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Heinz Rennenberg



Foreword: There Is (Almost) No Way to Escape
from Sulfur in Plant Research

This Sulfur Workshop in Plants series was initiated during a sabbatical stay in
Groningen in 1988 as a result of discussions between Ineke Stulen, Luit De Kok,
and myself. Therefore, it was logical that the first Sulfur Workshop on plants was
held in Groningen in 1989. At this time, plant research on sulfur was largely
focused on consequences of atmospheric pollution with SO, for plant growth and
development, and studies on other aspects of sulfur metabolism in plants were
not well developed (e.g., Rennenberg 1982) compared to studies in mammals
(Meister and Anderson 1983). It is the merit of the highly successful first
workshop on “Sulfur Nutrition and Sulfur Assimilation in Higher Plants” (sub-
sequently abbreviated “Sulfur Workshop”) held in Groningen that the door
became wide open for studies on sulfur metabolism of plants including funda-
mental and applied aspects. In particular, it was the European plant science
community that took advantage of this situation and soon played a leading role
in this area of research.

When the first Sulfur Workshop was held in Groningen, I already could look
back to more than a decade of studies on sulfur in plants. In my diploma and PhD
thesis, I had worked on glutathione production in tobacco suspension cultures, a
system that subsequently became recognized as a useful tool for in-depth ana-
lyses of glutathione synthesis and degradation in plants (Bergmann and
Rennenberg 1993). At this time, it was also established that plants are not only
a sink for atmospheric sulfur compounds but are also able to emit volatile sulfur
compounds into the atmosphere (Rennenberg 1991). This new view of a bidi-
rectional flux of sulfur between plants and the atmosphere initiated numerous
studies on sulfur metabolism in terrestrial and aquatic plants that included
volatile products.

Despite the multitude of valuable results obtained by studies with tissue cultures,
it became obvious that sulfur compounds undergo long-distance transport (Bonas
et al. 1982) and that regulation from the cellular scale-up to the seasonal dynamics
of sulfur in plants requires studies at the whole-plant level (Herschbach and
Rennenberg 1997; Herschbach et al. 2012). The significance of such studies was
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viii Foreword: There Is (Almost) No Way to Escape from Sulfur in Plant Research

fueled by the generation of transgenic poplar plants with modified glutathione
synthesis and reduction capacity (Noctor et al. 1998). With these tools, sulfur in
plants entered the era of molecular biology. Molecular research on sulfur became
soon extended to the analyses of sulfate transporters (Smith et al. 1997,
Hawkesford et al. 2003) and the cross talk of sulfur metabolism with nitrogen
and carbon metabolism (Kopriva and Rennenberg 2004) that constitute important
areas of plant research until today. The current view on molecular studies has
changed dramatically from the initial approaches that were focused on analyses of
transcription of a set of enzymes and transporters: today, it is generally accepted
that the characterization of metabolic processes and metabolic cross talk requires
more than quantification of the transcriptome and largely relies on an integrative
view on mRNA, protein, and metabolite abundances, as well as metabolite fluxes
(Rennenberg and Herschbach 2014; Kalloniati et al. 2015).

Transgenic poplars with modified glutathione synthesis and reduction capacity
became a useful tool to analyze the role of sulfur metabolism in the compensation
of abiotic and biotic stress. The multiple stress compensation reactions relying on
sulfur metabolism include reactive oxygen species (ROS) scavenging, heavy
metal detoxification, and hypersensitive responses to pathogen attack (Noctor
et al. 1998; Foyer and Rennenberg 2000; Peuke and Rennenberg 2006;
Rennenberg and Herschbach 2012; He et al. 2015). Among the stress factors
studied, the consequences of SO, exposure of plants turned out to be of particular
complexity, but surprisingly, this was only recognized in recent years (Hiénsch
et al. 2007). As a radical, SO, can mediate ROS formation that requires reduced
sulfur in the form of glutathione for scavenging in the Foyer-Halliwell-Asada
cycle (Foyer and Rennenberg 2000); if involved in ROS formation in the
apoplastic space, SO, can interact with lignin formation and requires scavenging
by peroxidase activity for ROS homeostasis (Hamisch et al. 2012); as an essential
intermediate, sulfite derived from SO, interacts with assimilatory sulfate reduc-
tion and, as a product of this pathway, also with sulfur nutrition (Rennenberg
1984; Takahashi et al. 2011; Herschbach et al. 2012). Even subsequent to oxida-
tive and reductive SO, detoxification (Hamisch et al. 2012), the detoxification
products, i.e., sulfate and sulfide, will interact with signaling processes at the
cellular and whole-plant level (Leitner et al. 2009; Lisjak et al. 2010; Garcia-Mata
and Lamattina 2013; Hancock and Whiteman 2014; Calderwood and Kopriva
2014). This was indicated already by early H,S fumigation studies with different
plant species (De Kok et al. 1991; Herschbach et al. 1995a, b, 2000) but only
recently connected to the consequences of SO, exposure (Hamisch et al. 2012). In
the research area of sulfur-mediated signaling, the proposed role of sulfate as a
root-to-shoot signal controlling stomatal aperture upon drought (Malcheska et al.
2017) provides a new notion, why excess sulfur in the form of sulfate has to be
sequestered in the vacuole but also needs to be mobilized from this pool under
particular environmental conditions, processes that were already observed in
early studies on sulfur in plants (Rennenberg 1984).

Over the years, I made several attempts to escape from sulfur, e.g., by focusing
on N and P nutrition, on radiatively active biogenic trace gases in the atmospheres,
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and recently on plant carnivory. At the end, (almost) all of these attempts ended up
with studies on sulfur in plants. Even for plant carnivory, sulfur metabolism turned
out to be of pivotal importance. In the Venus flytrap, a plant that actively catches its
animal prey with snap traps, the prey is digested in hermetically closed traps by the
release of an acidic, sulfur-rich enzyme cocktail from the gland-based secretory
system on the inner surface of the traps (see Fasbender et al. 2017 and literature
cited therein). The production of the sulfur-rich hydrolytic enzyme cocktail requires
stimulation of thiol synthesis from assimilatory sulfate reduction during prey
digestion (Scherzer et al. 2017). Thus, whatever process in plants I found interesting
to study (almost) always ended up to be connected to sulfur. Therefore, finally,
sulfur in plants accompanied me from my diploma, PhD, and habilitation thesis to
my position as research associate at the University of Cologne and the DOE Plant
Research Laboratory at Michigan State University in East Lansing, and to my
professor positions at the University of Cologne, the Technical University of
Munich, the Fraunhofer Institute of Atmospheric Environmental Research, and
the University of Freiburg up to my retirement in 2017.

The broad range of different aspects of sulfur metabolism could only be studied
in more than 40 years of my research activities in collaboration with numerous
colleagues and friends, including, among many others (in alphabetical order),
Ludwig Bergmann, Christian Brunold, Luit J. De Kok, Manolis Flemetakis,
Christine Foyer, Dieter Grill, Robert Hiansch, Rainer Hedrich, Riidiger Hell, Stani-
slav Kopriva, Ralf R. Mendel, Andrea Polle, Winfried Rauser, Kazuki Saito,
Andreas Weber, and Marcus Wirtz that in several cases stayed in my group for a
period of time. In addition, work on sulfur in plants in my group would not have
been possible without additional strong partners such as Cornelia Herschbach,
Jirgen Kreuzwieser, and Monika Eiblmeier who have accompanied me in my
research at the University of Freiburg until today. It is time to thank them all for
creating such a fruitful and pleasant working atmosphere.

Institut fiir Forstwissenschaften Heinz Rennenberg
Universitit Freiburg
Freiburg, Germany
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Preface

The International Plant Sulfur Workshop series was initiated in order to bring
together scientists from various research disciplines and to discuss all aspects of
sulfur metabolism, from molecular biology, biochemistry, and physiology to ecol-
ogy and agriculture. The first workshop in the series entitled “Sulfur Nutrition and
Sulfur Assimilation in Higher Plants: Fundamental Environmental and Agricultural
Aspects” was held in Haren, the Netherlands, 1989. The following workshops were
held in Garmisch-Partenkirchen, Germany, 1992; Newcastle upon Tyne, United
Kingdom, 1996; Wengen, Switzerland, 1999; Montpellier, France, 2002; Kisarazu,
Chiba, Japan, 2005; Warsaw, Poland, 2008; Creswick, Victoria, Australia, 2010;
and Freiburg-Munzingen, Germany, 2014. Contents of the respective proceedings
are included in this volume.

This proceedings volume contains a selection of invited and contributed
papers of the 10th Jubilee Plant Sulfur Workshop, which was held in Goslar,
Germany, from September 1 to 4, 2015. During this workshop, the outcome of
the previous workshops was summarized, and the still existing gaps and
prospects for future research were highlighted by a selection of speakers
who have significantly contributed to plant sulfur research during the last
25 years.

We are delighted to dedicate this volume to our dear colleague Heinz
Rennenberg from the University of Freiburg, Germany, who together with
Ineke Stulen, Christian Brunold, and Luit J. De Kok initiated the workshop
series and furthermore was involved in the organization and issuing of pro-
ceedings volumes of all previous plant sulfur workshops. In addition, he has
significantly contributed to the understanding of the regulation of uptake
and assimilation of sulfur and the significance of sulfur metabolites in stress
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tolerance of higher plants over more than four decades thus leaving a durable
“sulfur footprint”.

Groningen, The Netherlands Luit J. De Kok
Braunschweig, Germany Silvia H. Haneklaus
Harpenden, UK Malcolm J. Hawkesford

Braunschweig, Germany Ewald Schnug
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Sulfate Transport in Plants: A Personal
Perspective

Malcolm J. Hawkesford

Abstract Early key research milestones for sulfate transport in plants include the
first description of kinetics of sulfate uptake into plant roots (Leggett and Epstein,
Plant Physiol 31:222-226, 1956), nutritionally regulated sulfate uptake into plants
(Clarkson et al., J Exp Bot 34:1463-1483, 1983), and the first gene for a plant
sulfate transporter (Smith et al., Proc Natl Acad Sci U S A 92:9373-9377, 1995a).
Since then a well-described gene family encoding putative sulfate transporters has
been characterized in multiple species, initially most notably in Arabidopsis but
subsequently for a number of other models or important crops (examples: Brassica,
wheat, rice, poplar and Medicago, see Buchner et al., Genome 47:526-534, 2004a;
Buchner et al., Plant Physiol 136:3396-3408, 2004b; Buchner et al., Mol Plant
3:374-389, 2010; Kumar et al., Plant Signal Behav 10:€990843, 2015; Diirr et al.,
Plant Mol Biol 72:499-517, 2010; Gao et al., Planta 239:79-96, 2014). Regulation
of expression has been well documented and this regulation is both a useful marker
of sulfur-nutritional status and a model for the elucidation of control pathways. The
complexity of the gene family in relation to functional, regulatory and spatial
distribution indicates an apparent whole plant management system for sulfur,
coordinated with growth and demand and interacting with nutrient availability. In
addition to sulfate, there is direct involvement of this transporter family in the
uptake and accumulation of both selenate and molybdate, with clear consequences
for nutritional quality. Is the story now complete almost 60 years since the first
transport description and 20 years since the first sulfate transporter gene isolation,
and a plethora of research projects and publications? Do we know how sulfur is
acquired and appropriately distributed within the plant? Do we know the critical
signals that control these processes? Are we even sure that these processes are
coordinated? This review documents research progress and assesses to what extent
the key questions have been addressed.

M.J. Hawkesford (<)

Plant Biology and Crop Science Department, Rothamsted Research, Harpenden, Hertfordshire
ALS 2JQ, UK

e-mail: malcolm.hawkesford@rothamsted.ac.uk
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4 M.J. Hawkesford
Introduction

All plants require sulfur for growth and for land plants is most is acquired from the
external environment as sulfate. For land plants this from the soil via the roots.
Typically concentrations are low and often extremely variable. Thus, transport
needs to be active to facilitate uptake against a concentration gradient, specific
for sulfate and regulated to optimize uptake to growth and ensure optimal energy
utilization in this process. For vascular plants transport is not only across a single
membrane at the soil-root interface but also across many other plasma membranes
to facilitate distribution, across the chloroplast membrane to the site of reduction
and also across the tonoplast to allow transport in and out of the vacuole for the
transient storage of excess sulfate taken up.

Progress on the understanding of plant sulfate transporters has been substantial
and reported in successive volumes of the Sulfur Workshop series, with key
landmark papers from a number of groups being published throughout this period.
Some early key milestones in the development of the plant sulfate transporter
research field are illustrated as a timeline in Fig. 1.

The first suggestion for active absorption was in an analysis of whole plant
uptake of sulfate into barley roots. An enzyme based description of affinities and
competition by selenate but not nitrate or phosphate unequivocally demonstrated
the activity of a transmembrane ion transporter (Leggett and Epstein 1956). It
would be 40 years before the molecular components would be identified in plants
(Smith et al. 1995b). Prior to this key elements of regulation by de-repression (that
is induction upon starvation) were described in a topical legume (Clarkson et al.
1983) and suggestion for involvement of a metabolite linking N and S metabolism,
namely O-acetylserine (OAS), was described in maize (Clarkson et al. 1999). The
importance of OAS as a regulator of gene expression for a cluster of genes has been
described, separating S-related and other regulation (Hubberten et al. 2012, 2015).
Mechanistic evidence for transport being driven by proton gradients was obtained
in a duckweed (Lass and Ullrich-Eberius 1984).

The first substantial progress on the identification of sulfate transporters genes
was inevitably for bacteria (Ohta et al. 1971; Sirko et al. 1990), fungi and yeast
(Ketter et al. 1991; Smith et al. 1995b; Cherest et al. 1997), mammalian systems
(Schweinfest et al. 1993; Héstbacka et al. 1994; Silberg et al. 1995) and finally in
plants (Kouchi and Hata 1993; Smith et al. 1995a, 1997 ; Takahashi et al. 1996).
Similarities in the sequence of many of the genes, some not identified as sulfate
transporters was first noted by Sandal and Marcker (1994). Much of this work has
been reviewed in previous volumes in this series: Kredich 1993 (bacteria); Thomas
et al. 1997 (yeast); Davidian et al. 2000, Hawkesford et al. 2003, Buchner et al.
2010, Hawkesford 2012 (plants) and elsewhere (Markovich 2001) for mammalian
transporters. These transporters are now recognised to be part of a large family of
transmembrane ion transporters known as SulP (see also Price et al. 2004).
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Fig.1 Key early milestones in the development of the understanding of sulfate transport in plants
placed in relation to the first 5 Sulfur Workshops

A Family of Sulfate Transporters

In a series of papers predominantly from the Takahashi group but with notable
contributions from a number of others including the Davidian group it became
apparent that a gene family of up to 14 genes encoded a group of related proteins in
Arabidopsis (Takahashi et al. 1996, 1997; Vidmar et al. 2000). Similar gene
families were subsequently identified in Brassica (Buchner et al. 2004b), in rice
(Kumar et al. 2015), poplar (Diirr et al. 2010), Medicago (Gao et al. 2014) and in
wheat (Buchner et al. 2004a).

Phylogenetic analysis of plant sulfate transporter sequences indicates discrete
clades within the family (Fig. 2) and it has been proposed that these align with
discrete functions and that within clades there may be some functional redundancy
(Hawkesford 2003). In summary, Group 1 represents high affinity types responsible
for up take into the cell, particularly in the roots, and are subject to nutritional
regulation. Group 2 are lower affinity, less regulated and distributed throughout the
plant. Group 3 are somewhat more enigmatic (see below), Group 4 are uniquely
tonoplast located and responsible to vacuolar efflux. Group 5 are the most distantly
related to the rest of the family and the 2 members are quite distinct from each
other, lack a STAS domain and remain something of a puzzle. They seem to be
involved in Mo accumulation, perhaps transport and as such have been name mot1
and mot2 (Tomatsu et al. 2007; Baxter et al. 2008; Gasber et al. 2011).
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Fig. 2 Phylogenetic relationship of the wheat and Arabidopsis sulfate transporter gene families:
Neighbour-Joining Tree (Mega 6, Tamura et al. 2013) from Multiple Alignment (ClustalX V.2.1,
Larkin et al. 2007) of coding cDNAs of the Triticum aestivum cv. Chinese spring D-genome (white
bold — black highlighted) and Arabidopsis thaliana (square framed white highlighted) sulfate
transporter gene family. The bootstrap values, expressed as percentage, were obtained from 1000
replicate trees (Courtesy of Peter Buchner)

The Transporter Itself: Recent Structural Insights

Early analysis of the amino acid sequences of the transporter was suggestive of
12 transmembrane domains, based on hydrophobicity plots and occurrence of
charged amino acids (Clarkson et al. 1993; Smith et al. 1995a; Takahashi et al.
1996). More recent analysis of transporters in the same superfamily (SulP/SLC26
family) combining both topology mapping of for example the BicA transporter (see
Price and Howitt 2014) and for prestin, homology modelling, molecular dynamics
simulations and cysteine accessibility scanning are strongly supportive of a com-
plex 14 transmembrane model (Gorbunov et al. 2014). In this analysis a
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3-dimensional model has been derived which also proposes a central cavity as the
substrate-binding site, midway in an anion permeation channel. Features of this
cavity are almost certainly involved in substrate specificity and could potentially be
modified to further increase selectivity, for example between sulfate and selenate,
opening up the potential for designer crops.

An additional feature of members of this family is the STAS domain (Aravind
and Koonin 2000; Rouached et al. 2005). Activity is totally dependent upon its
presence and it is strongly suggested that is it involved in protein:protein interaction
regulating activity, probably involving phosphorylation of a threonine residue.

The question of whether the transport acts as a monomer or oligomer is of
interest and it has been suggested that heterodimers are required for activity or may
have an import regulatory role. Maximal sulfate uptake and growth were obtained
when a Group 3 transporter was co-expressed with a Group 2 transporter from
Arabidopsis in yeast complementation approach, suggestive of the activity of a
heterodimer (Kataoka et al. 2004a). No activity of the Group 3 when expressed
alone was seen in this study. In contrast Group 3 transporter isolated from Lotus
root nodules was able to complement a yeast mutant when expressed by itself
(Krussell et al. 2005) indicating some variability for this oligomer requirement.

Specificity for Sulfate, Selenate and Molybdate

The non-specificity of the transporter was exploited in early studies, particularly
with yeast, to obtain sulfate transporter-less mutants by harassing the toxic nature of
oxyanion analogues of sulfate, particularly selenate but also chromate (Breton and
Surdin-Kerjan 1977; Smith et al. 1995b). Selenate has also been applied as a
selection agent for the isolation of Arabidopsis mutants by several groups (see for
example, Shibagaki et al. 2002).

As the anions sulfate, selenate and molybdate are all transported by the same
transporters, it is not surprising that their respectively accumulations in plant tissues
are connected. Analysis of what grain from mildly sulfate deficient plots at
Rothamsted showed a remarkable accumulation of Se and Mo (Shinmachi et al.
2010; Stroud et al. 2010). The S-deficient plots had a reduced grain yield and
reduced grain S-content, both decreasing by about 10%, but several-fold increases
in Se and Mo content. This could be partially explained by the observed induction
of sulfate transporters in the roots of these field-grown plants, increasing uptake,
and a more favourable ration of selenate and molybdate relative to sulfate in the soil
solution. Whilst Se generally flows the distribution of sulfate in term of redistribu-
tion during grain filling and in relation to storage protein distribution in the grain,
some enriched sub-cellular regions were indicative of specific accumulation on
non-protein Se, possibly in vacuoles (Moore et al. 2010). Mo was less efficiently
remobilized to the grain than Se during grain filling indicating either a fixation of
the mineral in the vegetative tissue or a limitation to its later transportation
(Shinmachi et al. 2010; Stroud et al. 2010).
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Where Now?

Much has been determined about the nature of sulfate transporters in plants, not
only in model species but also in crops. A knowledge of the regulation and
properties of the transporters helps explain many physiological phenomena and
some agronomic responses of crops. The question remains of how may this aid in
breeding better genotypes or in informing agronomic treatments.

A previously stated ideotype for optimum S use involves uptake and storage
during fluctuating supply, effective remobilization upon demand and appropriate
partitioning to ensure healthy and nutritious crops (Hawkesford 2012). Breeding or
biotechnology may help deliver such germplasm and the acquired knowledge is an
essential prerequisite for such developments. Sulfur will always be required for
crop growth so effective capture and utilization are worthy targets.

Acquisition is an important issue. Certainly the adaptation of de-repression will
aid scavenging, but only in conjunction with root proliferation. Prospects for
improving efficiency of uptake are limited, although constitutive uptake and over-
accumulation, followed by storage and effective remobilization remains one key
strategy. In relation to this strategy, challenges still exist in the understanding of
movement of sulfate within the plant from organ to organ, distribution within
specific tissues and finally within individual cells between organelles. It is still
unclear as to how S moves into and out of the chloroplast, the key point of entry into
the biosynthetic pathway. One reports indicated a chloroplast localizing isoform of
the family (Takahashi et al. 1999) but this remains to be corroborated. Clearer is the
involvement of Group 3 transporters in release of sulfate from vacuoles, a key
storage site (Kataoka et al. 2004b).

David Clarkson proposed the idea of a black box (Fig. 3) in a foreword to the
proceedings of the 3rd Workshop (Clarkson 1997). Substantial progress has been
made in determining detail within this box since then, but the question of how to
improve sulfur nutrient use efficiency remains. Sulfur is required for growth and
health, for resistance to biotic and abiotic stresses, and contributes to nutritional
properties of food and feed. Decreasing requirements is unlikely to be an option,
optimizing agronomic inputs remains the key practical approach, although in the
future this may be complemented with plants optimized genetically for specific
qualities. Some investigations into natural variation in Arabidopsis have been made

Fig. 3 Clarkson’s Black Output = yield
Box (Clarkson 1997). A
modified representation of
the simple representation of
nutrient use efficiency, but
inevitably complex in the
detail

Many steps

Nutrient in
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(Loudet et al. 2007) but there has been little investigation in crop plants and this is a
key area for development.
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