 mMGSH 1 mM Cys-gly 

GSH 461 ± 45 1309 ± 65 789 ± 16 
Cys-gly 13 98 ± 18 51 ± 14 
Cysteine 99 ± 13 SOS ± 38 412 ± 14 
-y-GJu-cys 15 ± 3 52 ± 7 8± 3 

three times faster with GSH as a donor than with ')'-glutamyl-p-nitroanilide. The 'Y
GT of Glycine mox shows a broad substrate specificity: in addition to the transfer 
of the ')'-glutamyl moiety to amino acid acceptors, it catalyzes the transfer of the ')'
glutamyl group to GSH itself, and the hydrolytic cleavage of the -y-glutamyl moiety 
of GSH. The relative proportion of transpeptidation and hydrolysis is dependent on 
the concentration of the acceptor amino acids and the pH. High rates of transpepti
dation are observed at high concentrations of acceptor amino acids and alkaline pH, 
high rates of hydrolysis are found at low concentrations of acceptor amino acids and 
slightly acidic pH. These results indicate that GSH hydrolysis and not transpeptida
tion is the major reaction catalyzed by -y-GT in vivo, as also concluded for the ')'-GT 
from rat kidney by Mclntyre & Curtboys (1979). 

Dipeptidase activity catalyzing the hydrolytic cleavage of cys-gly in vitro was de
tected in leaf- and cell-extracts of Glycine mox and H. vulgore. Incubation of suspen
sion cultures of H. vulgare with cysgly resulted in a marked increase in cellular cys
teine and glycine, indicating the hydrolytic cleavage of cys-gly in vivo (Table 8). 

Pothways of glutathione degradotion in plant cells 

The present results indicate that glutathione can be degraded in plant cells via differ
ent pathways. ln Glycine mox and H. vulgare GSH degradation is initiated by -y-GT 
catalyzing the hydrolysis of GSH into glutamate and cys-gly. Subsequent1y, cysgly 
is hydrolyzed by a dipeptidase activity to yield cysteine and glycine (Fig. 6, II). The 
transfer of the -y-glutamyl moiety of GSH to an arnino acids acceptor, thought to in
itiate GSH degradation in animal cells (Fig. 6, I; Meister 1981), appears not to play 
a significant role in GSH degradation in plants. As cysgly-conjugates of pesticides 
have recently been found in plant cells (Lamoureux, personal communication), it ap
pears possible that the degradation of GSH-conjugates can also proceed via the -y
GT -dipeptidase-pathway. In N . tabacum GSH degradation seems to be initiated by 
a carboxypeptidase catalyzing the hydrolysis of GSH into -y-glutamyl-cysteine and 
glycine (Fig. 6, HI). The -y-glutamyl-cysteine produced in this reaction can be further 
degraded to cysteine and glutamate by the successive action of -y-GCT and 5-oxo
prolinase. In several plant species GSH-conjugates of pesticides also seem to be 
degraded via this pathway. To verify the pathways proposed for the degradation of 
GSH in plants, labeling experiments with radioactive GSH with different plant spe
cies are required. A first attempt with N. tabocum using 35S-GSH resulted in inten-
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Fig. 6. Pathways of glutathione degradation. I, -y-glutamyl transpeptidase; 2, -y-glutamyl cyclotransfer
ase; 3, dipeptidase; 4, 5-oxo-prolinase; 5, carboxypeptidase. 

sive labeling of the cysteine pool of the cells, but not of the r-glutamyl-cysteine or 
the cysteinyl-glycine pools (Schneider 1992). The question as to whether degradation 
of GSH and GSH-conjugates proceeds via the same or via different pathways in tbe 
same species remains to be elucidated. This question is of particular interest for the 
regulation of GSH metabolism. 

Regulation of glutathione content 

The glutathione content of plant cells is determined by tl) GSH-synthesis, (2) GSH
degradation, (3) its use in biosyntbetic processes, e.g. the formation of GSH
conjugates and phytochelatins, and (4) its transportout of, and into the cell. Neither 
the regulation of these individual processes, nor their regulatory interaction is 
presently understood. Most of the information available deals with the regulation of 
glutathione synthesis. As described above the first step of glutathione synthesis is 
subject to feedback inhibition by physiological GSH concentrations in vitro. Experi
ments in which the GSH Ievel is reduced by Cd-induced phytochelatin synthesis show 
that this feedback inhibition also operates in vivo. Exposure of plant cells to Cd 
results in a decline in the GSH content and an extensive synthesis of phytochelatins 
(Rauser 1990; Steffens 1990). In cultured cells of Petroselinum and N. tabacum, 
where long-distance transport processes can be neglected, the rate of GSH synthesis 
can be calcuJated from the increase in the phytochelatin content. Fig. 7 shows that 
during a time, the GSH content itself is maintained at a low Ievel, the rate of GSH 
synthesis is increased 5- to 8-fold. Simultaneously, the 'Y-glutamyl-cysteine content 
increases by a factor of 10 as compared to the controls and the cysteine content is 
doubled (Fig. 7). A similar accumulation of r-glutamyl-cysteine has been observed 
in roots of maize seedlings exposed to Cd (Rauser et a/. 1991). Apparently, a new 
steady state is reached upon Cd exposure, in which low GSH concentrations are 
maintained at enhanced GSH synthesis. This may be obtained by a partialrelease of 
the feedback inhibition of r-glutamyl-cysteine synthetase by GSH. This assumption 
is consistent with the finding of an increase in the r -glutamyl-cysteine content of the 
cells. In addition, this increase shows that GSH synthetase is partially inhibited by 
exposure to Cd in vivo, as previously observed in vitro (Hellet al. 1990). 

The release of the feedback inhibition of r-glutamyl-cysteine synthetase by GSH 
may be a means of plants to rapid1y react to enhanced requirements of GSH caused 
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Fig. 7. Thiol- and phytochelatin contents of Cd-exposed cells of Petroselinum crispum (from Schneider 
1992). 

by environmental stresses. In the long term range enbanced GSH synthesis upon Cd
exposure may also be obtained by an increase in the amount of GSH synthetase 
(Rüegsegger et al. 1990; Schlunz 1991). Such an increase has also been observed in 
crop plants treated with safeners, i.e. compounds that decrease herbicide injury to 
crop species without reducing herbicide injury to weeds (Hatzios & Haagland 1989; 
Lamoureux & Rusness 1989a). This increase in GSH syntbetase reflects an enhanced 
potential of crops for the conjugation of herbicides with GSH, a major path of herbi
cide detoxification. The finding of elevated GSH Ievels in safener treated crops sup
ports the idea that GSH Ievels are controlled at tbe molecular Ievel not only by feed
back regulation but also by other processes. However, all these regulatory systems 
can only operate in an appropriate way, if sufficient sulfate reduction and cysteine 
syntbesis takes place. Experiments of Nussbaum et al. (1988) provide evidence that 
sulfate reduction is enhanced upon Cd exposure. In corn, sulfate reduction was also 
found to be stimulated by exposure to a safener (Lamoureux & Rusness 1989a). 
Apparently, assimilatory sulfate reduction and glutathione syntbesis can be regulated 
in a coordinated way. The mechanisms involved in this coordination have so far not 
been identified. 
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lntrodoction 

A small proportion of the organk reduced sulfur in the plant (about 2 OJo) is present 
in the water-soluble non-protein thiol fraction (StuJen & De Kok, this volume). 
Glutathione ('y-glu-cys-gly) is generally the major thiol compound of tbis fraction, 
and u.nder normal conditions its content accounts for more tban 90 OJo of the water
soluble non-protein thiols (Rennenberg 1982, 1987; Alseher 1989; Smith et a/. 1989, 
1990; Rennenberg & Lamoureux 1990). Some plant families contain homologues of 
glutathione: homogJutatbione ('y-glu-cys-ß-ala) in Leguminosae and bydroxymetbyl
glutathlone (y-glu-cys-ser) in Poaceae, instead of glutathione (Bergmann & Rennen
berg, this volume). 

Glutatbione (and its bomologues) can be found intracellularly in all parts of the 
plant. High Ievels of glutathione can be found in both Chloroplasts and cytosol 
(Bergmann & Rennenberg, this volume). In general, glutathione is predominantly 
present in the reduced form with GSH/GSSG ratios higber than 10 (Smith et al. 
1989). Glutatbione reductase, an NADPH dependent enzyme whicb is abundant 
tbroughout the plant, is involved in keeping glutathione (and its homologues) in the 
reduced state (Smith et a/. 1989; Bergmann & Rennenberg, this volume). 

Possible pbysiological functions of glutathione have been discussed in various 
reviews in the last decade (Rennenberg 1982, 1984, 1987, Alseher 1989, Smith et al. 
1989, 1990; Rennenberg & Lamoreux 1990). Summarizing, glutathione may function 
in: 

• Sulfur metabolism: 
- as reguJator of sulfate uptake and transport 
- as carrier and reductant in sulfate reduction 
- as transport and storage form of reduced sulfur 

* Selenium metabolism: 
- as carrier and reductant in selenite reduction 

• Modulation of enzyme activity and gene expression 
• Protection against oxidative and environmental stress: 

- in the enzymatic detoxification of H20 2 
- as protectant against oxidative stress 
- as precursor of heavy-metal binding peptides 

in tbe detoxification and metabolism of xenobiotics 

Homoglutathione and hydroxymethylglutathione are Jikely to fulfill similar roles in 
plants as glutathione (Bergmann & Rennenberg, tbis volume). Several of the above 
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mentioned functions of glutathione in plants arealso discussed in detail in other sec
tions of this volume. For instance, synthesis, degradation and intraceUular distribu
tion of glutathione (and its homologues) are discussed by Bergmann & Rennenberg. 
Its involvement in selenium metabolism is discussed by Anderson and its role in 
tbiol/ disulfide excbange reactions and tbe modulation of enzyme and gene expres
sion by Kunert & Foyer. Also, the significance of glutathione metabolism in the 
functioning of plants under environmental stress is reviewed in part by others in this 
volume. For instance, the role of glutathione in synthesis of the beavy meta] binding 
pbytochelatins is discussed by Rauser, and its roJe in metabolism and detoxification 
of xenobiotics by Lamoureux & Rusness. 

For the presumed significance of glutathione in the various processes, a precise 
regulation of the intracellular glutathione Ievel would be a prerequisite. However, 
it is obvious, that in situ, the glutatbione pool in the plant tissue is very dynamic and 
the resultant of the rate of its synthesis, degradation, translocation and utilization 
for biosynthetic processes (Rennenberg & Lamoureux 1990; Rauser et al. 1991). The 
glutathione Ievels in plants can be strongly affected by physiological and environ
mental factors, e.g. sulfur supply, temperature, pollutants, beavy metals and xenobi
otics (Rennenberg & Lamoureux 1990; De Kok 1990; Bergmann & Rennenberg, this 
volurne; Lamoureux & Rusness, this volume; Rauser, this volume). 

In the present paper the presumed significance of glutathione in the reaction/ 
adaptation of plants to oxidative stress is evaluated. 

Active oxygen specles in plaots 

Formation and significance 

Singlet oxygen, superoxide, H20 2, but also radleals can be formed at various sites 
in the plant cell, and even may have a function in plant metabolism, as in ceJI wall 
synthesis (Winston 1990). The chloroplast is a major site where active oxygen species 
may be formed, especially under conditions where the Calvin cycle is not in tune with 
photosynthetic electron transport. Singlet oxygen may be photosynthesized by chlo
ropbyll, oxygen may be photo-reduced at the site of photosystem 1 yielding superox
ide {Elstner 1982; Asada 1984; Siefermann-Hanns 1987; Robinson 1988; V an Hasselt 
1990). There is no consensus on the in vivo rate of synthesis of active oxygen species. 
Robinson (1988) estimated that at high light intensity, the photosynthetic oxygen 
reduction may range from 10 to 40 ,.,.mol 0 2 mg chlorophyU·l b· l under optimal con
ditions for photosynthetic C02 fixation (100-300 ,.,.mol mg chlorophylP h·1). In case 
they are not scavenged, activated oxygen species may react with various cell con
stituents, which may result in the formation of toxic free radicals. 

Detoxification 

Plants contain various compounds, for instance, amino acids, ascorbic acid, carote
noids, cx-tocopherol and enzymes, as supermeide dismutases, catalase, peroxidases, 
which have been proved, mainly in vitro, to quench or inhibit formation of active 
oxygen species and free radicals (Elstner 1982; Asada 1984; Salin 1987; Siefermann-
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Fig. 1. Possible roles of glutathione in the protection of plants against the harmful effects of active oxygen 
species and free radicals. As reductant in the enzymatic detoxification of H20 2 (1), by stabilization and 
pro tection of e.g. protein thiol groups through direct reaction with active oxygen species (Xox) (2) or by 
the formation of mixed disulfides (3), and reduction of the oxidized glutathione by glutathione reductase 
(4). 

Harms 1987; Larson 1988; Robinson 1988). It has been proposed that glutathione 
may also be of significance m the protection of plants agamst the harmful effects of 
active oxygen species and free radioals (Fig. 1). Thiol compounds as glutathione may 
directly react with singlet oxygen, superoxide, H20 2 and hydroxyl radioals (Allen 
1977; Larson 1978, 1988, Wefers & Sies 1983). Besides, glutathione may stabilize and 
protect protein thiol groups by acting as a thiol buffer (Kunert & Foyer, this volume). 
Glutathione may also fonn mixed disulfides with protems, which have been detected 
in dry plant embryos (Fahey et al. 1980) and matured seeds (Butt & Ohlrogge 
1991). Whether this conjugation also occurs in other tissue, and is of significance in 
protection of proteins against oxidative stress, is still unclear and needs further inves
tigation. In situ, glutathione reductase plays a crucial role in reduction of the fonned 
oxidized glutatbione (or mixed disulfides; Smith et al. 1989; Fig. 1). Glutathione is 
also assumed to play a role in the enzymatic detoxification of H20 2 in the chlo
roplast. Here, the superoxide formed after the photosynthetic reduction of oxygen 
is enzymatically dismutated by superoxide dismutase, yielding H20 2 (Halliwell & 
Foyer 1978; Foyer et al. 1989; Monk et a/. 1989; Kunert & Foyer, tbis volume). From 
in vitro measurements there is evidence that in the chloroplast H20 2 is subsequently 
degraded by the ascorbate peroxidase-dehydroascorbate reductase-glutathione 
reductase cycle (Foyer & Halliwe111976; Alseher & Amtbor 1988; Halliwell & Foyer 
1978; Alseher 1989; Foyer et al. 1989; Smith et al. 1989, 1990; Fig. 2). This cycle ap
pears to have physiological significance in the chloroplast, because of the Iack of 
catalase. The latter is responsible for the degradation of H20 2 formed during the 
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glycolate oxidation in the peroxisomes. From the averagein vitro activity of super
oxide dismutase and the H 20 2 degrading enzymes of the ascorbate/ glutathione 
cycle, their substrate affinities and substrate concentrations, it has been concluded 
that the cbloroplast is able to remove superoxide and H 20 2 very efficiently 
(Robinson 1988; Foyer et al. 1989, 1991 ; Kunert and Foyer, this volume). Even tbe 
addition of methylviologen to leaves, resulting in a boost of superoxide formation, 
hardly affected the metaballte pool size of the ascorbate-glutathione cycle (Foyer et 
al. 1991). This illustrated that even under severe oxidative stress the available 
enzymatic scavenging mechanism may be suffident to avoid negative effects of active 
oxygen species. 

Receotly, it has been demonstrated that the ascorbate-glutathione cycle also may 
have significance outside the chloroplast (Bielawski & Joy 1986), e.g. in the apoplast 
(Castillo & Greppin 1988), endosperm (Klapheck et a/. 1990) and root nodules 
(Dalton et al. 1991). Even though there are some reports that a glutathione peroxi
dase may be active, at least in some plant species, its real significance needs to be 
further established (Smith et al. 1990). 

Oxidatlve str~ss; role of glutatbione 

During their life cycle plants may have to deal with periods of low temperature, frost, 
high radiation, heat, drought or pollutant stress. It has been postulated tbat under 
such stress conditions plants have to deal with an increased strain of active oxygen 
species and oxidative reactions, which may be responsible for the onset of injury or 
induced premature senescence of tbe plant (Thompson et al. 1987; Dhindsa t987, 
1991; Alseber & Amtbor 1988; Alseher 1989; Monk et al. 1989; Smith et al. 1989, 
1990; Tanaka et al. 1990; Kuroda et al. 1991). In this view, an increment ofthe Ievels 
of antioxidants, e.g. glutathione and/ or enhanced activities of the protecting en
zymes, e.g. glutathione reductase, would be of great .importance in the adaption/ pro
tection of the plant against oxidative stress. However, to what extent the various en
vironmental factors definitely result in enhanced Ievels of active oxygen species is not 
always clear, since it is sometimes questionable whether the formation of active oxy
gen species is the cause or the consequence of cellular injury. For instance, during 
foliar senescence the presence of active oxygen species and free radicals are an in
herent feature during degradation of the cellular tissue (Thompson et al. 1987). 
However, there is no direct evidence that active oxygen species are causally involved 
in the onset of senescence and their fonnation is more likely the consequence of cellu-
1ar degradation (Kar & Feierabend 1984). The loss of thiols/ glutathione, which is 
generally observed during foliar senescence (Pauls & Thompson 1984; De Kak & 
Graham 1989; Gullner & Tyihak 1991) has been used as proof for the occurrence of 
active oxygen species. However, also the lass of thiols/ glutathione is likely not a 
primary event, since this only occurred when the majority of the pigments was 
already degraded (De Kok & Grabam 1989). Also, the actual supporting experimen
tal data on the assumed roJe of glutathione and glutathione reductase in the protec
tion of plants against environmental stress are often only circumstantial or relative 
and sometimes even conflicting. 
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Low temperature 

Chilling. Cbilling-sensitive plants rnay already be injured at temperatures of 10 oc 
and lower, especially upon illumination. Under tbese conditions some chilling sensi
tive plants e.g. cucumber may suffer from photooxidative injury most likely initiated 
by tbe formation of active oxygen species and tbe subsequent radical formation (V an 
Hasselt 1990). Low temperature-induced photooxidationwas characterized by a loss 
of pigments, breakdown of unsaturated lipids and accompanied with a loss of the 
endogenaus antioxidants (V an Hasselt 1990), including glutathione, which was both 
oxidized and degraded (Wise & Naylor 1987). However, the Ievel of antioxidants/ 
glutathione itself is not directly the determining factor in the protection of plants 
against high radiation stress at low temperature. For instance, there were no substan
tial differences in the content of the antioxidants between chilling-sensitive cucumber 
and chilling-resistant pea leaves; the glutathione content in pea leaves was even two 
tim es lower than that in cucumber leaves (Wise & Naylor 1987). in pea leaves no pho
tooxidation of tbe pigments occurred at low temperature and light and tbe content 
of the antioxidants was not substantially affected. It is more likely that differences 
in energy dissipation at low temperature, for instance in low temperature-inducible 
structural changes of the chloroplasts membrane proteins and in Operation of the 
xanthophyll cycle, have greater significance in the protection of plants against irradi
ation injury (Van Hasselt 1990; Öquist & Huner 1991). 

Freezing. The physiological background of freezing injury in plant tissue and the fac
tors determining freezing tolerance of plant tissue arestill subject of discussion. Frost 
hardening of plants is accompanied with numerous changes in cellular constituents. 
enzymes and structure and it remains unclear which are essential in the development 
of freezing tolerance (Heber & Santarius 1973; Steponkus 1984; Guy 1990). Protein 
denaturation due to oxidation of protein thiol groups during freezing-induced cellu
Iar dehydration, resulting in the subsequent formation of intra- and inter-disulfide 
boods, has been proposed to be a significant factor in the onset of freezing injury 
(Levitt 1980). ln this view, antioxidants as glutatrnone would function as a cryo
protectant against this type of profein denaturation and play an important role in the 
freezing tolerance of plants (Levitt 1980). However, it is still doubtful whether oxida
tive reactions areessential for the onset of freezing injury, since anaerobic conditions 
during freezing did not prevent injury (Heber & Santarius 1973). lndeed, tbe develop
ment of foliar freezing injury is accompanied witb a loss of soluble proteins and pro
tein thiol, bat it is unclear whetber the loss in protein-thiol is the cause or consequeoce 
of protein denaturation, since they decreased at a similar rate (Stuiver et al. 1988). 
The development of freezing injury was not preceded or accompanied with a sub
stantialloss of glutathione; its content only strongly decreased after tbe subsequent 
thawing of tbe tissue (Stuiver et al. 1988). lt has been proposed that enhanced levels 
of glutathione have adaptive value in the development of freezing tolerance of plants, 
bowever, this is only supported by cerrelative data. Certainly, high Ievels of 
glutathione are characteristic for plants during fall and during winter (Esterbauer & 
Grill 1978; Guy &Carter 1984; Guy etal. 1984; Orilletal. 1988, 1990; Schupp&Ren
neoberg 1988, 1989; Madamanchi et al. 1991) and for frost-hardened plan.ts (De Kok 
& Oosterhuis 1983; Guy et al. 1984; Stuiver et a/. 1992a). However, a direct relation 
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between high Ievels of glutatbione and freezing-tolerance of the tissue is very doubt
ful. Enhancement of glutathione Ievels upon low temperature exposure occurred very 
rapidly, reaching a maximum after 2 to 3 days (Stuiver et al. 1992a,b), whereas sub
stantial increase in freezing tolerance upon low temperature exposure only occurred 
after two weeks and Ionger (Stuiver et al. 1992a). Besides, a low temperature-induced 
increase of the glutathione Ievel was not restricted to freezing tolerant plants but it 
also occurred in tbe chilling-sensitive soybean, with the difference that here also sub
stantial amounts of oxidized glutathione accumulated, probably due to an inade
quate supply of NADPH to glutathione reductase (Smith et al. 1989; Vierheller & 
Smith 1990). Enbancements of glutathione Ievel itself, by sulfate incubation (De 
Koket a/. 1981), by herbicide action (Guy et al. 1984) or by H2S exposure (Stuiver 
et al. 1992a) also did not improve the freezing tolerance of the foliar tissue. It is more 
Jikely that the enhanced Ievel of glutathione upon low temperature exposure is a 
reflection of an altered equilibrium between the sulfur assimilation and protein syn
thesis and/ or a reduced translocation of glutathione from the shoots to the roots at 
low temperature (Stuiver et al. 1992a,b). 

Enhanced Ievels of glutathione reductase have also been observed in plants during 
winterandin frost-hardened plants (Esterbauer & Grill1978; De Kok & Oosterhuis 
1983; Guy & Carter 1984; Guy et al. 1984). Besides, during low temperature acclima
tion the affinity of the enzyme for oxidized glutathione increased, likely by the for
mation of new isoenzymes (Guy an Carter 1984). The thermal dependency of the ap
parent ~ of glutathione reductase for NADPH may strongly vary between species 
(Kidambi et al. 1990; Mahan et al. 1990). Still, the adaptive value and its signjficance 
in low temperature tolerance of plants is unclear, since the actual activity of 
glutathione reductase and the supply of sufficient reductant NADPH at freezing tem
peratures has still to be demonstrated (Smith et al. 1990). 

It has been observed that in spruce the Ievels of glutathione and glutathione reduc
tase may vary with the altitude. High Ievels were characteristic for plants growing at 
high altitudes, and it has been proposed that it may have possible adaptive value in 
the protection against injurious effects of high irradiation and low temperature (Grill 
et al. 1988, 1990; Bermadinger et al. 1989; Madamanchi et a/. 1991; Guttenberger 
et al. 1992). In view of the above discussion, more research is needed to establish the 
physiological implications of tbe observed variation in glutathione Ievels with the 
altitude. 

Air pol/ution 

Photochemica/ air pollutants. Glutathione and glutathione reductase are also pre
sumed to play a roJe in the protection of p1ants against air pollutant stress. The toxic 
effects of the photochemical air pollutants ozone and peroxyacetyl nitrates (PAN) 
can directly be related to their oxidative potency and reactivity with cellular con
stituents. In addition, upon absorptionlreaction they may yield in the formation of 
singlet oxygen, superoxide and free radicals (Heath 1975, 1980; Murphy et a/. 1977; 
Mudd 1982; Mudd et al. 1984; Bennett et al. 1984; Rennenberg & Polle 1989). This 
means that mechanisms tbat are involved in tbe detoxification of active oxygen spe
cies also may be involved in the detoxification of photochemical air pollutants. 
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However, because of their reactivity it is largely unclear to what extent ozone and 
PAN at realistic concentrations really enter the cell, since they already may react with 
various compounds including antioxidants or extracellular peroxidases in the apo
plast and be detoxified in the apoplast (Rennenberg & Polle 1989). 

Thiol groups of proteins and glutathione appeared to be very susceptible for direct 
oxidation by ozone and PAN (Heath 1975; Mudd 1975, 1982; Murphy et al. 1977; 
1-!eck et al. 1977; Freeman et al. 1979; Mudd et al. 1984; Castillo & Greppin 1988; 
Chevrier et al. 1988). It has been observed that upon reaction with ozone, thiol 
groups are not only oxidized yielding disulfides, but even sulfenic and sulfonic acid 
groups were formed, the latter oxidation is irreversible (Heath 1975; Mudd 1982; 
Castillo & Greppin 1988). In plants, ozone exposure sometimes resuJted in a decrease 
in glutathione content of the leaves (Guri 1983; Tanaka et al. 1985; Mehlhorn et al. 
1986; Castillo & Greppin 1988; Price et a/. 1990), on the other band, increases in 
glutathione Ievel have also been observed (Smidt 1984; Hausladen et al. t990; Sen 
Gupta et al. 1990, 1991). In addition, the Ievel of oxidized glutathione is increased 
upon ozone exposure (Tanaka et al. 1985; Hausladen et al. 1990; Sen Gupta et al. 
1990, 1991). There are some reports on the enhancement of glutathione reductase 
Ievels upon ozone (Tanaka et al. 1988; Price et al. 1990). Guri (1983) observed that 
tolerant bean cultivars contained higher glutathione reductase Ievels than sensitive 
cuJtivars. In addition, the glutathione Ievels in tolerant cultivars were much less 
decreased by ozone exposure than in sensitive cultivars. However, the glutathione 
reductase levelwas not affected in all cultivars after ozone fumigation (Guri 1983). 
In addition to enhanced Ievels of glutathione reductase, Price et al. (1990), observed 
even more enhanced Ievels of glutathione-S-transferase in ozone-exposed barley 
leaves. The latter enzyme catalyzes the conjugation of glutathione with various 
xenobiotics (Rennenberg & Lamoureux 1990; Lamoureux & Rusness, this volume), 
but is also shown to possess glutathione peroxidase activity (Prohaska 1980). Price 
et al. (1990) proposed that this enzyme may function in the protection against the 
toxic effects of Iipid ozonolysis. 

As illustrated, glutathione Ievels may be affected by photochemical air pollutants. 
However, at present there are still too little so und experimental data that assure the 
significance of glutathione, glutathione reductase and glutathione-S-transferase as 
determining factors in the protection against ozone and PAN and their significance 
in differences in tolerance between species. 

Sulfur gase$. In general, exposure of plants to S02 results in addition to strongly in
creased sulfate Ievels, in a rapid accumulation of water-soluble non-protein thiol 
compounds, including glutathione, in the shoots (De Kok 1990). The observed effects 
of S02 on g)utathione reductase Ievels are rather inconsistent (Tanaka et a/. 1982; 
Grillet al. 1982; Madamanchi & Alseher 1991 ; Soldatini et al. 1992). The cause and 
consequence of enhanced glutathione in plants upon so2 exposure are interpreted in 
different ways. Chronically enhanced thiol Ievels bave been suggested as one of the 
causes of the phytotoxicity of S02 (Grillet al. 1979). In this view it would resuJt in 
a deregulation of cellular metabolism. Contrary, it has also been proposed that the 
increase in Ievels of glutathione and glutathione reductase have adaptive value in the 
protection of plants against the toxic effects of sulfite (Chiment et al. 1986; Mehlhorn 
et al. 1986; Alseher et a/. 1987; Alseher 1989; Madamanchi & Alseher 1991; Soldatini 
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Fig. 2. Metabolism of S02 and H2S in plants. 

et al. 1992). In their view, after absorption and hydration ofS02, part ofthe formed 
sulfite would undergo free radical chain oxidation in the chloroplast. This free radi
cal chain oxidation would be mediated by superoxide, formed in the chloroplast upon 
illumination and would result in an amplified production of active oxygen species 
and radicals, which has been suggested to be the pos~ible basis for the injurious ef
fects of S02 in plants. Enhanced Ievels of glutathione, glutathione reductase and 
superoxide dismutase would avoid S02-induced oxidative injury (Madarnanchi & 
Alseher 1991). Indeed, in vitro, superoxide-triggered oxidation of reduced sulfur 
compounds, sulfite but also sulfide, has been observed in illuminated isolated 
spinach chloroplasts, but only at relatively high concentrations (0.05 mM and higher) 
(Asada & Kiso 1973; De Kok et al. 1983; Ghisi et al. 1990; Dittrich et al. 1992). Light
induced oxidation of sulfite by chloroplasts was only substantial in broken chloro
plasts (Ghisi et al. 1990) andin absence of an electron acceptor of photosystem I and 
it was negligible if ferredoxin and NADP were added to the isolated chloroplasts 
(Asada & Kiso 1973). The light-triggered sulfite (and sulfide) oxidation could be sup
pressed by the addition of Superoxide dismutase or other scavengers of active oxygen 
species, glutathione included (Asada & Kiso 1973; De Koket al. 1983; Ghishi et al. 
1990; Dittrich et a/. 1992). Besides, the significance of sulfite oxidation in the in situ 
chloroplast and its involvement in the development of oxidative injury at realistic 
outside S02 Ievels sti11 needs to be established. First, it has been demonstrated that 
light is not an essential factor for the development of plant injury by S02 (Olszyk 
& Tingey 1984). Second, it is questionable whether high sulfite concentrations really 
occur in chloroplasts under realistic S02 pollutant Ievels. Significant intracellular 
sulfite concentrations could only be detected at relatively high S02 levels (> 0.5 14! 
J·1) (De Kok 1990). Before entering the cell the greater part of sulfite may already 
haye been oxidized in the apoplast e.g. by extracellular peroxidases (Pfanz et al. 1990; 
1992). Even in case significant amounts of sulfite would enter the chloroplast, sulfite
induced radical formation in the light would be very unlikely. For instance, even in 
vitro, isolated intact spinach chloroplasts contained sufficient active oxygen scaveng
ing capacity to prevent light-triggered sulfite oxidation (Ghisi et al. 1990; Dittrich 
et al. 1992). Furthermore, they observed that the sulfitewas rapidly reduced by the 
chloroplasts and subsequently metabolized. 
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The enhanced glutathione Ievels in plant shoots upon S02 exposure are most like
ly due to a direct assimilation of part of the absorbed sulfur (Fig. 2). In case regula
tion of sulfate uptake by the roots was bypassed and sulfur, either as sulfate, S02 
or H2S, was directly supplied to leaves or twigs these treatments resulted in a rapid 
accumulation of water-soluble non-protein thiol compounds both in light and in 
darkness (Grillet a/. 1979; De Kok etal. 1981, 1988; De Kok& Kuiper 1986; Buwalda 
etal. 1988, 1990, 1992, 1993; DeKok 1989, 1990; Fig. 2). Accumulation ofthiol com
pounds varied with the concentration of the sulfur supplied and in general it reached 
a maximum after one or two days of the exposure (De Koket al. 1985; Maas et al. 
1987, Bosma et al. 1990, Stuiver et al. 1992). Upon exposure to excessive sulfur, 
glutathione (or homoglutathione in legumes; Buwalda et al. 1993) was not the sole 
thiol compound accumulating in leaf tissue. Also substantial amounts of cysteine and 
in darkness also of -y-glutamyl-cysteine accumulated (Buwalda et al. 1988, 1990; 
De Koket al. 1988; De Kok 1989, 1990; Stuiver et aJ. 1992a; Soldatini et a/. 1992; 
Fig. 2). However, the effect of excess sulfur on thiol composition strongly differed 
between species (Buwalda et al. 1988, 1990, 1993; De Koket al. 1988; Stuiver et al. 
1992). 

Apparently, if the regulation of sulfate uptake by the root is by-passed, there is 
no strict regulation of the size and composition of the thiol pool. From the sulfate
induced accumulation of thiol compounds demonstrated in foliar tissue it is obvious, 
that the sulfate concentration at its activation site, yielding APS, is of great impor
tance in the regulation of the rate of sulfate assimilation (De Kok & Kuiper 1986; 
Stulen & De Kok, this volume). The S02-induced thiol (and glutathione) accumula
tion may be explained by a direct reduction and assimilation of the absorbed S02 or 
reduction and assimilation of sulf~te which is formed after oxidation of the absorbed 
S02 in the leaves (De Kok 1990). There is strong evidence that atmospheric H2S is 
directly assimilated into cysteine and subsequently into its metabolites in the leaves; 
the H 2S uptake by foliar tissue even directly depends on its metabolism in the plant 
(Oe Kak 1989, 1991; Buwalda et a/. 1992). 

Conduding remarks 

In order to ascertain the significance ot the suggested functions of glutathione in 
plants, more information is needed on its subcellular distribution and the dynamics 
in Ievel and metabolism as affected by physiological and environmental conditions. 
Glutathione is a potent antioxidant, which in combination with glutathione reduc
tase, is likely to have significance in the enzymatic detoxification of active oxygen 
species, especially in the chloroplast. However, the significance of enhanced Ievels 
of glutathione and glutathione reductase as factors in the protection against oxidative 
stress need still to be established. At present the supporting evidence for such a role 
is largely based on cerrelative or indirect data, and is often conflicting. Even though 
it will be a very difficult task, future research on elucidating the role of glutathione 
needs to be focussed on the actual flux of active oxygen species and the in situ activity 
of the enzymes involved in their detoxification, including glutathione reductase, un
der normal conditions and under various environmental stress conditions. 
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Introduction 

Plant cells contain considerable amounts of free low molecular weight thiols. 'l'hiols 
are known to be directly involved in many important metabolic and physiological 
functions via thiol/disulfide exchange reactions. Theseinclude protein synthesis and 
activation and inactivation of enzymes as weil as synthesis of DNA and reduction of 
cystine. Thiols are also important as antioxidants in the scavenging of cytotoxic oxy
gen radicals to prevent oxidative darnage to cell components. Although thiol/dis
ulfide exchange reactions are quite similar in both plant and animal systems and also, 
in part, in bacterial systems, the amount of data available on such exchange reactions 
in plants is rather small compared to data from animal or bacterial systems. 'For ex
ample, the lipoic acid system in plants has not been intensively studied. 

The importance of a thiol/disulfide exchange for the plant cell was first considered 
several years ago in Levitt's thiolldisulfide hypothesis of frost injury and resistance 
in plants (Levitt 1962). According to this hypothesis, frost resistance would result 
from prevention of thiol oxidation, thiolldisulfide interchange and formation of in
termolecular disulfides. Since that time several research groups have become interest
ed in the roles of thiol compounds, such as ghitathione, which is the major free low 
molecular weight non-protein plant thiol compound, and thioredoxins that are low 
molecular weight colorless disulfide proteins. Both glutathione and thioredoxins 
have the potential to undergo thiol!disulfide exchange reactions that are vital for 
many cellular processes. 

In this paper we review recent developments in our understanding ofthe thiolldis
ulfide exchange in plants at the biochemical, physiological and molecular Ievels. We 
will concentrate on the two major classes of free thiol compounds in plants, 
glutathione and thioredoxins. We will specifically focus, in this review, on the impor
tance of the thiol/disulfide exchange for the plant cell and on cellular mechanisms 
that either prevent thiol oxidation or that increase thiollevels via genetic manipula
tion. Fincilly, we will give abrief view of future prospects for strategies to manipulate 
thiol/disulfide reactions in plants. 

Gem~ra! characteristics of thio!s 

Glutathione 

It is generally found that glutathione (L--y-glutamyl-L-cysteinyl-glycine; GSH) is the 
major thiol compound in plants (for an overview see: Rennenberg 1982; Rausladen 
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& Alseher 1992). ln most investigations, however, glutathione has been determined 
only as total cellular thiol ( -SH) content although measurement of glutathione has 
been claimed. There is considerable evidence that many thiolldisulfide exchange 
reactions involve participation of GSH. Glutathione, which is not translated on 
mRNA, is synthesized in a two-step reaction sequence (Meister & Anderson 1983). 
In the first step, a dipeptide is synthesized from L-glutamate and L-cysteine by the 
enzyme 'Y-glutamyl-cysteine synthetase (EC 6.3.2.2). Glycine is finally added to the 
C-terminal end of tbe dipeptide to form GSH. This reaction is catalyzed by the en
zyme glutathione synthetase (EC 6.3.2.3). 

Under most conditions tbe intracellular glutathione pool is maintained in the 
reduced form (GSH). In plant tissues, GSH accounts for at least 900fo of the total 
nurober of GSH equivalents (Foyer et al. 1991). The intracellular content of gluta
thione disulfide (GSSG) is generally very Jow but it may be increased as a result of 
severe stress (Wise & Naylor 1987). The importance of glutathione as a thiol com
pound is evidenced by its high concentration in parts of tbe plant. The glutathione 
content is, however, dependent on developmental and environmental factors. Cellu
lar glutathione concentrations of about 0 .1 mM have been reported in some tissues 
(Smith et a/. 1990), but green teaves can contain up to 10 mM of the thiol compound. 
The glutathione contents may vary by several orders of magnitude between different 
species and between different tissues and argans within the same species and, indeed, 
within different compartments of the same ceU. Bergmann (1981) reported that in 
tobacco leaf protoplasts 76% of the glutathione was in the chloroplasts, 7o/o in the 
cytosol and 17% in the vacuole giving concentrations of 20 mM, 60 p.M and 20 p.M, 
respectively. Foyer & Halliwell (1976) measured a stromal glutathione concentration 
of 3.5 mM for spinach chloroplasts, wbile Anderson et al. (1983) reported that 
washed intact Chloroplasts contained an endogenaus glutatbione pool of 10 mM. 
Gillbam & Dodge (1986) reported a chloroplast glutathione concentration of about 
4 mM but they found that this glutathione pool of the chloroplasts in pea leaves 
amounted to only I 0% of the leaf glutathione. 

Thioredoxins 

A second very important family of thiols are thioredoxins. Theseare Iow molecular 
weight SH-containing proteins with an active site composed of a cys-gly-pro-cys 
region that undergoes reversible reduction and oxidation (Buchanan 1980; Holmgren 
1985). Two thioredoxin systems are known: the NADP/thioredoxin and the fer
redoxin/thioredoxin system. In these systems thioredoxins are reduced enzymically 
with either NADPH or reduced ferredoxin by NADP-thioredoxin reductase (NTR; 
EC 1.6.4.5) or ferredoxin-thioredoxin reductase (FTR), respectively. 

All components of the ferredoxin/ thioredoxin system, which is present in higher 
plants, algae, cyanobacteria and fermentative bacteria, have been purified and 
characterized (Crawford et al. 1989). The plant and cyanobacterial FfR is an iron 
sulfur protein which is composed of two dissimilar protein subunits and reduces the 
two thioredoxins present in oxygenic photosynthetic systems thioredoxins fand m 
(Droux et a/. 1987). Thioredoxin/, which preferentially activates the fructose-1 ,6-bi
phosphatase (EC 3.1.3.11) exists in monomericand dimeric forms. Thioredoxins mb 
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and mc preferentially activate the chloroplast enzyme NADPH-malate debydro
genase (EC 1.1.1.82). These tbioredoxins possess a single reducible disulfide bridge 
per monomer. 

The second thioredoxin system in plants is the NADP/thloredoxin system consist
ing of NADPH, NTR and a thioredoxin h which is characteristic of heterotropbic 
systems (Florencio et al. 1988). Spinach thioredoxin h exists in two forms and appar
ently differs from thioredoxin m or f from the same source, but thioredoxin h is, 
however, similar to the thioredoxln described from wheat kernels (Berstermann et al. 
1983). Thioredoxin h is reduced by NADPH via the flavoprotein NTR. This system 
is localized outside the chloroplast but may reside in other types of organelles. NTR 
and tbioredoxin h appear to decrease by about 501tfo during greening although all 
components are still present in fully green tissues (Florencio et al. 1988). 

T~ioi/Disulfide exchange reacti:ms 

Glutathione 

Proteins. Reduced glutathione possesses two important structural features the -y-glu 
linkage and the SH-group of the cysteine whicb provide its intracellular stability and 
which are intimately associated with function (Rennenberg 1982, Meister 1988). 
There is also considerable evidence that glutathione plays a critical role as a reductant 
in the defense against oxidants because of its potential to undergo an oxidation/ 
reduction cycle (E0s = -0.34 V). The role of glutathione has been investigated to 
some extent in a number of plant stresses which act partly via activated oxygen spe
cies. Stresses investigated include drought, senescence, elevated oxygen, bipyridyl 
and dipbenylether herbicide treatment, sulfur dioxide fumigation and chilling (for an 
overview see: Alseher 1989). Functions, such as defense against oxidants, are per
formed by hydrogen atom donation from the thiol moiety. Tbe transfer of hydrogen 
atoms rather than separate electron transfer and protonation reactions enables 
glutathione to reduce both enzymes and damaging free radicals wbile minimizing the 
possibility of the reduction of molecular oxygen to superoxide. Furthermore, re
duced glutathione can also scavenge superoxide itself and the potent hydroxyl radical 
derived from this oxygen species (Kosower & Kosower 1978; Wefers & Sies 1983). 
Depletion of the glutathione pool may not be, in itself, lethal but will seriously impair 
tbe antioxidative and protective systems of plant cells whicb will thus be rendered sus
ceptible to oxidative darnage and metabolic failure. 

Many enzymes function only in a reduced form by virtue of component tbiol 
groups (Ziegler 1985). Oxidation of these thiol groups frequently Ieads to lass of ac
tivity and occasionaUy degradation of enzymes. Molecular oxygen and reactive oxy
gen species are the natural ox.idant for many of tbese thiol groups (Davies et al. 1987). 
A major role of thlols in plants is, therefore, to modulate the reduction state in tbe 
plant and to protect the thiol groups on susceptible enzymes by a thio1/disulfide ex
change reaction. The regulatory sulfhydryl groups on enzymes, however, represent 
only a relatively small redox pool. A model representing the approx.imate redox 
potentials of the major components involved in the thiol/disulfide exchange is illus
trated in Fig. 1. Since glutathione is the abundant thiol compound in organelles, such 
as the chloroplast, it may be that thls compound is thus more available lo oxygen than 
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Fig. 1. A model representing the relative pool sizes ana the approximate redox potentials of the major 
components involved in thiol/disulfide exchange reactions. (E) Thiol-regulated enzymes such as 
fructose-1 ,6-biphosphatase; (FD) ferredoxin; (G) glutathione; (TR) thioredoxin; (PN) pyridine nucleo
tides. The sizes of the boxes represent the relative sizes of the redox pools. 

the enzyme thiol groups (Meister 1988) and may thus be preferentially oxidized. In 
addition, GSH can also reactivate some enzymes that have become inactive following 
exposure to elevated oxygen. Through the mediation of the ferredoxin and pyridine 
nucleotide pools the regulatory thiol groups an thioredoxins may equilibrate with the 
glutathione redox couple directly. However, GSH cannot replace thioredoxin in the 
mecbanisms of activation of enzymes involved in carbon assimilation, although 
Vivekanandan & Edwards (1987) seem to have evidence that GSH may activate at 
least one light-modulated enzyme (NADP-malate dehydrogenase) that normally is 
activated by thioredoxin. 

In cantrast to GSH, glutathione disulfide (GSSG) can inactivate enzymes by the 
formation ofmixed disulfides (Fig. 2). Mixed disulfides formation provides one good 
reason why plant cells, and chloroplasts in particular, keep GSH/GSSG ratios high. 
If the GSH/GSSG ratios of the cell were to fall as a result of stress, the capacity of 
metabolism could be severely impaired by the formation of mixed disulfides. How
ever, there is also evidence that GSSG may activate an enzyme.Jn vitro protein syn
thesis is inhibited by GSSG possible via activation of a translational inhibitor which 
is normally kept in theinactive form by a thiol-reducing system (Jackson et a/. 1983). 

Gene activation. Recently, Wirrgate et al. (1988) reported that reduced glutathione 
may have a role in gene activation via. a receptor protein which may undergo a 
thiol/disulfide exchange reaction. They found that GSH supplied exogenously to cell 
suspension cultures of bean caused a massive and selective induction of the transcrip
tion of defense genes. Thesegenesencode enzymes involved in the phytoalexin and 
Iignin biosynthesis suchasphenylalanine ammonia-lyase (EC 4.3.1.5) and chalcone 
synthase (EC '23.L74). Both enzymes are involved in protection againstmicrobial 
attack. Transcriptional activation of these genes resulted in a massive change in the 
overall pattern of protdn synthesis which closely resembled the response to a funcal 
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Fig. 2. Glutathione disulfide (GSSG)-dependent inactivation of enzymes by formation of mixed disulfides 
and activation of eozymes by reduced glutathione (GSH). GSH is generated either directly by biosynthesis 
or by reduction of GSSG by the action of the enzyme glutathione reductase. 

elicitor. Edwards et al. (1991) found that both oxidized and reduced exogenaus 
glutathione can elicite the phytoalexin response in cell suspension cultures of bean. 
However, defense gene activation did not occur when only the intracelluar thiollevel 
was significantly increased after treatment of cells with the compound L-oxo
thiazolidine-4-carboxylate (OTC), an oxoproline analog (Williamson & Meister 
1981 ), which elevates glutathione Ievels. Lack of gene activation after OTC treatment 
was also found by Hausladen & Kunert (1990) when the extractable activity of 
enzymes that are involved in cellular defense against oxidation, such as monode
hydroascorbate reductase (ECI.6.5.4), dehydroascorbate reductase (EC 1.8.5.1) and 
glutathione reductase (EC 1.6.4.2), was measured. 

Overall, the role of glutathione in the activation of defense genes is still obscure. 
One hypothesis outlined by Wingate et al. (1988) to explain the action of reduced 
glutathione has been recently developed by Malbon et al. (1987) for animal cells and 
ß-adrenergic receptors. In this hypothesis, in order to explain how cells manage to 
respond to extracellular signals, it has been postulated that disulfide bridges and free 
sulfhydryl groups play an integral role in the structure of cell surface receptors tbat 
are coupled to G proteins. A receptor might possess intramolecular disulfide bridges 
that can be cleaved by thiol compounds activating the receptor in a manner similar 
to agonist binding. A similar receptor may also be present in the cell wall of plants. 
Oxidized glutathione may work in a similar way to provide an intracellular response, 
via a plant receptor, as described for certain receptor proteins on erythrocytes 
(Reglinski et al. 1988). ln erythrocytes, a mechanism has been proposed which in
volves the formation of mixed disulfides at sulfhydryl group receptor sites by ex
change. Clearly, more detailed studies are necessary to elucidate the role of glu
tatbione in gene activation. 

Thioredoxins 

In general, the thioredoxin system is a disulfide reductase and catalyzes NADPH- or 
ferredoxin-dependent reductions of exposed S-S bridges in a variety of proteins 
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Fig. 3. The mechanism of activation of stromal fructose-1,6-biphosphatase showing that activation is 
regulated by the ferredoxin-thioredoxin system and that it is a reversible two-stage process. 

(Crawford et al. 1989; Holmgren 1985). The proposed role of thioredoxins in plants 
is to activate biosynthetic pathways in the light and catabolic pathways in the dark. 
Thioredoxins appear to be absolutely essential for pbotosynthetic growth (Muller & 
Bucbanan 1989) and disruption of the gene coding for tbioredoxin m in the blue
green alga Anacystis nidulans is a Iethai mutation. 

In plants, the ferredoxin/tbioredoxin system functions via a thiol!disulfide 
exchange reaction in the regulation of certain enzymes involved in photosyntbe
sis: thioredoxin activates fructose-1 ,6-biphosphatase, phospboribulokinase (EC 
2.7.1.19), sedobeptulose-1,7-bipbosphatase (EC 3.1.3.37} and NADP-dependent 
glyceraldehyde phosphate dehydrogenase (EC 1.2.1.9) (Cseke & Buchanan 1986; 
Crawford et al. 1989; Knaff 1989). Each reduced thioredoxin reduces specific disul
fide bridges on biosyntbetic target enzymes, such as on the cbloroplast enzyme 
fructose-1,6-biphosphatase, converting them between inactive and active forms 
(Fig. 3). In the case of fructose-1, 6-biphosphatase each subunit contains a regulatory 
disulfide group that is reduced to the sulfhydryllevel by reduced thioredoxin thereby 
leading to activation of the enzyme. Indeed most of the available sulfhydryl groups 
in the chloroplast appear to be associated with stromal protein as opposed to the 
membrane fraction (Slovacek & Vaughn 1982). Increase in sulfhydryl content of 
approximately 500Jo occur upon illumination. The increase was found tobe kinetical
ly similar to the rise in the activity of fructose-1 ,6-biphosphatase. 

PrevecJ~on of tbiol oxida!ion 

Ascorbate-glutathione cycle 

P!ants have developed specific systems to regulate the thiol!disulfide ratios in the 
cell. A high GSH/GSSG ratio seems tobe necessary to sustain the role of the major 
cellular thiol compound, glutathione, as a reductant. This allows glutathione to un
dergo thiol!disulfide exchange reactions with cellular compounds thereby avoiding 
direct Oxidation of enzymes. Continuous reduction of oxidized glutathione can be 
achieved by the enzyme glutathione reductase. Both glutathione and glutathione 
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Fig. 4. The pathway of elimination of phytotoxic H20 2; the ascorbate-glutathione cycle. (GSH) reduced 
glutathione; (GSSG) oxidized glutathione; (MDHA) monodehydroascorbate; (DHA} dehydroascorbate. 
Monodebydroascorbate is unstable and disproportionates in vivo to yield ascorbate and dehydro
ascorbate. 

reductase are components of a protective cellular system called the ascorbate-gluta
thione cycle (Fig. 4) (Foyer & Halliwell1976). This cycle is best known for the elimi
nation ofthe risk of oxidation of enzymes by H20 2• However, this cycle is also con
nected to a-tocopherol, a lipid-soluble antioxidant, which protects membrane 
proteins against toxic free-radical reaction in biomembranes (Finckb & Kunert 1985; 
Kunert et a/. 1985). Thus glutathione is important in sustaining the defense systems 
in botb the hydrophilic and hydrophobic environments of plant ceUs. 

An excellent example of the protective role of the ascorbate-glutathione cycle is the 
protection of enzymes involved in photosynthetic carbon assimilation. Carbon as
similation is dependent on a stromal H20 2-scavenging system for its continued func
tioning in tbe light. Several of the enzymes of the Calvin cycle are activated in the 
light by tbiol modulation via the thioredoxin system. They are, however, extremely 
sensitive to oxidation by H20 2, and loss of thioredoxin-mediated activation of 
fructose-1 ,6-biphosphatase and sedoheptulose-1, 7 -biphosphatase appears to be rela
tively specific (Leegood et al. 1985). The reduction state of these enzymes, which de
termines the activation state, reflects the balance between the flux of reducing equiva
lents through tbe electron transport cbain (wbich causes their activation) and the 
oxidizing environment of tbe stroma that continuously favcrs inactivation (Leegood 
1990). H20 2 and other reactive oxygen species interfere with the delicate balance of 
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this system, since they favour oxidation and prevent thioredoxin-dependent reductive 
activation of these enzymes. 

The redox pairs dehydroascorbate(DHA)/ascorbate and GSSG/GSH are inter
mediate electron carriers in tbe reduction of H20 2 by NADPH in chloroplasts. Tbe 
role of the DHA/ascorbate and GSSG/GSH redox pairs in the reduction of H20 2 
was supported by chimges in the concentrations of ascorbate and GSH bothin intact 
and ruptured Chloroplasts in response to light and exogenously supplied H20 2 
(Anderson et al. 1983). Illuminated chloroplasts reduce 0 2 to H20 2 using reducing 
equivalents from photosystem I in the process known as pseudocyclic electron flow. 
H20 2 is then metabolised using NADPH as the electron donor via the reaction se
quence of the ascorbate-glutathione cycle as illustrated in Fig. 4. lt is clear that the 
ascorbate-glutathione cycle also operates efficiently in other cellular compartments 
as weil as in the chloroplast, and the cycle is present in the cytosol of both green and 
non-green tissues (Foyer 1992). When theEscherichia coli (E. coll) glutathione reduc
tase gene (gor gene) was overexpressed in the cytosol of tobacco plants, the resultant 
high Ievel of glutatbione reductase gave added protection to the ascorbate pool of 
plants suffering oxidative stress caused by treatment with methylvialogen (Foyer et 
al. 1991). Protection was achieved presumably because of cycling of ascorbate be
tween the cytosolic and chloroplast compartments. These experiments demoostrate 
tbat the cytosolic reactions of the ascorbate-glutathione cycle can help to support the 
chloroplast ascorbate-glutathione cycle in tbe stroma, possibly by tbe transport sys
tem across the Chloroplast envelope (Foyer 1992). 

Glutathione reductase 

Both glutathione and glutathione reductase appearto be ubiquitous in the biosphere. 
The enzyme seems to play a major roJe in preventing thiol oxidation and it maintains 
high thiol Ievels necessary for thiol/disulfide exchange reactions. The idea that 
glutathione reductase is involved in a reaction to avoid the consequences of environ
mental stress was first developed by Levitt (1962). This hypothesis to explain frost 
resistance clearly requires an enzyme like glutathione reductase in order to maintain 
glutathione almost exclusively in the reduced form according to the equation: 

GSSG + NADPH + H + -7>- 2GSH + NADP 

NADPH is the preferred reductant for the plant enzyme, as it is for the enzymes from 
animal and rnicrobial sources. Glutathione reductase is localized mainly in the chlo
roplast stroma, but is also found in the mitochondria and cytosol (Edwards et a/. 
1990). The occurrence of multiple forms of the enzyme in plant tissues is well 
documented (Edwards et al. 1990; Foyer et a/. 1991) and this may be necessitated not 
only by compartmentational differences but also by the metabolic needs ofthe plant. 
Total glutathione reductase actiyity is often found to increase in response to several 
environmental stresses including low and high temperature or oxidative and water 
stress (Smith et al. 1989). A two- to three-fold increase in the Ievel of the enzyme ap
pears to be the maximum that can be generated in plants under environmental stress 
conditions (Schrnidt & Kunert 1986; Foyer et al. 1991). It is generally assumed tbat 
this increase is a specific plant response to overcome glutathione oxidation. This 
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Fig. 5. Different routes for the production of reduced glutathione {GSH) in the plant ceU. GSH arises 
either directly by biosynthesis, which can be affected by the compound OTC, or by reduction of oxidized 
glutathione (GSSG) by the action of glutathione reductase. Cellular consequences of overproduction of 
the enzymes indicated in boxes are currently being investigated. 

response of the enzyme seems, however, to be plant species specific (Hausladen & 
Kunert 1990). ln addition, pattem of isoenzyme forms varies after exposure to low 
temperatures as does the kinetic properties of the enzyme (Esterbauer & Grill1978; 
Guy & Carter 1984; Hausladen et al. 1991). 

Manipulation of thiol content 

Optimization of thiol/disulfide exchange reactions under stress conditions rnay be 
achieved in plants by increase of the cellular content of thiols. Beside treatrnent of 
aplant with a chernical, such as OTC (Hausladen & Kunert 1990), in order to increase 
the gJutath.ione level, th.is may also invoive two different genetic strategies as outlined 
in Fig. 5. A first strategy may be based on a more efficient recycling of a disulfide 
cornpound, such as GSSG, to its respective active thiol form. This may be achieved 
by genetic-manipulation of the actuallevel of an recycling enzyrne such as glutathione 
reductase. A second strategy rnay be based on the increase of the potential of the cell 
to produce higher absolute Ievels of specific thiol compounds. Both strategies applied 
either aloneor tagether may finally result in increased tolerance of cellular processes 
to oxidation through improved thiol/ disulfide exchange reactions. 

ln the ftrst approach using glutathione as a model for a thiol compound we have 
manipulated the cellular Ievel of glutathione reductase via the technique of genetic 
engineering. We have specifically investigated whether an increased glutathione 
reductase Ievel in the cytosol influences the overall glutathione Ievel and the GSH/ 
GSSG ratio in plants. The gor gene of E. coli coding for bacterial glutathione reduc
tase was transferred into tobacco (Nicotiana tabacum L. var Samsun). Leaves from 
transgenic tobacco plants bad an age-dependent two- to tenfold increase in cytosol 
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glutathione reductase activity compared to non-trangenic plants (Foyer et af. 1991). 
However, increased enzymatic activity bad no effect on the amount or reduction state 
of the GSH/GSSG pool under optimal conditions or oxidative conditions induced 
by the herbicide methylviologen. This clearly demonstrates that glutathione reduc
tase activity in tobacco leaves neither Iimits the glutathione content nor affects the 
reduction state of the glutathione pool, even under severe oxidative stress. An identi
cal result was also obtained in studies with E. coli where overproduction of gluta
thione reductase in the bacterium bad no effect on the glutathione content or the 
GSH/GSSG ratio (Kunert et al. 1990). Overall, from our studies with tobacco it ap
peared that the plant might generally produce sufficient Ievels of antioxidative en
zymes to maintain the balance of cellular compounds. Thus, any further increase in 
enzyme Ievel is without significant effect. Furthermore, changes in the distribution 
pattern of individual glutathione reductase isozymes may be more significant than 
changes in the total pool size of glutathione reductase. 

Recently, we have started a second study in order to investigate the consequences 
of overexpression of the E. coli genes coding for the two other enzymes involved in 
glutathione metabolism in plants, -y-glutamyl-cysteine synthetase and glutathione 
synthetase. This strategy to increase the capacity of glutathione production is based 
on recent findings by Moore et al. (1989) that anE. coli strain enriched with the genes 
for the two synthetases was significantly more resistant to radiation than was.the cor
responding wild strain. They also found that the enhanced resistance exhibited by the 
gene-enriched strain was associated with increased capacity to synthesize glutathione 
rather than solely to their increased cellular Ievels of glutathione. 

Intracellular glutathione synthesis in plants requires the two enzymes -y-glutamyl
cysteine synthetase and glutathione synthetase and the amino acid substrates gluta
mate, cysteine and glycine. Both synthetases have already been characterized in 
plants (Klapheck et al. 1987; Hell & Bergmann 1988; Hell & Bergmann 1990). The 
enzymes are Iocated in both the chloroplast and cytoplasm. Data obtained by Hell 
& Bergmann (1990) indicate that the rate of glutathione synthesis in vivo m,ay be in
fluenced substantially by the concentration of the two Substrates cysteine and gluta
mate and may be further regulated via feedback inhibition of the enzyme -y-glutamyl
cysteine synthetase by glutathione itself. Suchregulation of biosynthesis by feedback 
inhibition will have advantages. For example, under GSH consuming conditions the 
plant cell will be able to produce additional GSH immediately. In addition to feed
back inhibition glutathione biosynthesis may also be regulated by the amount of bio
synthetic enzymes available. This might be controlled at the transcriptionallevel. The 
importance of the actual enzyme Ievels present in plants was recently demonstrated 
for glutathione synthetase after induction of phytochelatin synthesis by cadmium in 
pea roots (Rüegsegger et al. 1990). With our present studies investigating the conse
quences of overproduction of both synthetases we might be able to elucidate the sig
nificance of both feedback inhibition and actual enzyme Ievels. 

Conc1uding remarks 

Engineering stress tolerance is undoubtedly of great benefit in terms of applications 
for the improvement of the potential for thioll disulfide e:xchange reactions in pla.rits. 
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This is an attractive idea because it presents possibilities for overcoming phytotoxic 
consequences such as enzyme inactivation by oxidation. Also it has been shown that 
the efficiency of enzyme activation by the thioredoxin system can be improved by 
genetic manipulation leading to an increase in the reactivity of thioredoxin with chlo
roplast enzymes (de Lamotte-Guery et al. 1991). 

From data obtained it is clear that manipulation of a single component, such as 
glutathione reductase, seems nottobe a feasable way to overcome the consequences 
of cellular oxidation. Recently, Teppermann & Dunsmuir (1990) came to a similar 
conclusion for supermüde dismutase. It is possible that in plants the absolute g]uta
thione content and, therefore, protection is much more determined by the relative 
rates of synthesis and degradation of glutathione, which appear to be related to 
growth conditions, leaf age, the NADPH Ievel (Burke & Hatfield 1987) and biosyn
thetic enzyme Ievels, than by simple recycling of GSSG via glutathione reductase. A 
more detailed answer concerning the significance of recycling of glutathione in plants 
by glutathione reductase will only become available when plants that Iack the activity 
of the enzyme are produced and studied. Such plants can be produced using antisense 
technology. A first step in the direction of using antisense technology bas been recent
ly reported by Creissen et al. (1991) wbo have cloned and sequenced the gor gene 
from pea. 

In order to genetically engineer a plant in the future and to improve its perfor
mance, we need further a mucb better understanding of the biochemical and physio
logical processes in such a complex system. Our present understanding allows us 
already to put forward a strategy which will be followed in order to manipulate 
thiol/disulfide exchange reactions for the benefit of the plant. However, our under
standing m.ight be still fragmentary and we are only just beginning to understand 
wbat effects the introduction of foreign genes into plants might have. 
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Introduction 

Thioredoxins are ubiquitous, low molecular weight (approx. Mr 12,000) proteins 
witb a well conserved, cbaracteristic active site structure: -Trp-Cys-Gly-Pro-Cys-. 
The two cysteine residues form a redox-active, intramolecular disulfide bridge. 
Thioredoxins were sbown to have many different functionat roles in a !arge variety 
of organisms (Holmgren 1985; Gleason & Holmgren 1988; Holmgren 1989). Origi
nally thioredoxin was isolated from Escherichia coli and shown to act as hydrogen 
donor for the ribonucleotide reductase (Laurent et a/. 1964) an essential enzyme for 
DNA replication. E. coli cells contain one unique type of thioredoxin which has been 
extensively studied and its three-dimensional structure determined by x-ray crystal
lography (Holmgren et al. 1975; Katti et al. 1990). The molecule is highly structured 
with more than 900Jo of its residues involved in secondary structure. lt is built of 
5 ß-strands forming a twisted, central ß-sheel which is surrounded by 4 a -helices. The 
active site is at tbe surface of the protein with one of its cysteines (Cys-32) exposed 
to the solvent. One particular area close to the active site is hydropbobic and has been 
suggested to be the main interaction site with other proteins (Eklund et al. 1984). 
Thioredoxin is reduced in E. coli by a NADP-dependent thioredoxin reductase, a 
flavoprotein composed of two identical subunits (Thelander 1967). 

Plant cells contain multiple forms of thioredoxins (Jacquot et al. 1978; Wolosiuk 
et a/. 1979). They have been classified on tbe basis of functional properties and of 
their location within the cell. In green algae as well as higher plants three distinct 
types of thioredoxins have been characterized: thioredoxin f, thioredoxin m and 
tbioredoxin h. Thioredoxinsjand m are located in the chloroplasts where they fnnc
tion primarily as regulatory proteins in carbon metabolism. Thioredoxin h is present 
outside the chJoroplast. 

This paper summarizes knowledge on higher plant and algal thioredoxins. It will 
emphasize more the structural aspects that have emerged during the last years and 
focus forthat purpose on the best known systems. The reader is referred to recently 
published reviews on thioredoxin and related aspects for further information 
(Gleason & Holmgren 1988; Holmgren 1989; Knaff 1989; Buchanan 1991; Eidund 
et al. 1991). 

Tbioredoxin f 

Thioredoxin f has originally been described as the chloropJast thioredoxin capable 
of activating fructose 1,6-bisphosphatase (Wolosiuk et al. 1979). In addition to fruc
tose 1 ,6--bisphospbatase several other chloroplast enzymes have been reported to be 
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activated by reduced thioredoxin f. These include sedoheptulose 1, 7 -bisphosphatase 
(Nishizawa & Buchanan 1981), phosphoribuloldnase and NADP-glyceraldehyde-3-
phosphate dehydrogenase (Wolosiuk et al. 1979), NADP-malate debydrogenase 
(Scbürmann et al. 1981; Tsugita et a/. 1983) and CF1-ATPase (Mills et al. 1981). 
However, the primary function of thioredoxin f seems to be the activation of three 
important regulatory enzymes of carbohydrate synthesis, catalyzing reactions of 
the reductive pentose phosphate cycle witb large free energy differences (Krause & 
Bassharn 1969), i.e. fructose 1,6-bisphosphatase, sedoheptulose 1,7-bisphosphatase 
and phospboribulokinase. These three enzymes are exclusively activated by reduced 
thioredoxin f whereas the other enzymes mentioned can also be activated by 
thioredoxin m. 

Thioredoxin f has been purified and characterized from several higher plants and 
green algae, including spinach (Wolosiuk et al. 1979; Schürmannet al. 1981; Soulie 
et al. 1981), corn (Crawford et al. 1986), Kalanchoe daigremontiana (Hutcheson & 
Buchanan, 1983), Scenedesmus obliquus (Langlotz et al. 1985), Chlamydomonas 
reinhardtii (Huppe et al. 1990) and Acetabularia mediterranea (Yan Langendonckt 
& V an den Driessche, 1992). Most of these thioredoxins were found to have molecular 
weights of 12- 13 kDa, typical for thioredoxins. An exception is the thioredoxin from 
Scenedesmus which was shown, by SOS electrophoresis, tobelarger (28 kDa), but 
exhibits tbe same properties as other /-type thioredoxins. A !arger /-type thioredoxin 
has also been purified from the cyanobacterium Anabaena sp. 7119 (Whittacker & 
Oleasan 1984). Thef-type thioredoxins are reported tobe rather unstable. This may, 
in part, be due to their low solubility in buffer solution which can be somewbat im
proved by the addition of dimethylsulfoxide (Aguilar et al. 1992). 

Four / -type isoforms have been isolated from corn and two from Kalanchoe. They 
differ slightly in size and/ or isoelectric point but are functionally indistiguishable. 
It is not known whether these variants are in vivo isoforms or whether they originate 
from proteolysis. However, it is interesting to note that these isoforms are found in 
plants with specialized carbon assimilation pathways, i.e. in corn, a C4 plant, andin 
Kalanchoe, a CAM plant. 

The best known thioredoxin f is the one from spinach. lts amino acid sequence 
(Fig. lA) has been determined and a cDNA clone coding for this nuclear encoded 
protein has been isolated (Kamo et al. 1989). Its primary structure is distinct from 
other thioredoxins with less than 300To sequence identity with its companion, 
thioredoxin m. A recently isolated cDNA clone from pea codes for a thioredoxin f 
which is almost identical (840Jo similarity) to the spinach protein (Lepiniec et al. 
1992). This very strongly supports the idea, that certain features found for the 
thioredoxin f from spinach are general properties of most /-type thioredoxins. One 
such feature is tbe presence of a third Cys, also reported for Scenedesmus (Langlotz 
et al. 1985). It is located in the C-terminal half of the protein flanked by polar 
residues. This stretch of amino acids may be important in tbe interaction of thiore
doxinjwith its target enzymes as has been suggested from experiments with mutated 
thioredoxin (Lamotte-Guery et a/. 1991) and has been observed after chemical 
modification of tbe third Cys (unpublished results). 

The comparison of the three dimensional structures of thioredoxin fand E. coli 
thioredoxin might give some insights into the target enzyme specificity. Forthat pur
pose thioredoxin f has been crystallized (Genovesio-Taverne et al. 1991). This opens 
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the possibility to study the three dimensional structure by X-ray analysis. These struc
tural and further functional studies are facilitated by tbe availability of large amounts 
of a recombinant thioredoxinj(Aguilar et al. 1992) which bas been shown to bave 
the same biological properties as the native chloroplast protein. 

Tbiorcdoxin m 

The rn-type thioredoxin has been described as tbe thioredoxin showing greater activi
ty with chloroplast NADP-malate dehydrogenase (W olosiuk et a/. 1979). Tbioredox
in rn can regulate other enzyme activities outside the reductive pentose phosphate 
cycle and has been demonstrated to be essential for photosynthetic growth of a 
cyanobacterium (Muller & Buchanan 1989). Its main functions probably are the 
light-deactivation and dark-activation of glucose 6-phosphate dehydrogenase. a key 
enzyme of the oxidative pentose phosphate pathway in cbloroplasts and the light
activation of NADP-malate debydrogenase. This latter enzyme is especially impor
taßt in C4 plants wbere C4 dicarboxylic acids, like malate, are early carbon flxation 
products. In tbe chloroplasts of ~ plants NADP-malate dehydrogenase is proposed 
to function as part of a light-dependent mechanism for the export of reducing equiva
lents (Scheibe 1987). Additional reported functions of thioredoxin rn are the light
activation of chloroplast coupling factor (Mills et a/. 1981), PAPS-reductase 
(Schwenn 1989) and oftwo enzymes of nitrogen assimilation (Schmidt J 981; Tischner 
& Schmidt 1982). 

Thioredoxin rn has been purified and characterized from the same higher plants 
and green algae as already mentioned for thioredoxinj. All m-type thloredoxins are 
of similar size (""' 12 kDa). From spinacb (Schürmann et a/. 1981), corn (Crawford 
et al. 1986) and Acetabularia (Van Langendonckt & Vanden Driesscbe 1992) iso
forms have been isolated that are functionally indistinguishable, differing only in ap
parent molecular weight and/ or charge. 

The primary structures of rn-type tbioredoxins from spinach (Maeda et al. 1986; 
Wedelet al. 1992), Chlamydornonas (Decottignies et al. 1990; Jacquot et al. 1992) 
and two cyanobacteria, Anabaena sp. 7119 (Gieason et al. 1985) and A nacystis 
(Muller & Buchanan 1989), are known (Fig. 1 C). Tbe eukaryotic thioredoxins sbow 
extensive similarities between each otber (76o/o similarity) and with the cyanobacterial 
(72%) and the E. coli proteins (59%). This suggests that the rn-type thioredoxins of 
the eukaryotic cells are of bacterial origin (Maeda et al. 1986). These structural 
similarities are in Iine with functional similarities. In reactions where thioredoxin rn 
is involved it can usually be replaced by the thioredoxin from E. coli with good effi
ciency (Tsugita et a/. 1983). 

In spinach chloroplasts three functionally indistinguisbable isoforms of thioredox
in m have been found (Maeda et a/. 1986). Theseisomersare due to aN-terminal het
erogeneity whicb is no purification artefact caused by proteolytic degradation of the 
N-terminus, nor the result of tbe expression of different genes. In the eukaryotic cells 
thioredoxins are nuclear encoded. They are synthesized on cytoplasmic ribosomes as 
precursor proteins with a transit peptide directing tbem towards the chloroplasts. 
After the import the transit peptide is cut off by a processing enzyme. It has recently 
been shown that the spinach thioredoxin m isomers are the products of processing 
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Fig. 1. Primary structures of plant thioredoxins. The -amino acid sequences have been aligned using Clustal V (Higgins et al. 1992). Conserved residues are 
indicated by *, conservative replacements by •• The sequence data were taken from the following sources: spinach chloroplast thioredoxinf(Kamo et al. 1989; 
Aguilar et al. 1992), pea chloroplast thioredoxinf (Lepiniec et al. 1992), Chlamydomonas reinhardtii thioredoxin h (Decottignies et al. 1991), Nicotiana tabacum 
thioredoxinh (Marty & Meyer 1991), spinach root tbioredoxinh (Marcus et al. 1991), spinach chloroplast thioredoxin m (Wedelet al. 1992), Chlamydomonas 
reinhardtii chloroplast thioredoxin m (Decottignies et al. 1990), Anabaena sp. 7119 (Gleason et al. 1985), Anacystis nidulans (Mu1ler & Buchanan 1989), E. coli 
(Höög et al. 1984). 
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after the import (Wedel et al. 1992). It is possible that the isoforms observed with 
other thioredoxins are also due to the processing. 

Tbioredoxin h 

Thioredoxinh has been purified from several organisms, from two algaeAcetabular
ia mediterranea (V an Langendonckt & V anden Driesscbe 1992) and Chlamydomonas 
reinhardtii (Decottignies et al. 1991), and from higber plant tissues, cultured carrot 
root cells (Johnson et al. 1987a), spinacb roots (Marcus et a/. 1991), spinach leaves 
(Florencio et a/. 1988) and wbeat seeds {Johnson et al. 1987b). Since this proteinwas 
found in dark grown tissue it was designated thioredoxin h, for beterotrophic (John
son et al. 1987a). Thioredoxin hisnot present in chloroplasts, but is found in the 
cytosol, in the endoplasmatic reticulum andin mitochondria (Marcus et al. 1991; 
Boderutein-Langet al. 1989). Cytosolic thioredoxins isolated earlier from Chlorella 
(Tsang 1981), wheat and soybean (Suske et al. 1979; Berstermann et a/. 1983; Vogt 
& Fallmann 1986) can also be classified as h-type thioredoxins. 

Two complete primary structures have been reported, one for Chlamydomonas 
(Decottignies et al. 1991 ), based on protein sequencing, and one for tobacco (Marty 
& Meyer 1991 ), deduced from the nucleotide sequence of a cDNA (Fig. I B). A partial 
amino acid sequence bas been determined for a spinach root thioredoxin h (Marcus 
et al. 1991). All three proteins are very similar with ""'600Jo similarity (Fig. 1). There 
is one noteworthy difference: the spinach root thioredox.in has the modified active 
site sequence -Trp-Cys-Ala-Pro-Cys-, where Gly is repJaced by Ala. Such a Substitu
tion has already been reported for a thioredoxin from Corynebacterium nephridii 
where it has little impact on the redox function of tbe protein (McFarlan et a/. 1989), 
indicating that the Gly to Ala Substitution is a relatively minor change that can be 
easily accommodated. The modified active site sequence does so far not seem tobe 
typical for all h-type thioredoxins since two of the three known members of this 
group have the usual active site. The tobacco protein sequence leaves no doubt that 
it represents a cytoplasmic thioredoxin h since the cDNA encoding this thioredoxin 
does not contain any information for a transit peptide. 

Tbe biological functions of thioredoxin h are yet not clear since mostly in vitro activi
ties have been reported sofar. There is one recent report suggesting that during germi
nation thioredoxin h is reducing wheat storage proteins making them thus susceptible 
to proteolytic degradation (Kobrehel et al. 1992). In vitro thioredoxin h reduces 
purothionin, a small basic protein from the seed endosperm of cereals (Johnson et 
a/. 1987b) and a-amylase and trypsin inhlbitor proteins (Kobrehel et al. 1991), func
tions as hydrogen donor for ribonucleotide reductase (Berstermann et al. 1983; 
Langlatz er al. 1985; Bodeostein-Langet al. 1989) and will activate NADP-dependent 
malate dehydrogenase although less efficiently than thioredoxin m. However, 
thioredoxin h is unable to activate fructose 1,6-bisphosphatase. It is quite probable 
that the electron transfer to the ribonucleotide reductase is the primary function of 
thioredox.in h in the cytosol of cells in vegetative tissue. 
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Structure comparison 

A comparison of the primary structures clearly shows that there are three distinct 
groups of plant thioredoxins (Fig. 10) as has been concluded from the functional 
properties of the various thioredoxins. In general plant thioredoxins tend to be a few 
amino acids Ionger than bacterial thioredoxins. Within one particular group of 
thioredoxins there are extensive sequence similarities of between 64 and 84%, the 
higher values being found between phylogenetically closer related species. This has 
already been suggested based on immunological crossreactivity of spinach thiore
doxin antibodies with tbioredoxins from higber plants and algae. Higher plant 
thioredoxins are well recognized by spinach thioredoxin antibodies wbereas algal 
thioredoxins are weekly or not at all recognized by tbe same antibodies. 

Between tbe different groups of thioredoxins there are rather !arge differences and 
the similarities drop to below 500Jo. The most striking example are the chloroplast 
thioredoxins wbere there are only 27o/o identical residues, strongly suggesting that the 
f- and rn-type thioredoxins are of different origjn. ' 
Besides the active site area which is well conserved a small nurober of residues are 
strictly conserved throughout all plant thioredoxins and also throughout bacterial 
and animal thioredoxins. A comparison shows that these are the important residues 
for the maintenance of the overall structure and the redox function of the thioredox
ins (Eklund et al. 1991) indicating that the plant thioredoxinshave the same general 
tbree-dimensional structure as the one known for the protein from E. co/i. The ob
served specificity of each group must be the consequence of specific details in the 
surface-structure of its members reflecting the differences in the amino acid se
quences between the groups. 

It will be of considerable interest to obtain tbree-dimensional structures of 
thioredoxins representative of the different groups and to try to relate tbeir detail 
structures to their specific functions. 

Thioredoxin reduction 

Plant cells contain two different enzyme systems capable of reducing thioredoxins, 
one located in the Chloroplasts and known as the ferredoxin/thioredoxin system and 
the second one in the cytoplasm known as the NADP/thioredoxin system. 

The ferredoxinlthioredoxin system uses electrons produced by the photosynthetic 
electron transpoft chain to reduce thioredoxins via ferredoxin and the enzyme 
ferredoxin-thioredoxin reductase (FTR). The functioning of this system in vivo is 
very weU documented (Crawford et al. 1989; Buchanan 1991). The FTR is a protein 
of about 30 kDa, composed of two nonidentical subunits, containing a Fe-S duster 
and a redox-active disulfide bridge (Droux et a/. 1987; Tsugita et al. 1991). The en
zyme exhibits a certain thioredoxin specificity reducing preferentially chloroplast 
thioredoxins whereas thioredoxin h is reduced less efficiently {Huppe et a/. 1991). 

The NADP / thioredoxin system reduces thioredoxins with electrons from NADPH 
via the enzyme NADP-thioredoxin reductase (NTR). This system has been character
ized in wheat (Suske et a/. 1979), carrot (Johnson et al. 1987a), spinach (Florencio 
et al. 1988), Chlorella (Tsang 1981), Chlamydomonas (Huppe et al. 1991) and 
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Acetabu/aria (V an Langendonckt & Vanden Driessche 1992). The plantNTR is com
parable to the weil known bacterial and mammalian enzymes. It is a flavoprotein of 
about 70 kDa, composed of two identical subunits. NTR exhibits rather high 
thioredoxin specificity. lt will reduce h-type thioredoxins best, m-type thioredoxins 
on)y weakly and f-type thioredoxins not at an. 

Target enzymes 

With several target' enzymes ·their thioredoxin:.activation has been studied at the 
molecular Ievel. It has been demonstrated that, upon activation, specific regulatory 
disu1fide bridges are reduced. Tbe amino acid sequences of tbese regulatory sites, 
containing the Cys involved, have been determined for four enzymes, including fruc
tose 1,6-bisphosphatase (Marcus et al. 1988; Raineset al. 1988), NADP-malate de
hydrogenase (Decottignies et al. 1988), phosphoribu1ok:inase (Porter et al. 1988) and 
chloroplast coupling factor (Miki et al. 1988). The presence of a regulatory disulfide 
bridge in the target enzyme seems to be a prerequisite for thioredoxin-activation. The 
demonstration of the presence of such a thioredoxin-reducible regulatory site will 
therefore be a necessary criterion for tbe characterization of thioredoxin target 
enzymes. 

Tbioredoxln and sulfur metaboUsm 

There is ample evidence that thioredoxin is an important electron carrier in sulfur 
metabolism (Holmgren 1989). lt has recently been demonstrated that in E. coli 
thioredoxin is essential for sulfate reduction (Russel et al. 1990). An involvement of 
thioredoxin in the sulfate assimiJation in plants is less well documented. It has been 
sbown that in Chlorella thioredoxin cannot be used as reductant by the adenosine 
5'-phosphosulfate sulfotransferase (!'sang 1981). Only in two instances a possible in
volvement of plant tbioredoxins has been reported. The APS-kinase isolated from 
Chlamydomonas was stimulated in a heterologous system by tbioredoxinfisolated 
from spinach (Schwenn & Schriek 1984) and a P APS-reductase isolated from spinach 
leaves was activated by homologaus thioredoxin m or heterologous thioredoxin from 
E. co/i (Schwenn 1989). Further experiments will have to confirm and extend these 
results. 
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!ntroduction 

In the preceding voJume or tbis series, most aspects of the biocbemistry and bio
synthesis of plant sulfolipids and in particular of sulfoquinovosyl diacylglycerol 
(SQD) have been reviewed in comprehensive form (Kleppinger-Sparace et al. 1990). 
Therefore, there is no need to repeat these and other weil known data (Mudd & 
Kleppinger-Sparace 1987), and the following article should be considered as a con
tinuation of previous reviews concentrating on work published in the last years and 
supplementing some aspects covered only marginally before. ln addition, an attempt 
is made to correlate sulfolipid quantities and formation with corresponding data 
from other sulfur-containing constituents of leaves. 

All organisms carrying out oxygenic photosynthesis contain the "sulfolipid" 
(SQD) as membrane constituent of thylakoids, whereas its occurrence in anoxygenic, 
photosynthetically active bacteria is limited to a few genera (Wood et al. 1965; 
Radunz 1969; Russell & Harwood 1979; Imhoff e/ al. 1982). Bensan and coworkers 
discovered and analyzed this Iipid and carried out tbe first experiments on its bio
synthesis (Benson 1963). The characteristic feature of SQD with the structure of 
1,2-di-0-acyl-3-0-(6-deoxy-6-sulfo-a-D-glucopyranosyl)-sn-glycerol(sulfoquinovosyl 
d.iacylglycerol, Fig. 1) is the sulfonic acid residue at C6 of 6-deoxyglucose ( = quino
vose) wbich at physiological pH carries a negative charge. Apart from this ubiquitous 
membrane component pbotosynthetic organisms may produce a variety of other 
sulfur-containing lipophilic compounds (Haines 1973; Kleppinger-Sparace et al. 
1990). A membrane Iipid of comparable abundance as SQD is phosphatidylsulfo
choline in diatoms (Bisseret et al. 1984), where this compound may replace the 
zwitterionic pbosphatidylcboline in extraplastidic membranes. These algal cells, 
therefore, contain two su)fur-containing membrane Iipids of sirnilar abundance. But 
none of the other sulfur-containing Iipids can compete with SQD in its quantitative 
importance in the biosphere. 

Anai:;rsrn c! suifcqa:incvosyi däacyigiyce:ro} 

lnvestigations of SQD biochemistry usually necessitate separation of this compound, 
and often data on absolute quantities are required as weil. Due to the presence of 
both glyco- and phospbolipids in plant Iipid extracts satisfactory resolution of all 
compounds by a single TLC run is nearly impossible, and only a few solvent systems 
have proven suitable for the separation of SQD (Nichols 1965; Pohl & Wagner 1972). 
Quantitation may be carried out by fatty acid analysis of chromatographically 
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Fig. 1. Conversion of sulfoquinovosyl diacylglycerol inlo 1,2-diacyl-3-dinitrobenzoyl-sn-glycerol as re
quired for analysis of molecular species by HPLC. This method is also applicable to other glycosyl diacyl
glyccrols. Periodateoxidation is followed by hydrazinolysis and esterification of released diacylglycerol 
with dinitrobenzoylchloride {DNBCl). 

resolved SQD bands or by colorimetry based on sugar derivatization. Tbe reaction 
of sulfoquinovosylresidues with antbrone results in a colored product with an absor
bance maximum which is about 30 nm shorter than measured for the corresponding 
glucosederivative (Weenink 1963; RusseU 1966; Radunz 1969; Hoch et al. 1989). 
With phenol as reagent sulfoquinovose and galactose derivatives have the same ex
tinction coefficient at 485 nm (Roughan & Batt 1968). A lower Iimit of tbese methods 
is reached at about 30 nmol representing 25 1-'g of SQD. Depending on set up and 
handling, quantitation by GLC of fatty acids may be roore sensitive (by a factor of 
10). SQD from alga~ witb complex mixtures of fatty acids can separate into two 
bands differing in fatty acid composition (Araki et al. 1989) which may complicate 
analytical work. Separation of SQD bas also been accomplished by HPLC 
(Demandre et a/. 1985), but a Iimitation of this method is quantitation, since optical 
recording at short wavelength reflects the content of double bonds in fatty acids 
which may vary with the organism and several other parameters. A combination of 
HPLC with a mass sensitive detector compatible with complicated solvent systems 
and not requiring specific calibration for different lipids would be the method of 
choice (Stolyhwo et a/. 1987). With ternary gradients allplant Iipids including SQD 
were resolved on normal phase silica colurons with a detection Iimit of about 1 1-'g 
per component (Moreau et al. 1990). On the other band, acidic phospholipids and 
SQD could not be eluted from NH2-modified columns (Heemskerk et al. 1986). Sol
ventsystems for TLC of sulfoquinovose (Araki et a/. 1989; Hoch et al. 1989), sulfo
quinovosyl phosphate (I-lochet al. 1989) and sulfoquinovosyl glycerol (Joyard et a/. 
1986) have been developed. 

Investigations of Iipids from chloroplasts are confronted with the phenomenon, 
tbat diacylglycerol (DAG) backbones have pro- and eucaryotic structures depending 
on the site of assembly by plastidic or microsomal enzyme systems, respectively 
(Roughan & Slack 1984). Accordingly, there is a demand for resolution and quantita
tion of fatty acid pairings (molecular species) and positional analysis of these fatty 
acids. The assignment of fatty acid mixtures to the sn-1 and sn-2 position of SQD 
is carried out by enzymatic hydrolysis of the primary ester group using the Iipase 
from Rhizopus (Fischer et al. 1973). This is the only enzyme known so far tobe 
specific for the sn-1 position of SQD (and of otber glyco- and phospholipids as well). 
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Compared to other glycolipids from chloroplasts, the sn-1 position of SQD from 
higher plants is enrkhed. in palmitic acid (Heinz 1977). Apart from a contribution 
by the eucaryotic pathway, recent results (see below) have shown that this can be a 
consequence of the selectivities of the galactosyl- and sulfoquinovosyltransferases. 

The analysis of fatty acid pairings or molecular species can be carried out by sever
al methods. Separation by argentation TLC of free (Heinz & Harwood 1977; Siehertz 
et al. 1980) and acetylated SQD (Nishihara et al. 1980) or of its sulfonic acid methyl 
ester (SQD-Me, prepared by treatment of protonated SQD with diazomethane, 
Seifert & Heinz 1992) is simple but identification and quantitation require subsequent 
fatty acid analysis. The complex patterns revealed after in vivo labeling were first evi
dence for the participation of SQD-bound fatty acids in lipid-linked desaturation. 
GLC of trimethylsilyl ether derivatives of SQD-Me afforded a separation of groups 
according to the sum of carbon atoms irrespective of degree of unsaturation (Tulloch 
etal. 1973). This technique demonstratedthe existence of dipalmitoyl species in SQD 
of high er plants. Individual fatty acid combinations can be identified by direct inlet
EI-mass spectroscopy of the peracetylated SQD-Me (Siebertz et al. 1979}. The spec
tra contained signals for DAG fragments of high intensity and again proved the 
presence of dipalmitoyl combinations. In addition, fragmentation between Cl and 
C2 of the glycerol backhone and charge retention in the fragment having lost Cl of 
glycerol with its esterified acyl group [M-CH20COR] provided an independent con
firmation (Budzikiewicz et al. 1973) of the positional distribution of fatty acids as 
analyzed by Iipase hydrolysis. Recently the application of modern techniques of mass 
spectroscopy confirmed the structural identity of SQD from Rhodobacter (Gage et 
al. 1992}. Spectra obtained from underivatized Iipids (by FAB-CAD-MS/MS) con
tained molecular ions as the most intensive signals which are suitable for a direct 
analysis of fatty acid combinations. At this point it may be mentioned that NMR 
spectra of SQD confirmed the gluco-configuration of the sugar residue (Tulloch et 
al. 1973; Johns et al. 1978; Araki et al. 1989). 

Molecular species of SQD can be separated by HPLC without prior derivatization 
(Giroud et al. 1988), but as mentioned above the absorbance at low wavelength used 
for detection correlates with double bonds and, therefore1 species with decreasing 
number of double bonds have decreasing extinction coefficients and fully saturated 
species escape detection. Release of the DAG portion from SQD (and from other 
glycolipids) by chemical degradation via periodate oxidation and hydrazinolysis 
(Heinze et al. 1984) followed by attacbment of a dinitrobenzoyl group to tbe free 
bydroxyl group at C3 eliminate these problems (Fig. 1), since tbe new chromophore 
can be detected at 250 nm witbout interference from double bonds (Kesselmeier & 
Heinz 1987; Bisbop 1987). The high resolution of reversed-phase HPLC and the 
availability of many reference data from various DAG (Takamura et al. 1986) as weil 
as the ease of collecting and identifying peaks via fatty acid analysis makes this 
method most versatile. 

Aßtibodies have been raised against SQD (Radunz & Berzborn 1970) and shown 
to inhibit photosynthetic electron transport reactions in thylakoid membranes at the 
entrance sites of both photosystem I and II and thus interfere at similar sites as do 
the antibodies against other thylakoid membrane lipids (Radunz et al. 1984). Recent
ly SQD antibodies have been used in western blotting experiments to investigate a 
specific association ofSQD with protein complexes from thylakoid membranes (Voss 
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Table I. Quantitative data on sulfoquinovosyl diacylglycerol contents of leaves. To avoid excessive Iitera
ture citation only such d!Ua have been selected which cover ranges found in other independent investiga
tions (if avail.able). To allow checking by cross calculation, independent data based on fresh weighl (FW), 
dry weight (DW), chlorophyll (chl) and leaf area (cm2) were compiled. Parallel values may differ by as 
much as several factors. The molar ratio of S:N in 1eaf protein varies from 0.028-0.038 (Dijkshoorn & 
van Wijk 1967); Kjeldahl-N is multiplied by 6.3 to yield protein mass and vice versa; a molecular weight 
of 830 was used for SQD (mixture of fatty acids) and of 900 for• chlorophyll. References: 1 Davies et al. 
(1991); 2 Schröppei-Meier & Kaiser (1988a,b); 3 Koenig (1971); 4 Hudson et al. (1992); 5 calculated via 
441'g chl cm·2 from Foyer et al. 1991; 6 calculated via chl cm·2 and soluble protein: chl = 13.6 according 
to Meyers et al. (1982); 7 calculated via chl cm·2 and total protein: chl = 20 according to Haas et al. 
{1979); 8 calculated as 880:6.3:14; 9 measured as acetone-insolubleN by Possingham & Saurer (1969); 
10 calculated as 10 x 0.033; 1! Roughan & Batt (1969); 12 Russen (1966); 13 Siehertz & Heinz (1977); 
14 Rauser et al. (1991); 15 Leech et al. (1973); 16 when data based on chl are used, a ratio of 7.5-25 is 
obtained (see Table 3). 

Parameter Unit Range Reference 

per cm2 leaf area 

fresh weight (mg) 14-49 1,2 
dry weight (mg) 1.2-2.9 3,4 
chlorophyll (J-'g) 25-44 1,3,4 
SQD (nmol) 7-12 1,2 
glutathione (nmol) 11-32 5 
soluble protein (mg) 0.3-0.6 4,6 
total protein (J-'g) 880 7 
proteln-N (J"mol) 10 8 
insolubleN (1-'mol) 7-9 9 
ptotein-S (nmol} 330 10 

ratios 

chi/FW (mg g·l) 0.7-3 1,2,6 
chi/DW (mg g-1) 12-19 4,3 
SQD/FW (1-'mol g·1) 0.3-1.7 11 
SQD/DW (1-'mol g·1) 1.5-5.8 12,3 
SQD/chl (l-'mo1 mg-1) 0.3-1.0 11 
SQD/protein (nmol mg-1) 5.7-14 13,7 
glutathione/FW (J-~mOI g-1) 0.5 14 
soluble protein/FW (mg g-1) 38-47 5 
DW/FW {g g-1) 10-18 15 
protein-S/SQD (mol moJ·1) 26-66 16 

et al. 1992). It was found that SQD was specifically associated with a D1D2-dimer 
from photosystem li in accordance with previous investigations (Gounaris & Barher 
1985). 

Sulfur in su~foil~!d ~m~ pr~t2ins !rom ~e~ves 

In Table 1, data from various references have been compiled to evaluate the quantity 
of leaf SQD in correlation to other relevant constituents of photosynthetic tissues. 
Results from different investigations vary considerably and therefore, only data from 
a few investigations approaching means from others have been listed in the Table. 
Figures for the most interesting correlation between sulfur in SQD, in free sulfate, 
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Table 2. Proportion of sulfoquinovosyl diacylglycerol in membrane Iipids from photosynthetic tissues to 
demonstrate the exceptionally high values recently found in algae. Some data had to be recalculated on 
tbe basis of total Iipids. 

molo/o SQD 
Organism in total Iipids Reference 

Spermatophyta 
Angiosperm leaf 4.1 Roughan & Batt (1969) 

Raphidophyceae 
Chattonel/a antiqua .. 29 • .0- Sato et al .. -(1988) 

Rhodophyceae 
Gracilaria bursa-pastoris 26.9 Araki et al. (1990) 

Phaeophyceae 
Hi:äkia fusiformis 29.5 Arald et al. (1991) 
Ectocarpus arabicus 35.3 Dembitsky et al. (1990) 
Fucus serratus 37.5 Smith & Harwood (1983) 
Cystoseira crinita 41.5 Dembitsky et al. (1990) 
Pylaiella littoralis 45.6 Dembitsky et al. (1990) 
Padina paventia 49.0 Dembitsky et al. (1990) 

Table 3. Metabolieratesand poolsrelevant for sulfur metabolism in leaves. References: 1 Schröppei
Meier & Kaiser (1988a,b); Hudson et al. (1992); 2 Trebst & Schmidt (1969); 3 Soll & Roughan (1982); 
Mastersan et a/. (1990); 4 Joyard et a/. (1986); Kleppinger-Sparace & Mudd (1987, 1990); 5 calculated 
according to Rennenberg (1984) with 44 l'g chl cm-2 (Table 2); 6 from Table 2 with protein: chl = 20; 
7 Foyer et al. (1991), Rauser et a/. (1991) with 1 mg chl g fresh weigbt·I; 8 Roughan & Batt (1969). 

Reaction 

C02 reduction 

sulfate reduction 

fatty acid 
synthesis 

SQD synthesis 

sulfide release 

Rate 
nmol mg chl-1 b-1 

198-418 X 1Ql 

3 X 103 

0.2-1.2 X lQ3 

1-5 

2346 

Ref. 

2 

3 

4 

5 

Pool Size Ref. 
nmol mg chl-1 

protein-S 7.5 X 103 6 

GSH-S 3-7 X 1()2 7 

SQD-S 2-10 X 1Q2 8 

in proteinandin otber organic compounds do not seem to be available for the same 
tissue and, in particu!ar, tbe ratio of SQD/ protein has been determined directly in 
a very few cases only (Siebertz & Heinz 1977; Haas et al. 1979). Tberefore, data from 
different references were used for additional and independent, tbougb indirect calcu
lation of this and other ratios. In leaves the molar ratio of SQD:cbloropbyll:protein
N:protein-S:glutathione-S may be 1:5:103:30:2 corresponding to a weigbt ratio of 
SQD:cbloropbyll:protein of about 1 :5:90. SQD and glutatbione occur in about tbe 
same molar range, wbereas tbe assumption of equaJ quantities of sulfur in SQD and 
protein in leaves (Harwood & Nieballs 1979) may be too high by about one order of 
magnitude or even more (last line of Table 1 and rigbt column of Table 3). Some of 
tbe figures of Table 1 which have to be regarded as representing steady state Ievels 
of continuously turning over constituents, will be compared with enzymatic rates in 
Table 3. On tbe otber hand, equimolar quantities of sulfur in SQD and proteins may 
actually be present in marine algae (Table 2), where recent investigations bave sbown 
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that SQD may represent as mucb as 40 mol o/o of lipids as compared to 4 mol OJo in 
angiosperm leaves. Therefore, in some of these organisms SQD is the predominant 
membrane lipid. The reason and structural consequence of this increase in a negative
ly charged membrane Iipid are unknown. 

Whatever the predominating ratios are, SQD represents a prominent member in 
the global sulfur chain to be passed and recycled every year (Harwood & Nicholls 
1979). From an ecological point of view, the knowledge of both biosynthetic and 
degradative reactions are of equal importance (reviewed by Mudd & Kleppinger
Sparace 1987; Kleppinger -Sparace et al. 1990). A completely different interest in 
SQD was raised by the observation that this Iipid could protect human cells against 
infection by HIV-virus (Gustafson et a/. 1989). This observation prompted an in
dependent chemical resynthesis of SQD which confirmed previously elucidated struc
tural details as weH as the protective effect with respect to the viral infection ( Gordon 
& Danishevsky 1992). Furthermore, during a search for repellents against fouling or
ganisms which interfere with the operation of power plants and aquiculture it was 
found that SQD was particularly effective against hlue mussels (Mytilus edulis) 
(Katsuoka et al. 1990). 

Sulfolipid anö sulfur metabolism in :eaves 

Plant cells try to maintain a bomeostatic state in the cytoplasm regarding anionssuch 
as phosphate, nitrate and sulfate, excesses of which are actively loaded into the 
vacuole (Martinoia et al. 1981; Schröppel-Meier & Kaiser 1988a,b; Kaiser et al. 1989; 
Gout et al. 1990). In Neurospora the putative plasma membrane sulfate transporter 
is already under investigation (J arai & Marzluf 1991). The negative charge of sulfate 
anions in the vacuole is compensated for by equivalent K +-import via K t /H -t -ex
change. In one case where it has been investigated an increased sulfate supply did not 
result in an elevated Ievel of SQD in chloroplasts (Stuiver et al. 1984). In this experi
ment the highest sulfate concentration used was 100 mM, whereas marine algae such 
as those listed in Table 2 are continuously exposed to about 28 mM sulfatein the sea
water. In this context it may be mentioned that transcription of sulfur-rieb protein 
genes during development of seeds is regulated by sulfur availability (Spencer et al. 
1990). Uptake of sulfate into chloroplasts for activation, reduction and incorpora
tion into SQD occurs through the envelope via a specific sulfate carrier (Mourioux 
& Douce 1979) and/or the phosphate translocator (Hampp & Ziegler 1977). Subse
quentexperiments on a further characterization of aseparate sulfate carrier have not 
been carried out. The Km for sulfate uptake into chloroplasts is in the same range 
as the sulfate concentration in the cytoplasm (several mM, Schröppel-Meier & Kaiser 
1988) and its capacity (1-25 ttmoles mg chlorophyl1·1 h-1, Hampp & Ziegler 1977; 
Mourioux & Douce 1979) appears to be adjusted to the rate of sulfate reduction in 
chloroplasts (3 ttrnoles mg chlorophyU-1, Trebst & Schmidt 1969). This is far in ex
cess of the supply required for SQD synthesis. Maximal rates of fatty acid synthesis 
by isolated chloroplasts from acetate or acetyl carnitine (2-10 ttmoles acetate mg 
chlorophyll-1 h·1, Soll & Roughan 1982; Mastersou et al. 1990) correspond to O.l-0.6 
ttmoles mg chlorophyll-1 h·1 of phosphatidic acid synthesis which represents the up
per Iimit of DAG formation to become available via pro- and eucaryotic routes for 
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incorporation into glycolipids. But part of phosphatidic acid is channeled into phos
phatidylglycerol and the major portion of DAG is used for synthesis of other phos
pholipids and galactolipids, so that only a few percent of DAG are actually incorpo
rated into SQD (Browse et al. 1986). This branching of the DAG stream results in 
rates of SQD formation which compare well with directly measured SQD formation 
in isolated chloroplasts from acetate, sulfate or adenosine-5'-phosphosulfate {APS) 
(1-5 nmol SQD mg chlorophyU-1 h-1, Joyard et a/. 1986; Kleppinger-Sparace & 
Mudd 1987, 1990). Therefore, activation and reduction of sulfate as weH as DAG for
mation do not seem tobe rate-limiting in SQD biosynthesis which rather may be con
trolled by formation of sulfoquinovose, its subsequent activation and the final trans
fer of this sugar from its activated form to DAG, if SQD synthesis occurs via these 
steps (see below). 

In Table 3 some of these and other rates relevant for sulfate metabolism in leaves 
have been compiled. Despite the uncertainties mentioned above and the fact that en
zymatic rates often represent V max values which are not reached in vivo these data 
reveal some. interesting comparisons. Sulfate reduction proceeds at about 1 °/

0 
of 

the rate of C02 reduction, whereas SQD formation uses only about 1°/
00 

ofthe sul
fate reduction capacity. On the other band, the release of sulfide from leaves 
(Rennenberg 1984) can be about 10 times higher than SQD synthesis. The pool of 
sulfur in leaf proteins represents a quantity which can be supplied by sulfate reduc
tion in a few hours. 

Biosynthesis of water-so!ubie pr~cursors 

Despite the recent progress (see below), the intermediates between APS or carrier
bound thiosulfonate and SQD arestill not known. lt should be remernbered that the 
first reduction of the sulfur oxidation state from + 6 to + 4 as found in SQD is ini
tiated by the nucleophilic attack of the sulfate sulfur in APS by a thiol-S of the carrier 
protein involved in the sulfonyltransferase reaction (Schmidt 1986). In this reaction 
reducing agents such as NADPH, ferredoxin or thioredoxin arenot directly required. 
The resulting protein-bound thiosulfonate is not considered to have a changed sulfur 
oxidation number, despite the fact that it readily exchanges with free sulfite and may 
be the actual source of the SQD-sulfonate group. Even attack of sulfur in APS by 
a nucleophilic carbon atomsuch as C3 ofphosphoenolpyruvate could result in direct 
formation of a C-sulfonic acid group with a concomitant change in the oxidation 
number of sulfur and of C2 in pyruvate (after loss of phosphate), whereas similar 
reactions wjth inorganic sulfur -containing ions require swfite. But the identity of the 
first compound having the C-S bond is not known. It is not completely unlikely that 
the synthesis of sulfoquinovose involves D-lactaldehyde 3-sulfonate (Davies et al. 
1966), since even normal aldolase (EC 4.1.2.13) combines dihydroxyacetone phos
phate with a wide variety of aldehydes including glyceraldehyde 3-sulfate, whereas 
dihydroxyacetone sulfonateisnot accepted (Martensen & Mansour 1976; Bischof
herger et al. 1988; Toone et a/. 1989). Therefore, the first sulfohexose in this pathway 
c.ould be 6-deoxy-6-sulfo-D-fructose I-phosphate. On the other band, the observa
tion that washed membranes from Chlamydomonas incorporated radioactive sulfite 
into SQD (Hoppe & Schwenn 1981) could indicate that in addition to water-soluble 
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sulfite acceptors with a double band (such as phosphoenolpyruvate, 6-deoxy
hex~5,6-enopyranosyll-phosphate or UDP-6-deoxy-hex-5,6-enose) even a lipophilic 
membrane-bound 1 ,2-diacyl-3-(6' -deoxy-hex-5' ,6' -enopyranosyl)-sn-glycerol could 
be the actual sulfite acceptor (Lehmann & Bensan 1964). As has been pointed out 
(Kleppinger-Sparace & Mudd 1990), the interpretation of sulfite labeling data may 
be complicated by various side reactions and in particular by exchange of sulfite with 
the S03-group of thiosulfonate. Among others this has been demonstrated to occur 
witb S-sulfocysteine (Saidha & Schiff 1989) which may closely resemble the thiosul
fonate group of tbe carrier protein participating in the sulfonyltransferase reaction. 
On the other band, . 35S03

2" does not exchange ·with 'sulfoquinovose (Lehmann & 
Weckerle 1972). Efficient incorporation of sulfite into SQD is also found in Euglena 
(Saidha & Schiff 1989), where sulfate activation and reduction occur in mitochondria 
(Saidha et a/. 1988). These organelies release sulfite (and cysteine) which is taken up 
by chloroplasts and incorporated into SQD. Whether unicellular green algae have a 
completely different way for SQD synthesis is unknown. The translocation of the sul
fate reduction process into rnitochondria may reflect the adaptability of Euglena and 
represent a precaution to retain this autotrophic trait in organelies which are not 
reduced under heterotrophic conditions as are cbloroplasts. Also in higher plants, 
sulfate activation is not completely confined to plastids, since 170fo of the cellular 
ATP-sulfurylase activity was found tobe present in the cytoplasm (Lunn et a/. 1990) 
where it may be requiredfor flavonoid sulfation, for example (Varin et al. 1992). In 
view of this subceUular distribution, previous experiments on the labeling of SQD in 
intact chloroplasts from exogenaus APS (Kleppinger-Sparace & Mudd 1990) could 
receive unexpected relevance. In heterotrophic tissues, for example, sulfate could be 
activated in the cytoplasm tobe transported into plastids for SQD biosynthesis . . For 
this sequence a carrier for activated sulfate would be required in envelopes as is 
present in Golgi membranes (Perez & Hirschberg 1986). 

An even more complicated situation may exist in C4 plants such as maize which 
contain SQD in both mesophyll and bundle sheath chloroplasts (Poincelot 1973). 
Since almost all ATP sulfurylase activity from leaves is located in bundle sheath 
chloroplasts (Gerwick et al. 1980; BurneU 1984), mesophyll cells and their chloro
plasts may depend on APS or sulfite exported Jrom bundle sheath cells or chloro
plasts. Also in this system the participation of sulfite in SQD biosynthesis cannot be 
excluded. On the other band, in view of the large difference between the capacities 
to reduce sulfate and to synthesize SQD, even a largely reduced activity in mesophyll 
cbloroplasts would be sufficient to supportnormal SQD biosynthesis. 

Despite the sulfite labeling data (Hoppe & Schwenn 1981) we followed Benson's 
suggestion and thought that sulfoquinovose activated in the form of a sulfosugar 
nucleotide would be an interesting compound for experiments on the origin of the 
SQD headgroup, particularly, since such a compound had been tentatively identified 
nearly 30 years ago (Shibuya et al. 1963). Therefore, we synthesized a'-D-sulfo
quinovopyranosyl1-phosphate (Hoch et al. 1989) which is the intermediate required 
for sugar nucleotide synthesis (Fig. 2). The sulfonic acid residue was introduced by 
replacement of a triflyl group with tetrabutylammonium hydrogensulfide followed 
by oxidation of the thiol (or actually the disulfide) with perbenzoic acid. During the 
synthesis of SQD (Gigg et al. 1980; Gordon & Danishevsky 1992) the corresponding 
sequence comprised tosyl Substitution by thioacetate and subsequent oxidation. 
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Fig. 2. Structure of 6-deoxy-6-sulfo-a-D-glucopyranosyl phosphate (sulfoquinovosyl pbosphate) and of 
UDP-sulfoquinovose. These cornpounds have been synthesized for use as possible precursors in experi
ments on sulfolipid biosynthesis. 

Regarding the hydrolysis of the phosphate group at Cl, sulfoquinovose I-phosphate 
is somewhat more stable than glucose I-phosphate. pKa1 for phosphate and sul
fonate are low and very similar, whereas pKa2 of the phosphate group is 6. 7 and, 
therefore, slightly higher than pKa2 of glucose I-phosphate (6.4). Accordingly, sul
foquinovosyl 1-phosphate can be expected tobe a falrly stable intermediate. 

The sugar phosphate was used to synthesize a series of nucleoside diphospbo
sulfoquinovoses which differed in the nucleotide part (Heinz et ol. 1989). Using the 
corresponding mononucleotide morpholidates ADP-, CDP-, GDP- and UDP-sulfo
quinovose (UDPS) were prepared, purified by reversed-phase HPLC and used in ex
periments on SQD biosynthesis. For this purpose, intact spinach chloroplasts were 
prelabeled with acetate and glycerol 3-phosphate resulting in the accumulation of 
labeled DAG. Addition of sulfosugar nucleotides to such pre-labeled intact or
ganelles did not raise the background levels of SQD labeling. On the other hand, after 
osmotic shock of pre-labeled chloroplasts, SQD labeling was significantly increased 
when UDP- or GDP-sulfoquinovose were added. The sameStimulationwas observed 
with isolated pre-labeled envelope membranes, the UDP-derivative being again more 
efficient than the GDP-compound. From these results it was concluded that the final 
step in SQD biosynthesis is catalyzed by a UDPS:diacylglycerol sulfoquinovosyl 
transferase. Since this envelope-bound enzyme cannot use exogenously added sul
fosugar nucleotides, we assume that its active site is oriented towards the chloroplast 
stroma wbich provides UDPS. These results demoostrate the existence of sulfo
quinovosyl transferase activity in chloroplasts which in turn requires the availability 
ofUDPS in these organeUes. Unresolved questions remain the biosyntbesis ofUDPS 
(see alternatives mentioned above), the entrance of sulfite into this sequence (Saidha 
& Schiff 1989) and, most intriguingly, the incorporation of sulfite into SQD in 
Chlamydomonos membranes (Hoppe & Schwenn 1981). 

Saifol!pid-deficient mutants 

A completely different approach to solve the open questions in sulfolipid and precur
sor biosynthesis applies the methods of biochemistry and molecular biology (Benning 
1991; Benning & Somerville 1992 a, b) to Rhodobacter spaeroides which is one of the 
photosynthetic bacteria containing SQD. Following nitrosoguanidine treatment 
several mutants with reduced Ievels of SQD were isolated by TLC screening of lipid 
extracts from more than 1500 colonies. From these only a few could grow photo-
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tropbically and bad no other pbenotype than very low Ievels of SQD and an accord
ingly reduced capacity to incorporate labeled sulfate into SQD. Since sulfate-labeling 
of proteinswas unimpaired, the reactions for sulfate activation and reduction arenot 
altered. A closer inspection sbowed that two of these mutants accumulated water
soJuble sulfate-labeled compounds. It is very likely, that these compounds which 
were resolved by electrophoresis/chromatography may represent precursors for SQD 
up to UDPS. Furthermore, the defect in SQD biosynthesis could be cured by com
plementation of tbese mutants with cosmids from a library of wild type genomic 
DNA. By subcloning and DNA sequencing several genes (sqdA,B,C, ORF2) were 
identiiied whicb obviously code for proteins and enzymes involved in SQD and 
precursor synthesis. So far no homologies toproteins required for sulfate activation 
and reduction from organisms such as Rhizobium, E. coli and Saccharomyces 
(Scbwedock & Long 1990; Krone et al. 1991; Cherest & Surdin-Kerjan 1992) have 
been found. sqdA is not Jinked to the other three genes, whicb are organized in an 
operon. The sequence sqdB(46)-0RF2(30)-sqdC(26) is preceded by a single ribosome 
binding site in front of sqdB. Two of the proteins encoded (molecular weights 46 and 
26 kDa, in brackets) seem to represent cytoplasmic enzymes lacking hydrophobic 
membrane-spanning helices. The N-terminal stretch of the sqdB-encoded sequence 
resembles the N-terminal part of UDP-glucose epimerases. The ORF2-is separated 
from its neighbors by 57 and 68 bp and has sequence similarity with a gene coding 
for rabbit muscle glycogenin. This protein is a UDP-glucose dependent glucosyl
transferase in charge of priming glycogen biosynthesis. Therefore, the 30 kDa pro
tein encoded by ORF2 may represent the sulfoquinovosyltransferase catalyzing the 
final step in SQD biosynthesis. The future results of this most powerful approachwill 
be very interesting. 

An unexpected aspect of this work is the fact that these mutants despite severely 
reduced leveJs or even absence of SQD can perform normal photoheterotrophic 
growth. This raises questions concerning the functions of SQD which apparently are 
dispensable or transferable to otber membrane lipids. This effect is not confined to 
organisms carrying out anoxygenic photosynthesis and therefore lacking photo
system II, since similarly SQD-free mutants from Chlamydomonas also grow pho
totrophically (Satob et al. 1992). But in cantrast to Rhodobacter, the SQD mutants 
of Chlamydomonas are characterized by a high fluorescence phenotype which was 
used for screening and which indicates an impairment in the energy transduction 
cbain. ln th.is context previous results should be recalled which indicated a more or 
1ess specific and tight binding of SQD to various protein components of the thylakoid 
membranesuch as ATPase (Picket al. 1985), LHC II (Sigrist et al. 1988) and PS li 
reaction center (Gounaris & Barber 1985; Voss et al. 1992). 

Pro;»eJ:tles of tht UDP-su]foqainovose:CiacyigCyceroi sUlfo~uinovosyl transferase 
<sQn 

The availability of unlabeled UDPS and DAG-labeled envelope membranes allowed 
an investigation of some properties of SQT (Seifert & Heinz 1990, 1992) without the 
complications involved by working with sulfate and intact chloropJasts. Envelope 
membranes were labeled in situ with DAG and thus provide enzyme and one of the 
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two Substrates at the same time. The higher efficiency of UDPS as compared to 
GDPS and mentioned above can be ascribed to a difference in~· Furthermore, the 
experiments revealed tbat SQT is stimulated by Mg2+ ions. This stimulation is due 
to a decrease of the K for UDPS from 80 ~(in the absence of Mg2 +) to 10 tLM 
(in the presence of Mg~+ ). The Mg2+ -Stimulation itself has a Km of 0.7 mM Mg2 + 
and may be relevant in a Iight/dark modulation of the enzyme (Buchanan 1980). On 
the other band, a light regulation via the thioredoxin system as operating for APS 
kinase (Schwenn & Schriek 1984) is unlikely, since the in -vitro substituting low 
molecular weight thiols were without effect. Using optimized and linearized condi
tions it was found that SQT activity in various subchloroplast fractions bebaved like 
a component of envelope membranes. This distribution requires export of SQD from 
envelopes into thylakoid membranes, where most of this lipid is localized. The inac
cessibility of exogenaus UDPS to SQT in intact chloroplasts suggests that SQT is 
localized in the inner of the two envelope membranes. Furtherexperiments have to 
prove this conclusion. A comparison of SQT with the activity of UDP-galactose:di
acylglycerol galactosyltransferase in isolated envelope ·membranes showed a ten-fold 
higher activity ofthe galactosyltransferase. This comparison was carried out at sugar 
nucleotide concentrations (0.4 mM UDPS and 0.6 mM UDP-galactose) which in 
terms of Km favoured SQT and which particularly with respect to UDPS may sig
nificantly exceed in vivo concentrations. I n this context it has to be remernbered 
again, that UDPS has never been demonstrated in chloroplasts from higher plants. 
But the availability of reference compounds and their resolution by HPLC will be 
of great use in such experiments. The ]arge difference between SQT and galac
tosy1transferase activities obviously contributes to the unequal splitting of the DAO 
usage in envelope membranes. 

The possibility to measure SQT in vitro in envelope membranes enabled a series 
of experiments on the DAG-selectivity of this enz.yme. As mentioned above, SQD 
differs from galactolipid by a higher proportion of palmitic add (16:0). Even 
dipalmitoyl species (16:0/ 16:0) are present (Tulloch et al. 1973; Siehertz et al. 1979; 
Nishihara et al. 1980; Murata & Hoshi 1984; Bisbop 1987; Giroud et al. 1988) which 
have not been detected in galactolipids. Basedon the selectivities of the two acyltrans
ferases controlling the incorporation of oleoyl (18:1) and/ or 16:0 residues into the 
sn-1 and sn-2 position during tbe biosynthesis of DAG (Frentzen et al. 1983), differ
ent acyl-CoA mixtures were used to Iabel envelope membranes separately with differ
ent DAG pools: 18:1/16:0, 16:0/ 16:0 + 18:1/16:0 and 16:0/ 16:0. In subsequent in
cubations with sugar nucleotides it was shown that tbe galactosyltransferase was 
selective and preferred 18:1 / 16:0, whereas 16:0/ 16:0 was discriminated against and 
only used when it was present as the only acceptor. In cantrast the SQT was unselec
tive and used both DAG species to the same extent. When envelope membranes pre
labeled with an equimolar DAG-mixture of 18:1116:0 + 16:0/ 16:0 were incubated 
witb a mixture of UDPS and UDP-galactose to allow simultaneaus and concurrent 
synthesis of galactolipid and SQD, it was found that SQD contained near1y exclusive
ly 16:0/ 16:0-species, apparently as left overs from the galactosyltransferase reaction. 
Quantitative evaluation of a sirnilar experiment showed that the activity ratio of the 
two glycosyltransferases depended on the DAG-composition of envelope mem
branes. The galactolipid/SQD ratio of 13.3 with 18:1/16:0 as substrate dropped to 
1.4, when 16:0/ 16:0 was the only acceptor available. Therefore, the molecular spe-



174 E. Heinz 

cies composition of the DAG pool may contribute to its distribution between galac
tolipids and SQD. Since the species composition of DAG is determined in the first 
acylation step by the selectivity of the acyl-ACP :sn-glycerol-3-phosphate acyltrans
ferase (Frentzen et a/. 1983), this stroma enzyme may in fact exert control on the 
quantity of SQD in chloroplast membranes. Wbether this selectivity is required to 
produce SQD with a high content of 16:0 (Kenrick & Bisbop 1986a,b) or to reduce 
the entrance of 16:0 into galactolipids or whether it has no physiological relevance 
at all, is an open question. lnspection of fatty acids in SQD from the algae listed in 
Table 2 shows tbat most of them have indeed a rather increased proportion of 16:0, 
but a clear-cut correlation is not obvious andin most cases data of molecular species 
composition or positional distribution of fatty acidsarenot available. Therefore, ad
ditional factors such as higher SQT activity or higher concentrations of UDPS may 
favour increased synthesis of SQD in these organisms. 
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Ictroduction 

An exciting characteristic of plant metabolism is the ability of certain species to syn
thesize metabolic by-products. The term 'secondary'. is a poor one as it implies a 
degree of uselessness. Bell & Charlwood wrote in 1980 that 'It is a pity that the term 
"secondary" should have ever been applied to these compounds as the word gives 
the impression th.at tbey are all relatively unimportant.' Comprehensive discussion 
of the terminology and history of this term as weil as the basic understanding of their 
environmental significance is given by Bell (1980) and Mothes (1980). 

Secondary compounds can be understood as chemical tools that compensate for 
plants' immobility by enabling very complex reactions with their abiotic environ
ment, and by facilitating a 'quiet communication' with their biotic environment. Ac
cording to Bell (1980) plants synthesize a great array of secondary compounds be
cause they cannot rely on pbysical mobility; the presence of secondary compounds 
is a form of chemical defense. According to the basic definition of the term 'secon
dary', compounds like phytochelatins (Grill et al. 1990; Rauser, this volume) and 
thionins {Bohlmann, tbis volume) need tobe included in a treatise like this. However, 
this paper will not deal with those products as they are already well covered in this 
book. The major aim of this contribution is to present an overview of the most recent 
knowledge concerning the sulfur-containing members of this exciting part of 
phytochem.istry, to provide a guide to the major Iiterature of the biochemical back
grouod, and to provide an evaluation of their pbysiological functions and environ
mental significance from the viewpoint of applied agricultural biocbemistry and 
ecology. 

Sulfur-containlag seconciary compnunds in. fu'l'.g&~ s~ecies 

Certain fungal species are able to synthesize fairly extraordinary sulfur-containing 
compounds in their secondary metabolism. The first of tbree selected examples 
presented here is Jenthionine (1,2,3,5,6-pentathiepane (Fig. 1); C2H4S5)) with a 
heterocyclic structure consisting of 85.1 J o/o sulfur (Morita & Kobayashi 1966). The 
biochemical patbway by which tbe compound is syntbesized is not yel clear. Lenthio
nine is the odoraus principle from the edible musbroom Lentinus edodes ('Shiitake'). 
With its remarkable contribution to tbe odour, lenthionine is responsible for both 
the ecological and economic features of the fungi. Gliotoxin (2,3,5a,6-tetrahydro-
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Fig. I . Molecular structures of somc sulfur-containing secondary compounds found in fungal species. 

6-hydroxy-3-(hydroxymetbyl)-2-methyl-1 OH -3,1 Oa-epidithiopyrazino[l ,2a}-indole-
1,4-dione; Fig. 1) is a sulfur containing-compound of the secondary metabolism of 
various subspecies of Penicillium, Trichoderma, Gladiocladium fimbriatum and 
Aspergillus fumigatus (Beecham et al. 1966; Spenser 1968). Biochemically the com
pound originate from phenylalanine and serine hy reaction with S-adenosyl
methionine (Suhadolnik & Chenowetb 1958). The compound is antimicrobial and 
thus part of tbe ecomonical system used by the fungi for establishment and survival 
in an ecosystem. However, gliotoxin is also of value in the production of phannaceu
ticals. 

Ergothioneine ({S)-a-carboxy-2, 3-dihydro-N ,N ,N-trimethyl-thioxo-IH -imida-
zole-4-etbanaminium hydroxide, inner salt; Fig. 1) is an indol-alkaloid belanging to 
the more than 30 different members of the so caUed 'ergot'-alkaloids found in 
Neurospora cras.sa and C/aviceps purpurea. The amino group of a histidin is 
methylated by reaction with methionine yielding an intermediate in the syntbesis of 
ergothioneine known as hercynine. Hercynine is an alkaloid occurring in tbe fly
agaric Amanita muscaria. Ergothioneine is formed by reaction of hercynine with cys
teine in which serine is released. Ergothioneine is not solely characteristic for fungal 
species. The substance has also been detected in tissue of higher plants and animals, 
namely in the king crab Linulus polyphenus. At the present stage of knowledge, it 
seems to be difficuJt to evaluate the environmental relevance of ergothioneine. lts 
toxicity for certain mammals might be interpreted as a mechanism for protecting 
mature sclerotia in tbe environment. 

S!iifur-contai~ing secondary compounds in idgber !)lants 

Thiols 

Thiols areweil known due to their unpleasant odour associated with the off-flavour 
of food. They are derived mostly from the degradation of cysteine or otber larger 
sulfur containing molecules. The grapefruit aroma is largely due to p-mentba-8-thiol. 
The compound is a rare example of a thiol occurring in the intact plant. It is derived 
from the reaction of Iimonene (Simonsen 1947) with H 2S (Fig. 2). This reaction 
might be important in the detoxification of H2S derived from sulfate reduction. Tbe 
addition of the thiol group increases the vapour tension and tbus the ecological im
pact of the compound. The detection Iimit for the odour of p-mentha-8-thiol is a mil-
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Fig. 2. Formation of p-mentha-8-thiol from p-mentha-1,8-diene. 

Fig. J. Molecular structure of 2-lsobutyJthiazole from Lycopersicon lycopersicon. 

181 

lion times lower than that one of the original Limonene and a tbousand times lower 
than that one of methylmercaptane. As p-mentha-8-thiol has no phytotoxic features, 
the ecological relevance of the compound is that of an ecomone with a distinct func
tion for the coevolution of animals. 

Thiazo/es 

Thiazoles are compounds which are mainly developed during food processing 
providing a 'nutty' taste to boiled potatoes or cooked meat. 2-Isobutylthiazole is a 
thiazole that occurs as a by-product in the metabolism of an intact plant (Fig. 3) and 
is found in Lycopersicon lycopersicon. This thiazole is responsible for the 'green' 
winy taste of tomatoes. The compound is derived from the secondary metabolism of 
leueine and cysteine through decarboxylation of the two amino acids followed by 
deamination of leueine and cyclization of the remaining borlies via dehydration and 
oxidation (Belitz & Grosch 1983). As with p-mentha-8-thiol, thiazoles are volatile 
compounds with no phytotoxic features and their ecological relevance might be a 
factor for the coevolution of animals. 

Cyc/ic disulfides 

Asparagusic acid (1,2-dithiolane-4-carboxylic acid) is the precursor of the odoraus 
principle of asparagus occurring after cooking of the vegetable, or in the urine of 
asparagus consumers. Although the molecular structure of both compounds involves 
a L ,2-dithiolane ring, the biochemical pathways of asparagusic acid and lipoic acid 
have nothing in common (Fenwick & Hanley 1989). According to Parry (1982), the 
biosynthesis of asparagusic acid (Metzner 1973; Fig. 4) involves also the formation 
of methacrylate as an important intermediate. Asparagusic acid is an allelopathic 
substance which inhibits tbe growth of seedlings to an extent comparable with 
abscisic acid (Kitahara et a/. 1972). However, the compound also exhibits a strong 
positive effect on Streptococcus jaecalis and thus might be a factor for coevolution 
of microorganisms. 
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Table 1. Comparison of major alk(en)yl radicals in Allium cepa and Allium sativum. *Relative proportion of 
the radical (R) in the volatile fraction (according to Freeman & Whenham 1975); **lachrymatory principle of 
Allium cepa. 

R= Principal sources Final Alliin Relative 
occurrence (Ofe)* 

A . cepa A. sativum 

-CH=CH-CH3 cysteine + valine S-(prop-1-enyl)cysteine sulfoxide.. 6 
-CH2-CH = CH2 serine + prop-2-enylrnercaptane S-(prop-2-enyl)cysteine sulfoxide 85 
-CH2-CH-CH3 serine + propylrnercaptane S-propyl-cysteine sulfoxide 88 2 

Allii!IS 

Alliin is the common name for S-alk(en)ylcysteine sulfoxides which are characteristic 
sulfur compounds of the secondary metabolism of members of the genus Allium. 
Alliins are major contributors to odour and flavour of food products derived from 
these plants and also may provide pharmaceutical ingredients (Block 1992). The 
specific secondary biochemical pathway for alliins in onions starts with -y-glutamyl
S-2-carboxypropylcysteine. Specific to onions, this compound of the normal inter
mediary pathway is stepwise decarboxylated, oxidized and finally, S-(prop-1-
enyl)cysteine sulfoxide is formed after cleavage of the intermediary product by -y
glutamyl-transpeptidase. The reactions for other S-alk(en)ylcysteine sulfoxides 
differ from this one only ];)y the origin of the precursors involved in the metaballe 
pathway preceding the oxidation step (Block 19.92; Fenwick & Hanley 1989). 

More than 800Jo of the total sulfur in Allium species is bound to secondary com
pounds. In resting seeds and bulbs of Allium species where the dry matter contains 
up to more than one percenttotal sulfur, these compounds arestoredas -y-glutamyl
peptides until germination or sprouting activates a -y-glutamyl-peptidase which 
releases the appropriate S-alk(en)ylcysteine sulfoxide. The alliinase system has no 
access to these storage compounds. The physical and biological features of the 
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alliins become active after cellular disruption and enzymatic cleavage of the com
pound by the Allium specific enzyme alliinase (EC 4.4.1.4). The reaction yields pyru
vate and thiosulfinates (allicins) which again are the precursors of a large nurober of 
volatile substances Jike mono-, di- and trisulfides (Block 1992; Fenwick & Hanley, 
1989). The pattern of individual S-alk(en)ylcysteine sulfoxides is specific for each 
Allium species (Table 1) and has been used for chemotaxonomic classification of 
members (Fig. 5) of the genus (Freeman & Whenham 1975). 

Although many efforts have been made in investigating tbe pharmacological fea
tures of alliins, allicins and derivate products (Block 1992; Burger et al. 1992; 
Fenwick & Hanley 1989; Kensler 1992; Yang et al. 1992), little knowledge exists con
cerning their physiological functions in plants and environmental significance. In 
cantrast to glucosinolates (see below), alliins are metabolically inert end-products of 
this biochemical patbway and the sulfur bound in these compounds is not reusable 
on tbe occasion of sulfur deficiency caused by insufficient supply. Consequently, the 
ratio between protein-sulfur and sulfur bound in secondary compounds in the Allium 
species is much wider (1:4-1 :6) than in members of the Brassica famiJy (1 :0.3-1 :2; see 
below). Alliinsare a strong factor for coevolution resulting in some highly specialized 
A/lium parasites, for instance Hylemyia antiqua. 

Glucosinolates 

GlucosinoJates are characteristic sulfur containing compounds of the secondary 
metabolism of at least 15 dicotyledonous taxa. Within this group, the Brassicaceae 
account for most species of agricultural relevance. A basic treatise of the funda
mental, environmental and agricultural aspects of glucosinolates is given in Schnug 
(1990a). Additional aspects of the analysis, food-chemistry and toxicology, are 
provided by Fenwick & Hanley {1989), Schnug {1991b), Schnug & Baneklaus (1991a) 
and Serensen (1990). 

One of tbe most exciting findings in recent agroecological research is tbe detection 
of the biorecyclization of glucosinolates through which g1ucosinolates provide the 
plant with a sulfur storage which can be utilized for the synthesis of primary products 
in the event of sulfur starvation (Schnug 1988a). After enzymatic c1eavage, 
g]ucosinolates yield thiocyanates and sulfate (Srivastava & Hill1974) which are pre
cursors for the biosynthesis of amino acids (Fig. 6; Machev & Schraudolf 1977,1978; 
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Fig. 6. Biosynthesis and biorecyclization of alkenyl-glucosinolates in Brassica napus. 

Marquardt et al. 1968). Myrosinasehas been localized in 'myrosin cell' labeled idio
blasts (Bones & Iversen 1985; lversen et al. 1979; Lüthy & Matile 1984; Tangstad 
et al. 1990). However, myrosinase activity in intact plants results in the occurrence 
of isothiocyanates among the headspace volatiles of Brassica napus (Seaton et al. 
1990; Tollsten & Bergström 1988). The very fast reaction of glucosinolate concentra
tions in vegetative tissue in response to changes in the sulfur supply (Schnug 1990a) 
contributes to the evidence that, in vegetative tissue of Brassica species, glucosino
lates and myrosinase are not totally compartmentalized in the vegetative tissue (see 
also: Höglund etal. 1991; Iversen 1970; Reiner 1987). A proposed way for theregula
tion of the glucosinolate/myrosinase system given in Fig. 7, also explains why com
partmentalization of glucosinolate and myrosinase is not necessary. 

The activity of the enzyme myrosinase is governed by the concentrations of ascor
bic acid (lower left box in Fig. 7; EtUioger et al. 1961; Björkman 1976). Vegetative 
tissue of Brassica species areweil known for ascorbic acid concentrations in the mmol 
Ievel (Horbowicz & Bakowski 1988; Reiner 1987) and thus in the range where in
creasing ascorbate concentrations are related to decreasing myrosinase activities 
(Björkman 1976). However, in Brassica seeds, ascorbate concentrations are too low 
to inhibit myrosinase activity. The fact that seed glucosinolate concentrations and 
their pattern of individuals are very stable within time (Schnug & Haneklaus 1988, 
199lb; Schnug et al. 1992) proves that in seeds there is no myrosinase activity outside 
the myrosin cells. Again, the ascorbic acid concentrations are dependent upon the 
regeneration of dehydroascorbate in the ascorbate-glutathione cycle (box in middle 
of Fig. 7; Halliwell & Gutteridge 1989). The link with the sulfur nutritional status 
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Fig. 7. Regulation of tbe biorecyclization of glucosinolates. 
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is evident from the strong dependency of the glutathione Ievels on the external sulfur 
supply (upper box in Fig. 7; De Kok et al. 1981). 

This model for regulation explains some of the glucosinolate related phenomenons 
affecting plant resistance against pests and diseases (Ernst 1990; Schnug & Ceynowa 
1990). Tbe biologically active part of glucosinolates is the aglucone which is released 
from the molecule by enzyme activity. Wounding or infestation of vegetative tissue 
of Brassica napus results in a higher oxidation potential in the tissue causing in
creased consumption of ascorbate (HalliweJl & Gutteridge 1989), followed by in
creased myrosinase activity resuJting again in a decrease of the amount of intact 
alkenyl-glucosinolates (Koritsas et al. 1991). 

The sulfur-supply dependent biorecyclization of glucosinolates is a fundamental 
part of the ecological survival strategy of Brassica species since the dissemination of 
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these plants relies on a large number of small seeds with high concentrations of sulfur 
containing amino acids. Thus, these plants have an extraordinary high demand for 
sulfur during seed production. The above ground biomass of a rapeseed crop yielding 
at 4t ha-1 of seed takes up 40 kg ha-1 sulfur in the first month from sowing. This is 
more than three times the amount of a high yielding cereal crop or the actual average 
annual supply by atmospheric deposition in the areas of Northern Europe (Schnug 
& Evans 1992; Schnug 1991b}. 

The poor performance of low glucosinolate containing Brassica napus breeds 
('double lows'; Schnug 1990a, 199la) in low sulfur input agroecosystems evident 
from visible symptoms of severe sulfur starvation being the most widespread visible 
symptom of nutrient deficiency in Brassica species (Haneklaus & Schnug 1992c} is 
impressive proof of the importan~e of the glucosinolate-biorecyclization in affecting 
plant vigour. By trying to meet human demands without fully understanding the 
physiological and ecological background, a synanthropic organism was established 
which failed after changes in its environment have took place. 

The physiological background to this phenomenon is the fact that in the alkenyl
and sulfinyl-glucosinolate pathway of double low cultivar, a metabolic block exists 
prior to the formation of tbe aldoxim (Fig. 6). Tbe myrosinase system bas no access 
to tbose intermediary compounds and a remobilization of tbe sulfur into basic com
pounds is disabled. In the case of generative parts of Brassica napus, these inter
mediary compounds are enriched in the pod walls during seed development because 
tbey are not transported from the place of synthesis, which is the pod wall, into the 
seed. Later, as a consequence of senescence, these intermediates are susceptible to 
oxidative cleavage resulting in enrichments of sulfate as an unspecific secondary 
process which has nothing to do with the biochemical background of tbe 'double 
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low' pbenomenon. This suJfate is not usable for the organism as seed filling has 
finished and local protein biosynthesis is stopped at that stage of development. 

Concluding remarks 

Secondary plant products and especially the sulfur containing ones have never been 
treated very intensively by agricultural chemistry. However, after having satisfied the 
basic needs for nutrients in the cornmunity, agricultural production research now 
focuses more on the aspects of food quality and on environmentally sustainable sys
tems for plant production. 

Sulfur containing metabolites are important factors affecting plant resistance 
(Schnug & Ceynowa 1990), crop technology (Haneklaus & Schnug 1992 a, b) and the 
nutritional quality (Schnug 1990b) of crops. Most oftbese compounds arealso valua
ble sources of pharmacologicaJ products (Block 1992; Burger et al. 1992; Cho et a/. 
1992; Chung 1992; Fenwick: & Hanley 1989; Kensler 1992; Reddy & Rao 1992; Stoner 
1992; Yang 1992). 

The content of secondary metabolites is highly dependent on environmental fac
tors (Luckner 1980), and of these, the sulfur nutritionaJ status of the plants is one 
of the most important factors affecting the sulfur containing secondary compounds 
(Booth et al. 1991; Schnug 1988b, 1989). Thus, the great changes in the sulfur balance 
of agroecosystems in Northern Europe due to tbe reduction of industrial emissions 
(Schnug & Evans 1992; Schnug 1991 b) urgently needs to be considered in future tech
niques of plant production if significant Josses of natural plant resistance and food 
quality are to be avoided. 

The example of reduced vigour in double low oilseed rape cultivars in which the 
ability for the biorecyclization of glucosinolates is reduced sbouJd remind both tradi
tional plant breedersandmodern molecular biologists that a contemplative under
standing of the physiologicaJ functions and environmental significance of these com
pounds rather than short term human demands should be prerequisite of their work. 
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ELEMENTAL SULFUR IN AGRICULTURE 

Pascale Jolivet 
Laboratoire de Chimie Biologique, Institut National Agronomique Paris-Grignon, 
F-78850 Thiverval-Grignon, France 

lntroduction 

The sulfur requirement of crops has traditionally been met by using sulfur-containing 
fertilizers and sulfur in rainfalL With the reduction of these sources, sulfur deficien
cies are becoming more widespread and occurring throughout the world. Since the 
development of environmental controls on industrial aerial pollution, atmospheric 
sulfur deposition has fallen by over 300Jo in the United Kingdom (Roberts & Fisher 
1985). Since the introduction of sulfur free urea and triple superphosphatein 1965, 
sulfur contents of fertilizers have become negligible (1-2%). Sulfur deficiency was 
also promoted by use of high yielding varieties, intensive cropping, removal of crop 
residues and decrease in use of sulfur-containing pesticides (Tabatabai 1984). 

Same soils contain less than 10 mg SOl--S kg-1, a value considered inadequate to 
sustain optimum crop growth (Wainwright 1984; Scott 1985). Cereals use 10-15 kg 
S ha-1 and grass and cruciferous crops 20-30 kg S ha-1 each year. If sulfur supply 
from the soil is below this Ievel, then the plants may become sulfur deficient. For 
most field crops, an N/S ratio of between 14-16/1 is required to insure maximum 
production of both dry matter and protein, elevated ratios are reflected in yield and 
quality depressions. The averaU appearance of sulfur deficient plants is cbaracterized 
by a chlorotic yellowing, although in white clover and in rapeseed an intense purple 
color may develop, and a poor leaf development which is difficult to distinguish from 
N deficiency. 

Plants can absorb three forms of sulfur: 
* Sulfate in the soil which is formed through organic matter mineralization and 
through oxidation of eiemental sulfur, S0 • 

* S02 which penetrates into leaves through stomata and is then metabolized (De 
Cormis 1968). . 
* so of antifungal treatments applied to foliage: a small part is metabolized into sul
fate and sulfur amino acids (Legris-Delaporte et al. 1987; Pezet 1987) and the rest 
settles on the soil. 

Up to 20 years ago, the traditional sulfur sources for correction of imbalance were 
gypsum and single superpbosphate (> 11% sulfur). Increased cost has led to the 
cvaluation of a eheaper alternative such as the fungicidal preparation Thiovit, a 
micronized form of S0 in wettable powder form, with potential for both foliar and 
soil application. Greater opportunities for aerial application render foliar spraying 
attractive, though in such cases it is difficult to discriminate between fungicidal and 
nutrient effects (Martin et a/~ 1987). 

First, in this review, the role of S0 in fertilization will be considered followed, by 
its use as a fungicide and an acaricide. 
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Oxidation of eiemental sulfur in tbe soll 

so has been widely promoted as a fertilizer source but its etfectiveness .has been 
somewhat inconsistent, in part because S0 oxidation to plant-available sulfate is in
fluenced by a nurober of fertilizer and soil variables. It is known that the rate of S0 

uptake from the soil js slow because it flrst has to be converted to ionic oxysulfur 
forms by microbiological processes. This slow rate of uptake coupled with the low 
water solubility gives S0 a persistence and a slow-release nutrient character that may 
be of partiewar value. 

The factors that affect the rate of S0 microbiological oxidation are numerous, soiL 
temperature, soil moisture, the S0 -oxidizing biota present and the exposed surface 
area of S0 available for microbial attack for example. 

So-oxidizers microorganisms 

It is often assumed that autotrophic bacteria of the genus Thiobacillus are the most 
important organisms involved in Sulfur oxidation in agricultural soils, but a wide 
range of heterotrophic microorganisms can also oxidize sulfur (Vitolins & Swaby 
1969) amongst them bacteria (for example Pseudomonas species, Wainwright 1984) 
and fungi: Penicillium species (Wainwright 1978), Fusarium solani (Wainwright & 
Killharn 1980), Aureobasidium pu/lu/ans (Killham et al. 1981). Microorganisms oxi
dize so to thiosulfate and sulfate, often with tetrathionate as an intermediate or by
product. lt is likely that sulfur-oxidizing microorganism communities live in soils in 
mutualistic associations actively colonizing so and that the process involves a succes
sion of microbial groups (Wainwright 1984; Lawrence & Germida 1991). Detection 
of rhodanese activity in soils, an enzyme which catalyzes the intermediate reaction 
s2ol-~ S032- suggests that it has a role in so OXidation (Deng & Dick 1990; Dick 
& Deng 1991). 

The size and activity of the microbial biomass determine tbe rate of S0 oxidation 
in agricultural soils (Lawrence & Germida 1988). Autotrophie thiosulfate-oxidizing 
communities were shown to increase in response to S0 additions and to decrease in 
response to SOl- additions (Lluch & Olivares 1979; Hebert 1987; Lawrence & 
Germida 1991). The indigenous population generally suffices for S0 oxidation but 
an inoculation of Australian soils with Thiobacilli was reported to increase the rate 
of so oxidation (Wainwright 1984). 

Forms of ferti/izer sulfur 

S0 is obviously the most concentrated sulfur carrier. It may be used in the solid form 
(screened S0 ) or as various modifications: S0 / bentonite pills, S0 /anhydrite granules, 
miscellaneous so (popcorn, Thiovit). Normal and concentrated su,perphospbates 
can be fortified with S0 (18 to 350/o S0). Biosuper, produced by mixing apatite rock 
phosphate with S0 and Thiobacilli bacteria, was r.eported to be an effective fertilizer 
(Pathiratna et al. 1989). It is possible to coat granules of urea with amorphaus and 
crystalline allotropes of so to provide a mantle which is impermeable to water 
(JarreU & Boersma 1980). Sulfur-coated urea (SCU) appeared tobe agronomically 
and economically feasible for use as a slow release nitrogen source (Gascbo & Snyder 
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Fig. I . Effect of particle size on recovery of extractable S0 thro1,1gh two growing seasons after S0 fertili
zation. From Barrow (1970) with permission of author and CSIRO Publications. ( C ), < 200 mesh; 
( m ), 60-100 mesb; ( .._ ), 20-40 mesh. 

1976; Waddington & Turner 1980), moreover, less nitrogen leaching resulted from 
application of SCU (EI Wali et al. 1980). 

As so has a very Jow water solubility, the rate of oxidation is dependent on the 
degree of sulfur particle dispersion within the soil (Fig. I from Barrow 1970; Bryant 
et al. 1987; McCaskill & Blair 1989; Janzen 1990). Partide sizes of 80-1000 mesh or 
smaller are usually required if S0 is tobe immediately effective. The microcrystalline 
structure and the molecular type of S0 may be important factors to bacteria avail
ability. 

Soil pH 

Soil pH is an important parameter in relation to so oxidation; heterotrophs are the 
primary sulfur oxidizers between pH 7.5 and 6 (Vitolins & Swaby 1969; Lawrence 
& Germida 1988; Dick & Deng 1991). The acidity produced may create an unfavor
able microenvironment for them but, conversely, Thiobacilli species and ~rganisms 
with rhodanese activity become dominant below pH 5. The classical reduction in soil 
pH following so oxidation is shown in Fig. 2 (from Wainwright I984). The pH 
decrease is proportional to the amount of applied S0 • It is sometimes necessary to 
maintain neutrality with liming: neutralization of I kg so needs 3 kg CaC03 (Hebert 
I987). Furthermore, sulfur may be used to decrease the alkalinity of the soil: treat
ment of calcareous soil baving pH 8. 7 with 1 ton so ha-1 decreases the pH of the soil 
to a depth of 20-40 cm (1 to 2 pH units). A low percentage of seed germination and 
delay in emergence of seedling appeared clearly in calcareous soils and addition of 
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Fig, 2. Bffect of so oxidation on the pH of a fertile loam soil with or without added S0 . From Wainwright 
(1984) with permission of author and Kluwer Academic Publishers. ( • ), with S0 ; ( D ), without so. 

sulfur increased both the percentage and capacity of cotton seed germination (Abou
Khadrah 1987). In Pakistan, application of 8° to calcareous soils helps to solubilize 
insoluble Ca and to make it available for the reclamation process (Rahmatullah & 
Salim 1987). 

Soil temperature 

Soil temperature is a critical factor in microbiological OXIdation of Su. Oxidation 
rate (measured as acidity) is slow at 5 oc at pH 7 but changes by four orders ofmagni
tude at 25 °C (Bryant et al. 1987). Rhodanese activity is Iess affected by temperature 
(Dick & Deng 1991). The rapid response of oxidationrate to the change in tempera
ture from 5 to 25 oc (Fig. 3 from Bryant et al. 1987) indicates that seasonal tempera
ture changes are likely to cause equally rapid changes in the rate of soil assimilation 
of S0 to nutrient form. lf S0 is present in the soil and colonized with Thiobacilli even 
at lower temperatures, no delay occurs in microbiological oxidation when tempera
ture increases. Thus, beneficial effects from S0 application may be noted in field 
crops over long periods. 

Soil maisture and aeration 

Optimal soil moisture is about field water holding capacity. A <tecrease in oxidation 
rate was observed at lower or higher maisture tension (Kittams & Attoe 1965; Hebert 
1987). 

Since the autotrophic microbiological oxidizers are essentially aerobes, their ability 
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Fig. 3. Effect of temperature on the microbiological oxidation of S0 in a soil environment. From Bryant 
et al. (1987) with permission of authors and Syndicat Fran~ais du Soufre publisher. ( D ), control soil; 
( • ), 5 •c then 25 ac; (X), 18 •c; ( • ), 25 •c. 

to convert S0 into plant oxysulfur nutrient ions is sensitive to 0 2 availability and is 
controlled by the rate of air diffusion frorn the surface, tbus rnaking tbe process 
depth dependent (Bryant et a/. 1987). Oxidation !s severely retarded by water satura
tion in tbe soil matrix wbich limits ingress of air. If a rapid assimilation of S0 

amendments is desired, tbe particulates should be applied near the surface. Deep 
ploughing of S0 amendments, especially in cooler soils, will provide a long Iasting 
source of nutrient due to lower microbiological oxidation rates. Furthermore, appli
ca~ion of S0 to potentially waterlogged soils sbould be avoided (Bryant et a/. 1987). 

So relation with other elements 

It has been shown that NaCl (90fo) reduced the rate of S0 oxidation in soil and com
pletely inhibited the process when added at a concentration of 11 OJ'o (Wainwrigbt 
1984). Blair (1987) reported that sulfate production increased by up to 570'/o when 
phosphorus was added to a range of soils. A Iimitation of essential outrients will 
reduce Thiobacilli growth and bence oxidation rates. Some fungicides inhibit so oxi
dation in soil (Ray 1991); the effect. is lower for insecticides such as lindane and 
benomyl and for 2-4 D herbicide {Wainwrigbt 1984; Hebert 1987). 

S0-dependent soil acidification may be useful for mobilizing soil nutrient reserves 
(Kittams & Attoe 1965; Scbnug 1987; Mahler & Maples 1987). Solubi1ization of Mn 
and Feistben ameliorated. The better Zn-supply of the plants grown on S0 fertilized 
soils is due to an increased activity of the rhizoflora. Finally, S042-, derived from so 
oxidation, can decrease anion uptake by the plants due to antagonistic effects, as is 
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Fig. 4. Effect of sulfur and nitrogen fertilization on root weight (-) and sugar yield (- --) of sugar 
beet. From Martin et a/. (1987) with permission of authors and Syndicat Fran~ais du Soufre publisher. 
( D, X), nil S0 ; ( 1!:, A ), 10 kg S0 ba·l . 

the case with arsenic, antinomy or bromine. The use of sulfur-containing fertilizers 
on soils contaminated with these toxic elements has been suggested to reduce their 
contents in plants (Schnug & Schnier 1986; Schnug 1987). 

ilemental sulfur as a fertilizer 

Crop response to S0 -containing fertilizers has been largely studied. When applied in 
a finely divided form, the effectiveness of S0 fertilizers in the year of application ap
proaches that of sulfate. Because of their slow release characteristics, S0 fertilizers 
exhibit significantresidual effects on crops grown after the year of initial application 
when sulfate has tobe applied each year (Karamanos & Janzen 1991). 

Fertilization with S0 appears to increase the yield of cereals particularly if the 
plants have sulfur contents lower than thecritical values (Schnug 1987). The response 
to sulfur fertilizer is expressed by an increase in the number of ears m-2 or in the 
number of grains ear-1 (Recalde Manrique & Gomez Ortega 1979; KettleweHet al. 
1987; Thevenet & Taureau 1987). Scott et al. (1984) suggested that S0 decreased 
spikelet mortality. On the other band, Garcia del Moral & Rarnos (1987) observed, 
on a culture of spring bariey treated with S0 during tillering, that the number of 
tillers per plant continued to increase until anthesis and that tiller survival was signifi
cantly higher than that of the control. These authors suggested that S0 could in
crease the endogenous Ievel of methionine, precursor to ethylene biosynthesis. Ethy
lene, as an inhibitor of auxin synthesis, would reduce apical dominance and could 
Iead to· a higher number of tillers. The application of sulfur on rice had a positive 
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effect on grain yield, in increasing number of panides per hill, number of grains per 
panicle, grain weight and reducing the percentage of empty grains (lsmunadji 1987). 

In the case of oilseed rape, the application of S0 was, as expected, more effective 
than on cereals. The seed yield increased significantly to about 7o/o (Schnug 1987). 
Joshi et al. (1991) observed that sulfur application markedly increased the oil content 
compared with no sulfur (34.69% with 75 kg S ha·l). In the case of sugar beet, S0 

promoted a rise in yield of tops, sugar content of roots and crude protein yield per 
unit of sown area (Khomenko & Sinel'nik 1982; Martin et al. 1987). In particular, 
under high: nitrogen dressings, insufficient sulfur may impose serious yield con
strairtts (Fig·. 4). 

Sulfur influences also crop quality. It has been shown that a restricted sulfur sup
ply seriously affected wheat grain qua1ity: the grain was barder (higher pearling 
resistance), the dough had a greater resistance to extension and a lower extensibility, 
the panification indexwas significantly decreased (Moss et al. 1981; Camblin 1987). 
Wheat flour with low cysteine content might have poor disulfide bonding Capacity 
and hence be unsuitable for breadmaking (Byers 1985). Sulfur starvation of barley 
resulted in a decrease in total bordein, in Ievels of lysine and threonine in bordein 
and then affected malting (Shewry et a/. 1985). lt would seem that more sulfur is 
needed for adequate grain quality than for a yield response (Byers 1985). 

The economical reality of oilseed rape production depends on the Ievel of yields 
as well as on the quality of crops, i.e. content of glucosinolates in seeds. A positive 
correlation of the glucosinolate contents of the seed with the raw-protein contents 
of rape was observed by Werteker (1991). These results indicate an influence of the 
nitrogen nutrition on the formation of glucosinolates and suggest that agricultural 
measures as weJJ as environmental influences may be responsible for the increase of 
the protein Ievel as weJJ as the increase of unwished metabolites. A fertilization with 
100 kg S ha-1 can increase the glucosinolate content in seeds by about 5-6 #Lmol g-1 
defatted meal, but, in some cases, a slower action of S0 in comparison with sulfate 
may Iead to a lesser increase in the glucosinolate content of oilseed rape (Schnug 
1987). 

Sulfur is a nutrient essential for the maintenance of animal feed quality. Sulfur 
deficiency can alter the degradability of grass by either changing plant composition 
or by reducing sulfur supply to tbe rumen microbes (Millard et al. 1987). Experiments 
with sbeep have shown that an. intake of 1.95 g S day-1 is necessary to support 
maximal rumen microbial protein production (Hume & Bird 1970). Feedingsulfur 
deficient grass to ruminants decreases their liveweight gains {Jones et a/. 1982). 

Pbysiologital effects a: elementsi sul.fur on bigher i!lants 

Effects of so on protein concentration in higber plants indicate that it penetrates 
into the plants and is involved with cellular metabolism. 

Incorporation of so into leaf tissues was followed by treating leaves with crystal
line radioactive sulfur. A little part of this sulfur may cross the cuticular boundary 
and/or the stomata: 1 to 3% of tbe applied sulfur according to the different authors 
(Dreze et al. 1987; Legendre & Marty 1987; Legris-Delaporte et a/. 1987; Mc Grath 
& Till 1987). It seems very important to enclose the treated leaves in plastic bags to 
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Table 1. Production of S-compounds (nmol mJ-1) from S0 (initial concentration: 65 11-g mJ-1) by wheat 
chloroplasts (0.1 g chlorophylll·1) maintained for 2 h under different light and atmosphere conditions. 

Oxygen Nitrogen 

light dark light dark 

SOl· 29.8 20.0 21.5 19.0 
SQ32- 0.5 0 2.5 0.5 
slo?- l.O 0.4 11.0 1.2 

Iimit S0 Iosses by sublimation, to avoid subsequently S0 washing off the leaves onto 
the soil and to amplify the phenomenon related to foliar S0 uptake. Mc Grath & Till 
(1987) have observed that sulfur can enter the plant through the roots from the large 
proportion of spray application that falls onto the soiJ. The subcellular localization 
of exogenaus S0 was studied by X-ray microanalysis and high resolution auto
radiography. so was found in several subcellular cornpartments of the photosyn
thetic tissue: vacuoles, plastids, cytoplasm, mitochondria. Translocation of the 
radioactive tracer from the treated leaf to the other leaves in the same plant was 
demonstrated in the case of rape (Legendre & Marty 1987) and wheat (Legris
Delaporte et al. 1987). In winter wheat, radioactive sulfur compounds were trans
located into ears (Dreze et a/. 1987). In Chlorella vulgaris, an autotrophic green alga, 
S0 was metabolized as show by its entry into sulfur amino acids (cysteine, homo
cysteine, methionine) and incorporation into proteins and lipids (Pezet & Zuccaroni 
1987). The biological reduction of S0 would seem tobe connected to the mitochon
dria only. In the case of wheat, labeled sulfurwas absorbed and metabolized into sul
fate, cysteine, methionine and glutathione (Legris-Delaporte et al. 1987). The high 
intracellular sulfate content, the close correlation between the excess of oxygen up
take and oxygen needs for sulfur oxidation and the absence of H2S released by treat
ed leaves supported the idea of direct and fast oxidation of sulfur into sulfate. In fact, 
we have observed that S0 was metabolized by intact but not by boiled wheat chlo
roplasts (Jolivet & Kien 1992b). Although weak (transformation of 711/o S0 ) , the 
process was significant and included oxidation: after two hours 10 to 15% of the 
metabolized so was transformed into sulfate (Table 1). When 35g was added to S0 , 

S20 3
2- and S03

2- (separated by HPLC and then analyzed by fluorimetry and con
tinuous radioactivity detection) and SOl- (precipitated by BaCI~ were labeled. The 
effect of light was not significant on S0 metabolism by chloroplasts and it was veri
fied that H20 2 could not oxidize S0 spontaneously. The operation of chloroplastic 
enzymatic mechanisms is assumed as a working hypothesis (Jolivet & Kien 1992a) 
and their presence sought. 

Elem.en~ru sllifur 2s 2 fmtgicide 

The fungicidal activity of S0 has been known lor several centuries although the pre
cise natureofthat activity was not understood until recently. The aim of a good fun
gicide is to maintain the parasite population as low as possible and to ·prevent any 
modification ofits structure. Using modern application systems and special formula
tions (dusts or wettable powdets), the fungicide distribution is improved. 
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Mode oj action oj S0 as a fungicide 

Mc Callan & Wilcoxon (1931) and Miller et al. (1953) suggested that the tox.icity of 
S0 in Fusaria species is due to transfer of hydrogen atoms to so, instead of 0 2 , in the 
terminal part of the mitochondrial electron transport chain and to the toxicity of the 
hydrogen sulfide produced. In Moniliafructicola, Tweedy & Turner (1966) suspected 
an interference of S0 with the mitochondrial electron transfer at the Ievel of 
cytochrome band c. Beffa et al. (1987) have sbown in Phomopsis viticola that exo
genaus so can quickly and non-enzymatically oxidize sulfhydryl groups implicated 
in many respiratory fun~tions of mitochondria and is able also to reduce itself at tbe 
Ievel of cytochrome c. These pbenomena could produce a modification of the Oxida
tion state of the respiratory complexes, disturb the electron flux in the mitochondrial 
respiratory chain and consequently alter the oxidative phosphorylation. 

Uses oj SO as a jungleide 

Sulfur as a fungicide for the protection of French vineyards against powdery mildew 
(Uncinula necator) was used for the firsttime in tbe middle of the last century and 
still insures, after more than one hundred years, the protection of most of vineyards 
against several parasites. lt was observed that S0 fungicidal actionwas better when 
S0 was in the vicinity of mildew (Bessis 1987). Therefore the quality of treatment is 
important to obtain the best efficiency. 

A fungicidal formulation containing 70!rfo so has been compared with other anti
botrytis fungicides. Only S0 gave no marks on grapes and was recommended for the 
treatment of dessert grapes (Bourdier & Agulhon 1987). Late so spraying did not in- · 
terfere with alcoholic fermentation and did not cause any change among the main 
wine analytical parameters. H2S was only detected in non-settled musts of white 
wine (Barillere et al. 1987). However, it is often desirable that fungicidal treatments 
are stopped 3 or 4 weeks before grape gathering. 

After the second world war, an extension of fruit growing in France favored the 
development of various diseases, among them, powdery mildew (Podosphaera and 
Sphaerotheca species). Sulfur products (dusting or wettable S0 ) were then used and 
are still widely used in all French fruit production areas. S0 , which is not dangeraus 
for the environment and soil microorganisms, can pJay a primary role in an inte
grated control in fruit tree crops, combining ecoJogical, biological and chemical ways 
of protection (Manguin 1987). 

In the case of cereal crops, sulfur is a less effective fungicide than modern systemic 
materials which are efficient at a much lower ratio of active ingredient. However, so 
is active against mildew and other fungal diseases when applications arefrequent and 
the epidemic is not severe (Cook 1987; Falisse & Bodson 1987). so can be used alone, 
associated with a dithiocarbamate or in combination with other more sophisticated 
chemieals avoiding coating of active material by sulfur. Adding S0 to the most effi
cient fungicides often Ieads to an improvement of the treatments effectiveness and 
an exce1lent efficacy/ cost ratio (Falisse & Bodson 1987). Furthermore, in the light 
of resistance to many mildew fungicides, a possible use of so might be in mixture 
with existing products in order to reduce the likelihood of resistance: the juxtaposi
tion of fungicides having different sites of action limits the risks of breeding resistant 
strains (Falisse & Bodson 1987). 
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Eiemental sulfur as an acaricide and an insecticide 

S0 was essentially the only acaricide used to control mites until aoout 1920 because 
of its many advantages: low toxicity to the applicator or crop consumers, low cost, 
availability, formulation with other pesticides, and relative specificity. Disadvan
tages include the fact that it is phytotoxic when applied during bot weather and in
effective during cool weather. 

The mechanism of action of sulfur in mites and insects remains obscure. Hydrogen 
sulfide, known to develop from sulfur applied to leaves, was thought by some 
workers to be the factor responsibJe for the toxic action of sulfur. On the contrary, 
Ranks et al~ (1992) observed with the ectoparasitic mite Pyemotes trltici that stilfur 
may physically impede the dispersal of immature mites by adhering to the cuticle, but 
that sulfur vapor did not act as a toxin. 

Very few studies have compared the efficiency of different sulfur formulations as 
acaricides and especially whether differential toxicitymight occur between pest mites 
and beneficial mite species. Spider mites and many pest insects are notorious for be
ing able to develop resistances to nearly all chemical insecticides or acaricides applied 
for their control. However, there are no documented instances in which spider rnites 
and eriophyid rnites, which comprise most of the species feeding on higher plants, 
have acquired resistance to S0 • Various Iabaratory and field trials have reported that 
S0 was not toxic to phytoseiid mites which are ~ffective biological control agents of 
spider mites and eriophyid (Fauvel et al. 1987; Strapazzon et al. 1987). It was sug
gested that lang terrn exposure in the field resulted in the evolution of resistance to 
so in the population öf Metaseiulus occidentalis (Phytoseiidae), a beneficial species 
(Hoy 1987). 

It has been noted that pest control programs would not be based on hypothetical 
stimulatory or repressive effects of fungicides on spider mites but would account for 
the differential toxicity of pesticides on phytophagaus and predatory mites, particu
larly on Phytoseiides. In this view, the us~ of wettable so is compatible with the pro
grams of Tetranychidae biological control (Duso et al. 1987). 

Otlter suHur &p~Jications 

Russefing 

Russeting of apples and pears resutts trom the secondary development of a phello
derm instead of epiderm. It isanormal anatomical phenomenon for grey varieties 
but it is considered as a defect in certain varieties of smooth and bright apples like 
Golden delicious which represents 2/3 of French fruit production. Russeting Ieads 
to a reduction in grade of fruit and some considerable economic consequence. 

The factors inducing russeting are numerous and interactive. The factors involved 
most consistently are the genetic characters of varieties (a precocious development 
of a phelloderm in grey varieties or a particular epidermal fragility as in Golden deli
cious), nutritional effects (asphyxia, fruit position on the tree), climatic components 
Oow temperature, high relative humidity) and external factors like treatments ( cupric 
fungicides), diseases and mechanical injuries. 
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Though current research is directed towards growth substances and gibberellin use, 
S0 remains the chief active ingredient recommended against russeting in association 
witb micronutrients. S0 bas an action against microorganisms present on the fruit 
surface and could act via the synthesis of growtb substances on epiderm development 
and cuticle formation (Bondoux 1987). 

Pigment contents 

For many years, farmers know the beneficial action of S0 on tbe green color of 
leaves. In fact, foliar applications of exogenaus S0 have trophic effects. They are 
able to compensate for a lack of sulfate in hydroponic culture media for plants and 
they increase the chlorophyll content of non-deficient plants (Pezet 1987). 

The use of micronized wettable so is old in Japan and Ieads to increased citrus 
fruit quaJity through natural pigmentation and preservation resistance. S0 improves 
fruit conservation by decreasing mold development on fruits and emphasizes natural 
coloring. Fruit pigmentation is controlled by etbylene (Gall 1986). The effect of so 
is perhaps explained by its role on methionine synthesis, an amino acid implicated 
in ethyJene biosynthesis. 

Coocluding remarks 

This survey of different S0 uses shows that much is stiU unknown about tbe involve
ment of this element into the cellular metabolism of higher plants and fungi. An 
understanding of the mechanism of toxicity of S0 to insects and mites is also lacking 
and must be developed using modern tecbniques. However, custom led to the use of 
S0 very widely and it appeared that the advantages of S0 were numerous. In an 
attempt to improve the availability of S0 to crops, sulfur-oxidizing microorganisms 
isolated and cultured in the Iabaratory have been added to soils. It was shown that 
the addition of these microorganisms increased both sulfate formation and the yield 
of crops (Buffat et al. 1987). This approacb could be very interesting, particularly 
the isolation of high performance sulfur-oxidizing microorganisms able to transform 
8° applied as a fungicide or that originating from atmospberic pollution. 
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CONSEQUENCES OF SULFUR DEFICffiNCY 
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Inlroduction 

Tbe objective of thls contribution is evident in its titJe; which measurements should 
be taken if sulfur deficiencies occur in crops. The ultimate answer on this question 
is to fertilize crops with sulfur fertilizers. How this can be done in a most rational 
way is discussed in the following. 

Situaticn in Europe 

Bartier investigations of Pfaff (1963) showed that the sulfur balance of arable crops 
is characterized by a high leaching rate (130 kg S year-1) and by a relatively low crop 
demand (23 kg S yearl). About 1/3 of the quantity required for the maintainance 
of the balance sheet was provided by sulfur in fertilizers·and almost as high a quantity 
by wet deposition. Similar high sulfur leaching rates were reported from Northern 
France under arable crops (Ballif & Muller 1985). Tbe sulfur deficit resulting from 
the high leaching lasses was largely balanced by tbe entry of sulfur in the form of 
wet and dry deposition (Saalbach 1984). ln the last years this sulfur source was drasti
cally reduced in Central Europe and hence the hazard of sulfur deficiency in crops 
increased (Schnug 1991). 

Recent, still unpublished field trials with rape, carried out by the Hanninghof 
Research Station from 1989 until 1991 showed that from the 17 sites tested about 
half were responsive to sulfur fertilizer application and gave a clear rape seed yield 
increase which in several cases was higher than 1 OOJo . Such an increase is profitable 
for farmers and hence has consequences for the farmers' fertilizer strategy. It is 
of utmost practical relevaoce to.predict wbether a crop yield is attained or not by 
sulfur fertilizer application. This is of particular importance for rape since this crop 
species has a high sulfur demand. Generally a reliable prediction of sulfur deficiency 
and a precise fertilizer application requires knowledge of the soil, and frequently a 
plant tissue test. Soil tests and plant tissue tests are not alternative techniques but 
may complement each other. Leaf analysis as proposed by Schnug (1989) is useful 
for the identification of sulfur deficiency. A reliable soil test not only may provide 
information whether sulfur fertilizer should be applied but also a quantification of 
the sulfur fertilizer rate required. Hence if sulfur fertilizer application becomes a 
common practice, at least for rape cultivation, there is a need for a reliable soil 
sulfur test. 
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Sulfur in soils 

Soils of the temperate, humid climate contain about 0.1 to 15 g S kg dry weight soil-1 

of which only a small percentage is soluble in dilute acids and mainly consists of sul
fate which is directly available to plant roots (Wainwright 1984). A high proportion 
of soil sulfur is in organic form and in forest soils the organic sulfur may amount 
to more than 900Jo of the total soil sulfur (Nodvin et al. 1986). Organic soil sulfur 
is divided into carbon-bound sulfur (reduced sulfur) and sulfate ester sulfur. Accord
ing to experimental data of Maynard et al. (1985) inorganic sulfate added to soils can 
be easily converted to sulfate esters and this in turn may be quickly hydrolyzed if 
plants need sulfur. Hence sulfate esters are a potential sulfur reserve. This statement 
is in line with the fact tbat many soils contain relatively high concentrations of sulfo
hydrolases (Martens et al. 1992). Also oxidation of eiementaland carbon-bound sul
fur contributes to the formation of sulfate and thus to a form which can be directly 
taken up by plant roots. Nevell & Wainwright (1987) reported that the. sulfur oxida
tion may be hampered in dry soils because of Iack of water. Sulfate can also be ad
sorbed to sesquioxides and clay minerals (Turner & Kramer 1991). The adsorption 
is particularly strong at low soil pH (Novbin et al. 1986) and sulfate availability in
creases with soil pH (Martini&, Mutters 1984). 

Soll test for sulfnr and sulfur fertilizers 

In order to elaborate a soil test the most important soil characteristics must be con
sidered. It is proposed to elaborate a sulfur test in field trials with rape which takes 
into consideration the sulfate and organic sulfur fractions (sulfate esters, carbon
bound sulfate), soil pH and soil texture of the upper soillayer analogaus to a rnodel 
recently developed for available soil nitrogen by Ziegler et al. (1992). Ngugen & Goh 
(1992) found that adsorbed sulfur and sulfur extracted by a CaC12 solution are a 
reliable indicator for sulfur mineralization. 

The efficiency of sulfur fertilizers depends much on the capability of plant roots 
to exp1oit the soil sulfate. Still unpublished field trials of the Hanninghof research 
group found that after the harvest of rape high amounts of sulfate may be present 
in the rooting depth of a soil. The reason for these high sulfur amounts still needs 
further investigations. It is feasible that the soil sulfate results from rape leaves 
dropped during the process of maturation. 

Sulfur fertilizer may be applied as eiemental sulfur or as sulfate. The oxidation of 
eiemental sulfur in the soil is associated with a soil acidification which on many soils 
is not desirable and may even favour sulfate fixation of soil colloids (Martini & 
Mutters 1984). Sulfateis present in various standard fertilizers. Depending on the 
nuti'ient status of soils and the fertilizer strategy of the farrner these fertilizers rnay 
well be used to supply the crop with sulfate. Gypsum is known as an appropiate sulfur 
fertilizer which supplies the soil also with Ca2+, a plant nutrient may improve plant 
growth (Yan & Mengell992) and soil structure (Shainberg et al. 1989). In acid soils 
sulfate may complex aluminum cation species and thus reduce aluminum toxieity 
(Alva et al. 1991). 
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Concluding remarks 

Total sulfur content in most soils is high as compared with the sulfur demand of 
crops. Most of soil sulfur, however, is not directly available to plants. Hence crops 
with a high sulfur demand, such as rape, may suffer from insufficient sulfur supply. 
In such cases application of sulfur fertilizers is recommended. For prognozing the 
rate of sulfur fertilizer application a reliable soil test for available soil sulfur is 
needed. 
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Iotrodaction 

Proteins have two sulfur-containing amino acids, methionine and cysteine. Cysteine 
in particular has several specific functions: 
* Cysteines can function as a redox system. 
* Cysteines can bind meta1 ions. 
* Cysteines can stabilize proteins by forming disulfide bridges. 
As tbe first two functions are discussed by other authors in this volume {see papers 
by Schürmann and Rauser) I will give an overview of sulfur-rieb seed storage proteins 
and cysteine-rich proteins of seeds and leaves whose common feature is that their 
cysteine residues form disulfide bridges to stabilize the protein. Since they are not 
methionine-ricb, as in the case of the sulfur-rieb seed storage proteins, their primary 
function does not seem to be sulfur storage. The primary function of most of these 
cysteine-rich proteins seems to be the defense against predators and pathogens. 

Seed stonge prGteios 

Seed storage proteins are considered mainly as a reserve source of nitrogen for seed
ling development. Consistent with this role they are usua1ly rieb in asparagine, gluta
mine, and arginine. Same storage proteins are, however. rieb in sulfur-containing 
amino acids. Among the 2S protein family, the proteins from sunflower seed (Kortt 
et al. 1991) and Brazil nut (Sun et a/. 1987) are very sulfur-rieb. Both proteins are 
synthesized as preproproteins and, after processing, the mature proteins are depo
sited in protein bodies which is common for seed storage proteins. It is the mature 
proteins that arerieb in sulfur-containing amino acids: 8o/o cysteine and 16% methio
nine (sunflower), 8117o cysteine and 18% metbionine (Brazil nut). Other examples of 
sulfur-rieb storage proteins with high Ievels of methionine are the 10- and 15-kDa 
zeins from maize endosperm (22.5% and 11% methionine, respectively) {Kirihara et 
al. 1988). So far, no in vivo or in vitro function has been assigned to these sulfur-rich 
seed proteins in addition to a storage function. The high methionine contents of these 
proteins indicate their probable function as sulfur storage proteins. 

Enzyme inhibitors 

Both seeds and leaves of higber plants contain a variety of sulfur-rich proteins that 
have been shown in vitro to function as inhibitors of different enzymes, especially 
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Fig. I. Aminoacid sequences of 3 members of the Bowman-Birk family of enzyme inhibitors: Soybean 
(G/ycine max) inhibitor CII (Odani & Ikenaka 1977), Adzuki bean (Phaseo/us angularis) inhibitor li 
(Yoshikawa et al. 1979), peanut (Arachis hypogaea) inhibitor All (Norioka and lkenaka 1983). Cysteine 
residues are boxed. The arrowheads indicate the reactive site peptide bonds. 

serine-proteinases such as trypsin and chymotrypsin, and a-amylases. Investigations 
of the reaction mechanisms of enzyme in.hibitors have mostly dealt with proteinase 
inhibitors, especially of serine proteinases (see Richardson 1991)_ The interaction 
seems to be lock-and-key-like, with the inhlbitors acting as highly specific substrates 
that are cleaved at tbe reactive site peptide bond. This cleavage, however, is not com
plete and the products do not dissociate. Most of the known enzyme inhibitors are 
cysteine-rich and it has been shown that the cysteines form disulfide bridges whicb 
help to stabilize the inhibitor proteins. As a consequence, most ofthese proteins are 
very resistant against denaturation. Their heat stability has sometimes been used in 
isolation procedures. The main function of the cysteine residues in the enzyme in.hibi
tor proteins thus seems to be stabilization of tbe protein, although, in the case of the 
seed enzyme inhibitors, it cannot be excluded that they might, in addition, be a source 
of sulfur for the developing seedling. 

The group of enzyme inhibitors is phylogenetically divergent and only functionally 
defined. Sequence comparisons, however, allow the enzyme inhibitorstobe grouped 
into families. A good example is the Bowman-Birk family of enzyme inhibitors (for 
a complete Iist see Richardson 1991). Mostare found in seeds of legumes, some in 
cereals, but there is also one inhibitor from alfalfa leaves. Fig. 1 shows 3 examples. 
The members of this family inhibit primarily trypsin and chymotrypsin. Their size 
is usually 8-9 kDa with up to 14 cysteine residues forming disulfide bridges. 

The in vitro activity of some of these proteins as inhibitors of digestive enzymes 
from insects has led researchers to assume that these enzyme inhibitors might protect 
the plant against predators. Although this hypothesis is convincing, supporting ex
perimental evidence is still scarce. The fact that a protein acts as an enzyme inhibitor 
under in vitro assay conditions does not prove that it would act the same way under 
in vivo conditions in, for example, an insect digestive tract. One example that has 
been investigated thoroughly are the proteinase inhibitors from tomato leaves (Ryan 
1990). After wounding of a tomato leaf (for instance, by insects) two different pro
teinase inhibitors are induced systemically in the plant. lnhibitor I is active against 
chymotrypsin, inhibitor II is active against chymotrypsin and trypsin. Both inhibitors 
are synthesized as precursors and undergo posttranslational modification before the 
mature proteinase inhibitors are sequestered in the vacuole. Constitutive expression 
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of inhibitor II in transgenic tobacco at a Ievel above 100 11-g g- tissue protects the 
plant against the larvae of the tobacco hornworrn (Johnson et al. 1989). The presence 
of inhibitor I had Jittle effect on tbe growth of the larvae, indicating that the trypsin 
inhibitory activity of inhibitor II was mainly responsible for the inhibition of larval 
growth. 

The in vivo function of the enzyme inhibitors migbt not only be directed against 
predators but also against microbial patbogens. In this regard the recent observation 
of homology between tbe maize 22 kDa inhibitor, the PR5 protein from tobacco, and 
other stress-related proteins by Richardson et al. (1987) should be mentioned. PR 
(pathogenesis related) proteins, among them glucanases and chitinases, accumulate 
in plants after attack by patbogens and are assumed tobe part of tbe plant's defense 
system (Linthorst 1991). It has tberefore been speculated that the maize 22 kDa in
hibitor might also be a defense protein, which protects the seed against microbial 
pathogens. This view is supported by recent findings that proteins of the PRS family 
from tomato, corn, and other plant species have antifungal activities (Vigers et a/. 
1991, Woloshuk et al. 1991). An activity against microbial proteinases has been 
demonstrated several times for enzyme inhibitors in vitro (Richardson 1991) but the 
in vivo significance of these enzyme inhibitory effects remains nnknown. Tbere are 
only a few reports showing an increase in enzyme inhibitor activity after attack by 
a microbial pathogen. Peng & Black (1976), for instance, found increased Ievels of 
proteinase inhibitor activities (chymotrypsin and trypsin) in tomato leaves after 
attack by the phytopathogenic fungus Phytopltthora infestans, but only in incom
patible interactions. In compatible interactions the Ievels of proteinase inhibitor 
activity actually declined, even after an initial increase. Whether tbe increased Ievels 
of proteinase inbibitor activity in the incompatible interaction are inhibitory to 
growtb of the fungus remains to be seen. An increase in proteinase inhibitor activity 
in melon plants after attack by Co/letotrichum /ogenarium was demonstrated by 
Roby et ai. (1987). One should keep in mind, however, that seed-borne enzyme in
hibitors and other resistance factors are usually pre-synthesized, while resistance pro
tei,ns (and also phytoalexins) in leaves are, in many cases, inducible. The above
mentioned enzyme inhibitors from tomato and melon, and the PR proteins fall into 
the last category. 

The ernerging view about enzyme inhibitors from seeds and leaves is tbat many of 
them are part of the defense system of plants. There is now good evidence for a pro
tective role against insects, but the evidence for a role as a defense factor against 
microbial pathogens is still very limited. In the case of the seed-borne enzyme inhibi
tors, these might playadouble role, on one hand to protect the seeds and on the other 
band to be utilized as storage proteins when the seeds germinate. Another function 
of some enzyme inbibitors seems to be the inhibition ofendogenaus enzymes, which 
has been demonstrated especially for the o:-amylase inhibitors from the endosperm 
of cereals (for instance Mundy et al. 1984). 

Thiomns 

Thionins are cysteine-rich proteins found in seeds and leaves of several systematically 
diverse seed plants. They were first isolated from the endosperm of wbeat and other 
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Fig. 2. Aminoacid sequences for thionin precursors deduced from cDNA or genomic DNA clones. The 
HTHl gene encodes the a-hordothionin. DB4: Bohlmann & Apel (1987), mu16: Bunge (1991), 
HTHI: Rodriguez-Palenzuela et a/, (1988), Viscotoxin A3: Sehrader & Apel (1991). Cysteine residues are 
boxed. Arrowheads indicate the processing steps necessary to liberate the mature thionins. 

cereals, and from mistletoes (Garcia-Olmedo et al. 1989, Bohlmann & Apel1991). 
Another group of thionins are the leaf-specific thionins from barley (Bohlmann & 
Apel1987, Gausing 1987). Barley thus contains two distinct groups of thionins, one 
in the endosperm and one in leaves. The thionin from seeds of Pyru/aria pubera was 
discovered quite recently, while the crambin (which is actually a mixture of at least 
2 proteins) from the seeds of Crambe abyssinica (Abyssinian cabbage) has been 
known for some time. A comparison of the sequences shows that all thionins are 
homologaus and that the 6 or 8 cysteine residues are always conserved. Fig. 2 shows 
several sequences of different thionins. With the exception of crambin, alt thionins 
are highly basic. Another prominent feature of the thionins, crambin excepted, is 
their toxicity against rnicroorganisms (fungi - including yeast, and bacteria), mam
mals and insects. In the latter cases this toxicity is only exerted if the proteins are ad
rninistered intraperitoneally (LD50 for viscotoxin in tnice, 0,5 m,g kg-1 body weight) 
or intravenously (LD50 for viscotoxin in cats, 0,1 mg kg-1 body weight) or injected 
into the hemocoeL Fortunately, thionins arenot toxic when eaten. Taxicity on vari
ous cell cultures has also been reported (for citations see .Bohlmann & Apel 1991). 
The basic feature of the toxicity is the destruction of membranes althoughthe exact 
mechanism is not yet known. One possibility is that thionins act like detergents to 
destroy membranes. In agreement with this is the known amphipathic structure of 
these proteins. As in the case of enzyme inhibitors, the cysteine residues seem to stabi
lize the three-dimensional structurethrough disulfide bridges. Viscotoxins, for exam
ple, have been reported to be very heat stable. For the Pyru/aria thionin a different 
mechanism of toxicity was proposed whicb includes the activation of ion channels, 
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resulting in an increase in phospholipase activity which leads to a destruction of mem
branes (Evans et a/. 1989). 

Batley leaf thionins have a toxic effect on plant cells. The regeneration of tobacco 
protoplasts cultivated 2 weeks under dim light was inhibited if isolated barley leaf 
thionins were added to the medium (Reimann-Philipp et al. 1989). A similar inhibi
tion has also been shown for barley protoplasts (Dae-Won Lee et al., manuscript in 
preparation). This indicates that plants which produce these toxins seem to require 
a protective mechanism against their own toxins. At least part of this mechanism 
might be to produce these toxins as non-toxic precursors (Fig. 2). Thionins are syn
thesized as preproproteins and the sequences shown were deduced from DNA 
clones. N-terminal to the thionin domain is a typicalleader peptide which directs the 
proproteins into the endoplasmic reticulum. C-terminal to the thionin is the so-called 
acid-domain, which contains a large number of acidic residues. The 6 cysteine 
residues in this acid-domain are absolutely conserved as are several other amino 
acids. The honiology of this acid-domain from diverse thionin precursors indicates 
an important role for these domains, especialJy for tbe cysteine residues. A similar 
distribution between the cysteioe residues in the mature protein and aC-terminal ex
tension is also found in bevein and win precursors (see "Other proteins"). So far, 
this acid prorein bas not been isolated as such, but it possibly neutralizes the basic 
thionin domain, tbereby protecting the cell against the toxic action of the tbionin 
wbile il is produced. 

In the past, several different functions have been assigned to the thionins based 
mainly on in vitro experiments (see Bohlmann & Apel1991). There is one short report 
about purothionin having a-amylase inhibiting activity (Jones & Meredith 1982) but 
the inhibitionwas only partial. A thorougb investigation of the potential of thionins 
as enzyme inhibitors is still Jacking. The thionins wbich are localized in seeds, espe
cially crambin, which has no known toxicity. could function as storage proteins for 
sulfur. Experimental evidence for such a function is thus far lacking, however. On 
the other band, researcb on leaf-specific thionins of barley has provided several in
dependent lines of evidence suggesting that these proteins are part of the resistance 
mechanism of barley against microbial pathogens. Leaf-specific thionins of barley 
are coded for by a multigene family of about 50 genes or more. No genes for Ieaf
specific thionins could be detected in related cereals by Southern blotting, indicating 
that this multigene family has no close1y related counterparts in species outside the 
genus Hordeum. Apparently, this gene family is evolving rapidly with the thionin 
domain showing a higber variability than the Jeader sequence or the acid domain 
(Bunge et al. 1992). The reason for this could be the selective pressure of genetically 
variable pathogens trying to overcome the toxic action of these proteins. Tbe leaf

. specific thionins of barley are distributed in vacuoles and cell walls of barley leaves. 
Isolated leaf thionins showed a toxic action against yeast and two phytopathogenic 
fungi, namely Thielaviopsis paradoxa, a pathogen of sugarcane, and Pyrenophora 
(Drechslera) teres, a pathogen of barley (Bohlmann et al. 1988). Several other investi
gators have in addition demonstrated a toxicity of endosperm thionins against 
pbytopatbogenic bacteria and fungi. For example, Cammue et al. (1992) showed very 
recently, that ,B-purothionin has an antifungal activity against several phytopatho
genic fungi in liquid media when applied in the range of about 1-5 p.g ml-1. 

Perhaps the most important pathogen of barley is mildew (Erisyphe graminisj. sp. 
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Fig. 3. Amino acid sequences for ')'-thionins and homologaus proteins. Sll - Sl3: Sorghuminhibitors 
1 - 3 (Bloch and Richardson 1991), G1P and G2P: -yl - purothionin and -y2- purothionin (Colillaet al. 
1990), GH: 'Y- hordothionin (Mendez et al. 1990), FST: Flower specific thionin from tobacco deduced 
from cDNA (Gu et al. 1992), p322: protein from potato tubers deduced from cDNA (Stiekema et al. 1988), 
pSASIO: protein deduced from cDNA for stored mRNA in cotyledons of cowpea (Jshibashi et a/, 1990). 
Cysteines are boxed. 

hordez). Inoculation of barley with this fungus Ieads to a high er Ievel of thionin tran
scripts, an increase which seems to be most pronounced in an incompatible interac
tion (Bohlmann et al. 1988). In another series of experiments the distribution of thio
nins at the infection site was investigated by Ebrahim-Nesbat et al. (1989) with the 
technique of immunogold-labeling using an antibody obtained against a fusion pro
tein between ß-galactosidase and the leaf-specific thionin precursor DB4 (Bohlmann 
& Apel 1987). The results show that the distribution of thionins in cell walls from 
cells not infected by mildew is quite different from that of cell walls of infected cells. 
Thionins seem to be newly synthesized after infection by mildew and incorporated 
into the papillae, at least in incompatible interactions. On the other band, in com
patible interactions, the fungus seems to have a mechanism to protect itself against 
the toxic thionins by somehow masking or digesting the proteins so that they are no 
Ionger recognized by the antibody. 

In conclusion, leaf-specific thionins of barley are toxic against phytopathogenic 
fungi, are induced by rnildew and seem to be incorporated into papillae, are distri
buted in vacuoles and cell walls, and have a high degree of variability. Leaf-specific 
thionins of barley and probably other thionins as well, with the possible exception' 
of crambin, seem to be part of the plant's resistance mechanism against micro
organisms . 

..,.-Tbionins 

A group of so-called y-thionins has recently been found in barley and wheat endo
spenn andin tobacco flowers (Fig. 3). -y-thionins also have homology with proteins 
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from potato and soybean and, interestingly, witb enzyme inhibitors from sorghum 
seeds which have been shown to inhibit a-amylases from insects. Altbough called -y
thionins, the sequence homology of tbese proteins with the former thionins is ex
tremely weak, so that I will not group them together with classical thionins. They are, 
however, very basic (except pSASlO from cowpea) and cysteine-rich. The sequences 
of the tobacco, potato, and cowpea proteins are derived from cDNAs and all have 
Ieader peptides, indicating that tbe mature proteins migbt be found in protein bodies 
or vacuoles, or extracellularly. The tobacco nower protein has an acidic extension 
just as the classical thionins, but this extension contains no cysteine residues and there 
is no homology with the acid-domain of thionins. In addition to the enzyme in
hibitory function of the sorgbum proteins, the only other in vitro function reported 
tbus far is the inbibition of protein syntbesis in eukaryotic cell-free systems by the 
-y-hordothionin (Mendez et al. 1990). It remains to be seen if proteins of this group 
other than the sorghum proteins have enzyme inhibitory functions or if any of these 
proteins have toxic activities. 

Otber proteins 

Leetins are a large group of diverse proteins functionally det1ned as carbohydrate 
binding proteins of non-immune origin. Several chitin-binding Ieetins have a 
homologaus domain of about 40 arnino acids (Chrispeels & Raikhell991) which is 
cysteine-rich. This chitin-binding domain is also found in cbitinases. The 43 arnino 
acid protein hevein from the laticifers of rubber trees is another protein which ·is 
homologaus to this cysteine-rich domain and binds cbitin. Hevein is probably 
produced as a much !arger preproprotein with a 144 arnino acid C-terminal extension 
which contains 6 cysteineresidues (Broekaert et al. 1990). Thls precursor has homol
ogy with proteins deduced from wound-induced genes (winl, win2) of potato 
(Stanford et a/. 1989). All of these chitin-binding Ieetins and chitinases are thougbt 
to playaroJe in the defense of plants against insects and against fungi which contain 
chitin in their ceU walls. 

Last, but perbaps not least, a recent report describes two related peptides (36, and 
37 amino acids, respectively) from tbe seeds of Mirabilis jalapa, whicb have no 
sequence homology with thionins but which are also cysteine-rich (6 residues), basic 
and have antimicrobial activities (Cammue et al. 1992). The mechanism of their 
toxicity is not known. These proteins are anotber example of tbe growing Iist of 
small, cysteine-rich, basic proteins with antimicrobial activities which includes thio
nlns, perhaps -y-thionins, Mirabifis ja/apa-antimicrobial peptides, and the defensins 
from animals (Lehrer et al. 1991). 

Concluding remarks 

Several groups of cysteine-rich plant proteins in seeds, leaves and perhaps also in 
otber plant organs seem tobe part of the plant's defense system. Theseproteins are 
usually produced as precursors which are secreted so that the mature proteins are 
extracellular or are found in vacuoles and protein bodies. The main function of tbe 



218 H. Bohlmann 

cysteine residues is probably to stabilize these proteins with disulfide bridges, giving 
most of them a pronounced stability against denaturation. While the defense proteins 
discussed in this chapter have this feature in common, the mechanisms by which they 
exert their activities are quite different. 
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lntroduction 

Much of our current knowledge concerning the metabolism ot xenobtotics in plants 
has been obtained from pesticide metabolism studies conducted during the last 25 
years (Lamoureux & Rusness 1986a; Hatzios 1991; Aizawa 1989). Although attempts 
to generalize observations made with pesticides to a broader range of xenobiotics 
may result in some distortions, many valid conclusions regarding xenobiotic meta
bolism can be reached from these studies. When xenobiotics are detoxified by 
metabolism, detoxification usua1ly occurs during the first or second step, and in 
plants, only seven chemical reactions are utilized with frequency during these first 
two steps. Listed in approximate order of frequency of occurrence, these reactions 
are: oxidation, hydrolysis, glucoside conjugation, glutathione (GSH) conjugation, 
amino acid conjugation, malonyl conjugation, and reduction. Although conjugation 
with GSH is not the most commonly observed of these reactions, it is extremely im
portant because it is utilized to detoxify electrophilic alkylating agents. The following 
aspects of xenobiotic GSH conjugation in plants are considered in this review: (a) the 
basic GSH conjugation reactions; (b) the role of GSH conjugation in detoxification 
and toxification of xenobiotics; (c) the metabolism and break-down of GSH con· 
jugates in plants; and (d) the glutathionetransferase enzymes-sources, basic proper
ties, isozymes, isolation, induction, inhibition, safeners, rnolecular biology, and pos
sible natural functions. 

Glutathione conjugation 

The GSH conjugation reaction 

The primary requirements for conjugation of a xenobtottc wtth uSJ-l are: the xeno
biotic must contain an electrophilic site or be metabolized to an intermediate that 
contains an electrophilic site, an adequate supply of GSH or an active homolog such 
as homoglutathione (hGSH) rnust be availablc, and a glutathione S-transferase 
(GST) enzyme may be necessary to catalyze tbe reaction. 

Nucleophilic displacement 

In plants, the most commonly observed GSH conjugation reaction has been the 
nucleophilic displacernent of ahalogen from an electrophilic site on an arornatic ring, 
a heterocyclic ring, or an alkyl group (Fig. 1). Among the pesticides metabolized in 
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Fig. 1. Structures of compounds known tobe metabolized by conjugation with glutathione or bomoglu
tathione in plants. 

thls manner are tbe chloro-s-triazine herbicides such as atrazine, the cbloroace
tanilides such as propachlor, and a sulfonylurea herbicide, chlorimuron etbyl 
(Lamoureux & Rusness 1986a; Brown 1990). Nucleophilic displacements of phenols 
from diphenyletber herbicides such as fluorodifen, the displacement of a nitro group 
from PCNB, and the displacement of an alkyl group from an organophosphoro
thioate insecticide, methidathion, also bave been reported (Lamoureux & Rusness 
1986a) (Fig. 1). 

GSH conjugation at noncarbon sites 

Disulfide glutathione conjugates have been proposed as products of the nucleophilic 
attack of GSH at sulfur centers in the metabolism of fungicides such as dichlofluanid 
in strawberry (Schuphan et al. 1981) (Fig. l) and thlocyanate insecticides in insects 
(Fukami 1984). GSH conjugation also occurs by attack at nitrogen centers, as in the 
metabolism of aromatic nitroso compounds in animals (Eyer & Schneller 1983). 

Nucleophilic addition 

In plants, GSH conjugation by nucleophilic addition has been reported less frequent
ly than GSH conjugation by nucleophilic rusplacement, but this may be a conse
quence oftbe types ofxenobiotics that have been studied rather than a true indication 
of the ability of plants to catalyze these various reactions. The metabolism of 
tridiphane in corn and giant foxtail is an example of an addition reaction between 
GSH and an epoxide, and the metabolism of trans-cinnamic acid in pea is an example 
of an addition reaction between GSH and a double bond (Diesperger & Sandermann 
1979; Lamoureux & Rusness 1986b) (Fig. 1). 
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Activation prior to GSH conjugation 

Some xenobiotics must be activated before GSH conjugation can occur. The asym
metrical triazine herbicides substituted with an alkylsulfide and the thiocarbamate 
herbicides must be activated by oxidation of a sulfur to a sulfoxide (Lay & Casida 
1976; Frear et al. 1985; Lamoureux & Rusness 1986a) (Fig. 1). Conjugation then oc
curs by nucleophilic displacement of the alkylsulfinyl group with GSH. Recent evi
dence indicates that GSH conjugation of a sulfonylurea herbicide may occur after 
oxidation of an aromatic ring; however, the mechanism of this reaction has not been 
determined (Lamoureu:x et al. 1991b). Although GSH conjugation following the for
mation of an epoxide occurs with some frequency in mammals (Sies & Ketterer 1988), 
there is less evidence tbat this is a common route of metabolisrn in plants. 

GSH conjugation, a detoxification process 

GSH conjugation is usually a detoxification process. This was dernonstrated in 
metabolism/ pbotosynthesis studies with atrazine in tolerant and susceptible inbred 
maize lines andin tolerant maize and susceptible pea (Shimabukuro et al. 1978). In 
soybean, chlorimuron ethyl is detoxified by conjugation with homoglutathione 
(hGSH). Chlorimuron ethyl is an inhibitor of acetolactate syntbase, but tbe hGSH 
conjugate is inactive (Brown 1990). Based on the relationship between metabolism 
and to]erance, GSH conjugation also appears to be a detoxification process in the 
metabolism of the chloroacetanilide, diphenylether, and thiocarbarnate berbicides 
(Lamoureux & Rusness 1989a; Lamoureux et al. I99lc). 

Toxic products can be produced as a result oj GSH conjugation 

In strawberry, dichlofluanid is metabolized to a thiopbosgene derivative in a process 
that appears to involvetwo GSH conjugation steps (Schuphan et al. 1981). In insects, 
hydrogen cyanide is produced during GSH conjugation of thiocyanate insecticides 
(Fukami 1984), and in the rat a highly reactive nephrotoxic GSH conjugate is 
produced in the metabolism of dibromoethane (Inskeep et al. 1986). However, in 
spite of such exceptions, GSH conjugation usually results in the production of rela
tively nontoxic products. 

Tbe metabolism of GSH conjugates 

GJutathione conjugates are commonJy metabolized via intermediary cysteine con
jugates to a variety of other metabolites in plants, mammals, fish, birds, and insects 
(Lamoureux & Bakke 1984). In plants, the half-Jife of a GSH conjugate may be only 
a few hours (Lamoureux & Rusness 1989b); or in isolated cases, e.g. , the GSH con
jugate of tridiphane in giant foxtail, the conjugate may be moderately stable 
(G.L. Lamoureu:x, unpublished results). Since metabolites of GSH conjugates may 
be chromatographically very similar to the parent GSH conjugates, considerable care 
must be exercised to correctly identify these metabolites (Lamoureux & Rusness 
1989b). 

The various metabolites and reactions which have been detected in the metabolism 



224 

O-CO-CH2·COOH 

R-S--cHt~H-COOH 
XII 

G.L. Lamoureux and D.G. Rusness 

Fig. 2. Pathways utilized in the metabolism of glutathione conjugates in plants. 

of xenobiotic GSH conjugates in plants are shown (Fig. 2). The metabolism of GS~-i 
conjugates in plants has been discussed in several reviews (Lamoureux & Rusness 
19811 1986a, 1989a). In plants, GSH conjugates (I) are usually metabolized via 
)'-glutamylcysteine conjugates (II) to S-cysteine conjugates (IV) (Lamoureux & 
Rusness 1986a, 1989a). The S-cysteine conjugates occupy a key pivotal position in 
the pathway. Occasionally, S-cysteine conjugates may persist in some plant tissues, 
but more frequently they are metabolized to other products (Lamoureux & Rusness 
1983). The S-cysteine conjugate of atrazine undergoes a nonenzymatic rearrange
ment to an N-cysteine conjugate (V) in sorghum and it is subsequently transformed 
into a lanthionine conjugate (VI). The lanthionine conjugate is a major terminal 
metabolite of atrazine in sorghum (Lamoureux et al. 1973). This appears tobe the 
only xenobiotic lanthionine conjugate reported; however, the nonenzymatic re
arrangement of an S-cysteine conjugate to an N-cysteine conjugate was observed in 
the metabolism of dimethametryn in rice (Mayer et al. 1981). The rearrangment of 
S- to N-cysteine conjugates may be more common than indicated by these two iso
lated reports. 

N-Malonylcysteine conjugates (VII) are commonly formed during the metabolism 
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of a variety of pesticide GSH conjugates in many different plant species. The N
malonylcysteine conjugates frequently represent major terminal metabolites, com
parable to the mercapturic acids formed from GSH conjugates in animals 
(Lamoureux & Rusness 1983). In some cases, the N-malonylcysteine conjugates are 
metabolized further by oxidation of the sulfur to yield the corresponding sulfinyl 
conjugates (VIII). Some sulfinyl conjugates are unstable (Lamoureux & Rusness 
1983). 

Derivatives of S-thiolactic acid conjugates (X) are commonly formed during tbe 
metabolism of xenobiotic GSH conjugates in plants. In animals, S-thiolactic acid 
conjugates are formed from S-thiopyruvate intermediates (IX) (Tomisawa et al. 
1992) (Fig. 2), but S-thiopyruvate intermediates have not been isolated from plants. 
An S-thioacetic acid conjugate (XI) is a minor metabolite of PCNB in peanut 
(Lamoureux & Rusness 1989a). This metabolite is probably formed by decarboxyla
tion of the corresponding S-thiopyruvate intermediate. 

Xenobiotic S-thiolactic acid conjugates can undergo further metabolism in plants. 
In corn and cotton, S-(2-0-malonyl)-3-thiolactic acid conjugates (XII) of chloroa
cetamide and thiocarbamate herbicides account for np to 40% of the herbicide dose 
one to four weeks following treatment (Lamoureux & Rusness 1987b, 1989b; Khalifa 
& Lamoureux 1990). The S-(2-0-malonyl)-3-thiolactic acid conjugates of the chlo
roacetamides appear to be be further metabolized to simple SO-thiolactic acid con
jugates (XIII) that are the most abundant products of chloroacetamide metabolism 
in corn after 30 days (Khalifa & Lamoureux 1990). A variation in the metabolism of 
the S-thiolactic acid conjugates was observed in a Norway spruce cell Suspension cul
ture. In that tissue, an S-(2-0-glucosyl)-3-thiolactic acid conjugate (XIV) accounted 
for nearly 21 OJo of the fluorodifen herbicide dose after 6 days (Lamoureux et al. 
1991a). This metaboliteisnot stable and undergoes metabolism to other unidentified 
products. Norway spruce was the first member of the gymnosperm subdivision of the 
plant kingdom shown to metabolize xenobiotics by GSH conjugation (Schröder et 
al. 1990). 

0-Glucosides and 0-(6-0-malonyl)glucosides (XVI) can be formed as major 
metabolites derived from the GSH pathway, ie., in the metabolism of chloroace
tamide herbicides in maize and other species (Blattman et a/. 1986; Lamoureux & 
Rusness 1989b). The mechanism of this transformation is uncertain, but it probably 
involves a hydroxylated intermediate (XV) and therefore it can be concluded that 
hydroxylated metabolites and glucoside conjugates of xenobiotics can be formed by 
mechanisms that do not involve simple oxidative routes of metabolism. Some 
hydroxylated derivatives of atrazine isolated from sorghum may actually have been 
produced via this mechanism (Lamoureux et al. 1973). 

Cysteine Iyase enzymes capable of hydrolyzing xenobiotic cysteine conjugates to 
xenobiotic thiols (XVII) have been detected in several plant species (Lamoureux & 
Rusness 1986a, 1989a; Lamoureux et al. 1992). Although xenobiotic thiols have not 
been commonly reported as metabolites in plants, they are relatively reactive and 
there is indirect and enzyrnatic evidence that xenobiotic thiols are intermediates in 
the metabolisrn of some xenobiotic cysteine conjugates. 

S-CH3 derivatives (XVIII) can be formed from xenobiotic thiol intermediates 
(Fig. 2). In a Norway spruce cell suspension culture, a volatile S-CH3 derivative of 
fluorodifen was produced by this raute and accounted for ca. 250Jo ofthe herbicide 
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dose. These reactions were demonstrated in vitro with cysteine Iyase and S-ade
nosylmethionine methyl transferase enzymes from spruce (Lamoureux et al. 1992). 
The formation of S-CH3 derivatives by this route has also been observed in the 
metabolism of PCNB in several plant species and the selectivity of the S-adenosyl
methionine methyl transferase enzyme from onion has been examined (Lamoureux 
& Rusness 1980, 1981). The S-CH3 derivatives can be further oxidized to sulfoxides 
(XIX) and perhaps to sulfones. 

Xenobiotic thiols liberated by cysteine Iyase or other enzymes can also serve as in
termediates to other metabolites. An S-glucoside (XX) was the most abundant 
metabolite produced during the metabolism of fluorodifen by a Norway spruce cell 
suspension cuJture (Lamoureux et al. 1992). This appears tobe the only documented 
report of the formation of an S-glucoside from the GSH pathway in plants. A sul
fonic acid derivative (XXI) of fluorodifen was also detected in that study. Both 
Fluorodifen and the S-glucoside of fluorodifen served as precursors of the sulfonic 
acid conjugate. Although sulfonic acidderivatives have been reported in the meta
bolism of OSH conjugates in soil (Lamoureux & Rusness 1989b), this is the first 
demonstration that plant tissues can also form these products as metabolites from 
the OSH pathway. 

Bound residues can be important terminal products of pesticides that are initially 
metabolized to GSHconjugates in plants (Lamoureux & Rusness 1981, 1986a). Little 
is known about the mechanisms by which bo~d residues are formed from the OSE 
pathway; however, a cysteine conjugate and a thiophenol derived from the 
metabolism of PCNB by the GSH pathway were both converted in high yield to 
bound residues in a peanut cell suspension cuJture (Lamoureux & Rusness 1981). It 
is likely that other intermediary metabolites from the pathway shown in Fig. 2 may 
also be precursors to bound residues. 

Tile glutathlon~ S-traesferase (GST) enzymes 

Distribution oj GST enzymes and general considerations 

Glutathione S-transferase (OST) enzymes in plants were discovered in maize and 
related species in 1970 (Frear & Swanson 1970). Before 1986, only one or two papers 
on plant GST enzymes were published per year; however, in 1986 papers dealing with 
plant OSTenzymes began to increase and at least 13 papers were published on this 
subject in 1991. Glutathione S-transferase enzymes have now been detected in at least 
33 species in the Plant Kingdom, including members of the Pteridophyta Division 
and members of both the Gymnospermae and Angiospermae Subdivisions of the 
Spermatophyta Division (Table 1). Only the soluble plant GST enzymes have been 
studied, but microsomal GST activity has been detected in pea (Diesperger & Sander
man 1979) and corn (Komives et al. 1985). Microsomal GST also occurs in mammals 
(Sies & Ketterer 1988). In corn, GST accounts for 1 to 20!o of the soluble protein 
(Mozer et al. 1983; Edwards & Owen 1988). Although the plant GST enzymes are 
assumed tobe cytoplasmic, their intraceUular Jocation has not been studied. 1t is pos
sible that GST enzymes are present in the chloroplasts since the GSH conjugate of 
atrazine is localized araund the bondie sheath chloroplasts (Huber & Sautter 1987) 
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Table 1. List of plant species in which glutathione S-transferase (GST) activity has been demonstrated and 
a Iiterature reference for each species. 

A butilon theophrasti (velvetleaf) 
Allium cepa L. (onion) 
Amaranthus retrofl!!XUs (redroot pigweed) 
Arachis hypogaea L. (peanut) 
Avena sativa L. (oat) 
Chenopodium album (common lambsquarters) 
Cicer arietinum L. (chickpea) 
Cucumis sativus L. (cucumber) 
Cucurbita maxima (squash) 
Dianthus caryophy//us (carnation) 
Digitaria ischaemum L. Qarge crabgrass) 
Digitaria sanguinalis L. (smooth crabgrass) 
G/ycine max L. (soybean) 
Gossypium hirsutum L. (cotton) 
Hevea brasiliensis (i-ubber tree) 
Hibiscus esculentus (okra} 
Hordeum vulgare L. (barley) 
Lycopersic:on escu/entum (tomato) 
Medicago sativa (alfalfa) 
Nicotiana tabacum L . (tobacco) 
Oryza sativa L. (rice) 
Phaseolus vulgaris (French bean) 
Picea abies (Norway spruce) 
Picea glauca (white spruce) 
Pisum sativum L. (pea) 
Saccharum ojficianarum (sugarcane) 
Setaria lutescens L. (yellow foxtail) 
Sorghum bicolor L. (sorghum) 
Sorghum halepense L. (Johnson grass) 
Sorghum sudanenese (Sudan grass) -
Sorghum vulgare L. (sorghum) 
Tortula ruralis (moss) 
Triticum aestivum L. (wheat) 
Zea mays L . (corn) 

Anderson & Granwald (1991) 
Lamoureux & Rusness (1980) 
Burkholder (1977) 
Frear & Swanson (1973) 
Singh & Shaw (1988) 
Burkholder (1977) 
Hunaiti & Ali (1990) 
Frear & Swanson (1973) 
Frear & Swanson (1973) 
Meyer et al. {1991) 
Burkholder (1977) 
Burkholder (1977) 
Frear & Swanson {1973) 
Frear & Swanson {1973) 
Balabaskaran & Muniandy (1984) 
Frear ,l Swanson (1973) 
Price et al. ( 1990) 
Frear & Swanson (1973} 
Edwards & Dixon (1991) 
Talcahasi & Nagata (1992) 
Komives & Dutka (1989} 
Edwards & Dixon (1991) 
Sehröder et al. (1990) 
Sehröder et al. (1990) 
Frear & Swanson (1973) 
Frear & Swanson (1970) 
Burkbolder (1977) 
Dean et al. (1990) 
Frear & Swanson (1970) 
Frear & Swanson (1970) 
Frear & Swansoo (1970) 
Dbindsa (1991) 
Jablonkai & Hatzios (1991) 
Frear & Swanson (1970) 

and a high percent of the GSH is in the chloroplasts (Rennenberg & Lamoureux 
1990). The GST enzymes in mammalian tissues have been localized by immunologi
cal techniques (Oberley et al. 199.1); therefore, it may be possible to localize the GST 
enzymes in plants without isolating organelles. 

The soluble GST enzymes from maize share some amino acid homology and/or 
immunological similarity with GST enzymes from other plant specie:; and with GST 
enzymes from insects and mammals (foung et a/. 1990; Hunaiti & Ali 1991; 
Reinemer et al. 1991; Singhal et al. 1991; Takahashi & Nagata 1992). The molecular 
weight of these dimeric proteins is usually about 54 kDa; the monomers have molecu
lar weights of 26 to 29 kDa and consist of approximately 214 amino acid residues 
(Timmerman 1989). 

OST isolation and generat considerations 

GST enzymes from plants have been isolated from roots (Mozer et al. 1983), seeds 
(Williamson & Beverley 1988), green and etiolated tissues (Mozer et al. 1983), cell cul-
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tures (Edwards & Owen 1986), protoplasts (Takahashi & Nagata 1992), and needles 
(Schröder et al. 1990). GST enzymes are frequently extracted from tissue that is 
frozen and ground under liquid nitrogen. The ground tissue is extracted with 0.2 M 
potassium phosphate (pH.6. 8-7 .8) (Dean et al. 1990) or Tris-HCI (pH 7. 8) (0' Connell 
et al. 1988) buffer that may contain 1 mM EDTA, 1 mM GSH, 5 to 7 .5o/o polyvinyl
pyrrolidone, and aprotinin (O'Connell et al. 1988; Williamson & Beverley 1988; 
Dean et al. 1990). Nucleic acids may be precipitated with protamine sulfate and the 
GST preparation is frequently fractionated by ammonium sulfate precipitation 
(Mozer et al. 1983). Afterdialysis or gel filtration, the enzyme preparation frequently 
is subjected to procedures such as DEAE chromatography (Mozer et al. 1983), affini
ty chromatography (O'Connel et al. 1988), phenyl Sepharose CL-4B chromatogra
phy (Williamson & Beverely 1988), chromatography on Mono Q (Dean et al. 1991), 
or electrophoresis (O'Connel et al. 1988). GST enzymes from plants are frequently 
stable, but some variation in the stability of different isozymes may occur (Timmer
man 1989). Plants contain natural inhibitors of GST (Singh & Shaw 1988; Lee 1991) 
and a number of precautions may be required to isohlte GST activity from certain 
organisms (Kumagai et al. 1988). 

Plant GST isozymes display considerable specificity for the xenobiotic substrate 
(Lamoureux& Rusness 1989a; Dean et al. 1990, 1991), but ve~ylittle is known about 
their specificity for the nucleophilic substrate (GSH, homoGSH, etc.). A crude GST 
system from maize did not utilize L-cysteine (Frear & Swanson 1970), but this may 
not be the case witb all plant GST isozymes (Still & Rusness 1977). Some important 
leguminaus species such as soybean contain hGSH rather than GSH, but very little 
has been published regarding the selectivity of tbese isozymes for different ')'-glu
tamylcysteine tripeptides. Significant selectivity towards GSH or analogs, bas been 
observed among mammalian GST isozymes (Adang et al. 1988). 

GST Jsozymes 

Pea was one of the firstplant species shown to contain multiple forms of GST activi
ty. Two isozymes active with trans-cinnamic acid were separated from a third iso
zyme that was active with fluorodifen (Diesperger & Sandermann 1979). The most 
detailed plant GST isozyme studies have been conducted with maize. In the first study 
dealing with isozymes from maize, a constitutive GST (GST I) and an inducible GST 
(GST II) that utilize CDNB and metolachlor as substrates were reported (Mozer et 
al. 1983). More recently, maize was shown to contain a complex mixture of GST iso
zymes active with the following substrates: atrazine (3 isozymes), CDNB (1 isozyme), 
trans-cinnamic acid (1 isozyme), EPTC sulfoxide (2 isozymes), and metolachlor 
(2 isozym:es) (Dean et al. 1991). These isozymes vary significantly in their selectivity 
towards different substrates. Sorghum contains a constitutive isozyme active with 
CDNB and another that is active with metolachlor (Dean et al. 1990). Sorghum also 
contains activity for atrazine (Frear & Swanson 1970), but it was not determined 
whether GST activity for atrazine was due to additional isozymes. Determining the 
nurober of isozymes in a species or biotype may be difficult because isozymes vary 
signficantly in their substrate selectivity and isozyme composition may be dependent 
upon the stage of plant development or prior chemical exposure (Edwards & Owen 
1986; Dean et al. 1990). 
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The GST enzymes from plants (Hatzios & Haagland i 989) animals (Si es & Ketterer 
1988), insects (Lamoureux & Rusness 1989a), and microorganisms (Tamaki et al. 
1990) can be induced by cbemical or environmental factors. The induction of plant 
GST enzymes is an active area of researcb and many compounds tbat induce OST 
activity in plants have proven effective as herbicide safeners. Safeners are com
pounds used in combination with herbicides to decrease the toxic effects of berbicides 
on plants. Some safeners are selective; i.e., they reduce herbicide toxicity to only a 
few plant species. Other safeners reduce herbicide toxicity to many species and are 
considered nonselective. 

There are several successful safeners and/ or farnilies of safeners and all or most 
of these cause an elevation of GST activity in some plant species (Fig. 3). Naphthalic 
anhydride (NA) and related anhydrides are nonselective safeners that elevate OST 
activity in sorghum and corn (Pallos & Casida 1978; Hatzios & Haagland 1989). 
The dichloroacetanilides (dichlormid and LAB-145138/BAS 145 138) are selective 
safeners that induce OST activity in both corn and sorghum ( Hatzios & Haagland 
1989; Dean et al. 1990, 1991). The oxime safeners (Concept III) and flurazole have 
been most extensively studied in sorghum and <;orn, but they induce GST in several 
other species as well (Mozer et al. 1983; Hatzios & Hoagland 1989; Dean et a/. 1990). 
Fenclorim also induces GST and it is an effective safener in rice (Komives & Dutka 
1989). These safeners are effective with either or both the chloroacetamide or 
thiocarbamate herbicides which are metabolized by GSH conjugation. 

In corn, 0.3 ppm dichlormid causes a 2- to 3-fold elevation in the enzymatic rate 
ofEPTC sulfoxide conjugation with GSH, and at 3 ppm it also causes a 2-fold eleva
tion in GSH Ievels (Lay & Casida 1976). DichJormid and other dichloroacetamide 
safeners have been consistently shown to cause an increase in the rate of GSH conju
gation (Hatzios & Haagland 1989; Fuerst & Lamoureux 1992; Dean et a/. 1991). In 
corn, induction of GST activity by dichlormid and related compounds begins within 
12 h and reaches a maximum within 48 h (Komives et al. 1986). In sorghum, induc
tion of GST by an oxime ether begins within 12 h and reaches a maximum in 36 h; 
the induction is blocked with either a transcription inhibitor (cordycepin) or a trans
lation inhibitor (cycloheximide) (Dean et al. 1990). Two constitutive GST isozymes 
and five new OST isozymes are induced with different safeners or metolachlor her-
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bicide, but the induction patterns vary somewhat depending upon what safener or 
herbicide is used (Dean ~~ al. 1990). In corn, flurazole causes a 3- to 9-fold increase 
in the steady state Ievel ofmRNA (Wiegand et al. 1986; Edwards & Owen 1988), and 
a dichloroacetamide safener (CGA-154281) selectively induces several GST isozymes 
(Dean et al. 1991). An isozyme active with cinnamic acid and three isozymes active 
with atrazine arenot affected by CGA-154281, but the isozymes active with CDNB, 
metolachlor, and EPTC sulfoxide are elevated. A new isozyme active with CDNB 
and a new isozyme active with metolachlor also are induced (Dean et a/. 1991). 

GST activity also can be induced by herbicides. In corn, atrazine metabolism by 
GSH conjugation is accelerated by pretreatment with a low dose of atrazine (Jachetta 
& Radasevieh 1981). The pretreatment results in a morerapid recovery from inhibi
tion of photosynthesis caused by atrazine. In corn, CDAA metabolism by GSH con
jugation is accelerated by pretreatment with a low dose of CDAA which increases 
tolerance for CDAA (Ezra et al. 1985). In sorghum, pretreatment with metolachlor 
causes an induction of GST isozymes and accelerates the in vitro rate of metolachlor 
GSH conjugation. The GST isozyme pattern produced by metolachlor in sorghum 
is slightly different from those produced by safeners (Dean et al. 1990). In chickpea 
(Cicer arietinum), a 24-h exposure to 10 ppm oxadiazon causes a 3.7-fold elevation 
in GST activity in the roots. The elevation in GST activity is observed within 6 h and 
occurs in the seedling, roots, stem, leaves, and shoots. Oxadiazon also causes the in
duction of GST in Vicia faba and other species (Hunaiti & Ali 1990, 1991). 

The auxinic compounds 2,4-D, IAA, and 1-napthalene acetic acid cause the induc
tion of GST activity in tobacco mesophyll protoplasts (Takahashi & Nagata 1992). 
Altbough GST activity with CDNB was elevated only about 400/o by 2,4-D, CDNB 
may not be a good substrate for this enzyme (Dean et al. 1991). The auxin-regulated 
cDNA responsible for this activity was isolated and expression was demonstrated 
during transition of the cultured protoplasts from the G0 to the S phase. Induction 
of mRNA was observed within 10 to 20 min of treatment and was maximal in 4 h. 
The amino acid sequence deduced from the cDNA Shows sjgnificant homology to 
maize GST BI. Tbe cDNA with an expression vector was successfuly used to trans
formE. coli which then produced the expected GST (Takahashi & Nagata 1992). 

The mechanism of GST induction by safeners has not been determined, but likely 
mechanisms proposed are: (a) the safener may combine with a gene repressor in a 
negative control mechanism, (b). the safener may combine with a gene activator in 
a postive control mechanism, or (c) an indirect method might involve an activator
repressor complex tbat becomes activated when the safener combines with the repres
sor whicb releases tbe activator to fit on the gene and stimulate the gene to produce 
mRNA (Hatzios & Haagland 1989). Since a large nurober of new proteins with GST 
activity are produced as a result of certain herbicide safener treatments, it is possible 
that other processes, including post-translational ones, may also be involved. The 
mechanism of GST induction is an area tbat needs considerable research. 

One known mechanism of action of herbicide safeners is to cause an increase in 
the rate of herbicide detoxification by GSH conjugation. This is true with safeners 
used with the chloroacetanilide and thiocarbamate herbicides. However, safeners 
also can elevate monooxygenase activity involved in the metabolism of some herbi
cides (Frear et al. 1991), glutathione reductase and GSH Ievels (Komives et al. 1986), 
glucosyltransferase activity (Lamoureux & Rusness 1991), and the uptake and assimi-
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lation of suifur (Lamoureux & Rusness 1989a). More than one of these effects may 
occur at the same time and the protective mechanism may involve several processes, 
including some not related to pesticide detoxification. Clearly, the effects of herbi
cide safeners on plants are complex. 

Since herbicide safeners elevate the Jevels of several metabolic enzymes, they might 
be expected to cause an alteration in the chemical composition of herbicide residues 
present in the plant. The effect of a dichloroacetanilide safener, LAB-145138 (BAS 
145 138) on the metabolism of two chloroacetanilide herbicides (metolacblor and 
prop.aclllor) in corn was examined. In neither case was the .qualitative nature of the 
metabolltes altered-:by the safener {Khalifa & Larnoureux 1990); Although these 
safeners did not affect the herbicide residues detected in these studies, they may have 
some impact on themetabolites produced with other classes ofherbicides (Lamoureux 
& Rusness 1991). 

Molecu/ar biology and genetic engineering 

A number of studies on the molecular biology of GST isozymes from maize were 
reported in themidand late 1980s (Mooreet al. 1986; Shah etal. 1986; Wiegandet al. 
1986; Grove et al. 1988; Timmerman 1989; Wasnicket al. 1989). Genes for OST ac
tivity in maize have been cloned, inserted into shutt1e vectors and OST activity has 
been expressed in both E. co/i and yeast. 

Inhibition of GST activity 

Crude OST preparations from corn and pea are inhibited by the common inhibitors 
of mammalian OST activity, including triphenyl tin chloride, bromocresol green, and 
su1fobromophthalein (Lamoureux & Rusness l986b, 1989a). In addition, the natural 
plant constituents quercetin, ellagic acid, juglone, hemin, and chlorophyllin are also 
inhibitors of OST (Singh & Shaw 1988; Lee 1991). 

The glutathione conjugate and the glutathione sulfoxide conjugate of tridiphaue 
are among the most potent inhibitors of plant GST activity. They inhibit plant 
OSTenzymes (corn, pea, giant foxtail) and also GST enzymes from equine liver 
and bousefly. The !50 values range from 0.7 to 19 JtM when assayed with atra
zine, fluorodifen. PCNB, propachlor, diazinon, and CDNB as the substrates. In
hibition of GST from giant foxtail by the tridiphaue GSH conjugate is competitive 
with respect to GSH (~ = 2.2 ~M) and noncompetitive with respect to CDNB 
<K! = 12.2 ~M). The GSH conjugate of tridiphane is 20- to 1000-times more effec
tive as an inhibitor of OST than several other xenobiotic GSH conjugates tested 
(Lamoureux & Rusness 1986b, 1989a). 

Tridipbane is metabolized to a GSH conjugate in giant foxtail and is a potent syn
ergist of atrazine which is also metabolized by GSH conjugation in this species. The 
synergism of atrazine toxicity appears to be at least partly related to inhibition of 
atrazine metabolism (Lamoureux 1989). Tridipbane also synergizes diazinon toxicity 
in thehousefly, apparently by inhibition of GSH conjugation of diazinon (Lamoureux 
& Rusness 1987a). Some caution is needed in the interpretation of in vivo results with 
tridiphaue since tridiphane also inhibits monooxygenase and GSH reductase activ
ities (Lamoureux & Rusness I989a; Moreland et al. 1989). The insecticide, feni-
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trothion is synergized in the housefly by IBP fungicide (0,0-diisopropyl S-benzyl 
phosphorothiolate). It appears that the fungicide is metabolized to a GSH conjugate 
that inhibits GST -mediated demethylation of fenitrothion (Shiotsuki 1991). 

Lipophilic GSH conjugates are excellent inhibitors of mammalian GST enzymes 
and they are usually competitive with GSH at the active site (Mannervik et al. 1989). 
A variety of halogenated benzoquinones are irreversible inhlbitors of mammalian 
GST activity. Conversion of these benzoquinones to GSH conjugates greatly in
creases the rate at which irreversible inhibition of GST activity occurs (V an Ommen 
et al. 1991). It is uncertain whether these compounds could be effectively used in vivo 
as specific inhibitors of GST. Glutathione sulfonate also inhibits GST activity and 
it has been used to study the structure of mammalian GST enzymes (Reinemer et al. 
1991). 

Natural function oj GST isozymes in plants 

In addition to protecting plants against toxic xenobiotics, plant GST enzymes may 
play other important roles. They probably are involved in the metabolism of en
dogenous chemieals or natural plant hormones. The findings that several plant spe
cies have GST activity for cinnamic acid (Edwards & Dixon 1991), the occurrence of 
a GST conjugate of caftaric acid in wine (Cheynier et al. 1986), and the identification 
of gibberthione as a natural plant constituent that could be synthesized from a GSH 
conjugate of 3-keto GA3 are all consistent with this hypothesis (Lamoureux & Frear 
1987). 

GST enzymes may play a roJe in the metabolism and detoxification of Iipid per
oxidation products. A GST preparation from pea catalyzes the detoxification of 
linoleic acid hydroperoxide to an alcohol (Williamson & Beverley 1987). All three 
major classes of GST enzymes from bumans catalyze the GSH conjugation of 
9,10-epoxystearic acid (Sharma et al. 1991), and it is likely that plant GST isozymes 
could catalyze similar detoxification reactions. Toxic aldehydes, such as 3-nonenal 
and 4-hydroxy-2-nonenal, are produced during Iipid peroxidation. Thesealdehydes 
can be detoxified by GSH conjugation (Mannervik et al. 1989; Spitzet al. 1991) and 
GST enzymes increase the rate of this detoxification reaction (Spitzet al. 1991). It 
is possible that this class of Iipid peroxidation products may be detoxified by plant 
GST enzymes. 

A GST preparation from oat is inhibited by the tetrapyrroles, chlorophyllin and 
hemin (Singh & Shaw 1988). This may suggest tbat GST enzymes play a role in the 
transport of tbese compounds between subcellular compartments within the plant 
cell. A similar proposal has been made for mammalian OST isozymes (Boyer & Olsen 
1991). In wheat, a protein with GST activity is induced by a fungal strain tbat is not 
pathogenic in wheat. This wbeat is protected from subsequent invasion by a patho
genic form of the fungus. This may suggest that GST enzymes play a role in protect
ing plants from pathogenic infection (Dudler et al. 1991; Mauch et al. 1991). Itis not 
known whetber GS1' activity with cinnarnic acid is involved in this protective effect 
(Edwards & Dixon 1991). Herbicide safeners possibly could be used to help protect 
plants against some fungi. The recent finding that auxinic compounds induce GST 
activity may point to a natural function for tbese enzymes in tbe proliferative activity 
of cells (Takahashi & Nagata 1992). GST induction in carnation in response to etby-
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lene also has been reported and this suggests a natural function for GST (Meyer et 
al. 1991); however, the induction of GST by ethylene was not detected in tobacco 
protoplasts (Takahashi & Nagata 1992). GST enzymes may also play a role in the pro
tection of plants during drought since these enzymes can be induced by drought 
(Dhindsa 1991). 

Coecluding remarks 

Most reported examples or USI-:l conjugation of xenobiotics in plants involve 
nucleophilic displacement reactions at a carbon site, but other classes of GSH conju
gation reactions also have been observed. Few if any new classes of xenobiotics have 
been shown to be metabolized by GSH conjugation in plants, but several new path
ways have been discovered in the metabolism and breakdown of GSH conjugates. 
GST activity has been demonstrated in over 33 plant ~pecies, including members of 
the Pteridophyta division and in gymnosperms and angiosperms in the Sperma
tophyta division. Our knowledge of the GST isozymes and the induction of these iso
zymes has been expanded considerably in recent years. The molecular biology of GST 
isozymes has been advanced to the point where transgenic yeast and bacteria that 
contain plant GST isozymes have been produced. Knowledge of the active site and 
kinetics of these enzymes has not been appreciably advanced. However, studies with 
auxinic compounds, plant pathogens, Iipid oxidation products, natural plant con
stituents, etc., have yielded results that indicate important natural functions for GST 
enzymes in addition to the detoxification of xenobiotics. 
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Introduction 

Plants may use various mechanisms to deal with excess metals acquired from the en
vironment (fomsett & Thurman 1988). Intracellular chelation of metal has received 
the most attention. Amongst the potential metal complexors, emphasis has been 
given to the subset involving sulfur-rieb polypeptides named eadystins (Kondo et al. 
1984) and phytoehelatins (Grillet al. 1985). These eompounds were diseussed in 1989 
at the first workshop in this series with the following generalizations (Grill et al. 
1990). The primary strueture ofthe polypeptideswas ('y-glutamyl-eysteinylln-glydne 
or (-yEC)nG with the number of 1EC pairs, n, ranging from 2 to 8 depending on the 
organism. Low amounts of the smaller peptides oecurred in normal plant eells, the 
synthesis of the range of peptides oecurred with eertain metals. Cadmium caused the 
appearance of ('YEC)nG polypeptides in a wide variety of organisms including two 
members of the Kingdom Fungi and many members of the Kingdom Phyta (Plantae) 
ranging from algae through to vascular plants. The polypeptides were not synthe
sized by ribosomes glutathione was required for their synth(!sis. Plants eontaining 
homoglutathione produced the homologaus molecules (-y-glutamyl-cysteinyl)n·ß
alanine or homophytochelatins. Cadmium was bound through the thiol of the poly
peptides. Complexes between Cd, a heterogeneaus population of sulfur-rieb poly
peptides, and sulfide were extractable from eells. The complexes could account for 
high percentages of intracellular Cd. 

The purpose of this essay is to describe and assess developments in the field of 
metal-binding peptides that have occurred since the first workshop on sulfur 
metabolism in plants. The pertinent information available prior to and shortly after 
the 1989 workshop is considered extensively in reviews (Robinson 1989, 1990; 
Steffens 1990; Reddy & Prasad 1990; Rauser 1990) and is addressed selectively here. 
No consensus is yet available on tbe nomenclature of the thiol-rieb polypeptides. The 
trivial names cadystins, phytochelatins, and homophytochelatins are restrietive. The 
name -y-glutamyl-cysteinyl isopeptide or ')'EC isopeptidewill be used. This name ac
eommodates the range of peptides occurring in metal-binding complexes and applies 
irrespective of the phylogenetic classification of the organism producing them. 

Synthesis of (')'-glutamyl-cysteinyl)8-glycines 

In vitro studies 

Involvement of glutathione (GSH) in the biosynthesis of (')'EC)nG was suggested by 
two lines of evidence. Kinetic analyses showed that, at early times, the -yEC iso-
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peptides were formed at the direct expense of GSH (Grillet al. 1987; Berger et al. 
1989; Mendum et al. 1990), and inhibition of -y-glutamyl-cysteine synthetase with 
buthionine sulfoximine to limit formation of -yEC, a precursor of GSH biosynthesis, 
inhibited formation of ('YEC)

0
G (Grill et a/. 1987; SeheHer et al. 1987; Reese & 

Wagner 1987). 
Direct evidence of GSH involvement inthe biosynthesis of ('yEC)

0
G was demon

strated with an enzyme preparation from cell cultures of Silene cucubalus (Grill et 
a/. 1989; Loeffler et al. 1989). The enzyme was a -y-glutamyl cysteine dipeptidyl 
transpeptidase. It catalysed the transfer of the -yEC moiety from a donor molecule 
of GSH to an acceptor molecule of GSH producing the pentapeptide (-yEChG and 
glycine. Once the pentapeptide accumulated and was in competition with GSH an an 
acceptor molecule, the -yEC moiety from a GSH donor molecule was transferred to 
the pentapeptide to form the heptapeptide (-yEC)3G and glycine. In the absence of 
GSH the enzymetransferred -yEC from the pentapeptide as donor molecule to the 
pentapeptide as acceptor molecule producing ('YEC)3G and GSH. The general reac
tion catalyzed by the dipeptidyl transpeptidase was 

where n = 1, 2, 3, . .. (Grill et al. 1989). 
The dipeptidyl transpeptidase enzyme was extracted from cultured cells not previ

ously exposed to Cd, hence it was designated a constitutive enzyme. The enzyme ac
tivity was also found in extracts from cell cultures of Podophyllum peltatum, 
Eschscholtzia california, Beta vulgaris and Equisetum giganteum, but could not be 
shown in extracts of other cell cultures or from differentiated plant tissues (Grillet a/. 
1989). 

Hayashi et al. (1991) confirmed the -yEC dipeptidyl transpeptidase reaction using 
an enzyme preparation from the fission yeast Schizosaccharomyces pombe. Further
more, they discovered that at low GSH concentration (12 J.(M instead of 1 mM) an 
enzyme activity transferred -yEC from GSH to -yEC, ('YEC)2, or (-yECh to produce 
the respective ('YEC)n+ 1 peptide. In the absence of GSH the enzyme preparation 
directly polymerized -yEC into {-yEC)2_3• These data provide the first indication that 
the glycine-less (desGiy or (-yEC)

0
) variants of (-yEC)nG can be products of synthesis 

rather than products of degradation as suggested in the past (Gekeler et al. 1989). 
Hayashi et a/. (1991) also showed that by providing purified glutathione synthetase 
and glycine the (-yECh.3 polymers could be converted to ('YECh.3G. From these data 
it could be deduced that the (-yEC)nG found commonly in metal-binding complexes 
was formed from GSH when GSH was abundant and from -yEC when GSH was low. 
lt remains unclear whether the various transpeptidase reactions are catalyzed by a 
single enzyme or a number of separate enzymes present in the preparations. 

The dipeptidyl transpeptidase activity depended absolutely on Cd or certain otber 
metals (Grillet a/. 1989). The transfer of -yEC ceased when sufficient (-yEC)

0
G had 

been formed to complex Cd at a thiol:Cd ratio of about 2:1 (Loeffler et al. 1989). 
The Cd-activated enzyme could be stopped prematurely by chelating free Cd with 
NaEDTA or a complement ofmetal-free ('YEC)0 G. It was suggested that the dipep
tidyl transpeptidase activity was self-regulated in that free Cd activated the enzyme 
and once the products of the reaction chelated the free Cd catalysis ceased (Grill 
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et al. 1989, Loeffler et al. 1989). This interpretation was, however, not supported by 
Hayashi et al. (1991) who found transpeptidase activity with or without Cd present. 
Impure enzymes were used by both groups. The status of metal activation is unclear 
until higbly purified enzymes are evaluated. 

In vivo studies 

Experiments with cultured cells of Rauvolfia serpentina (Grillet al. 1 987) and Datura 
innoxia (Robinson et a/. 1988; Berger et al. 1989) showed a rapid accumulation of 
('yEChG after addition of Cd. The n = 3, 4 and 5 isopeptides appeared successively 
later and in turn accumulated more slawly. These data indicated that the shorter 
isopeptide was the precursor to the larger one. This pattern was matched by the 
kinetic studies with -yEC dipeptidyl transpeptidase ;n vitro (GriJJ et al. 1 989). 

Most of the studies on induction of (-yEC) isapeptides have been with Cd. Grillet 
al. (1987) showed that Cd, Pb, Zn, Sb, Ag, Ni, Hg, arsenate, Cu, Sn, selenate, Au, 
Bi, Te and W induced the peptides with decreasing effectiveness. The concentrations 
of metals and anions used seem ta be arbitrary. Without knowledge of the local con
centratian at the controlling site it is difficult to justify ranking metals according to 
their effectiveness as peptide inducers. The -yEC isopeptides appeared in the algae 
Scenedesmus acutijormis and Chlorellafusca on expasure to excess Ag, Cd, Cu, Hg, 
Pb and Zn (Gekeler et a/. 1988). Responsestoa wide variety of metals in the same 
arganism have not been verified independently. In fission yeast Cd and Cu induced 
-yEC isopeptides (Reese et a/. 1988) as did Cd in tobacco cells (Reese & Wagner 1987), 
yet in both cases Zn was without effect. Lack af response may be related to too low 
concentration of metal at the cantrot site or genuine differences between species in 
ability to respond. 

In same cultured plant cells additian af Cd caused the concentratian of GSH to 
decline rapidly fallowed by some increase towards the end of 9 and 24 hour experi
ments (Grillet al. 1987; Scbeller et al. 1987; Mendum et a/. 1990). For Datura innoxia 
cells, however, Cd exposure for 2 hours caused little change in GSH despite synthesis 
of -yEC isopeptides (Berger et al. 1989). The concentration of GSH in Cd-expased 
tomato cells increased by the second day and the higber levels were maintained for 
12 to 16 days (Gupta & Galdsbrough 1991). The cancentration of GSH in roats of 
maize seedlings also declined rapidly after exposure to Cd (Rauser 1987; Tukendorf 
& Rauser 1990; Rauser et a/. 1991; Meuwly & Rauser 1992), however, unlike the situ
ation in cultured cells, the concentration of GSH did not recover to that in controls 
within 4 to 7 days (Meuwly & Rauser 1992; Rüegsegger & Brunold 1992). The lack 
of recovery only in roots of intact plants was puzzling because Cd bad no adverse 
effect on GSH flux to maize roots at least overthe initial32 hours (Rauser et al. 1991) 
and thiols were present ta participate in some binding of Cd (Meuwly & Rauser 1992). 
It is uncertain wbether the lower concentrations of GSH are themselves of some bio
logical strain to the root tissues. 

The normally Jow concentration of -yEC in maize roots rose 6 hours after exposure 
to Cd, at a time when the greatest lass of GSH had occurred (Rauser et al. 1991, 
Meuwly & Rauser 1992). The concentration af -yEC continued to increase to about 
12-fald over control in 4 days (Rüegsegger & Brunold 1992) and 28-fold after 6 days 
(Meuwly & Rauser 1992). Significant accumulations of -yEC in shoots started after 
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. . 
1 or 2 days and continued to 4- and 8-fold over controls. Rüegsegger and Brunold 
(1992) found that roots of maize incorporated more [35S]sulfate into Cys, -yEC and 
GSH when seedlings were exposed to Cd. The extractable activity of -y-glutamyl
cysteine synthetase increased more than 2-fold, wbereas that of GSH synthetase was 
1.6-fold that of controls. Tbe observed accumulation of -yEC in Cd-exposed maize 
roots was suggested to be due to a combination of higher contents of Cys, greater 
activity of -y-glutamyl cysteine synthetase and elimination of feed-back inhibition of 
1'-glutamyl cysteine synthetase by low GSH content. A combination of -yEC availa
bility and dipeptidyl transpeptidase activity (as per Hayashi et al. 1991) would explain 
tbe presence of a Glu + Cys peptide (Bernhard & Kägi 1987) and of (J'ECh (see 
later) in Cd-binding complexes from maize roots. OesGly variants have also been 
identified, along witb (-yEC}

0
G peptides, in Cd-binding complexes from two yeasts 

(Mehra et al. 1988) and Cu-binding complex from fission yeast (Mehra & Winge 
1988). These data support the view that the (-yEC)0 peptides found in plants and 
yeasts are products of biosynthesis; that they are products of degradation remains 
possible. 

Acid-soluble tbiols 

Once it became clear that Cd-binding complexes contained suJfur-rich peptides like 
('YEC}

0
G, assays of just tbe peptides in small samples became prevalent. ln one 

procedure tissues or cultured cells were extracted with NaOH followed by reduction 
of thiols with NaBH4 prior to acidification (Grillet al. 1991). An alternative was to 
simply homogenize the plant material in acid such as 5-sulfosalicylic acid (Gupta & 
Goldsbrough 1991) or HCl (Tukendorf & Rauser 1990). These methods largely 
deproteinized the extracts leaving amino acids and polypeptides in solution. lt is not 
known how quantitative these methods are for -yEC isopeptides, a recovery of ap
proximately 900Jo was reported for GSH (Scheller et a/. .1987). In the author's hands 
the NaOH/NaBH4 extraction of maize tissues resulted in unsatisfactory thiol pro
files . Constituents could be separated by reverse-pbase HPLC and the thiols quanti
tated (Grillet al. 1991; Rauser 1991). A major Iimitation, however, was the displace
ment of metal by tbe acid making it impossible to directly ascertain which thiols 
bound metal in vivo. 

The qoantitation of acid-soluble thiols following separation by HPLC is based on 
their reaction with the thiol-specific reagent 5,5'-dithiobis(2-nitrobenzoic acid) 
(DTNB, E1Jman's reagent) added to the HPLC effluent at a constant rate. The time 
allowed for the yellow color to develop was not specified in the original application 
of the method (Grill et al. 1985), from a later publication it could be calculated to 
be 1.25 min (Gekeler et a/. 1989). A reaction time of 1.2 minutes, derived indepen
dently, gave nearly complete color development with the various thiols from a Cd
binding complex of maize roots and GSH was a satisfactory standard for all the thiols 
detected (Rauser 1991). Areaction time of 6 seconds gave equivalent tbiol responses 
for GSH and (-yEC)2G, but forthelarger peptides (n = 3 to 6) the response factors 
were reduced which necessitated calibration with the respective individual peptides 
(Gupta & Goldsbrough 1991). 

Plant cell cultures are a popular model system to study the dynamics of metal-
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Fig. 1. Thiolprofiles fTom roots of maize exposed to 314M CdS04 for five days. Acid-solublematerials 
in an extract equivalent to 0.30 g fresh weight of roots (A) and from a Cd-binding complex equivalent 
to 1.69 g fresh weight of roots (B) were separated by reverse-phase HPLC and thiols determioed by post
column reaction with Ellman's reagent (Rauser 1991). The thiols were eluted by a linear gradient of 0-2011Jo 
acetonitrite in 0. 1 0"/e trifluoroacetic acid over 40 minutes. OSH and -yEC occurred together in peak a, peak 
b was for sulfide. 

binding peptides, few studies are available for roots and shoots of intact plants. 
The thiol proflies of acid extracts of cultured cells are usually simple, showing Cys, 
GSH and 4 to 8 (-yEC)0 G isopeptides (Grillet al. 1987; Fujita & Izumi 1990; Reese 
et al. 1992). Other acid-soluble tbiols arenot evident or appear assmall peaks in pub
lished thiol profiles. Some workers mention that rninor thiol peaks eluted between 
the predominant ('yEC)

0
0 isopeptides without sbowing a thiol profile (Gupta & 

Goldsbrough 1991). In roots of maize seedlings exposed to 3 ~M Cd for 5 days tbe 
thiolprofilewas complicated (Fig. lA). In this example 18 acid-soluble thiols eluted 
after the emergence of GSH and -yEC. ldentity of the thiols in the ten major peaks 
was sought in the absence of standard -yEC isopeptides. Peaks 2, 6 and 9 were previ
ously designated ('YEC)2G, (-yEC)3G and ('YEC)4G, respectively on the basis of ami
no acid analyses (Tukendorf & Rauser 1990). The thionitrobenzoate derivatives of 
peaks 1 through 10 were collected, purified by HPLC and tbe amino acid composi
tions determined (Meuwly, P. & Rauser, W .E.; unpublished results}. The peptides 
were composed primarily of Glu and Cys or Glu, Cys and Gly. Tbe amino acids in 
purified thionitrobenzoate derivatives were sequenced by mass spectrometry. Thiol 
peak 6 was tbe pentapeptide (-yEC)2G, the polymer based on GSH (-yECG). At tbe 
time of writing tbe 'Y linkage in all compounds is inferred on tbe basis of parallels 
in fragmentation patterns with standard derivatized -yECG and -yEC. Thiol peak 7 
was (-yEC)2, the polymer presumably based on the abnormally accumulated -yEC 
(see above). Thiol peak 8 was ('YEC)2E, a novel polymer not based on -yECG 
(glutathione) nor -yEC but presumably on thiol peak 1, the novel tripeptide -yECE. 
Structural identification of the otber thiol peaks in Fig. I Ais in progress. This incom
plete study indicated tbat previous identifications of thioJs in maize roots based on 
amino acid compositions alone were incorrect (Tukendorf & Rauser 1989; Rauser 
1990). Camparisan oftbethiol complement in Fig. lA with that inFig. 18 indicated 
that only some of tbe acid-soluble thiols participated in forming Cd-binding com
plex. Peak 7, the desGly ('YECh, was tbe single most abundant thiol in the acid 
extract 5 days after exposure to Cd. Furthermore, in roots, the combined concentra-
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tion of -yEC and other thiols containing Glu and Cys increased after tbe pool of GSH 
was significantly depleted (Meuwly & Rauser 1992). From 24 hours of exposure on
ward the concentration of these thiols exceeded the accumulating ('yEC)n G peptides 
by 1.2 to 2.4-fold. 

Pep~cie funct~on 

Meta/ transfer to apoenzymes 

One aspect of metal homeostasis in cells is the transfer of metal from a site of chela
tion or storage to an apoform of a metalloenzyme. Thumann et al. (1991) reconsti
tuted separate Cu and Zn complexes with individual (-yEC)

0
G peptides. The apo

form of the Cu-requiring enzyme diamino oxidase from spinach was reactivated by 
Cu('yEChG nearly as effectively as by an equal amount of Cu from CuS04• The 
Cu('yEC)4G and Cu(-yEC)5G complexes transferred meta! less efficiently, perhaps 
due to strong metal binding in the complex. The Zn-requiring enzyme carbonic anhy
drase from bovine erythrocytes was reactivated by Zn(-yEChG and Zn(-yEC)7G 
complexes. The rates of reactivation with the complexes were 3007o and 6811/o slower, 
respectively than with an equal amount of Zn from ZnS04• Theseare the frrst data 
to show that metal-binding peptides from plants activate apoforms of metallo
enzymes, a role consistent with metal homeostasis. The relative effectiveness of -yEC 
isopeptides in this role needs to be compared to other metal chelators such as the 
organic acids prevalent in plant tissues. 

Chelating meta/ in comp/exes 

Tbe major putative function of the sulfur-rieb polypeptides in plants is metal bind
ing. This function in vivo can currently only be assessed by isolating the combined 
entity of meta! and polypeptides as metal-binding complex. Vascular plants through 
to algae and certain yeasts can have a small to ]arge proponion of certain cellular 
metals present as metal-binding complexes. The most rigorous data are for tbe Cd 
complexes, the Cu complexes from plants are poorly understood. Complexes with 
the range of other metals that induced the appearance of (-yEC)

0
G peptides (Gekeler 

et al. 1989; Grillet al. 1990) remain tobe isolated. The actual form in which the low 
amounts of ('YEC)0 G peptides occur in control cells and tissues is unknown. 

The Cd-binding complexes from plant cells and tissues contain Cd, a complement 
of -yEC isopeptides and some acid-labile sulfur. The stoichiometry between the three 
types of constituents is not available for plant Cd-binding complexes, most charac
terizations are partial and qualitative. The complex from cultured cells of tomato 
contained (-yEC)0G peptides of n = 3, 4, 5 and 6, tbe n=2 peptidewas minimal, 
acid-labile sulfurwas not measured (Gupta & Goldsbrough 1991). Complexes from 
tomato roots contained the same peptides, however, the n = 4 peptide predominated 
in a high sulfide-containing complex while n = 3 and 4 peptides dominated in a low 
sulfide-containing complex (Reese et al. 1992). U1traviolet spectroscopy of tomato 
complex, particularly tbe high sulfide form, showed transitions typical of CdS crys
tallite as described for the Cd complex from fission yeast (Dameron et al. 1989). In 
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this model, CdS crystallite occurs as particles of 20 A diamctcr capped by about 
30 peptides of predominantly ('yEC)2G and ('yECh. A Cd-binding complex from 
maize roots contained only some of the thiols and in a different ratio (Fig. lB) to 
those found in the acid extract of comparable roots (Fig. lA), Wustrating the danger 
of equating amounts of thiolate peptides in cell or tissue extracts with their participa
tion in binding metal in vivo. The sulfideevident in Fig. 1B was partofthat in the 
complex, an unknown loss occurred during preparation of the sample for chro
matography. 

The Cd-binding complex from Rauvo/fia serpentina contained tbe following 
('yEC)0G peptides in J.!IDOl: n = l, 3.9 (GSH); n = 2, 1. 7; n = 3, 71 .0; n = 4, 22.9; 
n = 5, 3_9; n = 6, 1.1; a low amount of sulfide (1.0 14mol) and 89.4 J.!IDOl Cd (Strasdeit 
et al. 1991). This description probably reflects an aggregate or composite of several 
complexes rather than a stoichiometric composition of an individual complex. Ex
tended X-ray absorption fine structure analysis showed that each Cd was coordinated 
by the S of four cysteines at a Cd-S bond length of 2.52 ± 0.02 A. The various 
(-yEC)

0
G molecules participated in forming the discrete Cd(SCys)4 units. The car

boxylate groups of the peptides were non-coordinating. The location of tbese groups 
on the surface explained the high negative charge so characteristic of the Cd-binding 
complexes and tbe tendency of the complex to increase in apparent molecular size 
at low ionic strengths (Grill et a/. 1987. Rausec 1990). It is hoped that the extended 
X-ray analysis will be applied to a complex containing high amounts of acid-labile 
sulfide. 

The importance of the thiol-rich peptides in binding meta) has been evaluated by 
estimating the amount of cellular metal that occurred as a complex. Extracts are pre
pared and chromatograpbed by gel filtration, then the amount of Cd in the major 
Cd-binding peak known to contain (-yEC)0 G peptides is determined. Values of 
greater than 9007o were reported for Cd from cultured plant cells (Grillet al. 1990, 
Gupta & Golds brough 1991) and up to 70% from the alga Chlamydomonas reinhard
tii (Howe & Merchant 1992). These reports Iack information on 1) removal of ex
tracellular Cd by customary exchange methods and 2) partitioning of intracellular Cd 
between the cell debris and the soluble phase. The percentage of Cd occurring as Cd
binding complex in gel filtration of soluble phase material does not represent the 
proportion of cellular Cd in the complex. An extreme example of the problern is the 
situation in tbe freshwater moss Rhynchostegium riparioides where most metal was 
bound by tbe cell walls leaving about 0.6% of the total Cu and 20Jo of the total Cd 
extractable, yet most of the extractable Cu and Cd occurred as metal-binding com
plexes (Jackson et al. 1991). Washed cells of Datura innoxia bound 77% of the solu
ble Cd as Cd-binding complex (Jackson et al. 1984). In Silene vulgaris planls exposed 
to 40 14M Cd for 21 days, 52% of the Cd in wasbed roots occurred as Cd-binding 
complex (Verkleij eL al. 1990). In maize seedlings 37% oftbe Cd in desorbed roots 
occurred as complex after 2 days and 570Jo after 5 days of exposure to 3 14M Cd 
(Rauser, unpublished data). In maize shoots only 12% ofthe Cd was bound as a com
plex after 5 days. The importance of Cd-binding complexes in roots increases because 
roots generally contain more of the plant Cd than do shoots. For example, roots of 
maize contained about 60% of the plant Cd, about 80% was in tomato roots and up 
to 87% in the roots of the grass Agrostis gigantea (Rauser 1986). Bean plants exposed 
to the very high concentration of 2.5 mM Cd for 21 days contained about 85% of 
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thc plant Cd in roots (Leita et al. 1991). The bean roots had 240Jo of their Cd in a 
Cd-binding complex, the Ieaves 170Jo. 

The ready solubilization of Cd-binding complexes is consistent with their putative 
location in the aqueous phase of cells. Vögeli-Lange and Wagner (1990) showed that 
purified vacuoles contained virtually all of the (-yEC)0 G peptides and Cd present in 
tobacco leaf protoplasts. GSH was found in the protoplasts but not in the vacuoles. 
Since the dipeptidyl transpeptidasewas deemed a soluble enzyme (Grillet al. 1989), 
it was highly probable that the ('yEC)0 G peptides were synthesized extravacuolatly 
where the substrate was available. Transport of the peptides into the vacuoles was 
postulated (Vögeli-Lange & Wagner 1990). This process and whether Cd accompa
nies the peptides requires direct evaluation. 

If one accepts the evidence that only some of the cellular Cd is associated with ')'EC 
isopeptides (300Jo in the case of cultured tobacco cells, Krotz et al. 1989; 570Jo in maize 
roots, Rauser unpublished data), the question of the speciation of the remaining Cd 
arises. More than enough organic acids occurred in vacuoles of tobacco cells to che
late the remaining Cd, and all the Zn which in these cells did not elicit (-yEC) isopep
tides (Krotz et a/. 1989). Computer calculations ofthe ion species in tobacco vacuoles 
predicted that -yEC isopeptides and the organic acids malate, oxalate and citrate 
formed soluble Cd complexes (Wang et al. 1991). Citrate had a particularly high 
potential for complexing Cd over a wide range of vacuolar pH. These studies indi
cated that considering -yEC isopeptides as the principal metal chelators in plants 
(i.e. Grillet al. 1990) may apply to high and very high Ievel Cd exposures and not 
to low Ievel Cd exposures generally occurring in agricultural production. 

Two low-molecular weight Cu-binding complexes isolated from pea leaves con
tained about 300Jo of the total Cu in the tissue (Palma et al. 1990). Challenge of 
Cu-sensitive and Cu-tolerant cultivars with excess Cu caused an increase of one of 
the complexes in the Cu-tolerant pea. The protein in the complex contained little Cys, 
excluding the consideration of ')'EC isopeptides, but was rieb in isoleueine (300Jo). A 
poly-isoleueine protein was suggested as participating in binding some of the Cu in 
leaves of the Cu-tolerant pea. 

Meta/ tolerance 

A role for -yEC isopeptides in metal tolerance was supported for Cd with cultured 
plant cells and one intact plant. Inhibition of peptide accumulation by reducing avail
able glutathione and -yEC with buthionine sulfoximine sensitized cultured cells to Cd 
(refs. in Grillet al. 1990). A comparable effect was reported for Cu in intact plants 
of Mimulus guttatus where buthionine sulfoximine markedly reduced root growth 
wben an otherwise Cu-tolerant clone was exposed to excess Cu (Salt et al. 1989). Un
fortunately no details were provided on peptide Ievels with the various treatments. 
An entirely opposite effect was demonstrated for Festuca rubra where buthionine 
sulfoximine did not increase, rather it decreased, the inhibitory effect of excess Zn 
on root growth of Zn-tolerant and Zn-sensitive cultivars (Davies et al. 1991). The sug
gestion that -yEC isopeptides did not have a key role in Zn tolerance was made in the 
absence of any peptide measurements. Tolerance of Cd by cultured cells of Datura 
tnnoxia was not due to overproduction of "YEC isopeptides, only rapid production 
of Cd-')'EC isopeptide complex correlated with tolerance (Delhaize et al. 1989). After 
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a 21 day exposure to Cd no correlation was found between the amount of Cd-binding 
complex and Cd tolerance in roots of Silene vulgaris, incorporation of acid-soluble 
sulfide might be of importance (Verkleij et al. 1990). Both Cu-tolerant and non
tolerant root apecies of Silene vulgaris bad equal -yEC isopeptide contents supporting 
the conclusion that the peptides were not involved in differential Cu tolerance (Schat 
& Kalff 1992). This study is exemplary in that the target tissue, root apecies, was ana
lyzed and comparisons were made between plants with equivalent growth responses. 
The amount of Cu--yEC isopeptide complex was not measured which precluded as
sessment of this component in Cu tolerance. lnsufficient specific data are at band 
for a variey of plant species, and of metals, to definitively rule out metal complexa
tion by -yEC isopeptides in the pbenomenon of differential metal tolerance. 

Metallothionein 

Identification of -yEC isopeptides in plants arose from the search for the classical 
metallothionein (MT), i.e. the class I MT closely related to equine renal cortex MT. 
Since a considerable portion of metal, notably Cd, can be accounted for through 
binding to -yEC isopeptides in plant cells and tissues, the chanenge to isolate and 
characterize the classical MTs in plants has been neglected. The finding that mature 
wheat embryos contained a Cys-rich Zn-binding protein with amino acid sequence 
homology to rat Ii ver MT and crab MT (Lane et al. 1987) has not been carried fur
ther. A new impetus came from the discovery of two genes similar to those of MTs 
amongst the Cu-regulated genes in Cu-tolerant Mimulus guttatus (de Miranda et a/. 
1990). The strong homology was due to two sequences coding for 14 or 15 amino 
acids in two separate domains each containing 6 Cys residues. The genes encoded a 
putative polypeptide 72 amino acids long. Similar genes were found in peas (Evans 
et al. 1990), barley (Okumura et al. 1991), soybean (Kawashima et al. 1991) and 
maize (de Framond 1991). The protein from these. plant MT-Iike genes needs tobe 
isolated from plants and characterized. The MT -like gene from pea was fused to the 
glutathione-S-transferase fusion-protein expression vector and expressed in E. co/i 
(Tommey et al. 1991). After growtb in 500 11-M Cu, Cd or Zn the E. coli produced 
fusion protein with the MT portion binding. each of the metals. The pH of half
dissociation of Cu, Cd or Zn from the fusion protein was 1.45, 3.95 and 5 .35 respec
tively, values similar to those found for equine renal MT. Kille et al. (1991) reisolated 
the MT -like gene from peas and expressed it via a plasmid in E. coli. Only degraded 
protein could be isolated from E. coli as if the recombinant protein was attacked by 
proteolytic enzymes in vivo. If the same situation were to occur inside plants cells it 
would explain previous difficulties in isolating classical MTs from plants (Kille et al. 
1991). 

Antibodies to rat MT were used in a radioimmunoassay to show that soybean roots 
exposed to 2.5 p.M Cu increased the MT concentration by 6-fold over the control 
(Chongpraditnun et al. 1991; Nakajima et al. 1991). Immunohistochemical tech
niques showed staining for MT in selected parts of the soybean: in root cap and 
cotyledonary epidermal cells of hydrated embryos; cells of the shoot apex below and 
to the side of the tunica-corpus andin root cap cells of seedlings. Perhaps the putative 
plant MTs are involved particularly with the essential elements Cu and Zn in highly 
regenerative parts of plants. The mature cells in the bulk of the tissues respond rapid
ly, certainly to Cd, with the synthesis of -yEC isopeptides. 
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Concluding remarks 

Considerable progress has been made in the biochemistry and physiology of the 
ubiquitous sulfur-rieb peptides identified as (y-glutamyl-cysteinyl)n-glycine. Char
acterization of an enzyme involved in biosynthesis of the peptides, -y-glutamyl
cysteine dipeptidyl transpeptidase, provides a key element to enable sturlies of the 
gene for the enzyme and its regulation. The possibility of biosynthesis of related thio
late peptides directly from -y-glutamyl cysteine emphasizes the diversity of mechan
isms Operating in plants and the complexity we seek to understand. Exposure to 
excess Cd particularly enhances the metabolism of sulfur through the accentuated 
demand for organic sulfur and even sulfide to form complexes. 

The demonstration that Cu- and Zn ("YEC)nG peptides activate apoforms of 
metalloenzymes indicates that the peptides can function in metal homeostasis. Their 
role in complexing a large portion of intracellular metal in situations of high exte:rnal 
doses is clear for Cd in cultured plant cells yet appears more restrained in roots and 
shoots of intact plants. The comparable situation for other metals known to induce 
the peptides remains unclear. Other chelators such as organic acids may sequester 
metals in those situations where external doses are more like the metal concentrations 
found in lightly to moderately contaminated soils. The role of -yEC isopeptides in the 
phenomenon of differential metal tolerance in intact plants remains unclear. Much 
of the knowledge gained for -yEC isopeptides has been for the accentuated reaction 
of plants to Cd, a non-essential element. For other metals, including the essential 
micronutrients Cu and Zn, it is necessary to consider that the reactions of plants may 
differ in kind and degree from those elicited by Cd. Plants may well use an array of 
different, yet functionally parallel, mechanisms to deal with metals including pro
tcins closely related to the classical mammalian metallothioneins. 
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lntroduction 

Sulfur emissions from the biosphere 

Atmospheric sulfur originales from numerous sources, botb antbropogenic and 
natural. Amongst the natural sources, biogenic ernissions are presently thought to 
constitute about half of the total sulfur burden to the atmosphere (Aneja & Cooper 
1989; Aneja 1990; Kesselmeier 1991; Rennenberg 1991), thus representing an impor
tant variable in the total biogeochemical sulfur cycle. 

However, present estimates of the global sulfur budget and of emission rates from 
ecosystems have a high uncertainty (Table 1). This problern has recently been ad
dressed by several authors (e.g. Rennenberg 1991; Kesselmeier 1991). It may be 
noteworthy in this context to realize that the sparseness of reliable data for concentra
tions and fluxes may be as much a result of analytical problems in the successful 
quantification of sulfur compounds as in their rapid atmospheric reactions by pho
tolysis (Crutzen 1976) or after reactions with hydroxyl radicals (Ravishankara et al. 
1980; Adewuyi 1989) and N03· (Jensen et al. 1991). Both these processes finally 
yield S02 or SOi· which are scavenged out of the atmosphere by dry and wet depo
sition. A compilation of approximate atmospberic lifetimes of some important sulfur 
containing gases is given in Table 1, indicating that reliable emission data may, at 
present, only be obtained for stable compounds. 

Nevertheless, several volatile reduced sulfur cornpounds from various plant species 
growing in different ecosystems have been identified, and emission is a phenomenon 
recognized in the literature. H2S, COS, DMS, CS2 and methylmercaptan seem tobe 
frequently released into the atmospbere by plants. The distribution of emissions 
amongst plant species has been reviewed by Aneja & Cooper (1989) and Rennenberg 
(1991). Comprehensive information on the distribution of these emissions from 
different ecosystems is summarized in the work of Adamset al. (1981), Goidan et 
al. (1987), Aneja (1990) and Kesselmeier et al. (1991). Ecosystem fluxes estimated by 
several authors still are afflicted with a !arge uncertainty, because of the !arge biologi
cal diversity within these systems, and the technical prerequisites for exact sulfur 
measurements have only recently been established (MacTaggart et al. 1987, Haunold 
et al. 1992). Ten years ago, estirnates for global biegenie sulfur emissions fluctuated 
between 270 Tg S year· l to about 35 Tg S year·l (Freney et al. 1982), nowadays tbey 
are calculated to be in tbe range between 170 and 73 Tg year·l (Berresbeim et al. 
1989; Andreae 1990). But even these data sets can be used to distinguish typicallow 
and high emitting biotopes. Except for ocean salt spray, which is not considered in 
this review, several authors report the highest biogenic source strengths from salt 
marshes (3.5 up to 650 g S m·2 year·1), followed by humid and dry forests (0.88 and 



254 P. Sehröder 

Table 1. Atmospheric concentrations and lifetimes of reduced sulfur gases. Compilation of concentrations 
by: a, Meszaros (1981), b, Huber et al. (1992), Lifetimes as estimated by Andreae et al. (1982); n.d, no 
data available. 

Species Common name Atmospheric 

Conc. [pptv] Lifetime 

H2S Hydrogen sulfide oa- 230b <I day 
DMS Dirnethyl sulfide 3- 36 2 days 
DMDS Dirnethyl disulfide n.d. <1 day 
cos Carbonyl Sulfide 510- 1120 >365 days 
cs2 Carbon disulfide 190- 1470 14 days 
CH3SH Methyl mercaptan n.d. <1 day 

0.023 g S m-2 year-1, respectively) and crop fields (with maximum emissions from 
corn, 0.273 g S m-2 year·l, data from Adamset al. 1981 and Aneya 1990). Studies 
with single coniferous trees showed that they may gem;rally be classified as low emit
ters (0.007 g S m-2 year-1, Aneya & Cooper 1989; 0.001 g S m-2 year-1, Rennenberg 
et al. 1990). 

In all cases, the main sulfur species reported to be emitted by the ecosystems are 
H2S and DMS. Flux data for CH3SH and CS2 from ecosystems are scarce; for the 
former gas, this might be due to rapid atmospheric reactions, and for the latter gas 
this may be due to its Iow source strength and high atmospheric stability. Methyl 
mercaptan has been identified in emissions from rape seed (Kesselmeier et al. 1991), 
clover, wheat (Fall et al. 1988), and from the marsh grass Spartina alternifolia 
(Steudler & Peterson 1984, 1985; Goidan et al. 1987). Only a few reports identify 
CS2 emissions as plant related. The tropical tree Stryphnodendron excelsum seems 
to emit CS2 in high amounts from its roots (0.15 -1.5 g S m-2 year-1; Haineset al. 
1989), and Spartina a/ternijolia has been shown to emit 0.2 g S m-2 year-1 (Aneja et 
al. 1979). 

It is interesting to note that the emissions from soil samples consistently differ from 
those from total ecosystems. Alfisols, inceptisols and spodosöls are low sulfur emit
ters (Adams et al. 1981), whereas histosals and mollisols are soil types which emit 
reduced sulfur gases most abundantly, with equal amounts of H2S and DMS, fol
lowed by CS2, COS and DMDS (Adams et a/. 1981; Goidan et al. 1987; Aneja 
1990). lt seems tobe a fact that large amounts of the sulfur emitted by soils is taken 
up by the plants covering the system and may be re-emitted into the atmosphere in 
a different form. Nice examples for this interaction and the role of the soil can be 
compiled using data from laboratory experiments with wheat plants (Fall et al. 1988) 
artd also from field studks (Goldart et al. 1987). The .soil-plant system as a whole 
shows a net emission of DMS, methyl mercaptan and low fluxes of COS and CS2, 
whereas the soil system alone emits only COS and CS2 (Table 2). This observation 
was confirmed during field measurements in a wheat field by B. Huber (personal 
communication). Similar results for the source of H2S from a French lawn were ob
tained by Delmas et al. (1980); the lawn was calculated to emit 0.24 g S m-2 year-1, 
whereas the Iawn soil was found to emit only 0.07 g S m-2 year-1• 

During recent years the role of the biosphere as a sink for atmospheric sulfur has 
been investigated in some depth (De Cormis 1968; Freer -Smith 1985; Taylor & Tingey 
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Tab/e 2. Sulfur fitu:es from canopies, sbowing tbe distinction between bare soil and vegetation covered 
sites; tagether with identificatioo oftbe slllfur source. Measurements were perfarmed after cryogenic sam
pling and analysis by FPD-GC. Data are compiled fram (a) Goidan et al. (1987), field measurements; (b) 
Fall et al. (1988), Iabaratory studies. 

Species 

H2S (mollisoJ)a 
H2S (histosoJ)a 
CH3SHb 
DMS (mollisol)• 
DMS (hlstosol)" 
DMSb 
COS (mollisoJ)• 
COS (histosol)• 
COSb 
cs2 (mollisol)" 
cs2 (histosol)& 
CS2b 

Soil + Plant 

1 - 3 
4 - 8 
3 -4 
2 - 4 
2 - 8 
7-8 
1 - 2 
1 - 2.2 
I 

0.3-0.7 
0.8- 1.6 
0.5 - 1 

nux (ng S m-2 fnin·l) 

Soil- Plant 

0.3-0.9 
4.3 - 4.9 
< 0.2 
0.7- 1.1 
0.3 - l.O 
< 0.2 
2.4 - 3.2 
S.4 - 8.4 
2.0 - 3.0 
0.4-0.8 
1.1 - 1.7 
> 4 

1983; De Kok eta/. 1989; DeKok 1989, 1990; Protosebill-Krebs & Kesselmeier 1992), 
however, information on the factors governing tbe emission of sulfur compounds 
from plants is scarce. The present paper presents a compilation and evaluation of the 
processes leading to the formation of volatile sulfur compounds in plants and the fac
tors governing their release into the atmosphere. 

Pbysiological conditions for Cbe em.ission of suJfur gases 

Single plant emission studies reflect a complex relationship between the ontogenetic 
status of the whole plant, the plant partunder consideration, nutritional effects, tbe 
amount and form of sulfur applied, and the plant's physiological parameters, as well 
as the meteorological si1uation. The influence of these factors on the emission of 
reduced sulfur compounds bas been reviewed by Rennenberg (1989, 1991) and 
Anderson (1990). As all higher plants seem tobe able to emit H2S, the formation of 
this substance has been investigated in numerous studies. It has been suggested in 
these studies that hydrogen sulfide may be emitted in order to regulate homeostatical
ly tbe size of the cysteine pool and maintain it at a low level because of its cytotoxicity 
(Rennenberg et al. 1982; Filner et a/. 1984; Rennenberg 1984). 

Emission as reaction to excess pedospheric sulfur 

Plants may be exposed to excess inorganic sulfur by fertilization or by growing them 
in soils with a high organic sulfur content because of incorporated decaying organic 
matter. Under these circumstances, the roots absorb various sulfur compounds, such 
as sulfite, sulfide, sulfate, and also sulfur containing amino acids like methionine or 
cysteine (Spaleny 1977; Filner et al. 1984; Rennenberg 1989). Although some data 
are available on the emission of methyl mercaptan after amino acid uptake (Schmidt 
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et al. 1985), H2S is the most abundant gas emitted by various plant species in 
response to excess sulfur (Rennenberg 1991). Hydrogensulfideemissions in response 
to high sulfate Ioads occur in correlation with the amount of sulfur in the fertilizer, 
but arealso highly dependent on the plant's stage of development (Rennenberg & 
Filner 1983; Rennenberg 1984). Sulfate uptake into the plant is regulated by the roots 
(Rennenberg & Thoene 1987; Rennenberg 1991) due to inhibitory concentrations of 
glutathione. This regulatory mechanism may prevent the accumulation of high bur
dens of inorganic sulfur in the tissue under circumstances where H 2S emission is not 
possible or not wanted. Detached spruce branches, for example, emit large amounts 
of H2S during winter after sulfite/sulfate donations to the transpiration water. The 
whole tree, however, does notemit any H 2S, even if the concentrations of sulfatein 
the soil are increased to 30 mM. After trimming the roots, H 2S emission rates sim
ilar to those with detached branches are found. This experiment demonstrates the 
immense barrier potential of the roots (B. Huber, personal communication). The 
present database is, however, scarce and needs accurate uptake and emission studies 
under controlled conditions. · 

The emission of sulfur compounds under the influence of high concentrations of 
sulfur containing amino acids has been studied with leaf discs or suspension cultured 
cells rather than with whole plants. Donations of L-as wel1 as D-cysteine to cell cul
tures resulted in the emission of H 2S (Sekiya et al. 1982b), and surplus amounts of 
methionine led to the volatilization of CH3SH from the cells. The production of 
these gases from amino acids was always found to be light dependent and under de
velopmental control (Rennenberg & Filner 1983). Although it has been postulated in 
the past decades, L-cysteine does not seem to be an intermediate in the formation of 
H2S from sulfate (Rennenberg 1989). It is obscure whether the emission of H2S 
under the influence of L- and D-cysteine is mediated by cysteine-desulfhydrase, be
cause this enzyme's activity is not coupled to the emission of the gas (Schützet al. 
1991). fn the reverse reaction however, cysteine desulfhydrase has been shown to par
ticipate in the assimilation of H 2S from atmospheric sources (Schützet al. 1991). At 
present there is no clear cut evidence available to show if the hydrogen sulfide precur
sor D-cysteine is formed from L-cysteine by a racemase in higher plants (Rennenberg 
et al. 1992). 

Emission ajter fumigation 

Tbe effects of plant fumigation with S02 have attracted interest because of a pos
sible connection to pollution darnage and forest dieback. Uptake of sulfur com
pounds from the atmosphere may, however, also be beneficial for plants. Under con
ditions of low SUlfur availability from the soil, atmospheric S02 Can SUpport plant 
growth and prevent deficiency Symptoms (e.g. Thomas et a/. 1943, 1944; Olsen 1957; 
Fal1er et al. 1970; Faller 1972; Anderson 1990). However, when certain threshold 
values for the intake are exceeded, other symptoms rnight arise including leaf lesions, 
effects on electron transport, and malfunctions of the chloroplast (for review see 
Thomas 1951; Anderson 1990). This fact is ofspecial importance because, apparent
ly, the uptake of S02 even in injurious amounts can not be avoided by the plants 
(Rennenberg 1984). The existence of such threshold values has been shown in or
namental plants, where the deposition of S02 was found to be proportional to the 
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atmospheric concentration but decreasing with time (Elkiey & Ormrod 1981). Of the 
many studies investigating adverse effects of S02 fumigation (Winner et al. 1985), 
the work of Pfanz and coworkers emphasize the cellular acidification and inhibitory 
effects of S02 on the metabolism of plant cells (Pfanz & Heber 1985; 1986; Heber 
et al. 1987). Growth reductions in trees under the influence of 802 of about 20 to 
SO%, depending on the species under consideration, have been reported by Freer-
8mith (1985) and Whitmore & Freer-8mith (1982). The latter authors did not observe 
re-emission of sulfur in any form. This is contrary to earlier results obtained by 
Materna (1966) and De Cormis (1968) which indicated a positive correlation between 
802 fumigation and H28 emission in several plants as a detoxification reaction. 
Forest canopies have been identified as sinks as well as sources of volatile sulfur by 
Hickset al. (1982). However, only a small amount of the sulfur taken up by the trees 
seemed to be re-emitted. Sekiya et al. (1982a) reported an emission of 150Jo of the 
S02-sulfur in reduced form, some 600Jo seemed to be further oxidized and stored in 
the vacuole. Increasing amounts of sulfur-containing amino acids in treated cells in
dicate that plants are able to utilize atmospheric 802 or H 2S in low concentrations 
to fill or maintain their sulfur pool. In this context the role of glutathione ('y-glu
tam.yl-cysteinyl-glycine) as a storage peptide and its formation (Brunold 1990; 
Bergmann & Helll990) or degradation (Anderson 1990) has been reviewed extensive
ly (Rennenberg & Lamoureux 1990; Rennenberg 1991). 

COS has been shown to be deposited in plants very effectively (Fall et al. 1988; 
Goidan et al. 1988; Hofmannet al. 1992), obviously being utilized as a carbon source 
for photosynthetic C-fixation (Protoschill-Krebs & Kesselmeier 1992). In an excellent 
review of the database on the topic, Goldan et al. (1988) estimated the annual plant 
uptake of COS tobe 0.2-0.6 Tg whieh would balance known global sources and sinks 
for the gas. 

Unlike C02, COS is not an activator of ribulose-1,5-bisphosphate-carboxylase, 
which might Iimit its importance for photosynthesis (Lorimer & Pierce 1989). 
Whereas these early investigations claimed a direct uptake of COS by rubisco, recent 
studies have elucidated that COS is first metabolized by the action of a carbonic 
anhydrase, the affinity of which is 1000 times higher for COS than for C02. The Sul

fur group seems to be rapidly cleaved, reduced and emitted in the form of H2S. 
About 600Jo of the Staken up as COS rapidly is re-emitted as H2S (Protoschili-Krebs 
& Kesselmeier 1992). 

Emission under normal conditions 

One of the most important discoveries in recent years is the Observation that plants 
emit sulfur compounds throughout the day even without excess sulfur from whatever 
sources ( Goidan et al. 1987; Lamb et al. 1987; Fall et al. 1988; Rennenberget al. 1990; 
Hofmann et al. 1992). These emissions of reduced sulfur compounds are now 
thought to occur as regulatory steps in order to Ievel the sulfur pools in the plant. 
This maintenance of constant sulfur pools is important because the plant sulfur sta
tus and requirements are subject to changes during ontogenetic development. 
Whereas the proteins within the vegetative parts of the plants are generally found to 
be sulfur-rieb, a significant shift to sulfur poor amino acids occurs in the fruits during 
ripening (Rennenberg 1991). Hence, the emission patterns are generally found tobe 
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independent of sulfur nutrition and modulated, on the one band, by plant age as weil 
as developmental stage, and, on the other band by environmental factors, such as 
light intensity' temperature, humidity and photosynthetic co2 fixation. 

Enzymatic backgroUilu! for ~!Je syntbesas of swfur gases 

The synthesis of H 2S in higher plants has been investigated in numerous studies. 
Whereas the enzymatic degradation of cysteine by cysteine desulfhydrase action was 
favoured as source for H2S from plant tissue, recent sturlies throw considerable 
doubt on this hypothesis. Instead, a reduction of sulfate or sulfite under the influence 
of light is favoured. This would include the removal of the thiol group from cysteine 
to yield 0-acetylserine and sulfide, the latter being transformed to sulfite, sulfate, 
sulfide and finally being emitted as hydrogen sulfide. Critical pooJs are represented 
by sulfate and cysteine. Whereas sulfate uptake by the roots can be regulated by 
glutathione, the cysteine pool size is maintained by the cysteine desulfhydrase. As 
already mentioned above, it is not yet clear whether L-cysteine could be transformed 
to D-cysteine by racemase action and degraded by a D-cysteine specific cysteine 
desulfbydrase. 

In bigher plants metbyl mercaptan and DMS are derived from the breakdown of 
methionine and S-methyJmethionine, as bas been shown by Schwenn et al. (1982) 
with Catharanthus roseus cells, and by Fall et a/. (1988) with Triticum aestivum. No 
enzymatic pathways are presently known for the evolution of COS and CS2 from 
plant tissues. Recent investigations by Kesselmeier and co-workers indicate a possible 
correlation between the formation COS and the photosynthetic and respiratory car
bon cycle (Hofmann et a/1992; Protosebill-Krebs & Kesselmeier 1992). The sources 
of CS2 remain obscure and might be connected to microbial metabolism rather than 
to higher plants. Giovanelli (1987) and Rennenberg (1991) suggest that COS and CS2 
are volatile intermediates in the metabolism of nonprotein sulfur amino acids and 
unusual sulfur compounds. However, the pathways to biosynthesis and degradation 
of such compounds are still only poorly understood. 

Significance oj suljur gas emission as a regu/atory jactor 

The significance of sulfur gas emission from plants as a regulatory factor in sulfur 
assimilation has been discussed by several authors (e.g. Filner et al. 1985; Rennen
berg 1984, 1991; Ernst 1990). Especially Ernst (1990) points out that many experi
ments concerning this topic have been performed which neglect ecologically relevant 
concentrations, and that a Iack of knowledge about the total sulfur budget of a plant 
makes it impossible to judge about the efficiency of the system. Taking into consider
ation that the emission of sulfur compounds from a plant may only be a small frac
tion of the annual sulfurburden from the atmosphere or pedospheric sources to the 
plant (Unsworth et al. 1985; Meyers et al. 1991), it may be useful tothink oftranslo
cation, storage pools, or detoxification pathways for excess sulfur .. In this context 
the reader shouJd refer to the review of Rennenberg (1984) who discusses whether the 
minute amounts of sulfur emitted may be significant and sufficient to balance the 
internal sulfur budget of a plant cell. 
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Tab/e 3. Thermodynamic constants for hydrogen sulfide (from Snoeyink & Jenkins 1980). 

DHor oGor 

(kcaJ moJ-1) 

HS-(aqJ -4.22 +3.01 
H2S<Kl -4.815 -7.98 
H2S -9.4 -6.54 

The formation of volatUe sulfur compounds and their escape from plants 

Among the reduced sulfur gases, the largest data set is available for H2S. Therefore 
the following paragraphs will focus predominantly on the formation, features and 
fate of this compound. 

H2S might be formed either by enzymatic action or, ·as discussed above, spontane
ously and nonenzymatically in a chemical reaction between its precursors SH- and 
H +; only the formation öf SH- with a positive DG0 f requires energy (Table 3). 
Given a pK3 of 7.02 and a negative DGr value, it is obvious that hydrogen sulfide 
will form spontaneously in aqueous solutions, with a high tendency to escape into 
the gas phase. Hence, the energy dependent synthesis of the HS- ion from its precur
sors seems to be the rate limiting step in the reaction chain, and might explain the 
Observation of light (and energy) dependent H 2S emissions from plants. 

Release of H2S jrom the cell 

Any gaseaus pollutant entering or escaping from a leaf must diffuse through the 
apoplastic space filled with water. The diffusion process requires a dissolution of the 
respective substance in the aqueous phase. Cell wall pH values reported are in the 
range 4 to 7, with the majority between 5 and 6.5 (Grignon & Sentenac 1991). As the 
apoplast is acidified in the light, a different solubility of gases in the night as com
pared to that in the day must be expected. H2S behaves Iike a multiprotic acid with 
transitional states as H2S in the pH range between 4 and 7, dissociation to Hs- and 
H+ in the pH range 8 to 12 and tos- above pH 13. In the physiological pH range 
between 5 to 6 only I to 91Jfo of the H2S is dissociated. Equilibrium constants for the 
reactions are K31 = I0-7 for H2S ~ HS- + H+ and K32 = I0-14 for HS- + H+ ~ 
H2S. The dissociation constant, describing the transition from H2S to SH- and H+ 
and vice versa, is given as k = 4.3 x 10-3 s-1 under these conditions (Snoeyink & 
Jenkins 1980). An uncharged acid like H2S may then be able to permeate rapidly 
through organelle or cell membranes into the apoplast. The apoplast volume is only 
1.5% of the total cell volume per unit leaf area (Pfanz & Dietz 1987) and will thus 
be rapidly saturated with H2S(aq)· 

Henry's law states that the partial pressure of a particular gas above a liquid is 
proportional to the number of gas molecules dissolved in the liquid phase (Nobel 
1991), Henry's constant for H2S is given as 0.1 mol 1-1 bar-1 (Snoeyink & Jenkins 
1980). Under Supersaturation conditions, hydrogen sulfide will, despite its high solu
bility in water (Table 4) be volatilized from the apoplastic liquid into the gas phase 
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Tab/e 4. Selected physico-chemical and chemical properties of sulfur containing gases (from Taylor et a/. 
1983; Baldocci 1991). 

Molecular Solubility Molecular Diffusivity Activation QIO 
weight in water, diarneter ratio energy 

30 oc 

{Jlmoles cm·3) (x w.s cm) (kJ mot-1) 

so2 64 1218 8.9 0.53 
H2S 34 210 12.5 0.73 70 2.6 
cos 60 37 11 0.49 75 2.75 
DMS 62 0 18.2 0.54 70-86 2.8 
cs2 76 36 10.8 0.48 
CH3SH 48 259 22.9 0.61 58 2.2 

of the intercellular cavities and escape from the leaves. At room remperature and a 
Sulfur concentration of I o-3 M in an aqueous Solution of pH 8. 5' the partial pressure 
of the gas has been determined using Henry's constant tobe approximately lQ-3.5 

atm (Snoeyink & Jenkins 1980). 

Escape of sulfur gases from the leaf 

From a physico-chemical point of view, the emission ot suJtur gases from the 
mesophyll into the atmosphere is a simple process. The flux rate depends on (a) the 
production rate of the gas under consideration; (b) the solubility and viscosity of the 
gas; (c) the concentration gradients in the system, and (d) the conductivity of the sys
tem for the gas. The data summarized in Table 4 give some clues to the behaviour 
of the single gases and Fig. 1 tri es to interpret these escape steps in an admittedly over
simplified, but useful scheme. A compilation of general factors influencing the trace 
gas emission from leaves and canopies and a critical evaluation of different models 
describing these emissions is presented by Baldocci (1991). 

Production rates. Same attempts to parametrize the sulfur gas fluxes have recently 
been made, demonstrating that both the flux strength and direction are a function 
of temperature and photon flux (Fall et al. 1988). Studies with intact plants and 
detached leaves revealed that H2S formationisalight dependent reaction (Wilson et 
al. 1978, Anderson 1990). For sprucetrees (Picea abies) the influence of light intensi
ty on H2S emissions has recently been parametrized (Schröder et al. 1992). It was 
shown that ~S fluxes increase with light intensity and are positively correlated to 
photosynthetic C02 uptake (Fig. 2). It is interesting to note that the emission of 
hydrogen sulfide from these plants does not start immediately with the beginning of 
the light period, but is delayed until the compensation point of photosynthesis is sur
passed (Schröder et al. 1992). This indicates a close connection between the release 
of H2S with basic physiological parameters like metabolic activity, transpiration and 
photosynthesis. Same comprehensive parametrization experiments investigating 
these processes have recently been performed by Rennenberg et al. (1991, 1992) and 
Rennenberg & Sehröder (1991). 
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turt>ulent transte~ • 

diffusive transfer 

diltusive tran.'lfer 

Fig. 1. A schematic outline of the factors influencing the escape of gas molecuJes from a leaf. (a) metaholic 
activity of the cells, (b) solubility of the gas in the apoplastic fluid, (c) concentration in substomatal cavi
ties, (d) effusion through the stomates according to Bunsen-Graham's law (Jeans 1962) and (e) laminar 
transport through the boundary Jayer. •, *• •, molecules with different sizes (see Baldocci 1991 for a 
comprehensive review). 

Solubility. Among the sulfur gases, COS, DMS and CS2, because of their low solu
bility in water, are more likely to escape or stay in tbe atmosphere. H2S and methyl 
mercaptan have a higher solubi1ity but are still more likely to be be found in the gas 
pbase tban S02 wbich will stay in the liquid phase. The diffusivity ratios given for 
the single species in Table 4 are derived from Bunsen-Graham's law of effusion 

and give the relative velocity (v 1) .of sulfur gases as compared to the velocity of water 
molecules {v2) derived from their molecular weights (MW 1 .~ when escaping througb 
narrow operrings like stomates. 

H2S is the only gas species with an efflux velocity close to water fluxes; the lowest 
velocities are calculated for COS and CS2• The activation energies for the emission 
and the Q10 coefficients, describing the increase in biological reaction rates as tem
peratures rise by 10 °C, are aJmost equal for the gases considered (Baldocci 1991). 

Stomatal contro/. Although the permeability of leaf and fruit cutides for sulfur gases 
is three orders of magnitude higher than for water, the emission of sulfur gases occurs 
predominantly via the stomata (Rennenberg & Sehröder 1991). The release of gase
ous compounds from the mesophyll into the atmosphere depends on the stomatal 
aperture and is thus governed by the diurnal rhythms of plant transpiration as weil 
as by environmentaJ factors (e.g. temperature, relative humidity, water availability). 
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Fig. 2. H2S emission from spruce plotted against C02 fixing rates. The study was conducred .with 
branches attached to the whole tree using dynamic gas exchange cuvettes. Sampies of 2 to 5 L of purified 
air were taken before and after rinsing tbe cbarnber. The sulfur gases were trapped at -186 °C. After 
desorption they were swept onto a GC column and detected by FPD (Rennenberg et al. 1990). 

From the Bunsen-Graham relationship (cj. Table 4, Fig. 1), the stomatal conduc
tance of any gas can easily be deduced in relation to the loss of water vapour through 
the stomates (Taylor et al. 1983; De Koket al. 1989; Sehröder & Weiß 1992). In ex
periments with young spruce trees, the diurnal emission patterns of H2S from the 
branches correlated weil with the transpirationrate (Rennenberg et al. 1990). In four 
independent chamber experiments with spruce, where the stomatal conductances for 
water were plotted against the H2S emissions for the respective trees, a linear rela
tionship was observed, indicating a strong Stomatal control of the emissions (Fig. 3). 
Stomatal control of sulfur gas emissions has also been reported from chamber experi
ments with corn, soybean, wheat (Fall et al. 1988) and other agricultural plants 
(MacTaggart et al. 1987). Besides stomatat control, it is important to consider that 
gas escape from a canopy is also governed by laminar transport phenomena through 
the leaf boundary layer. This restriction becomes valid in cases where gradient tech
niques or the eddy correlation method are applied for flux quantitation instead of 
chamber techniques. For comprehensive information on this topic, the reader is 
referred to Müller et al. (1992). 

Metaboliestatus of the plant. Inchamberexperiments conducted in the autumn, ap
proximately 1 nanomale of H2S was found to be emitted per mole of water. rn the 
experiment conducted durlog the summ er, up to 6 nmoles H2S were emitted per 
mole of H20. A connection between H2S emission and stomatat opening was also 
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Fig. 3. H2S emission from spruce trees versus the stomatal conductance for water vapour in four indepen
dent experiments. For experimental conditions seelegend to Fig. 2. 

reflected by the correlation between H2S emissions and stomatal conductances for 
water (Rennenberg et al. 1992). Whereas this water vapour/hydrogen sulfide ernis
sion relationship fits weil for spring measurements, considerable deviation from the 
ideal behaviour is found with plants in autumn (Table 5). 

For the summer data, the calculated fluxes are in good agreement with the mea
surements. In autumn, however, the measured emission fluxes during daytime are 
lower than those calculated on the basis of transpiration data. Apparently, the emis
sion of HzS is lirnited due to some internal resistance as the plants prepare for hiber
nation. A similar but reciprocal effect was found for wheat plants. The emission of 
H2S proceeded slower than calculated during spring but was up to predicted values 
during sumrner. In this case the metabolic background is thought to be the produc
tion of sulfur deprived storage proteins for the seeds (see above). Whether these two 
Observations are different images of the same effect in perennial and crop plants re
mains tobe elucidated. 

A tmospheric concentrations. The rate and direction of the fluxes for sulfur gases de
pend not only on plant mediated processes and diurnal variations, but greatly on the 
atmospheric concentrations of the respective compounds. Emission and deposition 
of molecules from or to surfaces are two independent processes which, according to 
the kinetic theory of gases (Jeans 1962), occur simultaneously. Sirnplifying, the num
ber (N) of gas molecules crossing an area (a) per unit time (t) is described as 

dN/dt = an (v)/4 

with n, the nurober of gas molecules per unit volume and < v), the mean oi the abso
lute velocity of the molecules under consideration (see also Sehröder 1989). Note in 
this context that (v) is a function of the temperature of the system, (v) = T Yi and 
that rising temperatures as weil as increasing molecule numbers (n) will increase the 
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Table 5. Flux of H2S from spruce branches in summer and autumn as compared to water fluxes and cal
culated stomatal conductances. The measurements were conducted as described in the legend to Fig. 2. 
Data from Rennenberget al. (1992). 

July October 

Night Day Night Day 

Stomatal conductance 0.015 ± 0.01 0.120 ± 0.01 0.074 ± 0.01 0.200 ± 0.02 
for H20 (cm s·l) 

Measures H 2S flux 0.35 ± 0.1 6.71 ± 0.77 0.97 ± 0.1 2.1 ± 0.13 
(nmoles m·2 h·l) 

Calculated H2S flux 0.26 ± 0.14 7.78 ± 0.62 1.27 ± 0.19 7.8 ± 0.6 
(nmoles m·2 h·1) 

flux per unit time. Provided no temperature difference is observed and no sinks or 
additional sources are present, tbe flux in both directions is statistically equal, and 
therefore can be described by the equations 

or 

dN/dt (up) an (v)/4 
dN/dt (down) = an (y)/4, 

an (v)/4 (up} an (v)/4 (down), 

which can be reduced to 

n (up) = n (down), 

or, under steady state conditions and because c = n V.,. where c, tbe concentration 
(mol I-1) and V, the unit volume, can be expressed as concentrations in the 
mesophyll (cm) and the atmospbere (c8 ): 

If a source or a sink for the gas was present, the molecular movements between plant 
and atmosphere would be higbly dependent on tbe concentrations available in the 
system. In practice, in vivo plant gas exchange is measured adopting von Caemmerer 
& Farquhar's (1981) approach using an enclosure method. The movement of gases 
from tbe atmosphere to the plant and vice versa is deterrnined by measuring the 
cbange in the respective gas concentrations of the air flowing tbrough the cbamber. 
This is obvious from the micrometeorological flux equation 

C -C
F = Q __Q__! 

A 

wbere F represents the flux (ng m-2b-1), Q is the flow rate [m3 b-I], Ais the projected 
leaf area (m2) and ci,o are tbe respective concentrations at the inlet (i) and outlet (o) 
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Fig. 4. cOS fluxes in a wheat field during spring and summer measuremems. Tbe st:udy was conducted 
with canopy plots in the field covered by dynamic gas exchange cuvettes. Experimental conmtions are 
given in the legend to Fig. 2. Squares; measurement performed in May, vegetative stage; triangles: mea
surement performed in June, grain filling stage. 

of the enclosure used for the measurements (ng m·3). As lang as outlet concentra
tions (cJ are higher than inlet concentrations (c), F remains positive and the flux is 
directed upward (emission). lncreasing inlet coocentrations will compensate for the 
plant mediated emissioo and tbus, at a certain concentration, the sign of F becomes 
negative and deposition occurs. 

The critical concentration, the so called compensation point (see above), reflects 
the equilibrium between emission and deposition. As mentioned above, the plant's 
sulfur status could change during development and so the seasonal requirements for 
sulfur. Changes Iike this should Iead to a modified flux pattern and also to a shift 
in the compensation point. 

This phenomenon bas been observed by Rennenberget al. (1991 , 1992) in field 
experiments, when sulfur fluxes were determined in a wheat canopy during two mea
surement campaigns in May (vegetative growth) and June/ July (grain filling). 
Whereas the fluxes of H2S and COS are generally directed towards the plants during 
the vegetative period, the deposition is lowered and fluxes are more frequently direct
ed into the atmosphere during the ripening stage. Under ambient conditions, this 
decreasing ability to take up atmospheric sulfur is reflected in an increasing equilib
rium concentration between uptake and emission (Fig. 4). For COS, the compensa
tion point was altered from 300 ng m·3 in May to 1280 ng m-3 in June, which is 
almost equal to the atmospberic back.ground concentration of the gas (Rennenberg 
et a/. 1991, 1992). 

The above discussion of relevant factors for the emission of sulfur gases from plant 
leaves reveals the close connection between the direction and magnitude of the fluxes 
from any ecosystem, the metabolic state of the inhabiting plants, and the atmospher
ic concentrations of the gases under consideration. It is not possible to obtain reliable 
emission rates for reduced sulfur gases if any of these factors is ignored. 
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S02-release from p/ants 

lnvestigations of the flux of S02 to a pine forest (Hickset al. 1982) and other plant 
species (Taylor et al. 1983) indicated small but significant sulfur fluxes directed up
ward from the canopy under certain meteorological conditions. The observation of 
an S02 emission from plants is rather curious, as deposition of this gas is generally 
observed. The experiments of Hickset al. (J982) were conducted using a S02 specif
ic flame photometric detector, wbich excJudes reduced sulfur compounds. Therefore 
the source of the signal can only be interpreted as S02 or, possibly, a particulate 
Sulfate liberating S02 during the analytical procedure. A similar Observation of 
positive S02 fluxes from a forest was also reported from Whiteface Mountain 
during the summer months (V. Mohnen, personal communication). Although un
likely to occur, S02 release without any diurnal pattern was detected from 6 year old 
spruce trees during an investigation of the phenomenon under Iabaratory conditions 
(Rennenberg et al. 1990). The gas was emitted from the trees in single "outbursts" 
during the night and early morning hours, before changes in light intensities were 
measurable. The amounts of S02 emitted by tbe trees were not correlated with 
Stomatal movements or with the H2S released (Rennenberg et al. 1990). 802 was 
observed to be emitted independent of the sulfur status of the needles; the emission, 
however, increased with increasing sulfate content of the soil. The mechanism of this 
so2 evolution remains obscure. It has been suggested that either an so2 enrichment 
in the stomatat cavities during the night or a pH-shift in cell cornpartments might be 
responsible for the observed outhurst (Rennenberg et a/. 1990). 

Conc!uding remarks 

From the data presented, sulfur emissions are not restricted to certain species or 
ecosystems, but occur ubiquitously. Conifers from temperate forests seem to be 
among the lowest emitters, and plants from wetland ecosystems, particularly from 
the tropics, may be the most significant sources of biogenic sulfur. H 2S and DMS 
are the most important gases released by higher plants, followed by methyl mercap
tan and then COS. CS2 emission has only been observed from a few species and 
might therefore be somewhat restricted to wetland plants. 

The arnounts of sulfur gases produced by plants depend on the internal concentra
tions of the metabolic precursors governed by the developmental stage of the plant, 
and also on environmental factors such as temperature, light intensity and air 
humidity. Recent studies also indicate a correlation between tbe emission of certain 
sulfur species and their atmospheric concentration. In general, the emission of re
duced sulfur compounds might be a significant detox:ification step under conditions 
of excess sulfur or high atmospheric S02• It may also have a regulatory function 
during plant development under moderate sulfur supply. 

Although the concentrations are low when compared to other trace gases, sulfur 
compounds may have considerable impact on the earth's climate. This is, on the one 
band, due to the role of DMS as a molecule involved in the fonnation of cloud con
densation nuclei, and, on the other band, due to the rapid reactions with radicals and 
species li.'<:e NH3 (Jensen et al. 1991). Tbe stable compounds COS and CS2 might, 
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furthermore, contribute significantly to the stratospheric suJfate budget and be in
volved in climate stability (Crutzen 1976). To overcome the uncertainties for global 
estimates of suJfur fluxes, further measurements will have to be conducted to deter
mine physiological, ecological and meteorological prerequisites for the emission of 
these compounds from plants properly. 
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DEPOSITION OF GASEOUS SULFUR COMPOUNDS TO 
VEGETATION 

Dennis D. Baldocchi 
Atmospheric Turbulence and Diffusion Division/ ARL, National Oceanic and 
Atmospheric Administration, P.O. Box 2456, Oak Ridge, TN 37831, U.S.A. 

Introd~ction 

Sulfur compounds play an important role in the cbemistry, clunate and biogeo
chemistry of the globe (Andreae 1985; Charlson et al. 1992; Schulze 1989; Schwartz 
1989). Reduced sulfur compounds (H2S, COS, dirnethyl sulfide, CSv enter the at
mosphere primarily via natural pathways. Naturalsources include the decomposition 
of organic material, volcanos, sulfur springs and sea spray (Andreae 1985). Oxidized 
sulfur compounds, such as S02 and SO/·, have anthropogenic origins. Key anthro
pogenic sources include fossil fuel combustion, petroleuro refining and ore smelting 
(Semb 1978). 

Once in the atmosphere, sulfur compounds are ultimately lost through chemical 
transformation, dry and wet deposition, cloud scavenging, and long-range transpatt 
(Scbwartz 1989). In other words, sulfur compounds introduced into the atmosphere 
are subject to Newtonian physics: what goes up ultimately must come down. Precipi
tation of sulfur-containing droplets and tbe dry deposition of gaseaus and particulate 
sulfur compounds are of particular interest to this audience because deposition of 
sulfur compounds affects tbe acidity and nutrient status of aquatic and terrestrial 
ecosysterns (Schulze 1989). On the scale of individual plants, exposure to high sulfur 
concentrations promotes stomatal closure, inhibits photosynthesis and affects plant 
metabolism and bioenergetics (Wellburn 1982; Rennenberg 1984). 

Whatever ones interest regarding sulfur compounds, we cannot assess their impact 
on the chernistry and climate of the atmosphere and biogeochemistry of natural 
ecosysterns unless we understand what controls the deposition of gaseaus sulfur com
pounds to vegetation and can quantify the rates of this transfer. Material in this 
paper discusses: 1) methods for measuring gaseaus sulfur deposition; 2) results from 
field stuclies; 3) processes that cootrol deposition rates; and 4) the rnodels that predict 
rates of deposition. The material in this review can be supplemented by specific 
reviews on sulfur deposition by Garland (1977), Fowler (1981, 1985), Unsworth et 
al. (1985), and Murphy & Sigmon (1990) and by general reviews on deposition 
processes by Hosker & Lindberg (1982), Taylor et al. (1988), Davidson & Wu (1990), 
and Wesely & Hicks ( 1977). The deposition of particulate sulfate and cloud water are 
only briefly discussed here, since they are relatively minor contributors to sulfur 
deposition, and their discussion is beyond the scope of this essay. For more informa
tion on particle deposition the reader is referred to Davidson & Wu (1990), and 
Sehmel (1980). Cloud water deposition of suJfate is thoroughly discussed by Vong 
et al. (1991). 
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Metllods of measuring su!fur cieposition 

Micrometeorological and surface analysis methods provide a means for evaluating 
dry deposition rates of sulfur compounds. Below, I discuss these techniques andin
strumentation that is used to measure sulfur concentrations. 

Micrometeorological measurement theory 

Micrometeorological methods allow one to measure short-term flux densities (moles 
per unit area and time) of sulfur compounds to crop and forest ecosystems. The equa
tion describing the conservation of mass provides the basic framework for applying 
micrometeorological methods to measure the vertical flux density of sulfur (F) be
tween the surface and the atmosphere. The conservation equation describes the fac
tors that control the time rate of change of a scalar mixing ratio in a controlled 
volume. To grasp an understanding of this relationship, let's consider the factors 
controlling the water Ievel in a bath tube. The water Ievel will remain the same if the 
amount of water flowing into the tub equals that removed through the drain. In the 
atmosphere, the concentration of a sulfur compound will remain unchanged if the 
mean and turbulent fluxes entering a controlled volume equal those leaving (the flux 
divergence is zero). On the contrary, concentrations will vary with time if the flux 
of sulfur entering the system differs from that leaving, as when plume impaction 
occurs. 

How can we apply the conservation equation to measure fluxes? In the field, we 
measure fluxes at a given height above the surface, but we want to know the rate sul
fur is deposited to the surface below. The vertical flux density of sulfur will remain 
unchanged with height ifthe underlying surface is: I) homogeneaus and extends up
wind for a considerable distance (this requirement ensures the development of a sur
face boundary layer); 2) if scalar concentrations are steady with time; and 3) if no 
chernical reactions are occurring between the surface and the measurement height. 

Condition one can be met easily through proper site selection. As a rule of thumb 
the site should be flat and horizontally homogeneaus for a distance between 75 and 
100 times the measurement height (Monteith & Unsworth 1990). Condition two is 
met often for many scalars. Non-steady conditions are most apt to occur during 
abrupt transitions between unstable and stable atmospheric thermal stratification, 
during the passage of a front or from the impaction of a sulfur plume from nearby 
power plants. It is our experience in Oak Ridge that non-steady S02 concentrations 
occur often, in comparison to other scalars (Matt et al. 1987). A rapid and large 
change in background concentrations occurs during the morning when the stable in
version layer breaks up and entrains elevated S02 Ievels from the planetary bound
ary layer into the surface layer. Flux densities measured during transient occurrences 
are difficult to interpret and should be viewed with caution. 

In-air chemical reactions involving S02 are a potential sink. Key gas phase reac
tions with S02 involve OH, H02 and CH30 2 (Calvert et al. 1978; Schwartz 1989). 
Yet, these reactions are relatively slow compared to the time scales of turbulent mix
ing (100 to 200 s), so chemical r~actions do not influence the short-term mass conser
vation budget; typical summertime oxidation rates in rural areas cause 0.1 to l.507o 
lass of S02 per hour (Calvert et a/. 1978). 
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Application of micromelerology theory 

Micrometeorologists use a variety of techniques to measure or infer vertical flux den
sities of sulfur compounds. These methods are outlined below. For the curious 
reader, more detailed discussions on micrometeorological methods are provided by 
Businger (1986), Baldocchi et al. (1988), Fowler & Duyzer (1989), and Wesely et al. 
(1989). 

Eddy correlation technique 

The eddy correlation method is a direct method for measuring flux densities of sulfur 
compounds. It has been used to measure so2 deposition over conifer forests (Hicks 
et al. 1982; Fowler & Cape 1982; McMillen et al. 1987), over deciduous forests (Matt 
et al. 1987; Meyers & Baldocchi 1987), over crops (Hicks et al. 1989), and over grass
Jands (Hickset al. 1982 1986; Neumann & den Hartog 1985; Wesely et al. 1983). 

The vertical flux density is proportional to the covariance between vertical wind 
velocity (w) and scalar concentration fluctuations (c): 

F::::: -w 'c' 
(1) 

Primes represent fluctuations from the mean and the overbar represents time aver
aging. 

A wide range of turbulent eddies contribute to the turbulent transfer of material. 
Proper implementation of Bq. 1 requires that we sample across a spectrum of 
eddies. ln frequency domain, eddies contributing to turbulent transfer having per
iods between 0.5 and 2000 s typically contribute to mass and energy exchange (Wesely 
et al. 1989). Hence, wind and chemical instrumentation must be capable of re
sponding to high frequency fluctuations. And computer-controlled data acquisition 
systems must sample the instrumentation frequently to avoid aliasing and average the 
signals over a sufficiently long period to capture all the contributions to the transfer. 

On applying Eq. 1, it is assumed implicitly that the mean vertical Oux density is 
perpendicular to the streamlines of the mean horizontal wind flow. Consequently, 
the rnean vertical velocity, perpendicular to the streamlines of the mean wind flow, 
equals zero. ln practice, non-zero vertical velocities occur due to instrument mis
alignment, sloping terrrun and density fluctuations. These effects must be removed 
when processing the data, otherwise mean mass flow can introduced a bias error 
(Businger 1986; Baldocchi et al. 1988). 

Evaluating the accuracy of the eddy correlation method is complicated. Factars 
contributing to instrument errors include time respause of the sensor, signal to noise 
ratio, sensor separation distance, height of the measurement, and signal attenuation 
due to path averaging and sampling through a tube. Natural variability is due to non
steady conditions and surface inhomogeneities. Under ideal conditions natural varia
bility exceeds about +/-100Jo, so it is desirable to design a system with an error ap
proaching this metric. 
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Flux-gradient method 

The flux-gradient methods have been used tbe most and Iongest to measure suJfur 
deposition flux densities. Their long history stems from the availability of simple and 
slow responding instruments. Sulfur deposition studies, based on flux-gradient 
methods, have been performed over grass and beather (Duyzer & Bosveld 1988; 
Garlandet al. 1974; Davis & Wright 1985), cereal crops (wheat: Fowler 1978, Fowler 
& Unsworth 1979), pine forests (Lorenz & Murphy 1985; Garland 1977), bare soil 
and water (Garland 1977). 

Flux-gradient, or K-theory, methods are inferential, not direct. Turbulent flux 
densities are computed using a relationship that is analogaus to Fick's equation for 
molecular diffusion: 

ac 
F = K

itz 
(2) 

where K is the eddy exchange coefficient. The concept of down-gradient transfer 
holds weU over aerodynamically-smooth vegetation. On the other band, use of flux
gradient methods can be problematic over forests. The great height of forests causes 
them to be aerodynamically rough and to be immersed in a turbulent field dominated 
by !arge eddies. Thesefeatures causes turbulent mixing to be effective and vertical 
concentration gradients tobe relatively small (and, hence, barder to measure). Flux
gradient theory is invalid over forests when the length scales of turbulent mixing ex
ceeds those associated with the curvature of the concentration gradient; under this 
circumstance turbulent transfer is dominated by large scale transport, which causes 
counter-gradient transport (Raupach 1988). 

Various methods are used to derive the eddy exchange coefficient, K. The energy 
balance and momentum tecbniques are most widely used. Momentum-based meth
ods employ mean wind and temperatuie profile measurements. Eddy exchange 
coefficients, derived from this method, must be corrected for atmospheric stability 
effects and for the difference between the transfer of momentum and scalars. The 
energy balance metbod uses measurements of mean temperature and humidity pro
ftles and net radiation and soll heat flux densities to calculate the eddy excbange 
coefficient for water vapor and heat transfer. The eddy exchange coefficient (K) for 
S02 can be assumed to equal that for water vapor and heat, since the transfer path
ways are similar. Equations for applying K theory are discussed by Garland (1977) 
and Fowler & Duyzer (1989). 

Tbe accuracy of flux-gradient methods are linked to the accuracy by which one can 
measure concentration gradients and K. Early S02 deposition sturlies cite large er
rors in the measurements of concentration gradient (20 to 4011'/o) and flux densities 
(up to 5011'/o) (Garland 1977; Fowler & Unsworth 1979). 

Other micrometeoro/ogicaf methods 

Various alternative approaches have been proposed to measure turbulent fluxes. 
These include the mass balance, variance methods, eddy accumulation and dual 
tracer methods. it is beyond the scope oftbis paper to discuss each metbod. The curi
ous reader is referred to the cited reviews for further detaiJ. 
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Chemical instrumentation 

The flame photometric detection (FPD) is an old and common method of measuring 
sulfur. The principle of the method follows. Sulfur compounds exposed to a flame 
are decomposed. Occasionally, two sulfur atoms band, to form an excited S2 mole
cule. Sulfur can be detected with a photon detector when the excited sulfur molecules 
radiate UV photans (Anderson et al. 1989). The metbad has inherent limitations. It 
is noisy and ls non-linear at low sulfur concentrations (Anderson et al. 1989; 
McMillen et al. 1987; Neumann & den Hartog 1985). Non-linearity problems can be 
circumvented by adding known quantities of SF6 to the hydrogengasthat fuels the 
flame. The FPD method has a detection limit between 0.5 and 1 ppb and a 0.5 s 
response time. Hence, it is not a reliable tool to measure the concentration of natural 
sulfur gases, whose concentrations are mucb lower than 0.5 ppb. When using the 
eddy correlation method, errors due to sensor noise can be minimized by averaging 
many runs (Wesely & Hart 1985). Furthermore, sensor noise is notcritical ifthe noise 
is not correlated with vertical velocity fluctuations. For example, Neumann & den 
Hartog (1985) and McMillen el a/. (1987) report that a noisy S02 power spectrum, 
measured with a FPD, yields a relatively clean co-spectrum, from which the flux 
covariance is derived. 

A pulsed fluorescence analyzer measures S02, specifically. lt photo-excites S02 
with 214 nm radiation. The fluorescence from the excited mo1ecule is detected with 
a photometer. Tbe detection limit is 0.1 ppb and a 60s sampling time (Kolc et al. 
1990). This metbad can suffer from interference, because UV photoexcitation can 
also cause hydrocarbons to fluoresce. The slow responsetime of the method does not 
lend it to eddy correlation applications, but it can be used in gradient applications. 

Tunable diode Iaser (TDL) spectrometers detect S02 concentrations by means of 
absorption spectroscopy. For S02, the absorption wavenumber is in the 1350 cm-1 

region (Ogram et al. 1988). A TDL can be used in eddy correlation experiments be
cause it has a fastresponsetime (0.3 s; Ogram et al. 1988) and a reasonable detection 
limit {l ppb; Anderson et al. 1989). 

Surjace analysis methods 

Surface analysis methods include the throughfall technique {and its analog, the leaf 
washing technique). The throughfall metbad estimates sulfate and S02 deposition to 
forests by measuring precipitation above and below a plant canopy. Rain captured 
below the canopy contains material that wasbed off the foliage, flowed down the 
stems and fell througb the canopy. Ideally, the dry deposition flux is proportional 
to the difference between tbe amount of material measured in the rain below the 
canopy andin an opening. Complications occur when: 1) the volume of rainfall is 
not great enough to wash the canopy clean; 2) when sulfur compounds taken up 
through the stomata are irreversibly immobiüzed inside the leaf; 3) when sulfur is 
talcen up from the soil by roots and is leached out as sulfate {intemal cycling); and 
4) if previously accumulated or translocated material is leached out of the leaves and 
washed off (Schaefer & Reiners 1990; Ivens et al. 1990; Lindberg & Lovett 1992). 

With regard to sulfur deposition, intemal cycling is a small component of the total 
sulfur budget; internal cycling accounts for less than 100/o of total sulfur deposition 
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in red maple, yellow poplar and lobloJly pine (Garten et al. 1988; Garten 1990). There 
continues tobe uncertainty about the magnitude of irreversible S02 uptake. Ivens et 
al. (1990) consider this component tobe small. Garten (1990) reports that only half 
of deposited S02 onto forests is later leached as sulfate. Radioactive tracer studies 
by Garland & Branson (1977) suggest that less than 1011,7o of absorbed sulfur is re
moved by washing. Throughfall methods also do not capture material that is trans
ferred directly to the forest floor, by way of large scale eddies penetrating through 
the canopy (T.P. Meyers & D.D. Baldocchi, unpublished results). 

Despite the complications cited above, the throughfall metbad has several appeal
ing advantages. It is inexpensive. lt requires lirnited instrumentation. Throughfall 
methods are also conducive for examining the role of edges or mountainous terrain 
on deposition, where micrometeorological methods have 1imited utility. In fact, 
throughfall studies suggest that deposition is enhanced at the edge of forests. For ex
ample, Ivens et al. (1990) report that sulfur deposition is 1.5 times greater to vegeta
tion at the edge of a forest than to vegetation growing inside the forest. 

S01 depusitia:m to plant canopies 

Most field studies on sulfur deposition report a quantity called the deposition velocity 
(V d): the ratio between the vertical flux density (F) and the ambient concentration 
(c(z)). This parameter is in vogue because it is a quaotity used by chemical transport 
and transformation models (Carmichael & Peters 1984; Baer & Nester 1987). Its use 
is also appealing because it normalizes space aod time differences in fluxes on the 
basis of ambient S02 concentrations. This paradigm is valid for S02 because its flux 
is uni-directional (downward) and the surface is a perfect sink for S02 (Hicks & 
Matt 1988). 1t is not recommended to use the deposition velocity concept to study 
air-surface exchange of other sulfur species (e.g. COS, H 2S) because they are emit
ted from and deposit to plant canopies (Goldan et al. 1988; Taylor et al. 1983; 
Rennenberg 1991). 

The goal of many early studies was to support modeling efforts by quantifying the 
magnitude and variability of V d over a variety of surfaces. On exarnination of the 
scientific literature, one discovers that V d ranges between 0.1 and 2 cm s-1 (conifer 
forests: Galbally 1979; Garland 1977; Hicks et al. 1982; Fowler & Cape 1983; 
McMillen et al. 1987; deciduous forests: Petit et al. 1977; Matt et al. 1987; Meyers 
& Baldocchi 1987; crops: Fowler 1978; Fowler & Unsworth 1979; Hickset al. 1989; 
grasslands: Hickset al. 1983, 1986; Neumann & den Hartog 1985; Duyzer & Bosveld 
1988; Davis & Wright 1985; Garland 1977; water bodies: Whelpdale & Shaw 1974; 
Garland 1977; bare soil: Garland 1977). Typical daytime values over a variety of 
plant surfaces are on the order of 0.8 to 1 cm s·1 (Nicholson et al. 1988; Garland 
1977, 1978; Wesely & Hicks 1977). Greater values (exceeding 2 cm s·1) are observed 
over water surfaces (Whelpdale & Shaw 1974) and smaller ( < 0.13 cm s·1) values are 
measured over snow (Davidson & Wu 1990; Valdezet al. 1987) and bare soil (Payrissat 
& Beilke 1974; Garland 1977). 
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Diurnal and seasonal trends 

Hourly, daily, and seasonal variations are primarily due to alterations in surface con
ditions. Vd varies between 0.1 to 1.5 cm s-1 throughout tbe course of a day over a 
dry cereal crop (Fowler 1978, 1981). When the crop is vegetative, diurnal changes in 
V d are explained by variations in stomatal aperture. Greatest values occur during the 
day when stomata are most open and lowest values occur at night when stomata are 
closed. Yet, at night S02 exchange does not go to zero, like transpiration, because 
significant amounts of material is deposited to Jeaf surfaces and the underlying soil. 

Distinct diurnal trends have also been reported for deciduous (Matt et al. 1987) and 
conifer (Galbally et al. 1979) forest canopies and for conifer shoots (Hallgren 1982; 
Johansson et al. 1983). Over a deciduous forest, a maximum Vd (1.4 cm s-1) was 
reported to occur around mid-morning. This high value was due to enhanced deposi
tion to a canopy that had been wetted by previous precipitation. Through the re
mainder of the day, V d decreased gradually, reaching a minimum du ring the night 
( < 0.1 cm s-1) . Factars accounting for the gradual daytime decrease in V d include 
drying of the canopy and stomatal closure due to midday water stress and lowering 
light Ievels. 

Few data exist on the seasonal variation in 802 deposition. Meyers et al. (1991) 
evaluated the seasonal variation in S02 deposition to a variety of surfaces (decidu
ous and evergreen forests, crops, and grasslands). They estimated deposition fluxes 
using monitared 802 concentrations and meteorological and surface variables to 
drive an inferential deposition model. Seasonal trends were evident over most sites 
surveyed. Maximum values occurred during the summer, minimum values occurred 
during the winter and spring and fall values were similar. 

Seasonal trends in S02 deposition velocities are expected for annual crops and 
deciduous forests , which possess distinct seasonal changes in phenology. Wintertime 
death or loss of leaves constitute a reduction in the sink strength for 802. In con
trast, the presence of foliage during the growing season constitute a strong sink for 
S02• For example, Fowler (1 985) reports that leaf senescence causes V d of acereal 
crop to drop below detection Ievel of the measurement system, even though at
mospheric conditions are apt for transfer. Over a deciduous forest growing near Oak 
Ridge, TN mean summer fluxes over a 3 year period were 2.37 kg ha-1, while mean 
fluxes during the winter were 1.96 kg ha·l (Meyers et al. 1991). 

Evergreens are capable of absorbing S02 throughout the year, even in subzero 
temperatures (Garsed 1985). Yet, greater V d values occur in the summer than the 
winter. Greater stomatal resistance during the winter cause most sulfur to be deposit
ed to the needle surface (Johansson et al. 1983), a less efficient pathway. 

Seasonal trends in stomatal conductance are not the only factor controlling the 
seasonal trend of 802 deposition to conifer forests. !n the Netherlands, maximum 
deposition values are observed during the winter and minimum values occur during 
the summer (Vermetten et a/. 1991). Tbe distinct north European climate contributes 
to this seasonal pattem. Forests are typically wet during the winter, a feature that 
exacerbates deposition (see below). During the summer, lower S02 deposition fluxes 
occur because the frequency of occurrence of a wet canopy is lower and higher evapo
ration rates in the summer allow it to dry faster. 
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RJ(n-1) 

Fig. 1. Resistance network for deposition to a plant canopy. 

M:ecbaa~sms for S02 deposition to p!ant cano"ies 

Practitioners have attempted to study V d in conjunction with controlling the 
meteorological, biological and physio-chemical processes. The big-leaf model, 
adapted from evaporation studies, bas been invoked to interpret deposition flux 
measurements (Wesely & Hicks 1977; Fowler & Unsworth 1979; Fowler 1985; 
Baldocchi et al. 1987; Hickset a/. 1987; Murphy & Sigmon 1990; Fig. 1). Theinverse 
deposition velocity equals the sum of the aerodynamic (R

3
), quasi-laminar (R~ and 

canopy resistances (RJ. 

1 
(3) 

Por canopies with the same Ieaf area indices, one can expect V d of short C3 grasses 
tobe less than V d fortaller c3 crops (wbeat, barley, COtton), V d of a c4 crop tobe 
less than that of a C3 crop, and V d of a ta1J C3 broadleaf forest to be less than a 
shorter C3 crop (Meyers & Hicks 1988; Fowler 1985). The factors controlling the 
resistances that comprise V d are discussed next. 

Turbulence and diffusion 

Turbulent eddies are responsible for transporting material tbrough the surface 
boundary layer. The aerodynamic resistance determines the rate that momentum, 
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and other scalars, are transported between a given Ievel in the atmosphere and the 
vegetation's effective surface sink. The aerodynamic resistance is expressed as: 

1 z-d 
Ra = -k * ln-1/lc U Z0 

(4) 

where k is von Karman's constant (0.4), u* is friction velocity, z is height, d ts the 
zero-plane displacement, z

0 
is the roughness parameter and 1/lc is a diabatic correc

tion function. The reader is advised to consult Monteith & Unsworth (1990) and 
Wesely & Hicks (1977) for detailed discussions on these parameters. 

The quasi-laminar resistance (Rb) is introduced because the sinks for momentum 
and S02 (and any other scalar) differ. In the immediate vicinity of the canopy, mass 
and energy exchange is controlled by the molecular properties of the fluid, while the 
rate of momentum transfer is affected by bluff-body pressure effects: a process that 
has no analog in the case of mass and heat transfer .. Rb is formulated as: 

1 Z0 const 
Rb = -- ln - = -- (Sc/Pr)'h 

ku* Zc ku* 
(5) 

where zc is the scalar roughness length, Sc is the Schmidt number and Pr is the 
Prandtl number. The constant in Eq. 5 is often assQIDed to equal 2 over closed cano
pies, but can be much greater over rough incomplete canopies (Wesely & Hicks 1977). 

The aerodynamic and quasi-laminar resistances are affected by wind speed, crop 
height, leaf size, and atmospheric stability (Wesely & Hicks 1977; Fowler 1985; 
Murphy & Sigmon 1990). In general, Ra plus Rb decreases with increasing wind 
speed and crop height. Hence, smaller resistances are expected over tal1 forests than 
over short grass and under unstable atmospheric thermal stratification, than under 
neutral and stable stratification. To give the reader some flavor for the magnitude 
of these resistances, let's examine typical boundary layer resistance (Ra) for several 
vegetation types. When wind speeds are 4 m s·1 theoretical boundary layer 
resistances over a 0.1 m tal1 grass, a 1.0 m crop and a 10 m conifer forest are about 
60, 20 and 10 s m-1, respectively (Fowler 1985). Experimental measurements by Matt 
et al. (1987) show that both Ra and Rb are less than 20 s m-1 during the day over a 
temperate deciduous forest. Greater Ra values (up to 150 s m·1) occur at night when 
turbulent mixing is reduced. 

Canopy resistance 

Numerous field studies show that Re is the major COntroller of so2 deposition to a 
plant canopy (Fowler & Unsworth 1979; Matt et al. 1987). The canopy resistance 
(Re) is a function of the canopy stomatal resistance (Rstom>• the .canopy cuticle 
resistance (Rcuticle), and the soil resistance (R50n). In turn, these resistances are 
affected by leaf area, stomatat physiology, soil pH, and the presence and chemistry 
of liquid drops and films. The stomatal, Ieaf surface {cuticle) and soil resistances act 
in parallel, causing Re to be formulated as: 
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Below we examine these components in more detail. 

Physiological control of canopy resistance 
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(6) 

Many physiological studies show that the main pathway of S02 to a plant is tbrough 
the stomata (Garland & Branson 1977; Olszyk & Tingey 1985; Hallgren et al. 1982; 
Taylor & Tingey 1983; Johansson et al. 1983). Reviews by Garsed (1985) and Taylor 
et al. (1988) conclude that between 75-900Jo of S02 deposited to a leaf follows this 
raute, while the residuall0-25% is deposited on the leaf surface. On the other band, 
studies reporting S02 emission from leaves are rare and the episodes that have been 
observed are short-lived; emission of S02 from spruce leaves occurs as a burst just 
before a light period (Rennenberg et al. 1990). 

As gas molecules enter the leaf, deposition occurs as molecules react with the moist 
cells in the sub-stomatat chamber and the mesophyll. Taylor & Tingey (1983) report 
that the stomatal resistance to S02 uptake, based on transpiration measurements, is 
less than tbe stomatal resistance derived from sulfur dioxide flux measurements. 
Tbey surmise that the diffusion path of a S02 molecule is Jess than for water (29 ~-tm 
for S02 vs. 60 ~-tm for H20). 

One exceptional study in the Iiterature is worth discussing. Hällgren et al. (1982), 
studying deposition to Scots pine needles, noted a marked difference between diurnal 
variation of deposition velocity and stomatal conductance. Furtbermore, they did 
not observe a one-one reJation between needle surface conductance for S02 and 
stomatal conductance. They conclude tbat an additional resistance can be inferred 
because the leaf conductance to S02 uptake was less than the stomatal conductance. 
This result is controversial because Johansson et a/. (1983) performed a sirnilar study 
at the same site and found contrasting results; they observed that the total conduc
tance for S02 uptake by needles (V d) was greater than the stomatal conductance for 
S02 uptake. The controversy may be resolved by considering the S02 concentrations 
to which the needles were exposed. Hallgren et al. (1982) exposed conifer needles to 
high S02 Ievels (15 to 125 ppb) and hypothesized that their results were affected by 
sulfur emissions. On the other band, Jobanssan et al. (1983) bad exposure Ievels < 
10 ppb, a condition when sulfur emission are less apt to occur. 

Since stomatal action exerts major control of S02-uptake, several conclusions can 
be drawn about environmental effects and interspecific differences on S02 deposi
tion based on known stomatal physiology. In other words, factors that increase 
Stomatal resistance should decrease the S02 deposition velocity (Baldocchi 1988). 
Stomatal physiology studies show that stomatal resistance decreases hyperbolically 
with increasing light and increases linearly with increasing vapor pressure deficits 
(Jarvis 1976). Soil water deficits cause stomata to close after some threshold deficit 
Ievel is exceeded. Low and high temperatures cause stomatal closure and moderate 
temperatures promotes stomatal opening. Leaf age, nutrition and adaptation are 
other factors affecting Stomatal resistance. Elevated exposure to so2 causes Stomata 
to close. 
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A significant difference in V d is expected between C3 and C4 species because 
leaves of c3 species exert a lower Stomatal resistance than do c4 leaves (Pearcy & 
Ehleringer 1983). Among different C3 species, V d differences are not as weil de
fined. Olsyzk & Tingey (1985) ex:amined a spectrum of vegetation types (crop, native 
herbaceous, woody mediterranean). They reported that the same 802 flux was ex
perienced to the leaves of most species (except for a mutant). They also concluded 
that internal resistances could be discounted, except for the mutant. 

On the canopy scale, the stomatal component (Rstom> of the canopy resistance is 
proportional to the mean stomatat resistance (r

5
) divided by the canopy's leaf area 

index. Care is needed when inodeling or measuring Rstom because r5 is a function of 
light, which varies appreciably with depth into the canopy and on sunlit and shaded 
leaves (Baldocchi et al. 1987). Typical values of Rstom• under ideal conditions, range 
between 30 and 300 s m·1 for a range of herbaceaus annuals and woody perennials 
(C3 annuals < woody perennials < C4 annuals) (Baldocchi et al. 1987; Fowler 1985; 
Matt et al. 1987). 

The canopy cuticle resistance far exceeds the canopy stomatal resistance; Rcuticle 

ranges between 3000 and 40000 s m·1 (V an Hove et al. 1989), the cuticle is not an im
permeable barrier to S02• Nor is it a static quantity. Van Hove et al. (1989) envi
sions the cuticle as a sponge, which expands with humidity as the pores of the cutin 
matrix become water-filled. This swelling process provides external S02 molecules 
accessibility to aqueous sites inside the leaf, which have an affinity for 802• Hence, 
cuticle resistance decreases as relative humidity increases (Van Hove et al. 1989; 
Garsed 1985). S02 deposition to the surface also occurs via absorption and via 
chemical oxidation reactions with the surface. 

Physio-chemical control of S02 uptake 

Many authors report that S02 deposition is enhanced over wet vegetative surfaces 
(Fowler & Unsworth 1979; Fowler 1985; Garland & Branson 1977; Verm,etten et al. 
1991). Enhanced deposition occurs over wet vegetation because S02 is very soluble 
in water. The absorption of S02 is associated with a series of reactions (see Seinfeld 
1985; Brimblecombe 1986): 

SOlg) + H 20 ~ S02• H20 (a) 

S02• H20 ~ H+ + HSOf (b) 

HS03• ~ H+ +SO/- (c) 

(7) 

Tbe total dissolved sulfur in solution is related to the partial pressure of S02 over the 
solution (ps02) and the pH of the solution: 

(8) 

KH is the Henry coefficient for S02 (5.4 moii-1 atm·1 at 15 oq and K1 and K2 are 
the rate coefficients for reactions 7b and 7c, respectively. From Eq. 8 one can con
clude that an increase in acidity will reduce the amount of dissolved S02• With 
regards to 802 chemistry, there are tWO SOurces of protons which affect the acidity 
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of a solution and S02 solubility. One source of protons is the disassociation de~ 
scribed in Eqs. 7b and 7c. Another source of protons comes from tbe oxidation of 
S(IV) to S(V!). Oxidation of S(IV} typically occurs by 0 2, 0 3 and H20 2. The 
Oxidation of aqueous S02 is slow unless there is a metal catalyst (iron or manganese; 
Brimblecombe 1986). 

Tbe rate of S02 deposition to a wet surface depends on wbether the surface as wet
ted by rain or dew (Fowler & Unsworth 1979). The pH of rain is less than pure water 
due to carbonate cbemistry and the scavenging of acidic precursors and oxidants 
during the precipitation process (see Schwartz 1989). The chemistry of dew is affected 
by uptake of acidic precursors and oxidants, particles on the leaf surface, cbemical 
lifetime, droplet size and the Jeaching of nutrients from the leaf (Brimblecombe 1978; 
Wesely et al. 1990; Chameides 1987). 

Several field studies illustrate the effect of differential deposition to dew and rain 
wetted canopies. For example, Fowler (1978, 1981, 1985) reports tbat Vd, at nigbt, 
rose from 0.3 to 0.6 cm s·1 as dew deposited on the canopy, even though stomata re~ 
mained dosed. If the crop was rain~wetted instead of dew wetted, V d values drop by 
half (to 0.3 cm s·1) on the rain wetted crop. Fowler (1985) also reports modest depo
sition rates to a rain wetted Scots pine canopy ( < 0.4 cm s·1). 

Wesely et al. (1990) modeled deposition velocities to dew wetted grass. V d values 
ranged between 0.05 and 1.0 cm s-1. Tbe aqueous resistance to S(lV) uptake Iimits 
S02 uptake when V d exceeds 0.5 cm s·1 (if 0 3 is the only oxidant available). Low 
deposition velocities occur when atmospheric mixing is weak. Yet these are the condi
tions under which dew fonns. When turbulent mixing increases, so does V ct· How
ever, this effect is temporary because greater turbulence promotes evaporation and 
tbe disappearance of dew. 

Vermetten et al. (1991) studied S02 deposition to a Donglas ft.r forest. They report 
that V d was strongly enhanced by wetness; V d at midday approached 2 cm s·1 over 
a dry canopy and 4 to 5 cm s·1 over a wet one. Tbe amount of water storage on the 
canopy was a critical factor contromng the rate of deposition. V d increased from 
near zero to 3 cm s·1, as canopy water storage increases from 0 to I mm. At higher 
storage leveJs deposition velocities plateaued. 

Only one study shows Contradietory results: deposition is not enhanced over a wet 
canopy. Nieholsan & Davies (1988) report a mean Vd of 1.55 cm s·1 over a dry 
agricultural region and a mean V d of 0.75 cm s·1 when tbe regionwas wet. The low 
pH of the precipitation may explain the suppressed deposition to the region. 

Co-deposition of S02 and NH3 

As discussed above the deposition of S02 to a wet surface wiJ1 decrease as the pH 
of the solution decreases. The deposition of NH3 to an acid solution neutralizes the 
Solution. Thereby, tbe Co-deposition of S02 and NH3 should experience higber 802 
deposition rates to water surfaces than wbat would be experienced by so2 alone 
(Wesely et al. 1990). 

V an Hove et al. (1989) and Fowler et al. (1991) present evidence showing that the 
surface S02 uptake is, indeed, greatly enhanced in the presence of NH3 emission. 
One site of reaction is in the water-filled pores of the cuticle. Another site is on the 
Jeaf surface, where reactions forming (NH4)zS04 and (NH.J2S03 act as a sink for 
802. 
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Sulfur deposition to soils and litter 

Deposition to canopy involves deposition to both vegetation and soil. Consequently, 
we can only assess the deposition flux to vegetation by subtracting the flux to the soil 
from the total canopy flux. Garland (1977) reports that the S02 deposition velocity 
to soil increases with pH. Payrissat & Beilke (1975) report that a pH increase from 
4.5 tO 7.6 Cerresponds to a lO fold decrease in the soil surface resistance tO SQ2 Up
take. They also find that soil surface resistance, at a constant pH, decreases as rela
tive humidity increases. Petit et al. (1977) report that Rsoil is between 303 and 385 s 
m-1 at pH 3 and between 31 and 40 s m-1 at pH 7. 

Early studies assumed that deposition to soils under vegetation was relatively 
small. For example, Fowler (1981) estimates that flux to the soil is only 5 to lOGfo of 
total flux to acereal canopy. Yet, recent work shows that a significant amount of 
material is deposited on the soil below the vegetation. 20 to 30 Gfo of S02 depositing 
on a deciduous forest is received at the forest floor (T.P. Meyers & D.D. Baldocchi, 
unpublished results). This substantial transfer occurs hecause large scale intermittent 
eddies are able to punch through the vegetation and deliver a significant amount of 
material to the soil. 

Deposition of other sulfur compounds 

H2S, COS, methyl mercaptan and CS2 are other sulfur compounds that have vegeta
tive sinks (Goldan et al. 1988; Taylor et al. 1983). Taylor et al. (1983) report that the 
magnitude of the flux to a leaf is ranked in the following order: S02 > H2S > COS 
> methyl mercaptan > CS2. Water solubility and molecular size accounted for 73 
and 87Gfo, respectively, of the variation in surface fluxes among compounds. Uptake 
through the stomatawas the major raute. However, surface uptake was not insigni.fi
cant; for Glycine max between 30 and 50Gfo of the uptake was on the leaf surface. 

Sulfatedeposition has been studied by Wesely et a/. (1985, 1982) and Hickset al. 
(1982), among others. The deposition of particles is mainly dependent on physical 
processes and quantities, such as turbulent mixing, particle size distribution. Over 
grass sulfate V d is dependent on friction velocity (u*) and atmospheric stability 
(Wesely et al. 1985). Mean values are on the order of 0.22 cm s-1, but can approach 
0.5 cm s-1 under very windy conditions. 

Cloud water deposition of sulfur compounds 

Cloud water deposition is a contributor to the sulfur budget of high elevation sites 
that are immersed in clouds or in valleys with high occurrence of fog (Lindberg & 
Lovett 1992). The deposition of S02 in clouds or fog is enhanced by up to a factor 
of three because the relatively large Henry constant, associated with S02, allows it 
to be readily transferred to the aqueous phase (Pandis & Seinfeld 1991). 

Fowler et al. (1990) report that cloud water deposition may increase the amount 
of wet deposited SOl· by 120Jo, and if the high elevation sites are forested this in
crease may approach 44 Gfo . Vong et al. (1991) report that cloud water deposition 
fluxes at a variety ofEastem mountain sites (> 1000 m) range between 0.9 to 11 .5 kg 
ha-1 month-1 of sulfate. Cloud water deposition contributes 25-50Gfo of total sulfate 
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input (ppt +dry+ cloud) to mountain sites in the eastern US (Lindberg & Lovett 
1992; Vong et a/. 1991). 

Sulfur budgets 

To address ecological and biogeochemical questions, information is needed on the 
Iang-term, (e.g. annual) input of sulfur compounds to vegetation. Unsworth et al. 
(1985) performed a detailed study on the sulfur budget of a wheat crop in Great 
Britain. Over the course of a growing season, S02 deposition was 6.8 kg ha·1• Of 
this total 5.0 kg ha·1 was deposited when the crop was growing and 1.8 kg ba-1 was 
deposited when the crop was senescent. 

In the eastern US, annual deposition rates to a deciduous forest, a grassy meadow 
and an agricultural region are 8.7, 12.6 and 5.0 kg ha·1, respectively (Meyers et al. 
1991). Mucb smaller values (0.3 kg ha-1) are detected over a grassland in the Rocky 
Mountain region of Nortb America. 

Modefing S02 deposition 

Scaling S02 fluxes from the leaf to canopy scales involves linking a leaf-level, phys
iology and physio-chemical model to a canopy micrometeorology model. A physiolo
gy model is needed to evaluate the stomatat resistance of leaves. A physio-chemical 
model is needed to assess leaf boundary layer resistances, and gaseaus uptake at the 
leaf surface and by water drops and films. A canopy micrometeorology model com
putes variables that control stomatat resistance (such as light, temperature, and 
vapor pressure deficits) at the Jocal microclimate of the Jeaf. Micrometeorological 
models are also used to compute leaf wetness and turbulent mixing within and above 
the canopy. Below, the linkage between these model classes is discussed. For more 
information on linking physiological, physio-chemical and micrometeorological 
trace gas exchange models the reader is referred to Baldocchi (1991). 

Leaf uptake of suljur gases 

The flux density of gaseaus sulfur compounds to a dry leaf can be computed using 
a resistance-analog model. In other words, the flux density is assumed to be propor
tional to the potential (the difference between concentrations in the atmosphere and 
at the leaf surface) and is inversely proportional to the sum of resistances that restriet 
this transfer. The algorithm describing leaf pollutant uptake is: 

(9) 

where c is the so2 concentration, rb is the leaf boundary layer resistance and rc is 
the surface resistance. Resistance algorithms for gaseaus uptake by leaves have been 
used by O'Dell et a/. (1973), Murphy et al. (1977), Baldocchi et a/. (1987, 1988) and 
Meyers (1987) to extend computations of S02 deposition to leaves to the canopy 
scale. 
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The leaf surface resistance contains tbe parallel resistances exerted by the stomata 
and cuticle. Stomatal resistance can be computed using a multiplicative phenomeno
logical model (Jarvis 1976; Baldocchi et al. 1987) or a photosynthesis-driven model 
(Collatz et al. 1991). The internal concentration (Ci) and mesophyll resistance (rrn) 
for S02 transfer are often zero (O'Dell et a/. 1973; Taylor & Tingey 1983). Empirical 
relationships are usually used to specify the cuticle resistance. 

Deposition to dry plant canopies 

Big-leaf and multi-Jayer models are used to compute S02 deposition to plant cano
pies. A big-leaf model is a based on Eq. 3. Since this modelwas discussed above, its 
description will not be repeated here. 

Multi-layer models are used to mechanistically scale leaf Ievel fluxes to the canopy 
Ievel. This approach has many advantages over the big-leaf method. For example, 
leaf to canopy scaling requires the evaluation of dependent, non-linear functions in 
terrns of independent variables that vary in time and space. From a statistical stand
point, one should evaluate the expected value of a non-linear function instead of 
evaluating the function in terms of the mean independent variable. The application 
of a multi-layer model allows one to evaluate the spatial variability of controlling in
dependent variables and, hence, an ability to properly evaluate non-linear dependent 
functions. 

Estimates of the net turbulent flux of material between a plant canopy and the 
overlying atmosphere are determined by integrating the sink strength of discrete 
vegetative layers and the soil. The vegetative sink strength of a discrete layer can be 
modeled by multiplying Eq. 9 by the leaf area density of the layer. Resistance models 
are also used to specify the soil boundary conditions (Meyers 1987). 

Two basic reference frames exist for computing turbulent fluxes over plant cano
pies. They are the Eulerian and Lagrangian frames. The princip1es behind these 
frameworks are explored in the following subsections. 

Eulerian models 

The Eulerian framework evaluates the scalar concentration at a fixed point and time, 
as occurs when measuring the concentration of a given scalar from a tower. However, 
the conservation budget equation cannot be readily solved because the conservation 
budget does not form a closed set of equations and unknowns. The equation defining 
the time rate of change in C contains a high er order moment which is also a function 
of C. This high er order moment is the vertical turbulent flux. The simplest, and earli
est, Eulerian models on turbulent exchange in plant canopies adopted a first order 
closure scheme, called 'K-theory'. K-theory models have been used by Shreffler 
(1976), Murphy et a!: (1977) and Baldocchl (1988) for modeling S02 deposition to 
plant canopies. The appeal of this model dass is its simple reduction of the nurober 
of unknown variables. K-theory models assume that turbulent transfer and molecu
lar diffusion are analogs, thereby the vertical velocity-scalar covariance is represent
ed as the product of the scalar concentration gradient and a turbulent diffusivity (K), 
such as Eq. 2. An accumulating body of evidence shows that many of the assump
tions supporting K-theory are false inside plant canopies. Turbulent transport is 
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Fig. 2. lntercomparisoo of big-leaf and m ulti-layer Eulerian deposition models (after Meyers & Baldocchi 
1988). 

dominated by large scale and intermittent eddies, which can cause Counter-gradient 
transfer (Raupach 1988). 

Higber-order closure models have been proposed as a means of circumventing the 
inherent Iimitation of frrst order closure models (Meyers 1987). Higber order closure 
models introduce formal budget equations for high er order moments, such as the ver
tical turbulent flux. Equations that describe mean wind speed and turbulence arealso 
introduced to evaluate dependent terms in the second moment equation and in the 
source-sink function (i.e. rb and c(z)). The budget equations for the second order 
moments, unfortunately, include additional unknowns of the third order. Hence, an 
equal set of equations and unknowns can only be obtained through parameterizing 
the highest order moment with an 'effective' eddy exchange coefficient (Meyers 1987; 
Meyers & Baldocchi 1988). 

A hierarchy of Eulerian closure models have been tested for their ability to simu
Iate S02 fluxes above a deciduous forest canopy (Meyers 1987; Meyers & Baldocchi 
1988). Modeltests reveal that an increase in model sophistication yields an improve
ment in model accuracy. For calculating S02 deposition to a deciduous foresl, a 
higher order closure model is better than a multi-layer K-theory model, which is bet
ter tban a big-leaf resistance model (Meyers & Baldocchi 1988; Fig. 2). The more 
detailed models perform better because they are better able to assess the local en
vironmental variables that control the resistances, rb and rs. 

Lagrangian models 

Deardorff (1978) criticized the use of 'effective' exchange coefficients to close 
Eulerian budget eqmitions of higher order moments. Deardorff argues that 'effec
tive' exchange coefficients are inadequate for near-field flows: which occur in the 
vicinity of sources and sinks. This is because any turbulent diffusivity, K, in the vicin
ity of a source or sink is linearly related to the time period that fluid parcels bave 
travelled. Only after a long travel distance is the time independent, "far-field" Iimit 
of K. reached. 

The Lagrangian framework circumvents tbe closure problern ailing Eulerian 
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Fig. 3. A comparison of calculated S02 deposition velocities, derived from a multi-layer Lagrangian 
model, and eddy correlation measurements (D.R. Matt, personal communication). The experimental field 
conditions are described by Matt et a/. (1987). Details of the Lagrangian model are described by Baldocchi 
(!992a,b). 

models because Lagrangian models are able to explicitly differentiate between near 
and far field diffusion. The Lagrangian approach analyzes the conservation equation 
by following parcels of fluid as they move with the wind, much like the trajectory 
of a neutrally-buoyant balloon. In the Lagrangian frame, a concentration field and 
its turbulent flux are defined by the statistics of an ensemble of dispersing marked 
fluid parcels and the strength and spatial distribution of sources and sinks (Raupach 
1988). The concentration of a scalar at a particular location is a function of the 
probability that a fluid parcel released from a point in space, z0 , at time, t 0 , will be 
observed at another location and time (z,t). 

The probability density function for the düfusion of fluid parcels depends only on 
the properties of the turbulent wind field, which must be prescribed. A difficulty 
arises when one tries to apply this method inside a plant canopy, where turbulence 
length, time and velocity scales of turbulence vary with height and the probability 
density functions of the three vector velocity components are skewed and kurtotic 
(Raupacb 1988; Baldocchi & Meyers 1988). When turbulence is heterogeneous, ana
lytical solutions cannot be used. Instead, Markovian "random-walk" approacbes 
must be employed to compute the trajectory of a large number of fluid parcels. 

Fluid parcel movement in a Markovian random-walk model is computed using the 
Langevin equation, a function that defines the acceleration of a fluid parcel as a func
tion of tbe memory of its initial value and a random forcing (Raupach 1988). Inside 
plant canopies, the vertical gradient in the vertical velocity variance imposes a down
ward drüt on a Markovian random flight model, and an artificial accumulation of 
matter. Heuristic models have been applied to remove this unrealistic accumulation 
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Tab/e 1. Comparison of S02 deposition velocities computed with a multi-layer K-theory model (Baldocchi 
1988) and the random-walk Lagrangian modelthat was discribed in this paper. 

vd (cm s·l) @u = Im s-1 @u =2m s·1 @u =· 4ms·1 

K-theory 0.554 0.764 0.866 
Lagrangian 0.716 0.818 0.915 
relative di fference 0.226 0.066 0.0535 

of matter. One approach introduces an additional force term into the Langevin 
equation, yielding a mean upward drift velocity in the solution of the differential 
equation. 

Theory on Lagrangian modeling has been developing rapidly over the last decade 
(Raupach 1988), but has only recently been used to calculate fluxes of trace gases in 
realforestand crop canopies (Baldocchi 1992, 1993), and until herehas not been used 
to assess S02 deposition velocities. . 

Fig. 3 compares computations of V d derived from a Lagrangian S02 deposition 
model against field measurements over a temperate deciduous forest during dry per
iods. The model computes a distinct diurnal course: a minimum occurs during dark 
periods and a maximum is reached during midday . Calculated and measured values 
are in relatively good agreement until noon. After this period, model values over
estimate measured ones. The field flux data imply that the surface resistance increase 
in the afternoon, thereby lowering V d (Matt et al. 1987). This version of the model 
does not allow stomata to close with increasing yapor pressure or soil maisture 
deficits. The omission of a stomatal response to vapor deficit is based on work 
Meyers & Baldocchi (1988) on Quercus alba. It is not possible to conclude whether 
or not the daily evaporation demand exceeded soil water uptake and caused the 
stomata to partially close. 

How does the Lagrangian model compare with an Eulerian first-order K-theory 
model? Table 1 shows that at relatively high wind speeds (u ~ 2m s·1) deposition 
veloeitles calculated by the 'theoretically-flawed' K-theory model underestimate 
those calculated by the Lagrangian model by less than 60Jo, a trivial difference. Only 
at low wind speeds {s 1 m s·1) is a divergence in calculated values observed. At low 
wind speeds, an artificially ]arge drawn-down in the scalar concentration profiles is 
computed by a K-theory model (Baldocchi 1988; Meyers & Baldocchi 1988), which 
in turn causes the integrated sink term to be underestimated. 

Deposition to wet canopies 

The deposition rate of S02 to a dew-wetted canopy has been modeled by Chameides 
(1987) using a Big-leaf resistance approach, where V d is: 

1 
V d = -=----=:------c=---=----

Ro + Rb + Ri + Rsfc 
(10) 

Ra and Rb retain the same definitions given above. Ri is an impactive resistance, 
defining the rate that a species impacts and sticks to a dew drop. Ri is inversely re
lated to the square of the drop radius, the thermal velocity and the drop concentra-
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tion and the accommodation coefficient; its value is typically three orders of magni
tude smaller than Ra + Rb. The surface resistance for a wet surface <RsfJ is distinct 
from that for a dry surface. The surface resistance is formulated as: 

(
...!'__ + dW)-l 
'Y! dt 

(11) 

-y1 is tlie lifetime of chem1caJ I in solution, W is dewfall concentration, dW / dt is its 
time rate of change, H1 is Henry's coefficient, Ais Avogadro's number, nM is sur
face number density and F defines a function that describes the relation between the 
ambient air concentration and that in the drop due to its aqueous phase molecular 
diffusion and chemical consumption. In general, the surface resistance to S02 up
take decreases as the solubility coefficient (H1) increases. On the other hand, an in
crease in the chemical time scale or evaporation of the dew increases the concentra
tion of material in the droplets, thereby increasing R~rc· 

Concluding remarks 

The predominant pathway for gaseous sulfur uptake to dry vegetation is via turbu
lent transfer through the atmosphere surface boundary layer and molecular diffusion 
through the laminar boundary layer and the stomata. The soil surface is a significant, 
but weaker sink for sulfur. The appreciable solubility of S02 causes its uptake tobe 
enhanced greatly in the presence of maisture on leaves. However, the aqueous uptake 
of S02 causes the pH of a solution decreases, produclog a reduction in tbe solubility 
of 802. 

Three classes of models have been developed to compute deposition fluxes. Big
leaf models are the simplest and are used routinely. Multi-layer Eulerian and 
Lagrangian models can describe the controlling abiotic factors better, hence they 
yield more accurate estimates of deposition fluxes . 

Several areas of researcb can be identified from this overview. One, work is needed 
on scaling models of deposition of wet leaves to the canopy scale. This is a difficult 
endeavor because one must evaluate how wet the car~opy is, where it is wet, how fast 
it is drying, the size and distribution of droplets, the chemistry of the droplets, the 
leaching of compounds from leaves and the deposition of oxidizing compounds into 
the droplets or films. Chameides (1987) provides an initial intellectual framework 
from which to advance, but more work needs tobe done to develop an accurate appli
cation model. 

The current parameterization of water stress and its consequential stomatal closure 
is weak (see Fig. 3). Incorporating a water balance into the car~opy deposition model 
wotl1d be helpful. · 

Finally, we need to be able to calculate fluxes to heterogeneaus land surfaces. 
Many forests and canopies are not closed, are in mountainous terrain or consist of 
small fields in a heterogeneaus patchwork. These conditions are difficult to address 
with conventional micrometerology. Y et, we need to know how variations in topog
raphy and Iandscape components affect large scale average fluxes, which are required 
as inputs in global and regional atmospheric chemistry and biogeochemistry models. 
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Introdnction 

Sulfur supply to plants depends on its distribution within the three environmental 
compartments soil, water and atmosphere. lil these ·environmental compartments 
sulfur occurs in a lot of chemical forms, ranging from very reduced to very oxidized 
sulfur, and from inorganic to organic sulfur compounds. Adaptation of higher 
plants to the various habitats will depend on the chemical sulfur speciation and on 
their environmental concentrations in space and time. In the case of a sulfur surplus, 
adaptation will ultimately be determined by the physiological potential of a 
diminished uptake, quantitative and qualitative changes of the biosynthesis of sulfur
containing compounds and their storage capacity, either at the cellular and/ or tissue 
Ievel. With regard to populations, communities and ecosystems, the success of the 
modified sulfur compounds may affect intra- and interspecific competition at the 
same trophic Ievel and the plant-herbivore and plant-pathogen relationships. 

Due to geological differentiation of the lithosphere and hydrosphere the horizontal 
pattern of sulfur concentration ranges from areas of low supply e.g. grey wooded 
soils in Canada (Bentley et al. 1956) to areas with sulfur toxicity to non-adapted 
plants, e.g. gypsum soils (Heinze et al. 1982; Meyer 1986). The ecophysiological 
aspects of the adaptation to high sulfur. supply have recently been reviewed (Ernst 
1990a); the small progress in this research area does not justify an update. 

Atmospheric sulfur compounds have received increasing interest, because of 
anthropogenic emissions of S02 and H2S (De Kok 1990, for a review) and conse
quently their deposition and impact on terrestrial ecosystem.s (Autri & Fitzgerald 
1991). Biogenie sulfur emission is of special interest due to the impact of CS2 
(Sehr öder, this volume) and of dimethyl sulfide (DMS) and its atmospheric Oxidation 
product, methanesulfonate, on the global sulfur cycle and on global climate by con
trollingglobal albedo (Kiene & Bates 1990; Ayers et a/. 1991). It may represent 30 
to 500Jo of the global sulfur flux to the atmosphere (the hypothesis of Charlson et al. 
1987). With regard to higher plants, the production of dimethyl sulfide and.its release 
to the atmosphere is restricted to Zostera (Gorham et al. 1980) and Spartina (Van 
DiggeJen et al. 1986), whereas t he greatest mass of DMS is produced by marine 
phytoplankton and macroalgae (Gibson et al. 1990; Karsten et al. 1991). The deposi
tion of methanesulfonate in the antarctic ice core (Legrand et al. 1991) demonstrates 
that at least plants in coastal ecosystems, e.g. roangroves and salt marshes, may be 
affected by the volatile thioether DMA. The interaction between DMS and higher 
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plants has not received any further attention during the last years (Ernst 1990a) so 
this aspect is not considered any further. 

My intention is to show the ecological aspects of the anthropogenic enrichment of 
the environment with sulfur compounds, emphasizing changes at the population and 
community Ievel and to Iook to the ecological role of organic sulfur compounds in 
plant-heterotroph relationships. 

The impact of a~tilro9Ggenic suUPJ~· emission 9n ecosystems 

As soon as man affects nature, there are two possibilities of biological responses: a 
negative one varying from plant injury to extinction of species (Korneck 1984) or 
even disappearance of ecosystems; a positive one, selecting resistant organisms which 
can build up new communities and ecosystems (Ernst 1990b). In the case of anthro
pogenic sulfur ernission, the negative aspects are fully recognized (Guderian 1977), 
but I will also elaborate some positive effects. 

The damage 

Anthropogeniesulfur emissionwill return from the atmosphere and deposit on com
ponents of the ecosystem and change their functioning. In sites with a high Ievel of 
SQ2 poJlution, darnage Of the Vegetation, especially of coniferOUS trees, agricultural 
and horticultural crops occurs (Unsworth & Omrod 1982). These processes are weJJ 
documented as part of the cascade of causes and effects of forest decline in the North
ern hemisphere (Guderian 1977; Schulze et al. 1989; Kozlowskj et a/. 1991). The ef
fects of anthropogenic sulfur ernission on ecosystems are very dependent on the vege
tation type. As demonstrated in the Solling project, a beech (Fagus sylvatica) forest 
intercepts 50 kg S ha-1 yr·l whereas a spruce (Picea abies) forest has an iaterception 
of 85 kg S ba· l yr· l compared to the annual sulfur deposition of 23 kg ha-1 via 
precipitation (Ellenberg et al. 1986). Once the deposition has reached the soil surface, 
either directly or indirectly, it will affect the herb-, grass- and moss layer and the bio
logical processes in the bumus layer. Only recently more emphasis has been given to 
the chemical speciation of sulfur in soils, wbich is predominantly present as organic 
sutfur (Johnson et al. 1982; Stricklandet al. 1987; Autri & Fitzgerald 1991) and thus 
not directJy avaiJable to plants. Organic sulfur, bowever, provides a pool of readily 
mineralized available sulfur in ecosystems. 

As a consequence of vegetation-specific interception of sulfur aerosols, sulfur fixa
tion and the syntbesis of humus compounds, the passage of suJfur through the soil 
proftle will also be related to the vegetation type as demonstrated by a Iang-lasting 
Iysimeter experiment. Discharge of sulfate from 1947 to 1983 was studied in four 
Iysimeters (625m2 each), one with bare sand. the others vegetated with a shrub vege
tation of buckthorn (Hippophae rhamnoides), witb an oak (Quercus robur) forest 
and with an Austrian pine (Pinus nigra var. nigra) forest (Table 1). Whereas the 
Iysimeter without any vegetation had a nearly constant discharge quality, the sulfate 
concentration in the discharge of tbe vegetated Iysimeters increased steadily, the 
strongest under the pine forest (Stuyfzand 1984). This latter result is in good agree
ment with the sulfate discharged under a beech and spruce forest in the Solling 



l:!.coJogtcal aspects o; su1;ur m hlgher plants 

Table 1. Sulfatedeposition rate (mg m·2 day-1) and sulfatein drainage water (mg t·l) from four Iysimeters 
(625m2 surface each), filled with calcareous dune sand and vegetated from 1941 onwards, at the Dutch 
coasl . .Data are combined from Minderman & Leeflang (1968) and Stuyfzand (1984). n .d. = not de
termined. 

Lysimeter with 

Discharge Sulfate Bare Hippophae Quercus Pinus 
per iod deposition sand rhamnoides robur nigra 

rate 

1912-1956 14.0 16.8 39.5 32.1 64.6 
1957-1961 19.3 16.1 35.3 40.5 98.8 
1966-1968 42.0 n.d. n.d. n .d . n.d. 
1980-1983 12.0 16.5 50.8 47.4 304.0 

(Eilenberg et al. 1986) and with other European and North American forests (Likens 
et al. 1977). The sulfate concentration of tbe discharge· is determined by four compo
nents, the deposited sulfur, its allocation in the living biomass, its retention in the 
soll, and the water consumption by tbe ·vegetation. The high sulfate concentration 
of the Iysimeter discharge under Austri an pine is partly caused by the high water de
mands of this coniferous trees, being a factor of two higher than on the two other 
vegetated Iysimeters (Stuyfzand 1989). The increased availability of sulfur tagether 
with changes of the mobility of other chemical soil constituents (Smith I 981 ; Wookey 
& Ineson 1991) will affect plant growth. The crucial metabolic aspect for plants at 
SQ2 exposure is the Storage of the additional Sulfate if other sulfur compounds are 
not synthesized. S02 injury of Scotch pine and spruce was associated with higher 
sulfate concentration in needles of SOrsensitive lines than of S02-resistant trees 
(Rohmeder et al. 1962). Experiments with increasing supply of sulfate fertilizers have 
confirmed that in four-year old spruce needles 500Jo of the total needle sulfur was 
present as sulfate at high supply compared to less than 10% at low external sulfate 
supply (Ende & Hüttl1992). Such an impact of the storage capacity of plants for sul
fate may also be responsible for the change in species composition in Polish wood
lands. With an increase of the destruction of forest trees, acidaphilaus berbs, grasses 
and carpet mosses disappeared from the forest soil, and plant species characteristic 
of woodland clearings, e.g. Senecio nemorensis and Rubus idaea colonized tbe open 
forest patches in Polish woodlands (Medwecka-Kornas & Gawronski 1990). One of 
the not yet investigated aspects is the reason for the disappearance of acidophilous 
plants. It seems unlikely that the well known aluminum resistance of Luzula 
/uzuloides ( = L. albida, Henrichfreise 1981) is too low to cope with an increasing 
aluminurn availability with decreasing pH. It is more likely that the storage capacity 
of the vacuoles for sulfates (Ernst 1990a) may be insufficient, because the mean daily 
sulfur deposition in polluted areas can still amount up to 16 mg S m·2, equivalent to 
57 kg ha·1 year1• Due to the high amounts of fulvic acid in pine-oak forests, most 
of the sulfate may be adsorbed in sequioxide-rich subsurface soils (Johnson et a/. 
1982), thus disturbing the adsorption equilibrium with other nutrients in the soil solu
tion (Ellenberg et al. 1986), and tbus provoking disturbance of the nutrient balance 
in plants. 
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Table 2. Proven S02-resistance in populations of higher plants. 

Plant species 

Pinus sylvestris 
Geranium carolinianum 

Lo/ium perenne 

Rumex obtusifolium 
Lepidium virginicum 
Glycine max 

Silene vulgaris 

The advantage 

Demonstrated or suspected (?) 
resistance mechanism 

Exclusion 
No exclusion, ? 
Improved repair system (?) 
No exclusion 
Increased sulfate 

accumulation (?) 
Greater stomatal resistance 
? 
Glucosinolates (?) 
lncreased sulfate 

accumulation (?) 
No exclusion, no increased 

S04 accumulation 
Balance between root and 

leafuptake 

W.H.O. Ernst 

Reference 

Rohmeder et a/. (1962) 
Taylor & Murdy (1975) 
Taylor et al. (1986) 
Bell & Mudd (1976) 
Koziol et al. ( 1986) 

Horsman & Wellburn (1977) 
Murdy (1979) 
Miller & Xerikos (1979) 

Ernst et a/. (1985) 

Plant species which have an increased demand for sulfur, and a high capacity to store 
sulfur in inorganic and organic compounds, may benefit frorn increased anthropo
genic sulfur emission. Although variation among and between plant species in 
resistance to air pollutants appears to be quite common in most species (Roose et al. 
1982), only a few species have actually been tested for their tolerance to S02• From 
these few species, i.e. Geranium carolinianum (Taylor & Murdy 1975), Lolium 
perenne (Bell & Mudd 1976) and a few other grasses (Ayazloo & Bell1981), Silene 
vulgaris (Ernst et al. 1985), Rumex obtusifolium (Horsman & Wellburn 1977), only 
one species, i.e. Lepidium virginicum (Murdy 1979) is a cruciferous one (Table 2). 
One condition responsible for the selection of S02-resistant genotypes is a relatively 
constant exposure of plant populations to increased S02-Ievels. Resistance rnay be 
realized by a diminished uptake of S02, as obviously found in coniferous trees with 
a slightly decreased S02 concentration of their needles (Rohmeder et al. 1962; Caput 
et a/. 1978) or by an increased metabolic incorporation of S02 into cellular com
pounds. S02 is rapidly converted into HS03• and SOl· once it has entered the 
cytoplasm and consequently these anions will be either reduced to the sulfide Ievel 
or oxidized to sulfate (Rennenberg 1984). Excess sulfatewill be stored in the vacuole 
and aggravates tbe normal age-dependent sulfate storage in leaves either as sulfate 
(Ernst 1990a) or as flavonoid sulfates (Barron et al. 1988). This latter option will be 
achieved with difficulty because it d.emands an increased storage capacity of vacu
oles, although such increased sulfate accumulation has been postulated (Miller & 
Xerikos 1979; Koziol et al. 1986). The former possibillty of an enhanced incorpora
tion of so2 into organic sulfur compounds may give more evolutionary potential for 
plant species with specific sulfur compounds. 

Plants with an increasing sulfur demand may be tbose which use additional sulfur 
not only for growth {Marquard et al. 1968), but also for protection of their biomass 
by chemical defense compounds against pathogens and herbivores or by metal de-
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Table 3. Endangered species of Pteridophyta and Spermatophyta, with emphasis on the Brassicaceae, in 
the nora of the Federal Republic of Germany (FRG) and the Netherlands (NL) in the period before and 
after 1950. The data sets are taken from Korneck (1984) and Haeupler & Schönfelder (J 988) for the FRG 
and from van der Meijden (1990) for NL. 

All plants Brossicaceoe 

FRG o/o NL fJo FRG % NL OJa 

Oass frequency 
0 extinct 61 2.5 44 3.1 4 3.2 3 4.5 
I nearly extinct 101 4.1 161 11.4 2 1.6 6 9.1 
2 strongly endaugered 255 10.3 61 4.3 4 3.2 2 3.0 
3 endaugered 281 11.3 142 10.1 3 2.4 5 7.6 
4 potentially endaugered 165 6.7 102 7.2 s 4.0 3 4.5 

subtotal no. of species 863 34.9 510 36.1 18 14.4 19 28.7 
total no. of species 2477 100.0 1412 100.0 125 100.0 66 100.0 

toxifying substances (Ernst et al. 1992; Rauser, this volume). There is growing evi
dence that plants with a high sulfur demand are synthesizing higher amounts of or
ganic sulfur compounds with an increase in sulfur supply (glucosinolates: Marquard 
et a/. 1968; dimetbylsulfoniopropionate: van Diggelen et ol. 1986; thiophenes: A.F. 
Croes, personal communication). A positive impact of S02 may be developed the 
best in ecosystems wbere the additional sulfur supply may be proportionally high 
compared to tbe natural background. Therefore, pJant species syntbesizing glu
cosinolates, allün and allicin are of special interest in thls context. Other ta.xa with 
specialized sulfur compounds are mostly restricted to the coastal zones, where tbe im
pact of S02 is Iow compared to the influence of sea salt sulfur, e.g. , tbe dimetbylsul
foniopropionate accumulating Spartina anglica (van DiggeJen et al. 1986), the 
choline-0-sulfate and/or flavonoid sulfate accumulating species of Armerio mari
tima and Limonium vulgare (Barron et al. 1988; Hanson & Gage 1991). 

Members of the Brassicaceae are able to syntbesize high amounts of glucosino
lates, even at sulfate concentrations where plant growth is not further stimulated 
(Marquard et al. 1968). This high detoxifying mechanism and tbe potential role of 
glucosinolates and other organic sulfur compounds as repellants of herbivores and 
pathogens may give such plant species an advantage in S02 polluted areas, by either 
increased S02 resistance and/or by optimalization of their suJfur supply. Tatest thls 
bypothesis, an analysis of the change of the distribution of Brassicaceae before and 
after 1950, i.e. before and after strong antbropogenic so2 enUssion was made for 
the NetberJands and Germany. Before 1950 tbe mean depositionrate of sulfur in
creased from 4 mg S m·2 d·1 in 1930 to 10 mg S m·2 d-1 in 1950 (Stuyfzand 1984). 
From 1950 to 1968 the depositionrate of sulfur jumped to 42 mg S m·2 d·l in the 
Netherlands and other higbly industrialized regions of Europe (Table 1). From 1969 
onwards tbe Substitution of coal by naturalgaswas tbe main factor diminishing the 
deposition rate of sulfur in the Netherlands to L0-15 mg S m·2 d-1 from 1980 on
wards (Stuyfzand J 984; CBS 1983; CBS 1989). With regard to grasslands and arable 
fie]ds having no Special 802 interception, the above mentioned deposition rates bave 
resulted in a total anthropogenic sulfur load of 7.5 kg S m-2 for the past 30 years 
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Table 4. Increase or decrease in the occurrence of Brassicaceae in the inventory quadrats (each 25 km2) 
in the flora of the Netherlands in the period before and after 1950. The data set is based on the maps pub
lished by Mennema et al. (1980, 1985) and van der Meijden et al. (1989). The species are divided into 
(semi)natural ecosystems and man-made ecosystems. 

Ecosystem 

(Semi) natural ecosystems 
Coastal floodline 
heavy meta! vegetation 
semi-natural grassland 
wells 
wetlands 

Man-made ecosystems 
walls 
arable fields 
ruderal sites 

Species 
no. 

2 
I 
6 
2 
9 

16 
26 

decrease (-) or 
increase ( + ) of 
inventory 
quadrats 

+ 45 
- 3 

- 84 
+ 467 
+ 1140 

- 18 
+ 2309 
+ 3158 

change of inventory 
quadrats per species 

+ 23 
- 3 

- 14 
+ 234 
+ 127 

- 18 
+ 144 
+ 121 

(equivalent to 75 t ha-1). Cruciferous species were very successful in maintaining and 
extending their populations in the Netherlands and Germany during the last 40 years 
(Table 3). In both countries araund 350Jo of all higher plant species were extinct or 
are endangered. With regard to the Brassicaceae, making up 5.0% (FRG) and 4,7% 
(NL) of the registered plant species in both countries, only 14.2 and 24.2% are en
dangered in FRG andin NL, respectively, This overall data set has tobe corrected 
for other entirely human factors, which have reduced their distribution, such as the 
disappearance of flax growing with its accompanying specific weeds (Camelina 
spec.), the removal of spoil heaps and mine tailings (Thlaspi, Cardaminopsis) or dis
appearance of municipal walls ( Cheiranthus cheiri). Independent of the nature of the 
ecosystems the increase of Brassicaceae in the inventory quadrats of the Netherlands 
varies between 121 and 234 on a mean per species, except at the coastal floodline with 
its fixed nature (Table 4). One of the reasons forthisrapid and positive reaction to 
a changing environment may be the life history of the crucifers, with a high percen
tage of annuals (44.4% in F.R.G.) so that the selection can operate on the short term. 
The obviously positive correlation between sulfate supply and glucosinolate synthesis 
may have enhanced the vitality of the populations. If these correlations could be ex
perimentally substantiated, they would explain an essential part of the change of the 
species composition in Central European ecosystems, because the greatest expansion 
of the area in this case study occurred in the heavily polluted parts of Germany and 
the Netherlands (Fig. 1). Enhanced sulfurdepositionwill not only improve growth 
but also seed quantity and seed quality, and thus increase the survival of seeds in the 
seed bank. 

As a consequence of the increase of cruciferous plant species, the frequency of her
bivores with a strong affinity for these plants should follow this trend. Such a plant
animal relationship exists for several butterflies. The cabbage butterfly, Pieris rapae, 
do oviposit on plant species such as Brassica spp., Cardamine pratensis, Dipiotaxis 
spp. and some other members of the Brassicaceae. From 1910 onwards, the area of 
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Fig. 1. The expansion of the occurrence of Dipiotaxis tenuifolia from 1950 onwards in the Netberlands. 
Tbe black: quadrats are occurrences before 1950, tbe asterisks give the increase from 1950 onwards, the 
closed white circle in ftlled quadrats the clisappearance of the population in the inventory quadrat after 
1950 (after V an der Meijden et a/. 1989). 

occurrence of the cabbage butterfly in the Netherlands has increased (Tax 1989), 
from 1950 onwards by more than a factor of two (Fig. 2). The data set for other 
animals, obligately dependent oo Brassicaceae in their larval stage, are too incom
plete for a further evaluation. This advaotage of the population increase of Bras
sicaceae and their hosts, however, should not be overestirnated, because it can not 
outweigh the loss of non-cruciferous plant taxa. 

Allium species may be a further test case for the selective advantage of S02 for 
sulfur-demanding plants. In Germany and the Netherlands there is a discrepancy of 
the reaction pattems. The population area of 13 from the 15 species in F.R.G. 
decreased from 3.3 up to 39.90Jo, whereas in NL five of tbe seven species increased 
varying from 25.9to4000Jo, onlytwo decreased by 28 to 32.80Jo. The number ofplant 
species in both countries (n = 15, FRG; n = 7, NL), however, is too small to make 
any decisive Statements for tbis taxon. The perennial life bistory and the first seed 
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Fig. 2. The change of S04 deposition in the western pan of the Netherlands from 1930 to 1980 (after 
Stuyfzand 1984) and the increase of the white cabbage butterfly (after Tax 1989). 

production after 3-5 years of growth will also contribute to the delayed reaction of 
Allium species to increased sulfur supply (Ernst 1979). 

In conclusion, for the understanding of disadvantages and advantages of S02 for 
plants, an interpöpulation comparison of S02-sensitive and S02-tolerant genotypes 
(populations) will 'be the best approach to elucidate the triggers of sulfate uptake rate 
by roots and the S02-intake by leaves and to get insight into metabolic sulfur 
balances. 

The evolution of secondary organic sulfur eompounds 

The evolution of secondary organic sulfur compounds has occurred quite indepen
dently during evolution of plants, sometimes the same compound class in many taxa, 
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Tab/e 5. The occurrence of secondary organic sulfur compounds in higher plants. 

Compound 

Dimethylsulfonio
propionate 

Choline-0-sulfate 

Phytochelatins 

Flavonoid sulfates 

Glucosinolates 
Alliin, allicin 

Thiophenes 

Thionins 
Purothionins 
Viscotoxins 
Crambin 

Raphanusanin 

Taxa 

Chlorophyta 
Rhodophyta 
Spermatophyta 

Zostera 
Spartina 

Eubacteria 
Chlorophyta 
Ascomycetes 
Spernuztophyta 

A vicennia, Aegia/itis 
Limonium, Armerio 

Chlorophyta 
Ascomycetes 
Spermatophyta 

Pteridophyta 
Spermatophyta (32 families) 
Spermatophyta (15 families) 
Spermatophyta 

Allium 
Spermatophyta 

Asteraceae 
Tagetes 
Echinops 

Spermatophyla 
Poaceae 
Viscaceae 
Brassicaceae 

(Crambe} 
Spermatophyta 

Raphanus sativus 

Reference 

Dickson et al. (1980) 
Challenger & Simpson (1948) 

Gorharnet a/. (1980) 
Van Diggelen et a/. (1986) 
Fitzgerald & Luschinski (1977) 
Blunden & Gordon (1986) 
Gravel (1976) 

Benson & Atk:inson (1967) 
Hanson & Gage (1991) 

Kondo et al. (1984) 
Grill et al. (1985) 

lmperato (1982) 
Barron et al. (1988) 
Rodman (1991a,b) 

Sendl & Wagner (1991) 

Sütfeld (1982) 
Lam et al. (1991) 
Bohlmann & Apel (1991) 

Hasegawa et al. (1982) 

but frequently related to environments enriched by sulfursuch as aceans and coastal 
waters. Examples forthistype of evolution are dimethylsulfoniopropionate m Chlo-
rophyta, Rhodophyta and Spermatophyta (Table 5), cholin-0-sulfate from bacteria 
to higher plants, flavonoid sulfates restricted to Pteridophyta and Spermatophyta. 
Phytochelatins, being evolved in Chlorophyta, Ascomycetes and Spermatophyta, are 
examples for a short-term reaction of the metabolism to a surplus of heavy metals 
(Grill et al. 1985) without any impact on metal resistance (Ernst et al. 1992). The 
biosynthesis of some other compounds has only been evolved by some taxa within 
the higher plants, e.g. the independent evolution of glucosinolates with an emphasis 
on Gapparidates (Rodman 199la,b). Thionins have evolved in four completely un
related families within the Spermatophyta (Bohlmann & Apel1991). Raphanusanin 
and raphanusamide (Hasegawa et al. 1982) occur only in one Raphanus species, the 
alliins and allicins are restricted to the genus Allium, the thiophenes to several taxa 
of the Asteraceae (Table 5). 

What is the function of these sulfur compounds in the ecology of species and plant 
comm.unities? The suggestions are manifold (Table 6), ranging for the same com
pound, i.e. choline-0-sulfate, from sulfur storage to cytoplasmic osmoregulation, 



304 W.H.O. Ernst 

Table 6. Suggested functional roles of secondary organic sulfur-compounds. 

Compound 

Glucosinolate 

Cholin-0-sulfate 
Flavonoid sulfate 
Alliin, allicin 

Thiophenes 

Thionins 

PhYtochelatins 

Raphanusanins 

Function 

Sulfur storage 
ruogicide 

insecticide 
molluscide 
feediog repellent 
to insects 
and mammals 
atuactant to insects 

osmoregulation 
S-detoxification 
attractant to insects 
repeUant to marnmals? 
bactericide 
ncmaticide 
bactericide 
fungicide 
metal-binding 

growth inhibitor 

Reference 

Schnug, this volume 
Ref. 40, 77, 78 in Ernst (1990a) 
Ref. 10, 14, 23, 60 in Schnug (1990) 
Ref. 42, 59 in Schnug (1990) 
Ref. 75 in Ernst (1990a) 

Ref. 2, 18 in Schnug (1990) 
Ref. 84 in Schnug (1990) 
Ref. 33, 35, 37, 43, 76 in Ernst (1990a) 
Ref. 18, 53-55 in Schnug (1990) 
Hanson & Gage (1991) 
Barron et al. (1988) 
Leeamte & Thibout (1984) 

Chan et a/. (1975) 
Uhlenbroek & Bijloo (1958) 
Fernandez de Caleya et al. (1972) 
Ebrahim-Nesbat et a/. (1 989) 
Kondo et al. (1984) 
Grill et al. (1985) 
Rauser (this volume) 
Harada et al. (1991) 

and for glucosinolates from sulfur storage, feeding repellent, bactericide, fungicide, 
nematicide, insecticide, to oviposition stimulant. 

In an ecological context the reaction to pests may be species-specific and depends 
on the life history of tbe plant. The various developmental stages of a plant may 
adopt different procedures for protection. I will take the glucosinolates as an ex
ample to demoostrate the various aspects. In advance, it is necessary to state that the 
so-called coevolution of resistant pest organisms (Chew 1988), i.e. the function of 
glucosinolates as attractants for pests (see Table 6), is a taxa-independent reaction 
of a heterotrophic species to its hast. 

The genetic background 

If a character is under selection, one to several genes have to be involved. The best 
investigated system is that of the cyanogenic glucoside in clovers, where at least two 
genes are involved, one for the enzyme linamarase and one for the product lina
marine (Kakes 1990). In the glucosinolate system, however, at least three genes have 
to operate: the genes for the synthesis of the aJkenyl- and indole-glucosinolate and 
one forthe thioglucosidase. Upto now the elucidation ofbotb systems is pooror even 
disappointing. More tban 20 years ago, it was demonstrated that a high glucosinolate 
concentration was based on a dominant allele and tbat the glucosinolate content of 
the embryo is determined maternally (Josefsson 1970; Kondra & Stephansson 1970; 
Lein 1972; Love et al. 1990). Recently Haughn and coworkers (1991) have confirmed 
that the concentration of many of the alkenyl glucosinolates found in the wild type 
of Arabidopsis thaliana are due to a dominant allele Gms. The matemal involvement 
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Table 7. Possible genetic complcxes operating in tbe glucosinalate-thioglucosidase system in Brassicaceae. IBodnaryk & Palaniswamy (1990); 2ßodnaryk 

r, 
Q -(1991). ~ 

Developmental Fate of Thioglucosidase Production Localization g 
stage of plant glucosinolates activity genes genes ~ 

't:i 
Seedling Decreasing concentration decreasing in none none ~ 

of alkenyl glucosinolates cotyledons ~ 

in cotyledons1•2 ~ 
Roots? roots'l none none c., 

1: 

Vegetative growth Synthesis of indole unknown indole glucosinolates shoot 
<!:;" 
1:: 

glucosinolate thioglucosidase shoot 
.., 

indole glucosinolate TOOI 
s 

thioglucosidase root ::::.-
oti 
~ 

Flowering plants 111 .., 
flowers Unknown low unknown flowers? 'tl 
leaves Acropetal increase of low alkenyl glucosinolates (GSM) increasing expression iS 

glucosinolates indole glucosinolates (?) (?) 
;:r 

(indole + alkenyl) epitbiospecific proteins ESP 
c;; 

thioglucosidase 
roots lJnknown high indole glucosinolates translocation genes? 

tbioglucosidase high expression 
in roots 

Seed production 
pod High production of alkenylglucosinolates OSM fruit tissue 

alkenyl glucosinolates unknown glucosinolate transporter fruit tissue 
seed Accumulation of thioglucosidase transporter fruit tissue 

alkenyl glucosinolates unknown none none 
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in seed glucosinolates demands a further gene, which is responsible for glucosinolate 
transport to the embryo. The biosynthesis of indole glucosinolates, usually absent 
from seeds (Chew 1988) and only present in vegetative plant organs, however, may 
be controlled by another gene. Nothing is known about the genetics of thioglucosi
dase; obviously its biosynthesis may be regulated by another gene. The occurrence 
of thioglucosidase in Aspergillus not able to synthesize glucosinolates indicates an 
independent inheritance of this enzyme. Furthermore, it is uncertain how the thioglu
cosidase activity is regulated in seeds wbere it is present in idioblasts (Mabeshwari 
et al. 1981). lt may be transported from the matemal tissue to tbe embryo, or the 
embryo itself has the capacity to synthesize the enzyme. Defense against the seed 
patbogenic yeast Nematospora sinecauda is based on an activation of the thioglu
cosidase-glucosinolate system in the cotyledons (Holley & Jones 1985). Due to the 
high dynamics of the various glucosinolate compounds and the thioglucosidase 
during a plant's life history (Falk et al. 1992) a Iot of genes may be involved in tbe 
evolution and expression of the glucosinolate-thioglucosidase-system (Table 7). 

Plant-pest speciflc resistance 

The evidence of glucosinolates as defense substances will be criticalJy evaluated. As 
mentioned above, seeds of Brassica are characterized by a predominance of alkenyl 
glucosinolates (cf. Schnug 1990). Selection of double low lines of Brassica species 
may be interesting for the feeding aspects of cattle, but it will increase the suscepti
bility of seeds to pathogens. It was already demonstrated that seed homogenates of 
low-glucosinolate lines of Brassica campestris were not toxic toward the seed patho
genic yeast Nematospora sinecauda (Holley & Jones 1985). In addition, the feeding 
activity of the seed weevil Ceutorhynchus assimi/is is stimulated by the Ionger cbain 
alkenyl glucosinolates, whereas the leaf and stem feeding flea beetles Phyllotreta 
cruciferae and otber Phyllotreta species were stimulated by indolylmethyl glucosino
lates (Nielsen 1978; Kjaer-Pedersen 1992; Pivnick et a/. 1992). This differentiation 
of the microhabitat preference is a good example of ecological niche differentiation 
and may, dependent on the trigger concentration of alkenyl glucosinolates, influence 
seed attack in double-low lines. 

Once the seed germinates, other glucosinolates may be the target for evolution
ary adaptation. During growth .of Sinapis alba seedlings, the concentration of p
hydroxybutyl glucosinolate (sinalbin) decreases within a few days by nearly 5001o 
(Bodnaryk 1991). Per cotyledon pair the total amount, however, remains constant, 
indicating a Iack of a de novo synthesis of glucosinolates in the cotyledons of mustard 
seedlings and questioning the proposed role of glucosinolates as sulfur storage 
(Schnug, this volume). This pbenomenon is perhaps a general physiological be
haviour of cotyledons towards the biosynthesis of secondary compounds (cf. cyano
genic glucosides, Freliner et al. 1990; pyrrolizidine alkaloids, Hartmannet al. 1989). 
In rape seedlings, labeled sulfate was only weakly incorporated into glucosinolates, 
even 40 days after germination (Qinzheng et a/. 1991a). In addition, the difference 
in the dominance of glucosinolate species between seeds and young and mature 
plants, i.e. alkenyl versus indole glucosinolates demands the activity of a new enzyme 
for the biosynthesis of the latter group. The decrease of the alkenyl glucosinolate 
sinigrin in developing Brassica seedlings and the start of the de novo synthesis 
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of 3-indolylmethyl glucosinolate (glucobrassicin) seven days after germination 
(Bodnaryk & Palaniswamy 1990) support this aspect. The functional role of glu
cosinolate as defense systems is especially weak just a week after germination, be
cause both the glucosinolate concentration and the thiog]ucosidase activity decreased 
at that time (Bones 1990). The high attack of cotyledons of B. napus and B. juncea 
by insects (Bodnaryk & Palaniswamy 1990) emphasizes the weakness of the seedling 
defense system. A similar situation was found for the interaction between seedlings 
of Sinapis alba and the flea beetle Phyllotreta cruciferae (Bodnaryk 1991 ). Two pos
sibilities may explain the Iack of sufficient chernical defense in one to two-weeks old 
mustard seedlings: {1) under natural conditions the germination, mostly in early 
spring, occurs in the absence of a predator, due to delayed insect development at low 
temperatures; {2) another secondary product may be synthesized e.g. cardenolides 
and sapogenins, which deter herbivorous insects. 

The growing seedling has to exploit the surrounding soil for nutrients and thus its 
roots are exposed to soil pathogens, e.g. Pla$modiophora brassicae, the cause of 
clubroot disease. Differences in sensitivity of Brassica napus to this pathogen are 
related to the concentration of indole-3-methyl glucosinolate, an auxin precursor 
(Rauschet al. 1981). In resistant plants the Ievel of the precursor is low (Chong et 
al. 1985). Obviously, variability in differential gene activity between roots and shoots 
for the biosynthesis of indolmethyl glucosinolate may be present in populations of 
the various crucifer species. However, the information of its occurrence in wild and 
cultivated Brassicaceae is very low. 

The attack of crucifer plants later in the growing season by various herbivores is 
not only based on glucosinolates and their degradation products, as often suggested, 
but also on three selection components. The most crucial Stimulation seems to be 
(1) color to induce landing (Kolb & Scherer 1982), (2) tactile stimuli (Städler 1986) 
and (3) chemical stimuli. Recent research has shown, that the tarsal contact chemo
receptor in the cabbage butterfly is not sensitive to allyl glucosinolates but to other 
water-soluble compounds (Renwick & Radke 1988). The former overemphasize paid 
to glucosinolates finds a parallel situation on the chemoreceptors for lpidae, which 
were believed for a long time to be pinene but electrophysiological measurements 
have detected completely other compounds (Masson & Mustaparta 1990). Further
more, femalePieris rapae prefer to lay eggs on fertilized plants, thus enhancing the 
fitness for the offspring (Myers.1985). The importance of visual stimuli as cues of 
berbivorous insects during host .fmding in contrast or in addition to olfactory ones 
(Miller & Strickler 1984) may explain why in certain insects, as in Pieris brassicae, 
plant density is not related to search success, whereas in others e.g. the flea beetles 
(Phyllotreta cruciferae, P. striolata) odour plumes are the guide (Cromartie 1975). 
This diversity in reactions and cues supports the necessity for a reanalysis of the 
importance of glucosinolates in tbe crucifer-herbivore relationship as attractants and 
repellants of herbivores. In this reanalysis the occurrence and activity of thioglucosi
dase bas tobe taken into account, as well as other sulfur-containing compounds. As 
a first indication, the darnage of animals by a high consumption of double low oilseed 
rate (bares: Seifert & Röbbelen 1988; roe deer: Boag et a/. 1990; deer: Onderschenka 
et al. 1987) was suggested to be caused by S-methyl-cysteine sulfoxide, and not by 
glucosinolates (Schnug 1990). 

Physiologically and ecologically very interesting is the aspect of the change of 
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biosyntbesis of g]ucosinolates during seed formation. Mucb evidence suggests tbat 
tbe biosynthesis of seed glucosinolates takes place in the fruit tissue (Lein 1972; 
Qinzheng et al. 199lb). The question, however, is not yet answered, 1f the preference 
of tbe accumulation of alkenyl glucosinolates in crucifer seeds is due to a differential 
gene activity for their biosynthesis in the fruit tissue or due to a preferred transport 
of tbese glucosinolates in comparison to indolyl glucosinolates. The evolutionary 
necessity of such a change in a major "defense" substance may be understood, if 
indolyl glucosinolates are less suitable for storage than alkenyl glucosinolates; the 
experimental evidence, however, has not been tested. 

Concluding remarks 

The obvious la9k of glucosinolate and thioglucosidase synthesis in green cotyledons, 
tbe increase of the glucosinolate concentration in acropetal d.irection during plant 
growtb (Glover et al. 1988), the change in tbe glucosi'nolate profilein a plant's life 
history from seedling to seed, tbe identical sulfate uptake of double and low wild type 
(Schnug 1990) with obviously strong effects on the biochemical compartmentation 
of sulfur, and the Iack of full information about tbe thioglucosidase activity during 
the life history and its relation to the effectivity of the defense system, all these vari
ous aspects demoostrate that the understanding of the glucosinolate-thioglucosidase 
system is far from adequate. Recent investigations support ideas of the sulfur storage 
rote of glucosinolates and of hormonal control of flowering (Clossais-Besnard & 
Larher 1991; Schnug, tbis volume). As a consequence many results, especially tbose 
on the plant-animal relationships in Brassicaceae, seem often to be interpreted as 
wishful thinking. A good documented example of the glucosinolate-myrosinase sys
tem as feeding deterrent to caddiilies, snails and arnpbipods is the hydrolysis of 
pbenylethyl glucosinolate after darnage of watercress (Newman et al. 1992). 

The same speculative approach concerns the role of thiophenes as nematicides, be
cause they are only effective if the plant root with the herbivore is exposed to light 
(Sütfeld 1982; Arnason et al. 1986). In such an ecological situation, most of the rool 
system is already damaged by nematodes, and tbe remnant roots, if exposed to light, 
will bave no advantage in tbe presence of tbiophenes. From an ecological point of 
view, combined investigations of the biosynthesis of the intermediate and fmal 
products (e.g. glucosinolates) and the enzyme activities (e.g. thioglucosidases) are 
necessary to make progress in the understanding of the physiological and ecological 
aspects of organic sulfur compounds. 
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N-acetyt-L-serine, 38-40, 42, 44, 67, 69, 70 
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adenosi.ne 5'-monosulfate, 24 
adenosine 3'-phosphate 5'-phosphate (PAP), 63 , 
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ductase), 21, 38, 40, 63, 70, 155, 159 
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38, 40, 62, 159, 173 
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sulfotransferase), 24-28, 44, 62-64, 66, 67-70, 
78, 79, 82-84, 159 

adenosine 5'-triphosphate sulfurylase (ATP sul
furylase), 10, 22-24, 38, 54, 55, 62, 64-66, 78, 
79, 82-84, 87, 168 

S-adenosylhomocysteine, 96 
S-adenosylmethionine (SAM), 95-98, 180 
S-adenosylmethionine decarhoxylase, 98 
S-adenosylmethionine methy1 transferase, 226 
ADP, 78, 110 
ADP-sulfoquinovose, 171 
aglucone, 185 
ajoene, 105 
alanine, I 57 
ß-alanine, Jt-xii, 109, 112-114 
aldolase, 167 
aldoxime, 184, 186 
alkaloids, 180, 306 
S-alk(en)ylcysteine sulfoxides, see alliin 
alkenyl-glucosinolates, 184-186, 304-306, 308 
S-alkylcysteines, 56, 101, 103 
S-alkylcysteine Iyase, 105 
alkylsulfide, 223 

allicin, 105, 183, 299, 303, 304 
alliin, 99, 101, 102, 182, 183, 299, 303, 304 
alliin Iyase, 101-105, 183 
alliinase, see alliin _Iyase 
( + )-S-a.llyl-l,-cysteine sulfoJtide, see alliin 
aUyl-glucosinolates, 307 
aluminum, 208, 297 
a-arnanitin, 11 
amino acids, 8, 9, 37, 49, 56, 61, 65, 67, 70, 78, 79, 
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1-aminocyclopropane carhoxy1ate, 97 
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nase 
APS sulfotransferase, see adenosine 5'-phospho-

su/jate sulfotransferase 
APSe, see adenosine 5'-phosphose/enate 
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arsenate, 241 
ascorbate, 117, 126, 145, 146, 184, 185 
ascorbatc>-glutathione cycle (for tbe detoxification 

of H20;z), xi, 53, 54, JJO, 116, 117, 127, 128, 
143-146, 184, 185 

ascorbate peroxidase, xi, 53, 54, 116, 127 
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asparagine, 65, 69, 70, 21 I 
asparagusic acid, 181, 182 
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sulfurylase 
ATPase, 4, 154, 172 
atrazine, 222, 223-226, 228, 230, 231 
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bentonite, 194 
benzoquinones, halogenated-, 232 
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283, 295 
carbonic anhydrase, 244, 257 
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266, 271, 276, 283 
carboxypeptidase, 117, 119, 120 
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carotenoids, 126 
carrier-bound su1rur reduction, 24-28, 44, 62, 63, 

70, 125, 169, 170 
cata1ase, 99, 126, 127 
CDP-sulfoquinovose, 171 
ceU wall, 14, 126, 143, 215-217, 245, 259 
cbalcone synthase, 142 
chirin, 217 
chitinase, 213, 217 
chloride, 58 
ch1orimuron ethyl, 222, 223 
chloroacetamide herbicides, 225 
chloroacetanilide herbicides, 222, 223, 229-231 
1-chloro-2,4-dinitrobenzene (CDNB), 228, 230, 

231 
chlorophyll, 13, 53, 54, 96, 126, 166-168, 169,200, 
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chloro-s-triazine herbicides, 222 

choline-0-sulfate, 299, 303, 304 
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cinnamic acid, 222, 228, 230, 232 
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copper, 241, 242, 244-248 
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crambin, 214-216, 303 
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cyanobacteria, 13, 140, 154, 155 
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cydic disulfides, I BI 
cycloheximide, 11, 229 
cys genes, 8, 12, 13, 38, 40-44, 70 
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148, 153, 157, 170, 180-182, 184, 185, 199, 200, 
211-218, 223-226, 228, 242-247, 255, 256, 258 

D-cysteine desulfhydrase, 100, 105, 258 
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cysteinyl-tRNA synthetase, 56, 57 
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2,4-D (herbicide), 230 
dehydroascorbate (DHA}, 53, 145, 146, 184, 185 
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diatoms, 31, 54, 163 
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dibromoethane, 223 
dichlofluanid, 222, 223 
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ferredoxin-thioredoxin reductase (FTR), 140, 158 
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ß-fluoropyruvate, 69 
formate, 50 
fonnate dehydrogenase, 50 
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126, 142, 143 
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1on), 37-45 
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304 
genes, encoding glucosinolate synthesis and Irans

port, 304-308 
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148 
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transpeptidase, 248 
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genes, encoding glutathione reductase, 146, 147, 
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genes, encoding glutathione synthetase, 148 
genes, encoding glutathione S-transferase, 230, 
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gliotoxin, 179, 180 
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glucose, 164, 184 
gluoose-1-phosphate, 171 
gluoose-6-phosphate, 13 
glucose-6-phosphate dehydrogenase, 155 
glucoside(s), 221, 225, 226, 304, 306 
glucosinolates, 183-187, 199, 298, 299, 303-308 
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117-120, 133, 184, 239-245, 248 
y-glutamyl-cysteine dipeptidyl traospeptidase, 

240, 242, 248 
y-glutamyl-cysteine synthetase, x, lJ0-111, 115, 

ll8, 120, 140, 148, 240, 242 
y-glutamyl-cysteinyl-ß-alanine, see homogluta

thione 
(-y-glutamyl-cysteinyl)0 -ß-alaoine (homophyloche

latins), 239 (see also "1-glutamyl-cysteinyl-iso
peptides) 

(-y-glutamyl-cysteinyl)0 -glycine ((yEC)0 G peptides, 
phytochelatins), 239-246, 248 (see also "1-g/uta-
myl-cysteifiYl-isopeptides) · 
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phytochelatins), 24, 26, 64, 109, 110, 120, 121, 
126, 148, 179,239-244, 248, 303, 304 

')'-glutamyl-cysteinyl-isopeptides, glycine-less (des-
Gly (yEC)0 ), 240, 242, 243 
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69, 70, 78, 83, 87, 88, 99, 109-121, 125-133, 139-
149, 166, 167, 184, 185, 200, 221-233, 239-246, 
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glutathione, metabolism and detoxification of 
xenobiotics, 221-237 

glutathione, metabolism in plants, ix-xii, 109-123 
glutathione, oxidized (OSSG), 52, 53, 125, 109, 

127, 130, 131, 140-149, 185 
glutathione, reducedloxidized ratio, 125, 142, 144, 

147, 148 
glutathione, roJe in plants under oxidative stress, 

125-138 
glutathione dehydrogenase, 53, 116 
glutathione disulfide, see glutathione, oxidized 
glutathione peroxidase, 50-54, 128, 131 
glutathione perselenide (GSSeH), 55 
glutathione persulfide (GSSH), 55 
glutathione reductase, 52-55, 109, ll5, 116, 125, 
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glutathione sulfonate, 131, 232 
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glutathione S-transferase (GST), 109, 131, 221, 

226-233 
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240, 243 
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metalloenzymes, 244, 248 
metallothionein, 44, 247, 248 
p-mentha-1,8-diene, 181 
methanethiol, 98 
methacrylate, 181 
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methionine S-methyltransferase, 97 
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methylmercaptan, 181, 253-256, 258, 261, 266, 283 
S-methylmethionine (SMM), 9S-97, 258 
S-methylmethionine bydrolase, 97 
Se-methylselenocysteine, 49, 57 
Se-methylselenometbionine, 97 
0 -methylserine, 103 
5-methylthioadenosine, lOS 
3-melhylthiopropionamide, 98 
3-methylthiopropylarnine, 98 
methylviologen, 99, 128 
metolachlor, 228-231 
mitochondria, 22-24, 28, 29, 31, 32, 63, 67, 68, 
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100, 115, 146, 157, 170, 200, 201 
monobromobimae, 110, 113, 119 
monodebydroascorbate, 145 
monodehydroascorbate reductase, xi, 1 16, 117, 

143, 145 
molybdenum, 50 
mutants, 8, 23, 25, 28-31, 37, 44, 171, 172, 281 
myrosinase, 184-186, 308 

NADP, 52, 55, 132, 140, 141, 142, 144, 146, 
153-155, 157-159, 184, 185 

NADPH, 37, 52, 53, 55, 98, 109, 125, 130, 140, 
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nilrate assimilation, regulatory mteractions with 

sulfate assimilation, 61-75 
nitrate reductase, 61-67, 69, 82, 84-87 
nitrate transporter, 7, 10, 64 
nitrite, 61, 63 
nitrite reductase, 61, 63-65, 85 
nitrogen fertilization/nutrition, 194, 198, 199, 208 
nitrogen metabolisro, 37, 61-71, 77-88, 155 
nitrogen metabolism, current ideas on whole plant 

regulation, 77- 91 
nitrose cornpounds, aromatic, 222 
nitrosoguanidine, 171 

oleic acid, 171 
organic thiosulfate reductase, 27, 28, 63 
organophosphorothionaie herbicides, 222 
oxadiazon, 230 
oxalate, 246 
5-oxoprolinase, 117, 119, 120, 147 
oxoproline, 117, 120, 143, 147 
L-oxothiazolidine-4-carboxylate (OTC), 143 
ozone, 130, 131 

pa1mitic acid, 165, 173 
PAP, see adenosine 3'-phosphote 5'-phosphare 
PAPS, see adenosine 3 '-piJosphate 5 '-phosphosul-

fate 
PAPS reductase, see adenosine 3'-phosphate 5'· 

phosphosulfate sulfotronsferase 
PAPS sulfotransferase, see adenosine 3 '-phos

phate 5 '-phosphosulfate sulfotransferase 
pectin, 95, 97 
pentachloronitrobenzene (PCNB), 222, 225, 226, 

231 
1,2,3,5,6-pentathiepane, see lenthionine 
pentose phosphate cycle, 154, 155 
perbenzoic acid, 170 
pcroxidases, 50-54, 98, 116, 126, 127, 128, 131. 

132, 185 

Subject ituiex 

peroxidcs, organic, 51 
peroxyacetyl nitrates (PAN), 130, 131 
pesticide(s), 117, 1J9, 193,202,221,225,226,231 
phenols, 31, 164, 222 
phenol sulfates, 31 
phenol sulfotransferases, 31, 32 
phenylalanine, ISO 
phenylalanine arnmonia Iyase, 142 
pbenylethyl glucosinolaLe, 308 
phenylglyoxal, 9 
phloem, 15-17 
phosphate, inorganic, 8, 9, II , 13, 14, 16, 96, 168, 

169, 194, 228 
phosphate transporter, 7, 8, 13 
phosphatidic acid, 168, 169 
phosphatidylcho!ine, 163 
phosphatidylglycerol, 169 
phosphatidylsulfocholine, 163 
phosphoenolpywvate, 169, 170 
phosphoglyceric acid (PGA), 13, 68 
phosphohornoserine, 55 
phospholipase, 21 S 
pbospholipids. 163, 164, 169, 
0-phospbo-L-serine aminotransferase, 68 
phospboribulokinase, 144, 154, 159 
phosphoseryl-tRNA•er, 51 
photosystem r. 53, 126, 146, 165 
photosystem 11, 165, 166, 172 
photosynthesis, 69, 81, 126, 127, 132, 144, 145, 

158, 167, 223, 230, 257, 258, 260, 271 , 285 
phytoalexins, 142, 143, 313 
phytochelatins, see r-g/utamyl-cysteinyl
isopeptides 
plasma membrane, 3-6, 8-10, 14, 16, 64, 168 
pods, 186, 305 
polyacrylamide gels, 54 
polyamines, 95, 98 
polysaccharides, 31 
polythionates, 25 
proline, 66, 153, 157 
propachlor, 222, 231 
prop-2-enylmercaptane, 182 
S-propyl-cysteine su1foxide, 182 
S-(prop-1-enyl)cysteine sulfoxide, 182 
S-(prop-2-enyl)cysteine sulfoxide, 182 
propylarnine, 98 
propylmercaptane, 182 
proteins, 8, 9, 11, 12, 25-29, 38-44, 49-54, 56-58, 

61-63, 65-68, 80, 82. 85-87, 95, 97-104, 127, 
129-131, 139-145, 153-155, 157-159, 165, 166-
170, 172, 183, 187, 193, 199,200, 211-218,226, 
227, 230, 232, 246-248, 257, 263, 305 

proteinase inhibitors, 212, 213 
proton pump, 4, 12 
protopectin, 97 
protoplasts, 12, 140, 215, 228, 230, 233, 246 
purothionin, 157, 215, 216, 303 
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pyridine nucleotides, 142 
pyridoxalphosphate, 13, 98, 100-103 
pyrophosphatase, see inorganic pyrophosphatase 
pyrophosphate, 12, 22, 23, 56, 96 
pyruvate, 99-101, 104, 169, 183 
pyruvate dehydrogenase, 69 
pyrrolizidine alkaloids, 306 

quercetin, 231 

radicals, 126-130, 132, 139, 141, 145, ltl2, 253,266 
raphanusamide, 303 
raphanusanins, 303, 304 
recombinant proteins, 155, 247 
ribonucleotide reductase, 153, 157 
ribosomes, ISS, 172, 239 
ribulose-1 ,5-biphosphate carboxylase, 257 
mRNA, 10-12, 16, 51, 140, 216, 230 
RNA polymerase, 42-44 
tRNA, 51 
tRNACY8, 56 
tRNA•er, 51, 52 
root nodules, 128 

safeners, see herbicide sajeners 
sapogenins, 307 
secondary metabolites, see su{fur-containing sec

ondary metabolites 
sedoheptulose-1,7-biphosphatase, 144, 14S, 154 
seeds, 57, 96,99, 103,112,127,157,168,182,184, 

186, 187, 193, 195, 196, 199,207,211-215,217, 
227, 254, "263, 300, 301, 305, 306, 308 

seed storage proteins, 21 I 
selenate, 54, 57, 97, 241 
selenide, 55 
selenite, 53-55, 97, 125 
selenium, 49-58, 97, 125, 126 
selenium, interactions in sulfur metabolism, 49-60 
seleno amino acids, 49 
selenocystathionine, 49, 55, 56 
selenocysteine, 49-52, 55-58 
selenocysteinyl-tRN A cys, 56 
selenocysteinyl-tRNA501, 51 
selenodiglutathione (GSSeSG), 55 
selenohomocysteine, 56 
selenol (-SeH), 50, 51, 55 
selenomethionine, 49, 51, 56, 57 
selenomethionyl-tRNAmct, 56 
selenoproteins, 49-54, 58 
serine, 38, 51, 52, 62, 68-70, 95, 96, 109, 115, 180, 

182 
serine acetyltransferase, 37-40, 44, 62, 67-69 
serine proteinases, 212 
seryl-tRNA synthetase, 51 
singlet oxygen, 126, 127, 130 
stomates, 13, 193, 199,261-264,266,271,275, 277, 

279-285, 288, 289, 298 

sulfane sulf onates, 25 
sulfate, ix, 3-17,21-26,28-32,37-40,49,50,53-55, 

58, 61-70, 77-84, 87, 88, 95, 97, 109, 121 , 125, 
130, 131, 133, 159, 166-170, 172, 180, 183-186, 
187, 193, 194, 197-200, 203, 208, 228, 242-244, 
253,255,256,258,266,267,271,275,276,282, 
283, 296-300, 302, 306, 308 

sulfate, membrane and long-distance transport of, 
3-19 

sulfate assimilation, regulatory interactions with 
nitrate assimiiation, 61-75 

sulfate carrier, 7, 168 (see also sulfate permease, 
sulfate transporter) 

sulfate metabolism, some molecu1ar aspects in 
photosynthetic organisms, 21-35 

sulfate permease, 3, 8, 9, 12, 13, 40 
sulfate transporter, '3, 4, 7-11, 16, 168 
sulfenic acid groups, 13 1 
sulfhydryl compounds, see thiol compounds 
sulfhydryl groups, see thiol groups 
sulfide, 26-28, 37-39,41, 42, 44, 55, 62, 63, 68, 78, 

79,95, 97,100, 132,167,169,239,243-245,247, 
248, 255, 258, 259, 298 (see also hydrogen 
sulfide) 

sulfide, car.rier-bound, 28, 63 
sulfite,24-29,31,37,44,55,62,63, 78,83,95,131, 

132, 169-171, 255, 256, 258 
sulfite, carrier-bound, 27, 62, 63, 70, 169, 170 
sulfite reductase, 27, 28, 37, 40, 55, 63, 64, 78, 79, 

82-84 
sulfobromophthalein, 231 
sulfo-carrier, 24, 25, 27 
S-sulfocysteine, 26, 27, 29, 38, 63, 170 
sulfohydrolases, 208 
sulfolipid, see sulfoquinovosyl diacylglycerol 
sulfonic acid groups, 29-31, 163, 169-171, 226 
sulfonolipids, 28, 32 (see also sulfoquinovosyl dia-

cylglycerol and taurolipids) 
sulfonylurea herbicides, 222, 223 
sulfonyl transferase, 170 
a-D-sulfoquinovopyranosyl I-phosphate, 170 
sulfoquinovose, 29, 164, 169, 170 
sulfoq_uinovose nucleotide, 170 
sulfoquinovose I-phosphate, 171 
sulfoquinovosy1 diacylglycerol (SQD), 28-32, 66, 

80, 163-172 
sulfoquinovosyl diacylglycerol, recent investiga-

tions on the biosynthesis of, 163-178 
sulfoquinovosyl glycerol, 164 
sulfoquinovosyl phosphate, 171 
sulfoquinovosyl transferases, 165, 171 , 172 
5-sulfosalicylic acid, 242 
sulfotransferase(s), see adenosim! 5'-phosphosu/

fate sulfotransferase and adenosine 3'-phos
plzate 5 '-phosphosulfate sulfotransferase 

sulfoxides, 223, 226 
sulfur, ecological aspect in lligher plants, 296-3/3 
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sulfur, eiemental (S0 }, 25, 193-203, 208 
sulfur, eiemental sulfur in agriculture, 193-206 
sulfur assimilation, interactions witb nitrogen as-

similation, 61- 75 
sulfur-containing amino acids, catab.:llism of, 95-

108 
sulfur-containing secondary metabolites, 179-190 
sulfur deficiency, consequences of, 207-209 
sulfur fertilizers, see fertilizers 
sulfur gases, see carbonyl disu/fide, carbonyl sul

fide, dimethyl disulftde, dimethyl sulfide, hy
drogen sulfide, methyl mercapton 

sulfur gases, deposirion to vegetation, 271-293 
sulfur gases, plants as sources of, 253-270 
sulfur metabolism, gene regulation of, 37-47 
sulfur metabolism, whole plant regulation of, 71-

91 
sulfur metabolism, molecular aspects, 21-35 
sulfur metabolism, selenium interaction, 49-60 
sulfur-rieb proteins, significance in seeds and 

leaves, 211-219 
Superoxide, 52, 53, 126-128, 130, 132, 141 
superoxide dismutase, SI-53, 126-128, 132, 149 
Superphosphate, 51, 193, 194, (see also triple SU-

perphosphate) 

taurolipids, 30, 3 I 
tetrabutylammonium hydrogen sulfide, 170 
tetrapyrroles, 232 
thiazoles, 181 
thioacetate, 170, 225 
thiocarbamate herbicides, 223, 225, 229, 230 
thiocyanates, 183-185, 222, 223 
thioglucosidase, 304-308 
thiohydroximic acid, 184 
tltiol carrier, 44, 62 
thlolcompounds,24,25,27,55,62,63,69, 70,98, 

100, 109, llO, 112,113, Jl6, 119, 121, 125, 127, 
128, 131, 133, 139-141,143, 144, 146, 147, 173, 
180, 225, 226, 241, 242-245, 248 

thiol/disulfide, excbange in plants 139-15/ 
thiol groups, 24-27, 49-51, 69, 98, 110, 126, 127, 

129, 131,139-149, 169, 170, 180,201,239,240, 
242, 245, 258 

S-thiolactic acid, 225 
thionins, 179, 213-217, 303, 304 
'Y-thionins, 216, 217 
thionitrobenzoate, 243 
thiophenes, 299, 303, 304, 308 
thlophenol, 226 
thiophosgene, 223 
thiopropanal-S-oxide, 183 
thiopyruvate, 180, 225 
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thioredoxins, 21, 63, 69, 139-146, 149, 153-162. 
169, 173, 

thloredoxinj, 140, 153-156, 159 
thioredoxin h, 141, 153, 156-158 
thioredoxin m, 140, 141, 144, 153-157 
thioredoxin mb, 140 
thioredoxin mc, 140 
thioredoxin reductase, NADP-, 140, 153, 158 (see 

also jerredoxin - thioredoxin reductase) 
thiosulfate, 24-28, 37-42, 200 
thlosulfate permease, 40 
thiosulfate reductase, organic ~, 27, 28, 63., 194 
thiosulfinates, see allicin 
thiosulfonate, carrier-bound, 169, 170 
threonine, 96, 199 
threonine synthase, 96 
a-tocopherol, 126, 145 
tonoplast, 4, 12, 13, 15, 16, 86, 87 
lriazine herbicides, 223 
trichloroacetic acid, 25 
tridipbane, 222, 223, 231 
trifluoroacetic acid, 25, 243 
trimethy1silyl ether, 165 
triphenyl tin chloride, 231 
triple Superphosphate, 3, 193 
trypsin, 157, 212, 213 
tryptophan, 153, 157 
tyrosine, 31, 32 
tyrosine-0-sulfate, 31, 32 

ß-ureidopropionase, xi, xii 
UDP, 184 
UDP-6-deoxy-hex-5,6-enose, 170 
UDP-g1ucose epimerases, 172 
UDP-glucose, 172,173,184 
UDP-sulfoquinovose, 29, 171-174 

valine, 182 
virus, 168 
viscotoxins, 214, 303 

xanthine dehydrogenase, 51 
xanthophyll cycle, 129 
xenobiotics, 109, 110, 125, 126, 131, 221-226, 228, 

231-233, 
xenobiotics, glutathio ne in the metabolism and 

detoxification of, 221-237 
xylem, 4, 14-17, 64 

yeast, 3, 8, 21, 63, 70, 98, 105, 109, 214, 215, 231. 
233, 240-242, 244, 306 

zinc, 197, 241, 244, 246-248 




